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ABSTRACT
In the avian auditory system, the neural network for computing the localization of sound

in space begins with bilateral innervation of nucleus laminaris (NL) by nucleus magnocellu-
laris (NM) neurons. We used antibodies against the neural specific markers Hu C/D, neuro-
filament, and SV2 together with retrograde fluorescent dextran labeling from the contralat-
eral hindbrain to identify NM neurons within the anlage and follow their development. NM
neurons could be identified by retrograde labeling as early as embryonic day (E) 6. While the
auditory anlage organized itself into NM and NL in a rostral-to-caudal fashion between E6
and E8, labeled NM neurons were visible throughout the extent of the anlage at E6. By
observing the pattern of neuronal rearrangements together with the pattern of contralater-
ally projecting NM fibers, we could identify NL in the ventral anlage. Ipsilateral NM fibers
contacted the developing NL at E8, well after NM collaterals had projected contralaterally.
Furthermore, the formation of ipsilateral connections between NM and NL neurons appeared
to coincide with the arrival of VIIIth nerve fibers in NM. By E10, immunoreactivity for SV2
was heavily concentrated in the dorsal and ventral neuropils of NL. Thus, extensive path-
finding and morphological rearrangement of central auditory nuclei occurs well before the
arrival of cochlear afferents. Our results suggest that NM neurons may play a central role in
formation of tonotopic connections in the auditory system. J. Comp. Neurol. 498:433–442,
2006. © 2006 Wiley-Liss, Inc.

Indexing terms: nucleus laminaris; cochlear nerve; SV2; Hu C/D; neurofilament; retrograde
labeling; embryonic hindbrain

The auditory system has evolved to encode sound
intensity, spectral pattern, and location by using topo-
graphic maps at all levels of the circuit. Development of
the sound localization circuitry requires precision in
pathfinding and target selection to connect cells prop-
erly along the tonotopic axis and orthogonal to that axis.
In birds, auditory information from the basilar papilla,
the avian homolog of the mammalian cochlea, enters the
brainstem via the VIIIth cranial nerve to synapse on
nucleus angularis (NA) and nucleus magnocellularis
(NM; reviewed in Kubke and Carr, 2000; Ryugo and
Parks, 2003; Rubel et al., 2004). Afferent synapses in
NM and NA are arranged topographically according to
frequency of sound, and these tonotopic projections are
preserved at each ascending level of the auditory sys-
tem. NM sends phase-locked information bilaterally to
nucleus laminaris (NL), which acts as a coincidence

detector (Parks and Rubel, 1975; Carr and Konishi,
1990; Carr and Boudreau, 1996).

Because of their essential role in localizing sound, their
well-documented homogeneity and projection patterns,

Grant sponsor: NIH Grant number: NS25767 (to R.N.); Grant sponsor:
NIH; Grant number: DC00395 (to E.W.R.); NIH Grant number: DC04661
(to E.W.R.); NIH Grant number: DC05269 (to S.J.H.)

Susan J. Hendricks’ current address is MBF Bioscience, Inc., Williston,
VT 05495.

*Correspondence to: Rae Nishi, Department of Anatomy and Neurobiology,
HSRF 406, 149 Beaumont Avenue, Burlington, VT 05405.
E-mail: rnishi@uvm.edu

Received 7 December 2005; Revised 9 March 2006; Accepted 13 March
2006

DOI 10.1002/cne.21031
Published online in Wiley InterScience (www.interscience.wiley.com).

THE JOURNAL OF COMPARATIVE NEUROLOGY 498:433–442 (2006)

© 2006 WILEY-LISS, INC.



NM neurons represent a model cell population for study-
ing neuronal specification, migration, pathfinding, and
targeting in the developing nervous system. The structure
of NM neurons is essential for their role in accurately
processing the cues necessary for localization of sound in
the avian auditory system. At maturity, each NM neuron
extends one collateral to contact the dorsal dendrites and
soma of ipsilateral NL neurons, whereas the other collat-
eral crosses the midline to contact the ventral dendrites
and soma of homotypic contralateral NL neurons. The
pattern of terminal arbors on each side of the brain is
anisotropic and precisely follows an isofrequency contour
(Young and Rubel, 1983). Dendritic morphology in NM is
also intricate because dendrites form only to be resorbed
coincident with onset of synaptic activity with their affer-
ent innervation (Hackett et al., 1982; Jackson et al., 1982;
Jhaveri and Morest, 1982; Young and Rubel, 1986). At the
same time, large synaptic calyces that cover 80–90% of
the somal area of NM neurons develop as a means to
facilitate fast and accurate firing responsible for high-
fidelity, phase-locked frequency coding (Parks, 1981).

The auditory system develops early in the chick embryo
(reviewed in Rubel and Fritzsch, 2002; Rubel et al., 2004).
Neurons destined to become NM are generated in rhom-
bomeres 5, 6, and 7 between embryonic days (E) 2 and 3,
whereas its target, NL, is generated from cells slightly
later in more lateral regions of rhombomeres 5 and 6 at
E3–3.5 (Rubel et al., 1976; Marin and Pulles, 1995; Cra-
mer et al., 2000a). Cochlear nerve axons penetrate NM in
a middle-to-posterior-to anterior sequence between E6 (St
29) and E10 (St 36) (Molea and Rubel, 2003). Cells born in
rhombomere 5 reside along the high-frequency (rostrome-
dial) axis, whereas those from rhombomere 7 eventually
code for low-frequency sounds by residing in the caudola-
teral region of nucleus magnocellularis (Cramer et al.,
2000a).

Although much is known about the early generation and
the later stages of maturation of these neurons, much less
is known about the intervening time that comprises the
migratory period. By E4.5, the auditory anlage, a tran-
sient region at the most lateral regions of the caudal
brainstem, has formed (Book and Morest, 1990). Although
auditory hindbrain neurons (nucleus angularis, magnocel-
lularis, and laminaris neurons) and vestibular neurons of
the tangential nucleus have been hypothesized to com-
prise the auditory anlage, the organization of the struc-
ture and how it gives rise to auditory nuclei have been
difficult to elucidate. The auditory anlage may offer a
venue for cellular interaction between NM and NL, but it
is not known where prospective NM neurons are located in
the anlage with respect to NL neurons, how these two
populations segregate, and when synaptogenesis com-
mences with respect to morphogenesis of the nuclei.

In the present study, we assessed the differentiation of
auditory brainstem neurons by using markers of neuronal
differentiation, Hu C/D, neurofilament, and SV2. We then
identified the timing of development within the auditory
anlage by retrogradely labeling NM neurons from the
contralateral hindbrain and by labeling afferents via the
VIIIth nerve. We show that NM neurons establish con-
tralateral projections before formation of contacts with
ipsilateral NL. Furthermore, NM projections form in the
absence of synaptogenesis from cochlear afferents. These
results suggest that NM neuronal identities are prespeci-

fied and guide the formation of auditory circuitry in the
hindbrain.

MATERIALS AND METHODS
Fertile white leghorn chicken eggs (Gallus gallus do-

mesticus) were obtained from a local supplier (Oliver Mer-
rill and Sons, Londonderry, NH) and stored at 18°C. On
day 0 of incubation, they were placed into an incubator set
at 38°C. Embryos were harvested on the indicated days
and staged according to Hamburger and Hamilton (1951
reprinted 1992).

Immunohistochemistry
Embryos were removed from the egg and quickly decap-

itated. The hindbrain was dissected in cold phosphate-
buffered saline (PBS; 0.02 M KCl, 1.37 M NaCl, 0.1 M
Na2HPO4, 0.02 M KH2PO4, pH 7.4), immersed in Zambo-
ni’s fixative (4% paraformaldehyde, 15% picric acid in 0.2
M sodium phosphate buffer, pH 7.4) for 1 hour, rinsed in
PBS, and equilibrated in 30% sucrose overnight at 4°C.
The tissue was then embedded and frozen in mounting
medium (3-50100; Richard Allen Scientific, Kalamazoo,
MI) and sectioned by using a Microm HM 560 cryostat.
Alternate serial 30-!m transverse sections containing the
auditory brainstem nuclei were collected on positively
charged slides (Superfrost Plus, Fisher) for immunohisto-
chemistry. Sections were postfixed in Zamboni’s fixative
for 20 minutes followed by washes of PBS containing 0.5%
Triton X-100 (PBST) for 10 minutes. A blocking solution
containing 5% fetal calf serum in PBST was applied for 1
hour at room temperature. Primary antibodies were di-
luted and incubated in blocking solution overnight at 4°C.
Mouse monoclonal anti-human Hu C/D (A-21271; Molec-
ular Probes, Eugene, OR; originally isolated by M. Maru-
sich in the University of Oregon Monoclonal Antibody
Facility as mAb 16A11) was used at a dilution of 1:250. In
the chick, 16A11 is specific for HuC/D, an antigen specif-
ically expressed by cells undergoing neuronal differentia-
tion (Wakamatsu and Weston, 1997). Rabbit anti-
neurofilament, 150 kD (Chemicon International Inc.,
Temecula, CA AB1981), was raised in rabbits against
purified neurofilament polypeptide and was used at 1:500.
We have shown that this antibody selectively labels neu-
rons in the chick (Lee et al., 2002). Mouse anti-SV2 (Feany
et al., 1992), an ammonium sulfate-concentrated culture
supernatant prepared in the Nishi Lab from culture me-
dium collected from hybridomas purchased from the De-
velopmental Studies Hybridoma Bank (Iowa City, IA) was
used at 1:20, with the titer of the antibody solution deter-
mined by serial dilution after each new lot is prepared.
This anti-SV2 labels synaptic vesicles in the chick (Horch
and Sargent, 1995). Goat anti-mouse Cy3 and goat anti-
rabbit Alexa 488 (Molecular Probes) were used in dilu-
tions of 1:750. Slides were rinsed three times for 10 min-
utes each in PBST before and after secondary antibody
application and coverslipped with PermaFluor Aqueous
Mounting Medium (Thermo Electron Corporation, Pitts-
burgh, PA) containing 0.5 !g/ml Hoechst DNA dye
(Sigma, St. Louis, MO). Specificity of antibody staining for
each set of sections examined was determined by either
omitting the primary antibody (for the mouse mono-
clonals) or substituting the appropriate dilution of a non-
immune rabbit serum.
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Retrograde labeling
To label NM neurons retrogradely, E5, E6, E7, and E8

chick embryos (n " 4 at E5 and E7; n " 5 at E6 and E8)
were removed from the egg, and the brainstem was
quickly dissected in ice-cold chick Ringer’s solution (0.13
M NaCl, 0.004 M KCl, 0.001 M KH2CO4, 0.012 M
NaHCO3, 0.001 M MgCl2, 0.002 M CaCl2, 0.0001% phenol
red, and 2 g/l dextrose infused with 95% O2/5% CO2)
infused with 95% O2/5% CO2. Crystals of AlexaFluor 488
dextran conjugate, MW " 10,000 (Molecular Probes) were
applied by using an insect pin to the right hindbrain. The
tissue was then immersed in chick Ringer’s solution, con-
tinuously perfused with 95% O2/5% CO2 for 10–15 hours
and then fixed for 1 hour in Zamboni’s fixative. The tissue
was then processed for Hu C/D immunohistochemistry as
described above. Double-labeling experiments in which
the ipsilateral VIIIth nerve was labeled in conjunction
with the contralateral auditory anlage were performed on
E6 and E8 hindbrains (n " 5 per age group). Crystals of
AlexaFluor 488 dextran conjugate, MW " 10,000 (Molec-
ular Probes), were applied to the right auditory anlage,
whereas crystals of rhodamine-conjugated dextran, MW "
10,000 (Molecular Probes), were applied to the nerve root
of the vestibulocochlear (VIIIth) nerve. Tissue was pro-
cessed as before.

Confocal microscopy
Thirty-micrometer sections containing the auditory

hindbrain nuclei were imaged by using a Nikon Eclipse
E800 microscope equipped with a Nikon C1 confocal with
20# Plan Apo (NA 0.785) or 60# Plan Apo (NA 1.4) oil
objective lens, EZ-C1 software, and UV, Argon, and He/Ne
lasers exciting at 408, 488, and 543 nm and emitting at
404, 500–530, and 555–615, respectively. Digital images
were captured and exported to Adobe Photoshop (v6.0) for
presentation. All images were prepared without postcol-
lection manipulation unless noted in the figure legend.

RESULTS
Developmental patterning of the auditory

anlage
To track the development of cells within the anlage, we

monitored the expression of neuronal specific proteins: Hu
C/D (red in Fig. 1), a ribonucleic acid (RNA)-binding pro-
tein that is expressed in the cell body shortly after neuro-
nal differentiation commences (Lee et al., 2002), neurofila-
ment (green in Figs. 1–3), a cytoskeletal protein that is
highly expressed in axons but excluded from the perisyn-
aptic region, and SV2 (red in Figs. 2, 3), an integral mem-
brane protein expressed in synaptic vesicles (Whitehead
et al., 1982; Feaney et al., 1992; Nealen, 2005). Serial
transverse sections from fixed hindbrains of chicken em-
bryos between E4.5 and E14 were processed for immuno-
histochemical analysis.

The auditory anlage is visible as early as E5 (St 26) as
a confluence of cells at the dorsolateral edge of the brain-
stem at the level of the VIIIth nerve. Nearly all cells
within the auditory anlage have commenced neuronal dif-
ferentiation as evidenced by staining for Hu C/D (Fig. 1);
however, they show little neurofilament (Figs. 1 and 2A,B)
or SV2 staining (Fig. 2B). More prevalent are
neurofilament-positive fibers from the VIIIth nerve, which
fill a cell-free region below the developing anlage (Fig. 1).

By E6 (St 29), the auditory anlage is visible as a “C”-
shaped structure, with neurofilament-positive fibers pro-
jecting from the anlage toward the midline (Fig. 2C).
There is little SV2 within the anlage, but SV2 is more
abundant below the anlage in the neuropil where cochlear
afferent fibers are first visible along the lateral boundary
of the anlage (Fig. 2C). Over the next 2 days, the anlage
undergoes considerable morphological change as an invag-
inating cell-free region further defines the “C” shape. Neu-
rofilament staining increases after E7 and axons from the
midline are visible beneath the cell-free region ventral to
the anlage (Fig. 2C,D). SV2 staining increases dramati-
cally in intensity during this time as well. Between E6 and
E8, the hindbrain grows dramatically in size, and there is

Fig. 1. Early formation of the auditory anlage in the hindbrain.
Sections of the hindbrain were stained with antibodies against
neuron-specific RNA-binding protein, Hu C/D (red), neurofilament
(green) and with Hoechst dye (blue) to label all cellular nuclei. The left
half of each transverse section is shown. A: At E4 (St 25), virtually all
of the cells below the ventricular zone (VZ) are labeled with Hu,
indicating that they have commenced neuronal differentiation, but
the auditory anlage is not visible. B: At E5 (St 28), the presence of the
ventral neuropil delineates the forming auditory anlage. C: By E6, the
anlage is clearly identifiable at E6 because the neurons are sur-
rounded by a cell-free region (white dotted line). The orientation of the
section is indicated by the arrows above the calibration bar (D: dorsal;
M: medial). Calibration bar " 100 mm for E4 and E5; 25 mm for E6.
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an apparent lateral to medial displacement of the anlage
(compare Fig. 2D with 2E). Between E8 and E9, segrega-
tion of cells into NM and NL becomes visible in a rostral to

caudal fashion. The rostral sections of the E8 hindbrain
contain a nucleus that is clearly the nascent NM (Fig. 2E);
neurofilament staining is well established, whereas SV2

Fig. 2. Maturation of the auditory anlage. Antibodies against the
axonal protein, neurofilament (green), and the synaptic vesicle pro-
tein, SV2 (red) reveal the development of NM and NL from the
auditory anlage in transverse sections of the growing brainstem. A: At
E4 (St 26), the lateral edge of the brainstem that will give rise to the
auditory anlage (dotted circle) is largely devoid of specific neuronal
markers. Arrow indicates site where the VIIIth nerve is penetrating.
B: By E5 (St 28), the neuropil (arrow) is visible ventral to the anlage
(dotted circle). C: At E6 (St29), neurofilament-positive axons from
neurons in the dorsal auditory anlage (outlined with dotted line) are
clearly visible. SV2 staining intermixed with neurofilament can be
seen in the neuropil region (arrow). D: Maturation of the auditory
anlage (outlined with dotted line) progresses with distinct labeling of

contralaterally projecting axons at E7 (St31; asterisk) and a greater
increase in SV2 immunoreactivity (arrow), indicating synaptogenesis
in the neuropil ventral to the anlage. E:. Nucleus magnocellularis
(NM) and nucleus laminaris (NL) are clearly distinct at E8 (St 34).
Dramatic increases in the amount of neurofilament and SV2 staining
from NM to NL (arrowhead) are evident. F: By E9 (St 34), NL somata
are neurofilament positive, and an asymmetry in the intensity of SV2
staining is seen in the dorsal (d) vs. ventral (v) neuropil of NL (ar-
rowheads). G,H,I: The further synaptic development and axonal re-
finement in E10, E12, and E14, respectively. The orientation of all
sections is indicated by the arrows above the calibration bar (D:
dorsal; M: medial). Calibration bar " 100 !m for all images.
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staining is absent within NM. In addition, ventrally cours-
ing fibers from the contralateral NM, combined with the
projection from the ipsilateral NM, and a concentration of
SV2 staining serve to delineate an unmistakable NL (Fig.
2E). In contrast, the anlage has not clearly segregated into
NM and NL in the most caudal sections of the E8 hind-
brain, which have an appearance reminiscent of sections
from E7 (Fig. 2D). When serial sections from the most
caudal portions to the most rostral portions of this region
are viewed at E8, the developmental sequence of NM and
NL segregation is most readily apparent.

Maturation of projections within nucleus
magnocellularis and laminaris

Although the reorganization of the auditory anlage into
NM and NL is completed throughout the hindbrain by
E10, maturation of the nuclei continues. From E8 through
E14, neurons form a laminar sheet in NL (Fig. 2E–I)
(Rubel et. al., 1976). By E9, the classic pattern of looping
ipsilateral NM fibers that contact the dorsal neuropil of
NL emerges (see green neurofilament immunoreactivity
emerging from NM and contacting dorsal neuropil [d] in
Fig. 2F). At E9, SV2 staining within the ventral neuropil
of NL is consistently more intense than in the dorsal
neuropil (Fig. 2F). By E10, both NM and NL appear more
developed as SV2 staining becomes highly visible and
more punctate within both nuclei and the intensity of
neurofilament and SV2 staining equalizes between the
dorsal and ventral neuropils of NL (Fig. 2G–I).

Synapses on NM neurons, as defined by SV2 staining,
develop gradually from E9 to E14. At E8, SV2 staining can
be seen in fibers near the developing NL (Fig. 2E, arrow-
head), but NM is devoid of SV2 (Fig. 3). The first faint
clusters of SV2 immunoreactive varicosities in NM are
visible beginning at E9 (Fig. 2F), increasing in expression
and localization near the cell bodies by E12 (Fig. 2H). By
E14, calycal synapses are recognizable as SV2 staining
surrounds the somata of NM neurons (Fig. 2I).

Retrograde labeling
We placed fluorescently conjugated dextran in half of

the hindbrain at various ages to identify the cell bodies of
NM neurons whose axons had crossed the midline. Retro-
gradely labeled cell bodies within the auditory anlage are
observed as early as St 29 (E6; Figs. 4 and 5). Labeled
neurons are not observed in embryos at St 28 (E5.5) even
if the label was placed directly at the midline. Because no
visible neurofilament-positive structures are seen project-
ing toward the midline at St 28 (Fig. 2B,C), it is likely that
NM neurons extend axons that travel over 500 !m be-
tween St 28 and St 29, a time period corresponding to
approximately 24 hours. At St 29 (E6), retrogradely la-
beled neurons are primarily located within the dorsome-
dial aspect of the auditory anlage and are labeled through-
out its rostrocaudal extent (Fig. 5A–C), although there are
more labeled neurons in rostral sections. At this age, only
a few ipsilateral projections of labeled NM neurons are
apparent, and they are localized to the dorsolateral cell-
free region above the auditory anlage (Fig. 5A). By E8, the
rostral-to-caudal segregation of retrogradely labeled NM
neurons is apparent (compare Fig. 5D with 5F). In addi-
tion, anterogradely labeled NM axons visible at the ven-
trolateral aspect of the anlage suggest the location of the
putative NL (Fig. 5D,E), but the same fibers have yet to
reach NL in the most caudal portions of the hindbrain at
E8 (Fig. 5F). It is of interest that it appears that only the
neurons located in the most dorsomedial aspect of the
anlage have rounded cell bodies with ipsilateral fibers
emanating from them (Fig. 6A,C). Cells located elsewhere
throughout the anlage have a bipolar shape with only
small projections visible (Fig. 6B). This bipolar morphol-
ogy is reminiscent of migrating cells, suggesting that
these cells are moving toward the dorsomedial anlage
before extending their ipsilateral collateral. At E8, the
rostral portion of the anlage segregates into nuclei char-
acteristic of NM and NL (Fig. 5). NM is well isolated, and

Fig. 4. Dextran used to label NM neurons that have crossed the
midline is confined to the hemisection to which it was applied. Dex-
tran was applied to the left side of a brainstem isolated at E6 (St 29)
and incubated overnight in oxygenated chicken Ringer’s solution to
allow transport. A low-power view shows the entire extent of the
transverse section. Dextran permeates the lateral injected side but
does not penetrate the contralateral side except for neuronal cell
bodies (asterisk) that were filled by retrogradely transported dye. In
the inset at higher magnification, the labeled cell bodies and processes
can be clearly seen. Calibration bars " 100 !m.

Fig. 3. Synaptogenesis between NM and NL, as seen with SV2
immunoreactivity, proceeds before afferent synapses form on NM
neurons. At E8, NM is devoid of SV2 staining, whereas trafficking of
SV2 within axons to NL and punctate staining in the neuropil of NL
is established. A: Overlay of staining observed for SV2 (red), neuro-
filament (green), and cellular nuclei (blue). B: Red channel alone
shows the paucity of SV2 in NM (asterisk). C: Green channel alone
shows the extensive neurofilament staining of NM axons. The orien-
tation of the section is indicated by the arrows above the calibration
bar (D: dorsal; M: medial). Calibration bar " 50 !m for all panels.
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NL is bracketed by labeled fibers from both ipsi- and
contralateral projecting NM neurons (Fig. 5, arrows).

Afferent and efferent connections within
the anlage

To identify the location of VIIIth nerve fibers with re-
spect to NM neurons within the auditory anlage, the co-
chlear nerve root was labeled just before entry into the
brainstem with rhodamine conjugated dextran. In the
same brains, Alexa 488-conjugated dextran was applied to
the contralateral brainstem to label definitively the NM
neurons. Between E6 (St 29) and E8 (St 34), cochlear
afferents have entered the brainstem and coalesced at the
ventral cell-free region of the auditory anlage (Fig. 7). In
two cases at E6, we observed rhodamine-labeled fibers
extending from the entry point at the lateral edge of the
brainstem and looping medially around the rostral anlage
to halt just external to the auditory anlage (data not
shown). At E8, cochlear afferents were localized to the
region of NM but were few in number. Some afferents
traveled through nascent NL to enter NM from below,
whereas most fibers followed a tangential path to contact
NM neurons after traveling laterally around the auditory

anlage (Fig. 7). Contact with NM neurons was present but
sparse, which is corroborated by the paucity of SV2 stain-
ing we observed within NM at this age (compare with Fig.
3) as well as previous reports of VIIIth nerve contact
(Jackson and Parks, 1982; Pettigrew et al., 1988; Molea
and Rubel, 2003). Thus, although afferent VIIIth nerve
fibers are traversing near the auditory anlage, NM neu-
rons are developing without afferent input at the early
stages of the auditory anlage.

DISCUSSION
The present study examined the early organization and

differentiation of NM neurons within the maturing audi-
tory anlage by using immunohistochemistry, retrograde
labeling of NM axons, and orthograde labeling of the
Vlllth nerve axons. At the earliest time that we could
identify the auditory anlage, St 29 (E6), a few NM neurons
from throughout the rostral to caudal extent of the anlage
had begun to reach their contralateral targets in NL. This
appears to be well before afferent connections from the
VIIIth nerve have reached NM. Because NM contacts NL
as many as 2 days before contacts from incoming cochlear

Fig. 5. Rostral-to-caudal progression of development of NM neu-
rons. Neurons are retrogradely labeled with Alexa-488 Dextran
(green), and all nuclei in the sections have been visualized with
Hoechst dye (blue). A–C: E6 (St 29) embryos. D,E: E8 (St 34) embryos.
At E6, the labeled neurons are located laterally near the rhombic lip,
and contralateral axons are labeled, but few ipsilateral collaterals are

present (A). By E8, the rostral-to-caudal segregation of labeled neu-
rons into a more medially located nucleus is apparent in rostral and
middle sections (D,E), whereas the caudal E8 neurons are still more
diffusely dispersed (F). At E8, prominent ipsilateral collaterals are
observed in addition to the contralateral fibers; these fibers coalesce in
a region likely to be the developing NL. Calibration bars " 150 !m.
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afferents, we suggest that NM plays a central role in the
formation of tonotopic connections, perhaps by specify-
ing tonotopic identity in NL while guiding appropriate

tonotopic afferents to synapse within NM (Young and
Rubel, 1986; Book and Morest, 1990; Molea and Rubel,
2003).

Fig. 7. Cochlear afferents begin to contact NM neurons at E8.
Embryonic brainstems from E8 embryos were dissected and double
labeled with Alexa-488-dextran (green) to identify NM neurons and
with Rhodamine-dextran applied to the cochlear nerve stump to iden-

tify afferents (red). Arrowheads point to areas where afferents contact
NM. Black and white images show the neurons (middle) and the
afferents (right) in isolation. Calibration bar " 50 !m.

Fig. 6. Morphology of lateral NM neurons suggests that they mi-
grate dorsomedially within the auditory anlage. A: Caudal E8 brain-
stem section stained with Hu C/D (red), Hoechst (blue) and labeled in
the contralateral auditory anlage with Alexa-488-dextran (green) to
identify NM neurons within the auditory anlage. B: Enlargement of

box B in A showing elongated profile of neurons at the lateral portion
of the anlage, suggesting a migratory phenotype. C: Enlargement of
box C in A showing that NM neurons within the dorsomedial portion
of the anlage are round and more static in appearance. Calibration
bars " 100 !m in A; 20 !m in B and C.
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The identity of NM neurons at E6 in the anlage was
inferred from the pattern of retrograde labeling from
the contralateral hindbrain. NM axons cross the mid-
line; hence, neuronal cell bodies are retrogradely la-
beled by dye that is placed in the contralateral hind-
brain. The pattern of segregation of labeled neurons
between E6 and E8 indicates that virtually all labeled
neurons residing in the anlage form a nucleus charac-
teristic in position and size to NM, rather than migrat-
ing to positions more characteristic of nucleus angularis
or one of the vestibular nuclei. In addition, labeled
axons crossing the midline project to the ventral portion
of the anlage, which eventually develops into NL, the
nucleus with which NM neurons synapse. The location
of nucleus angularis (NA) neurons remains obscure in
the auditory anlage. We saw no evidence of a population
of neurons within the anlage that would be positionally
and temporally correlated with the appearance of NA.
Rubel et al. (1976) show that NA neurons are generated
after NM and NL, and Book and Morest (1990) suggest
that NA neurons migrate into the auditory anlage later
than NM and NL neurons. We would have expected to
see a population of neurons segregating as NA in the
most rostral and dorsolateral portion of the auditory
anlage, but by E8, retrogradely labeled NM neurons fill
that entire region. This raises the possibilities that NA
neurons migrate out of the anlage before E6; they are
dispersed within the anlage so that no obvious pattern
emerges, or they do not originate from the anlage.

Our observations suggest that reorganization within
the anlage is an active migratory process. Initially, retro-
gradely labeled NM neurons are distributed throughout
the auditory anlage between E6 and E8. By imaging se-
quential serial sections of labeled embryos from the most
caudal (and hence most immature auditory hindbrain) to
the most rostral (mature hindbrain), we could discern an
apparent coalescing of labeled cell bodies from the lateral
to the dorsomedial region of the anlage to form NM. In
addition, the morphology of the labeled cell bodies in the
most lateral regions of the anlage is elongated, reminis-
cent of migratory cells. Thus, the migration of neuronal
somata to form the mature nucleus occurs independently
of the projection of either ipsilateral or contralateral ax-
onal collaterals and independent of the Vlllth nerve axons
(Levi-Montalcini, 1949; Parks, 1979). Such mechanisms
have been observed during the development of the central
nervous system. For example, cerebellar granule cells syn-
apse on Purkinje cell dendrites before migrating from the
external to the internal granule layer (Sotelo, 2004). In
addition, neurons that comprise the deep cerebellar nuclei
also interrupt migration from the ventricular zone to ex-
tend a contralaterally projecting axon before resuming
migration to the mature cerebellar location. This does not
rule out the possibility that nascent NM and NL cell
bodies could be relocated by the addition of new cells on
the lateral margins of the hindbrain (Book and Morest,
1990).

Accurate pathfinding of NM neurons and the morpho-
logical organization of cells into NM and NL appear to
occur in the absence of synaptogenesis. SV2 protein is an
integral component of the synaptic vesicle (Feany et al.,
1992). At the light microscope level, this antigen marks an
accumulation of synaptic vesicles and is an early marker
of synaptic terminals (Yang et al., 2002; Nealen, 2005).
SV2 staining of NM contacts on NL is well developed

before any evidence of SV2 immunoreactivity in NM and
before labeled cochlear afferents contact NM. The pattern
of SV2 staining visible in NL at E8 is similar to the
pattern seen in the neural retina where SV2 was diffusely
located initially, but then quickly localized to the terminal
region of photoreceptors (Yang et al., 2002). The timing of
arrival of VIIIth nerve fibers adjacent to NM neurons
raise the possibility that initial targeting of both NM
collaterals may be required before synapse initiation is
begun in NM. Perhaps the receipt of retrograde signals
from both ipsilateral and contralateral collaterals pro-
vides the signal for VIIIth nerve synapse initiation. The
pattern and organization of neurofilament and SV2 stain-
ing during these stages of development closely follow re-
ports based on single-cell fills and Golgi preparations
(Jackson and Parks, 1982; Young and Rubel, 1986; Book
and Morest, 1990). The development of SV2 immunoreac-
tivity that we observed corresponds well with previously
described functional synaptic connections between affer-
ents and NM neurons at E10–E11, after numerous con-
nections with NL have been made (Jackson et al., 1982).

What directs targeting of the NM axon collaterals? As
NM fibers approach their target, various proteins may
play a role in axon outgrowth and synaptogenesis. One
family, the Eph receptors and their ligands, ephrins, show
broad expression in the auditory brainstem nuclei during
development. Eph receptors and ephrins play critical roles
in pathfinding and target selection in many systems. One
member, EphB2 prevents NM axons from crossing the
midline (Cramer et al, 2006), and is expressed at low
levels at E4. Ephrin-B1 and EphB2 show common expres-
sion in the axons surrounding the auditory anlage and at
the midline between E7 and E8 (the earliest age exam-
ined), whereas Ephrin-B2 is localized to cell bodies within
the anlage (Cramer et al., 2002). At E10, when the cells
have ceased migration and preliminary targeting is well
underway, the pattern of ephrin expression has generally
increased in the nuclei (but decreased at the midline). It is
intriguing that there are two proteins that are differen-
tially expressed in NL at E10. At E10, EphA4 is heavily
expressed in the dorsal neuropil of NL (Cramer et al.,
2000b; Cramer et al., 2002). In contrast, TrkB and
ephrin-2 are prominently expressed in the ventral neuro-
pil (Cochran et al., 1999). These proteins may be integral
for NL dendritic maturation, which is required for proper
coincidence detection. Perhaps other pathfinding mole-
cules, such as netrin, robo, slit, or extracellular matrix
cues, play a more prominent role at the earliest stages of
NM development and pathfinding (Long et al., 2004). Al-
ternatively, extracellular matrix cues may direct the ini-
tial targeting, as observed in the sorting of olfactory axons
into the olfactory bulb and olfactory tract (Henion et al.,
2005).

Our results indicate that morphological development of
synapses between NM and NL precedes contacts between
cochlear afferents and NM. Previous published reports
provide electrophysiological evidence for this same conclu-
sion (Jackson et al. 1982), show that otocyst removal does
not cause significant changes in spatiotemporal patterns
of dendritic development in NM and NL (Smith, 1981;
Parks and Jackson, 1984), and show that the tonotopic
“identities” of NM neurons are independent of cochlear
nerve innervation (Lippe et al., 1992). Taken together,
these results suggest strongly that NM serves as an early
central organizer of synaptic connections in the avian
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auditory system. NM neurons are born early (Rubel et
al., 1976) and are specified in rhombomeres 5–7 of the
developing hindbrain, whereas NL neurons are gener-
ated primarily from rhombomere 5, with a small contri-
bution from rhombomere 6 (Cramer et al., 2000a; Marin
and Puelles, 1995). Thus, positional identity can be
encoded in NM through cues received in the rhom-
bomeres. The early projection of NM axons to the con-
tralateral NL in the absence of contact from cochlear
afferents could specify tonotopic identity of NL. It has
been shown that this projection is highly topographic
from the earliest age it can be studied (Young and
Rubel, 1986). Similarly, ingrowing afferents would seek
positional cues already located on NM neurons. Thus,
the auditory anlage represents an important period dur-
ing NM development in which primary targeting of NM
collaterals occurs during the coincident migration of the
soma and the target NL neuron. Innervation of NM and
NL appears to be dependent on the combination of con-
tralateral collateral and ipsilateral collateral targeting
before synapses are established within both NM and
NL. This finding suggests that the initial organization
of the auditory brainstem relies on the targeting of NM
contralateral axons to NL but does not preclude further
refinement of these connections through neuronal activ-
ity once afferent innervation has been established. Fu-
ture studies that disrupt extension and targeting of the
contralateral NM collateral would illuminate the possi-
ble role of NM as a central organizer of the avian audi-
tory pathways.

ACKNOWLEDGMENTS

The authors thank Dr. Cynthia Forehand for the use of
her aerator for the retrograde labeling studies, Dr. Felix
Eckenstein for assistance with the confocal microscope,
and Kerri McGilvreay and Karen Richer for technical
assistance.

LITERATURE CITED
Book KJ, Morest DK. 1990. Migration of neuroblasts by perikaryal

translocation: role of cellular elongation and axonal outgrowth in
the acoustic nuclei of the chick embryo medulla. J Comp Neurol
297:55–76.

Cochran SL, Stone JS, Bermingham-McDonogh O, Akers SR, Lefcort F,
Rubel EW. 1999. Ontogenetic expression of trk neurotrophin receptors
in the chick auditory system. J Comp Neurol 413:271–288.

Carr CE, Konishi M. 1990. A circuit for detection of interaural time differ-
ences in the brain stem of the barn owl. J Neurosci 10:3227–3246.

Carr CE, Boudreau RE. 1996. Development of the time coding pathways in
the auditory brainstem of the barn owl. J Comp Neurol 373:467–483.

Cramer KS, Cerretti DP, Siddiqui SA. 2006. EphB2 regulates axonal
growth at the midline in the developing auditory brainstem. Dev Biol in
press April 13 [Epub ahead of print].

Cramer KS, Fraser SE, Rubel EW. 2000a. Embryonic origins of auditory
brain-stem nuclei in the chick hindbrain. Dev Biol 224:138–151.

Cramer KS, Rosenberger MH, Frost DM, Cochran SL, Pasquale EB, Rubel
EW. 2000b. Developmental regulation of EphA4 expression in the chick
auditory brainstem. J Comp Neurol 426:270–278.

Cramer KS, Karam SD, Bothwell M, Cerretti DP, Pasquale EB, Rubel EW.
2002. Expression of EphB receptors and EphrinB ligands in the devel-
oping chick auditory brainstem. J Comp Neurol 452:51–64.

Feany MB, Lee S, Edwards RH, Buckley KM. 1992. The synaptic vesicle

protein SV2 is a novel type of transmembrane transporter. Cell 4:861–
867.

Hackett JT, Jackson H, Rubel EW. 1982. Synaptic excitation of the second
and third order auditory neurons in the avian brain stem. Neuroscience
7:1455–1469.

Hamburger V, Hamilton HL. 1992. A series of normal stages in the devel-
opment of the chick embryo. 1951. Dev Dyn 195:231–272.

Henion TR, Raitcheva D, Grosholz R, Biellmann F, Skarnes WC, Hennet T,
Schwarting GA. 2005. Beta1,3-N-acetylglucosaminyltransferase 1 gly-
cosylation is required for axon pathfinding by olfactory sensory neu-
rons. J Neurosci 25:1894–1903.

Horch HL, Sargent PB. 1995. Perisynaptic surface distribution of multiple
classes of nicotinic acetylcholine receptors on neurons in the chicken
ciliary ganglion. J Neurosci 15:7778–7795.

Jackson H, Parks TN. 1982. Functional synapse elimination in the devel-
oping avian cochlear nucleus with simultaneous reduction in cochlear
nerve axon branching. J Neurosci 2:1736–1743.

Jackson H, Hackett JT, Rubel EW. 1982. Organization and development of
brain stem auditory nuclei in the chick: ontogeny of postsynaptic re-
sponses. J Comp Neurol 210:80–86.

Jhaveri S, Morest DK. 1982. Sequential alterations of neuronal architec-
ture in nucleus magnocellularis of the developing chicken: a Golgi
study. Neuroscience 7:837–853.

Kubke MF, Carr CE. 2000. Development of the auditory brainstem of birds:
comparison between barn owls and chickens. Hear Res 147:1–20.

Lee VM, Sechrist JW, Bronner-Fraser M, Nishi R. 2002. Neuronal differ-
entiation from postmitotic precursors in the ciliary ganglion. Dev Biol
252:312–323.

Levi-Montalcini R. 1949. The development of the acousticovestibular cen-
ters in the chick embryo in the absence of the afferent root fibers and
of descending fiber tracts. J Comp Neurol 91:209–241.

Lippe WR, Fuhrmann DS, Yang W, Rubel EW. 1992. Aberrant projection
induced by otocyst removal maintains normal tonotopic organization in
the chick cochlear nucleus. J. Neurosci 12:962–969.

Long H, Sabatier C, Ma L, Plump A, Yuan W, Ornitz DM, Tamada A,
Murakami F, Goodman CS, Tessier-Lavigne M. 2004. Conserved roles
for Slit and Robo proteins in midline commissural axon guidance.
Neuron 42:213–223.

Marin F, Puelles L. 1995. Morphological fate of rhombomeres in quail/chick
chimeras: a segmental analysis of hindbrain nuclei. Eur J Neurosci
7:1714–1738.

Molea D, Rubel EW. 2003. Timing and topography of nucleus magnocellu-
laris innervation by the cochlear ganglion. J Comp Neurol 466:577–
591.

Nealen PM. 2005. An interspecific comparison using immunofluorescence
reveals that synapse density in the avian song system is related to sex
but not to male song repertoire size. Brain Res 1032:50–62.

Parks TN. 1979. Afferent influences on the development of the brain stem
auditory nuclei of the chicken: otocyst ablation. J Comp Neurol 183:
665–677.

Parks TN. 1981. Morphology of axosomatic endings in an avian cochlear
nucleus: nucleus magnocellularis of the chicken. J Comp Neurol 203:
425–440.

Parks TN, Rubel EW. 1975. Organization and development of brain stem
auditory nuclei of the chicken: organization of projections from n.
magnocellularis to n. laminaris. J Comp Neurol 164:435–448.

Parks TN, Jackson H. 1984. A developmental gradient of dendritic loss in
the avian cochlear nucleus occurring independently of primary affer-
ents. J Comp Neurol 227:459–466.

Pettigrew AG, Ansselin AD, Bramley JR. 1988. Development of functional
innervation in the second and third order auditory nuclei of the chick.
Development 104:575–588.

Rubel EW, Fritzsch BF. 2002. Auditory system development: primary
auditory neurons and their targets. Ann Rev Neurosci 25:51–101.

Rubel EW, Smith DJ, Miller LC. 1976. Organization and development of
brain stem auditory nuclei of the chicken: ontogeny of n. magnocellu-
laris and n. laminaris. J Comp Neurol 166:469–489.

Rubel EW, Parks TN, Zirpel L. 2004. Assembling, connecting, and
maintaining the cochlear nucleus. In: Parks TN, Rubel EW, Popper
AN, Fay RR, editors. Plasticity of the auditory system, series:
Springer Handbook of Auditory Research, vol 21. Springer-Verlag,
NY. pp 8 – 48.

Ryugo DK, Parks TN. 2003. Primary innervation of the avian and mam-
malian cochlear nucleus. Brain Res Bull 60:435–456.

The Journal of Comparative Neurology. DOI 10.1002/cne

441ORGANIZATION OF THE AUDITORY ANLAGE



Smith ZD. 1981. Organization and development of brain stem auditory
nuclei of the chicken: dendritic development in N. laminaris. J Comp
Neurol 203:309–333.

Sotelo C. 2004. Cellular and genetic regulation of the development of the
cerebellar system. Prog Neurobiol 72:295–339.

Wakamatsu Y, Weston JA. 1997. Sequential expression and role of Hu
RNA-binding proteins during neurogenesis. Development 124:3449–
3460.

Whitehead MC, Marangos PJ, Connolly SM, Morest DK. 1982. Synapse
formation is related to the onset of neuron-specific enolase immunore-

activity in the avian auditory and vestibular systems. Dev Neurosci
5:298–307.

Yang H, Standifer KM, Sherry DM. 2002. Synaptic protein expression
by regenerating adult photoreceptors. J Comp Neurol 443:275–288.

Young SR, Rubel EW. 1983. Frequency-specific projections of individ-
ual neurons in chick brainstem auditory nuclei. J Neurosci 3:1373–
1378.

Young SR, Rubel EW. 1986. Embryogenesis of arborization pattern and
topography of individual axons in N. laminaris of the chicken brain
stem. J Comp Neurol 254:425–459.

The Journal of Comparative Neurology. DOI 10.1002/cne

442 S.J. HENDRICKS ET AL.



Development of Spontaneous Miniature EPSCs in Mouse AVCN Neurons
During a Critical Period of Afferent-Dependent Neuron Survival
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Lu Y, Harris JA, Rubel EW. Development of spontaneous miniature
EPSCs in mouse AVCN neurons during a critical period of afferent-
dependent neuron survival. J Neurophysiol 97: 635–646, 2007. First
published November 1, 2006; doi:10.1152/jn.00915.2006. During a
critical period prior to hearing onset, cochlea ablation leads to massive
neuronal death in the mouse anteroventral cochlear nucleus (AVCN),
where cell survival is believed to depend on glutamatergic input. We
investigated the development of spontaneous miniature excitatory
postsynaptic currents (mEPSCs) in AVCN neurons using whole cell
patch-clamp techniques during [postnatal day 7 (P7)] and after (P14,
P21) this critical period. We also examined the effects of unilateral
cochlea ablation on mEPSC development. The two main AVCN
neuron types, bushy and stellate cells, were distinguished electro-
physiologically. Bushy cell mEPSCs became more frequent and faster
between P7 and P14/P21 but with little change in amplitude. Dendritic
filtering of mEPSCs was not detected as indicated by the lack of
correlation between 10 and 90% rise times and decay time constants.
Seven days after cochlea ablation at P7 or P14, mEPSCs in surviving
bushy cells were similar to controls, except that rise and decay times
were positively correlated (R ! 0.31 and 0.14 for surgery at P7 and
P14, respectively). Consistent with this evidence for a shift of synaptic
activity from the somata to the dendrites, SV2 staining (a synaptic
vesicle marker) forms a ring around somata of control but not
experimental bushy cells. In contrast, mEPSCs of stellate cells
showed few significant changes over these ages with or without
cochlea ablation. Taken together, mEPSCs in mouse AVCN bushy
cells show dramatic developmental changes across this critical period,
and cochlea ablation may lead to the emergence of excitatory synaptic
inputs impinging on bushy cell dendrites.

I N T R O D U C T I O N

Synaptic activity has two basic forms: evoked and sponta-
neous. For the auditory system, evoked synaptic activity refers
to transmission that occurs in response to acoustic stimuli from
the environment. Spontaneous activity, defined here as synap-
tic responses when there is no sound stimulation, can be further
divided into two categories: action potential-dependent and
-independent. Action potential-dependent spontaneous activ-
ity, elicited by the invasion of action potentials into the pre-
synaptic terminal, can be as large in size as evoked synaptic
responses due to the release of many transmitter vesicles. In
contrast, action potential-independent synaptic transmission
gives rise to small postsynaptic responses (miniature events).
These responses are mostly due to the release of a single
transmitter vesicle that may reside in a different pool than the

ones responsible for evoked release (Frerking et al. 1997; Sara
et al. 2005).

Spontaneous activity in developing neurons is important in
maintaining cell survival in the visual system (Catsicas et al.
1992; Chytrova and Johnson 2004; Galli-Resta et al. 1993),
and some studies suggest that this may be due to neurotrophic
factors co-released during neurotransmission (reviewed in Al-
tar and DiStefano 1998; Davies 1994). Similarly, in the audi-
tory system, conductive hearing loss does not result in cell
death in the cochlear nucleus of chickens (Tucci et al. 1987) or
monkeys (Doyle and Webster 1991), indicating that spontane-
ous activity originating from the hair cells or ganglion neurons
may be sufficient to maintain central auditory neurons. Inter-
estingly, conductive hearing loss leads to an increase in ex-
citatory responses of ventral cochlear nucleus to sound stimuli
given to the contralateral ear, and the spontaneous firing rate of
those neurons increases (Sumner et al. 2005). Roles of spon-
taneous synaptic activity in the auditory system also have been
implicated in studies using deaf animals. Single-unit record-
ings from the auditory nerve in deaf cats showed that sponta-
neous spikes exist, although hair cells are lacking and most
ganglion cells degenerate (Ryugo et al. 1998). These studies
did not distinguish between action-potential-dependent and
-independent spontaneous synaptic activity and may include
both.

Since miniature synaptic events were first observed at neu-
romuscular junctions (Fatt and Katz 1950, 1952), they have
been considered as nonfunctional neuronal activity due to their
randomness of occurrence and small amplitude. This view has
been challenged recently (reviewed in Otsu and Murphy 2003).
Sharma and Vijayaraghavan (2003) provided evidence show-
ing that miniature activity can be regulated by nicotinic recep-
tors on the presynaptic terminals to such a level that elicits
action potentials in the postsynaptic neuron, influencing sig-
naling across synapses. Miniature synaptic activity is able to
maintain dendritic spines of hippocampal neurons via activa-
tion of AMPA receptors (McKinney et al. 1999) and regulate
dendritic protein synthesis in cultured hippocampal neurons
(Sutton et al. 2004). These studies suggest that miniature
synaptic activity may play important roles that have been
poorly understood. Whether miniature synaptic activity plays
any roles in central auditory neurons is unknown.

In both birds and mammals, deprivation of auditory inputs in
young animals results in many changes in the structure and
function of cochlear nucleus neurons, followed by neuronal
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death (reviewed in Harris and Rubel 2006; Rubel and Fritzsch
2002). Deprivation of auditory inputs is done either by cochlea
removal or pharmacological blockage of action potential-de-
pendent neurotransmission at the cochlear nucleus. The same
manipulations, however, do not lead to significant cell death in
older animals. Thus there exists a critical period during which
survival of cochlear nucleus neurons is dependent on, and after
which cell survival is independent of, these excitatory inputs.
This critical period seems to correlate with the events leading
to the onset of hearing (mice, Mostafapour et al. 2000, 2002;
gerbils, Hashisaki and Rubel 1989; Tierney et al. 1997; ferrets,
Moore 1990). For example, unilateral destruction of the co-
chlea in mice at or before the age of P11 results in apoptotic-
like cell death of 30–70% of AVCN bushy cells on the side
ipsilateral to the surgery. If the surgery is performed at or later
than P14, no significant cell death is observed (Mostafapour et
al. 2000).

The mechanisms underlying the critical period have recently
been explored, but the results remain largely inconclusive
(Harris et al. 2005; Mostafapour et al. 2000, 2002). Although
the morphological development of excitatory synapses at
AVCN across this critical period has been studied in detail
(Limb and Ryugo 2000), corresponding physiological devel-
opment of the synapses has not been carefully studied. Fur-
thermore, after being deprived of excitatory glutamatergic
inputs from the auditory nerve, surviving bushy cells show
compensatory structural changes such as reinnervation by
nearby terminals (Gentschev and Sotelo 1973) or by synapto-
genesis (Benson et al. 1997) and increased nonauditory inputs
(Trune and Morgan 1988). However, alterations in functional
synaptic transmission at these synapses have not been ex-
plored. Here we examined development of spontaneous min-
iature excitatory postsynaptic currents (mEPSCs) in mouse
AVCN neurons (bushy and stellate cells) at ages P7, P14, and
P21 and further examined mEPSCs in AVCN neurons 7 days
after cochlea ablation performed at P7 or P14.

M E T H O D S

Slice preparation and electrophysiological recording

Brain stem slices (200–250 !m thickness) were prepared from
C57BL/6 mice at ages P7, P14, and P21, using methods modified from
Tzounopoulos et al. (2004) and Brew and Forsythe (1995). Briefly,
after decapitation, a brain block containing the brain stem and the
cerebellum was dissected out in ice-cold bicarbonate-buffered solu-
tion containing (in mM) 230 sucrose, 3 KCl, 1.2 KH2PO4, 20
NaHCO3, 1.2 CaCl2, 5 MgSO4, 3 HEPES, and 10 dextrose with pH of
7.4 and osmolarity around 290 mOsm/l. The brain block was then
glued to a vibratome platform (Technical Products, Saint Louis, MO),
which was filled with the same solution as in the preceding text, and
four to eight coronal slices containing the cochlear nucleus were
obtained.

For recordings, slices were transferred to a 0.5-ml chamber
mounted on a Zeiss Axioskop FS (Zeiss, Germany) with a "40
water-immersion objective and infrared, differential interference con-
trast optics and continuously superfused with artificial cerebrospinal
fluid (ACSF) at a rate of 2–3 ml/min. The ACSF contained (in mM)
130 NaCl, 3 KCl, 1.2 KH2PO4, 20 NaHCO3, 2.4 CaCl2, 1.3 MgSO4,
3 HEPES, and 10 dextrose and was constantly gassed with 95%
O2-5% CO2, with pH of 7.4 and osmolarity #290 mOsm/l. All
recordings were performed at a temperature of 34–36°C, controlled
by a feedback temperature controller (Warner Instrument, Hamden,

CT). Patch pipettes were pulled to 1–2 !m tip diameter using
calibrated (75 !l) glass (VWR, West Chester, PA) and a vertical
pipette puller (David Kopf Instruments, Tujunga, CA) and coated with
silicone elastomer (Sylgard; Dow Corning, Midland, MI). Electrodes
had resistances between 3 and 7 M$ when filled with an internal
solution containing (in mM) 140 K-gluconate, 4.5 MgCl2, 4.4 tris-
phosphocreatine, 9 HEPES, 5 EGTA, 4 Na-ATP, and 0.3 tris-GTP,
pH 7.3 adjusted by KOH (1 M), and osmolarity of #290 mOsm/l. A
liquid junction potential of 10 mV was corrected.

Voltage-clamp experiments were performed with an AxoPatch
200B and current-clamp experiments with an AxoClamp 2B amplifier
(Molecular Devices, Union City, CA). Development of firing proper-
ties of AVCN neurons was examined using data obtained with the
AxoClamp 2B amplifier. The fast current-clamp configuration of the
AxoPatch 200B was also used to examine firing properties to deter-
mine cell types before acquiring voltage-clamp data, but current-
clamp data obtained using the AxoPatch 200B were not included in
analysis of firing properties because of known distortions of action
potentials by the patch-clamp amplifier (Magistretti et al. 1996).
Series resistance was compensated by 80–90% in voltage-clamp
recordings. Data were low-pass filtered at 5–10 kHz and digitized with
an ITC-16 (Instrutech, Port Washington, NY) at 20–50 kHz for both
on and off-line analysis. Data acquisition was done using Axograph
software, version 4.5 (Molecular Devices).

All chemicals and drugs were obtained from Sigma (St Louis, MO)
except SR 95531 hydrobromide (gabazine) and sucrose, which were
obtained from Tocris (Ballwin, MO) and B.J. Baker (Phillipsburg,
NJ), respectively. Drugs were bath-applied.

Recording and analysis of mEPSCs

Immediately after obtaining whole cell configuration, firing patterns
in response to current injection were examined under the fast current-
clamp configuration to determine cell types; bushy cells fire one to
three brief spikes in response to prolonged depolarizing current
injections, whereas stellate cells fire spikes throughout the duration.
Recording mode was then switched to voltage clamp, and spontaneous
activity was chart-recorded at a holding potential of –60 mV. Besides
glutamatergic excitatory inputs from the auditory nerve, bushy cells
also receive inhibitory inputs from a variety of sources including
vertical neurons in the dorsal cochlear nucleus, the trapezoid nucleus,
and the superior paraolivary nucleus. Stellate cells also receive inhib-
itory inputs from vertical neurons as well as local interneurons.
Glycine is the major inhibitory transmitter at these synapses (reviewed
in Ferragamo and Oertel 2001). Spontaneous excitatory postsynaptic
currents (sEPSCs) were isolated in the presence of strychnine (1 !M)
and gabazine (10 !M), which block glycinergic and GABAergic
responses, respectively. Adding tetrodotoxin, a voltage-gated sodium
channel blocker, does not change sEPSCs at mouse AVCN synapses,
indicating that sEPSCs represent miniature EPSCs (mEPSCs)
(Oleskevich and Walmsley 2002).

To detect mEPSCs, we slid a template through the chart recordings.
The parameters of the template, including amplitude, 10–90% rise
time, and decay time constant (tau), were defined based on an average
of real events as well as on previous reports for the same type of
neurons (Gardner et al. 1999). The detection threshold is 2.5 to 4 times
of the noise SD. Statistics were performed using Excel (Microsoft,
Redmond, WA) and Statview (Abacus Concepts, Berkeley, CA), and
graphs were made in Igor (Wavemetrics, Lake Oswego, OR).
Means % SD are reported.

Surgery: cochlear ablation

The procedures were the same as reported previously (Mostafapour
et al. 2000, 2002). Mice were anesthetized using inhaled isoflurane
until areflexic. This level of anesthesia was maintained throughout the
surgical procedure. An incision was made inferior to the pinna, and
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the tympanic membrane was identified. Middle ear mesenchyme was
aspirated, ossicles were removed, and the basal turn of the cochlea
was visualized. Using a 30-gauge needle, the bony wall between the
oval window and the round window was penetrated, and the contents
were aspirated using a fine glass pipette. The modiolus was also
destroyed. The skin incision was closed using cyanoacrylic glue.
Animals were returned to their mothers and the rest of the litter within
2 h. Temporal bones were examined by light microscopy after
obtaining brain slices for electrophysiology experiments or after
perfusion of animals in immunohistochemistry experiments to con-
firm the ablation. The procedures were approved by the University of
Washington Animal Use Committee.

Immunohistochemistry

Mice that received unilateral cochlear ablations at P7 (n ! 2) and
P14 (n ! 2) were overdosed with sodium pentobarbital and perfused
transcardially with 4% paraformaldehyde at 1 wk after surgery. After
perfusion, the brains were removed and postfixed for an additional 2 h
at room temperature (RT), then serially dehydrated in ethanol, cleared
in methyl salicylate, and embedded in paraffin. A one-in-five series of
10-!m coronal sections was mounted on slides. Sections were depar-
affinized and rinsed in 0.01% Triton-X in PBS (PBST) for 15 min.
Antigen retrieval was performed in 10 mM citric acid (pH 6.0) in a
steamer for 25 min and then cooled for 10 min on ice. Slides were
rinsed again in PBST for 15 min and then blocked for 1.5 h at RT in
10% normal serum, 0.1% Triton-X, and 0.5% bovine serum albumin
in PBS. Sections were next incubated overnight at 4°C with the
primary antibodies: mouse anti-synaptic vesicle 2 (SV2, 1:100) and
rabbit anti-microtubule associated protein 2 (MAP2, 1:500, Chemicon
International, Temecula, CA). The SV2 antibody was generously
provided by Dr. Sandra Bajjalieh and has been characterized previ-
ously (Buckley and Kelly 1985). The next day, tissue was rinsed for
30 min in PBST and incubated in Alexa Flour 488 conjugated goat
anti-mouse and Alexa Flour 594 conjugated goat anti-rabbit (1:400,
Molecular Probes) for 4 h at RT. Slides were then rinsed in PBS for
2 h and coverslipped with Glycergel mounting medium (Dako,
Carpinteria, CA). Controls omitting the primary antibodies were
included with every trial. Photomicrographs were taken using a
CoolSnap HQ Digital Camera (Photometrics, Tucson, AZ) under a
"63 objective on a Zeiss Axioplan 2 microscope. Images were
captured using Slidebook 4.0 software (Intelligent Imaging Innova-
tions, Santa Monica, CA). All photomicrograph figures were prepared
using Photoshop 7.0 (Adobe Systems Incorporated, San Jose, CA).

R E S U L T S

Electrophysiological identity of AVCN neurons

There are two main neuronal cell types in the AVCN, bushy
cells and stellate cells. They can be distinguished from each
other by morphology or electrophysiology. Bushy cells have
short bushy-like dendrites with round cell bodies innervated by
large endbulb of Held auditory terminals. Stellate cells have
long branched dendrites and receive bouton-like glutamatergic
synapses from auditory terminals (reviewed in Young and
Oertel 2004). In electrophysiological recordings, bushy cells
fire only one or a few action potentials in response to prolonged
depolarizing current injections, a hallmark of auditory neurons
encoding timing information (reviewed in Oertel 1999;
Trussell 1999). In contrast, stellate cells fire multiple action
potentials in response to prolonged depolarizing current injec-
tions. Intracellular sharp electrode recordings have shown that
the electrophysiological identity of AVCN neurons is estab-
lished as early as age P7 (Wu and Oertel 1987). We confirmed

this observation using whole cell recordings under current-
clamp configuration and further characterized the firing prop-
erties of AVCN neurons so that determination of cell type can
be made in the following experiments.

Data were collected from a total of 108 AVCN neurons (38
cells were recorded by using AxoClamp 2B and 70 cells by
AxoPatch 200B). Bushy cells and stellate cells were distin-
guished from each other by their firing patterns in response to
prolonged current injection (Fig. 1). Both cell types possess a
voltage sag in response to hyperpolarizing current injections,
likely reflective of the presence of nonselective cation channels
(Ih). Bushy cells fired single action potentials in response to
threshold current (defined here as the minimum current needed
to elicit action potentials; Fig. 1A). At more depolarizing
current steps, a few action potentials (1–3) were elicited and
followed by a steady state potential plateau (data not shown).
Stellate cells fired multiple large action potentials distributed
across the duration of the current injection (Fig. 1B). To
investigate the profile of firing patterns, we plotted the number
of action potentials against the amplitude of the injected
currents relative to the neuron’s threshold current for all
individual neurons. Bushy cells showed an almost flat function
(Fig. 1C, - - -; note that several overlapped - - - are present in
each graph), whereas stellate cells showed an increase in
number of action potentials with increasing current amplitude,
and at more depolarizing current steps, some stellate cells
showed fast adaptation, especially at P7 (Fig. 1C, n ! 4, 8, and
6 bushy cells for P7, P14, and P21, respectively; n ! 8, 8, and
4 stellate cells for P7, P14, and P21, respectively). Another
apparent difference between the two cell types is neuronal
excitability. Threshold currents for bushy cells were 0.55 %
0.17, 0.48 % 0.16, and 0.29 % 0.09 nA for P7, P14, and P21,
respectively. Threshold currents for stellate cells were 0.11 %
0.06, 0.10 % 0.08, and 0.11 % 0.10 nA for P7, P14, and P21,
respectively. At the same age, stellate cells were significantly
more excitable than bushy cells (Fig. 1D). Furthermore, stellate
cells possessed a stable excitability over the ages tested,
whereas bushy cells appeared to become more excitable with
age; threshold current at P21 is significantly smaller than at
P7/P14, and there is no significant difference between thresh-
old currents between P7 and P14 (Fig. 1D).

Development of mEPSCs in AVCN bushy cells

Figure 2 shows development of mEPSCs of AVCN bushy
cells in mice at ages P7, P14, and P21. mEPSCs were blocked
by CNQX (20 !M), a specific AMPA receptor (AMPAR)
antagonist, indicating that mEPSCs are mediated by AMPARs
(data not shown). The frequency of mEPSCs increased dra-
matically in bushy cells from P7 to P14/P21 (Fig. 2A). The
examples were chosen to match the average frequency of
mEPSCs in pooled data from each age group. Shown on the
right (Fig. 2A) are three averaged traces from events of single
cells normalized to their peaks. The examples were chosen to
closely match the averaged 10–90% rise time and decay tau of
pooled data. Figure 2, B—D, shows the histogram distributions
of mEPSC amplitude (bin width of 5 pA), 10–90% rise time
(bin width of 20 !s), and decay tau (bin width of 100 !s) of all
mEPSCs from all cells (n ! 6, 6, 9 cells for P7, P14, and P21,
respectively). These histograms show the ranges and distribu-
tions of mEPSC parameters across the ages tested. mEPSCs at
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P7 appeared to have broader distributions in 10–90% rise time
and decay tau than those at P14/P21. Due to the large variation
in mEPSC frequency in different cells, the distributions are
possibly biased toward the cells with the largest number of
events. Ideally, equal numbers of events from each cell should
be pooled to make the histograms. However, in some cells,
only a few events can be recorded, even in a prolonged period
of recording, so we decided to plot all events in these histo-
grams and then present another group of data to show the
means and SDs of each parameter (Fig. 2, E–H).

We observed significant changes in the frequency and ki-
netics but not the amplitude of mEPSCs across the ages tested
(Fig. 2, E–H). Frequency of mEPSCs increased significantly
from P7 to P14 or P21 (Fig. 2E, ANOVA post hoc Fisher’s test
P & 0.05 and 0.01, respectively). No significant difference was
detected in mEPSC frequency between P14 and P21. mEPSCs
of bushy cells recorded from P21 mice show a significantly
shorter 10–90% rise time than those from P7 animals. The
difference in 10–90% rise time between P7 and P14 is not
significant, although the trend was suggestive (P ! 0.086).
Decay tau of mEPSCs gets smaller over age. A significant
difference was detected by ANOVA (P & 0.05), and post hoc
Fisher’s tests show that decay tau at P14 or P21 is significantly
smaller than at P7, and no significant difference was detected
between P14 and P21. Numeric data are shown in Table 1.

To determine whether dendritic filtering exists in bushy cells
at ages tested, we plotted mEPSC 10–90% rise time against
decay tau in bushy cells for the three age groups (Fig. 2,I–K).
Due to the cable properties of dendrites, synaptic inputs re-
corded at the soma are expected to be attenuated in amplitude
(Rall 1967; Rall et al. 1967). The time course of synaptic

events also changes as a function of input location; the further
from the soma a synaptic event occurs, the slower its time
course is (Rall et al. 1967; Rinzel and Rall 1974). Therefore if
dendritic filtering exists, one would expect that the synaptic
events (in our case mEPSCs) with long rise time would also
have long decay time. Thus a positive correlation is indicative
of dendritic filtering (Gardner et al. 1999). No correlations
between mEPSC 10–90% rise time and decay tau were found;
linear regression analysis gave rise to correlation coefficients
close to zero (R ! '0.02, 0.09, and 0.05 for P7, P14, and P21,
respectively). This indicates a lack of dendritic filtering in
AVCN bushy cells at the ages tested, consistent with the fact
that excitatory inputs from the auditory nerve impinge onto the
somata and not the dendrites of bushy cells (Cant and Morest
1979; Lenn and Reese 1966).

Development of mEPSCs in AVCN stellate cells

Figure 3 shows the development of mEPSCs in AVCN
stellate cells (n ! 10, 7, 5 cells for P7, P14, and P21,
respectively). Recordings of mEPSCs of AVCN stellate cells
from mice age P7, P14, and P21 show mEPSCs of similar
number and amplitude (Fig. 3A, left). Similar mEPSC kinetics
were also seen across ages, as shown by the three averaged
traces from events of single cells, normalized to their peaks
(Fig. 3A, right). The 10–90% rise time and decay tau at P7
appeared to have a broader range than at P14 or P21. However,
no significant differences were detected in averaged mEPSC
frequency, amplitude, 10–90% rise time, or decay tau among
different age groups (Fig. 3, E–H; Table 1; ANOVA P (
0.05). As stated previously, all mEPSC events from all cells in

FIG. 1. Electrophysiological identity of mouse anteroventral cochlear nucleus (AVCN) neurons at ages postnatal day 7 (P7), P14, and P21. A: bushy cells fire
single action potentials in response to prolonged (100 ms) depolarizing current injection. B: stellate cells fire multiple action potentials distributed across the
duration of the current injection. C: number of action potentials was plotted against the amplitude of the injection currents relative to the threshold current (the
minimum step current amplitude that is required to elicit action potentials) for individual neurons. Bushy cells show an almost flat function (- - -, n ! 4, 8, and
6 cells for P7, P14, and P21, respectively), whereas stellate cells show an increase in number of action potentials with increasing current amplitude (n ! 8, 8,
and 4 cells for P7, P14, and P21, respectively). Some stellate cells show adaptation, i.e., a decrease in number of spikes in response to more depolarizing current
steps. D: bushy cells are less excitable than stellate cells, as evidenced by their significantly larger threshold currents (! and ■ for bushy and stellate cells,
respectively). Whereas stellate cells lack developmental changes in excitability from P7 to P14 to P21, bushy cells become more excitable at P21 than P7/P14.
Means % SD are shown. *P & 0.05, ***P & 0.001 (unpaired t-test).
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each age group were plotted in the distribution histograms.
Because the number of events in individual cells varies widely,
the distributions are biased toward the cells with the largest
number of events. In contrast, to generate the pooled data, we
obtained a trace by averaging all events in each cell. We then
measured the parameters (amplitude, rise time, and decay tau)
of the averaged trace, and considered each measurement as one
data point. We presented the means % SD of the values
obtained from the averaged traces (equal to the number of

cells) in each age group. Therefore one should not estimate the
means and SDs based on the distribution histograms. Rela-
tively strong positive correlations between 10–90% rise time
and decay tau are seen in stellate cells at all ages tested (Fig. 3,
I–K; R ! 0.32, 0.24, and 0.28 for P7, P14, and P21, respec-
tively), suggestive of dendritic filtering. These data are consis-
tent with the fact that excitatory inputs from the auditory nerve
contact dendrites of stellate cells (Cant 1981; Smith and Rhode
1989).

FIG. 2. Development of spontaneous miniature excitatory postsynaptic currents (mEPSCs) in AVCN bushy cells. A, left: 3 original chart recordings of
mEPSCs of AVCN bushy cells from mice ages P7, P14, and P21. Cells were voltage clamped at –60 mV. Strychnine (1 !M) and gabazine (10 !M) were present
in the perfusion solution to block glycine and GABAA receptors. Right: averaged traces from mEPSCs of 3 individual cells, normalized to their peaks. B—D:
histogram distributions of mEPSC amplitude (bin width of 5 pA), 10–90% rise time (bin width of 20 !s), and decay time constant (decay tau, bin width of 100
!s) of all events of all cells (n ! 6, 6, 9 cells for P7, P14, and P21, respectively) at the 3 different ages. Labels indicating age at the far left in A apply to histograms
in B–D. E: frequency of mEPSCs increases significantly from P7 to P14 or P21. No significant difference was detected in mEPSC frequency between P14 and
P21. F: amplitude of mEPSCs shows no difference across ages tested. G: mEPSCs of bushy cells recorded from P21 mice rise significantly faster than those of
P7 mice as evidenced by briefer 10–90% rise time of mEPSCs. The difference between P7 and P14 is not significant (P ! 0.086). H: decay tau of mEPSCs
gets progressively smaller from P7 to P21. Significant differences were detected by ANOVA (P & 0.05), and post hoc Fisher’s tests show that decay tau at P14
is significantly smaller than that at P7, and decay tau at P21 is also significantly smaller than that at P7, but no significant difference was detected between P14
and P21. Note that to generate graphs F–H, an averaged trace was obtained for each cell by averaging all detected events in that single cell. Amplitude, 10–90%
rise time, and decay tau of the averaged mEPSCs were measured, then data were pooled in each age group. Means % SD are shown in E–H. *P & 0.05, **P &
0.01 (ANOVA post hoc Fisher’s test). I–K: plots of 10–90% rise time against decay tau of mEPSCs in AVCN bushy cells at ages P7, P14, and P21. No
correlations between mEPSC 10–90% rise time and decay tau were found in AVCN bushy cells at the ages tested, indicating a lack of dendritic filtering,
consistent with the fact that excitatory inputs from the auditory nerve impinge onto the soma, not the dendrites, of bushy cells.
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TABLE 1. Comparisons of mEPSC properties in bushy and stellate cells at different ages

P7 P14 P21 ANOVA P Value

Bushy cell, (N) 6 6 9
Frequency (Hz) 0.2 % 0.3 7.3 % 5.5** 5.7 % 4.4* 0.0190*
Amplitude (pA) '61 % 28 '80 % 30 '77 % 25 0.4293
10–90% rise time (ms) 0.18 % 0.08 0.13 % 0.01 0.12 % 0.01* 0.0684
Decay tau (ms) 0.47 % 0.12 0.26 % 0.13** 0.19 % 0.05** 0.0002**

Stellate cell (N) 10 7 5
Frequency (Hz) 0.8 % 1.3 1.7 % 2.6 1.7 % 2.0 0.5864
Amplitude (pA) '58 % 16 (n ! 9) '52 % 18 '53 % 17 0.7868
10–90% rise time (ms) 0.18 % 0.07 (n ! 9) 0.18 % 0.05 0.20 % 0.10 0.8473
Decay tau (ms) 0.48 % 0.34 (n ! 9) 0.46 % 0.22 0.53 % 0.37 0.9127

Means % SD are shown. n: number of cells; *P & 0.05. ** P & 0.01, ANOVA, and post hoc Fisher’s tests (between P14 and P7 or P21 and P7); no significant
difference was detected in any of the parameters between P14 and P21 in both cell types at any age.

FIG. 3. Development of mEPSCs in AVCN stellate cells (n ! 10, 7, 5 cells for P7, P14, and P21, respectively). A–D: for figure legends, see Fig. 2. E—H:
no significant differences are detected in mEPSC frequency, amplitude, 10–90% rise time, or decay tau among different age groups (ANOVA P ( 0.05). I–K:
plots of 10–90% rise time against decay tau of mEPSCs in AVCN stellate cells at ages P7, P14, and P21. Positive correlations between mEPSC 10–90% rise
time and decay tau are seen in stellate cells at the ages tested. This is suggestive of dendritic filtering in these neurons, consistent with the fact that excitatory
inputs from the auditory nerve impinge onto their dendrites.
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Effects of cochlea ablation performed at P7 on development
of mEPSCs (recorded at P14)

We performed cochlea ablations at P7 and examined
mEPSCs at P14, when AVCN bushy cell death had reached its
maximum (Mostafapour et al. 2000). Physiological identity of
the two main neuron types is preserved after cochlea ablation
(data not shown), consistent with previous reports on rats
(Francis and Manis 2000). Figure 4 shows mEPSC recordings
obtained from surviving bushy cells (n ! 7 cells). Figure 4A
shows examples of an original chart recording of mEPSCs and
an averaged trace (normalized to the peak of the trace for P14
bushy cells in Fig. 2). CNQX (20 !M) completely blocked

mEPSCs in surviving bushy cells, indicative of unaltered
pharmacology of mEPSCs (data not shown). Histogram distri-
butions of mEPSC amplitude (bin width of 5 pA), 10–90% rise
time (bin width of 20 !s), and decay tau (bin width of 100 !s)
show similar patterns to the bushy cells of the same age (P14)
in Fig. 2. A slightly broader range of mEPSC amplitude is seen
for activity-deprived bushy cells (Fig. 4B). Unpaired t-test
detected no difference in mEPSC frequency, amplitude, 10–
90% rise time, and decay tau between control cells at P14
(same data as in Fig. 2, E–H) and activity-deprived cells at the
same age (Fig. 4, E–H). mEPSCs of the experimental group
appeared to have larger variability (SD bars) in frequency,
amplitude, 10–90% rise time, and decay tau.

A major difference between mEPSCs recorded from activity-
deprived bushy cells and normal cells is the relationship
between rising time and decay tau. A fairly strong positive
correlation (Fig. 4I, R ! 0.31) between mEPSC 10–90% rise
time and decay tau is seen in activity-deprived bushy cells as
compared with normal P14 bushy cells (Fig. 2J, R ! 0.09; z
test, P & 0.001). This observation suggests dendritic filtering
in surviving bushy cells, probably resulting from added syn-
aptic inputs on their dendrites. To further examine effects of
cochlea ablation on the expression patterns of synaptic con-
tacts, we examined the distribution pattern of synaptic vesicle
protein 2 (SV2), a transmembrane protein that is commonly
present at synaptic vesicles (Buckley and Kelly 1985). The
tissue was double labeled with microtubule-associated protein
2 (MAP2), one of the most abundant proteins in neurons that is
highly expressed in dendrites. Unilateral cochlea ablation was
performed at P7 and animals were allowed to survive for 7
days. The contralateral side of each slice was used as a
within-slice control. We observed a ring of SV2 labeling
around the somata in the contralateral bushy cells (Fig. 5A) that
was mostly absent on the ipsilateral side (Fig. 5B). However,
the overall density of SV2 labeling in the neuropil appeared
qualitatively similar between sides.

In contrast to bushy cells, cochlea ablation resulted in no
significant changes in mEPSCs of stellate cells (Fig. 6, n ! 9
cells). Figure 6A shows examples of an original chart recording
of mEPSCs and an averaged trace (normalized to the peak of
the trace for P14 stellate cells in Fig. 3). Histogram distribu-
tions of mEPSC amplitude, 10–90% rise time, and decay tau
show similar patterns to the control cells of the same age (P14)
in Fig. 3 (Fig. 6, B–D). Unpaired t-test detected no difference
in mEPSC frequency, amplitude, 10–90% rise time, and decay
tau between control cells at P14 (same data as in Fig. 3, E–H)
and activity-deprived cells at the same age (Fig. 6, E–H, P (
0.05). mEPSCs of the experimental group appeared to have
larger variability (SD bars) in frequency, amplitude, 10–90%
rise time, and decay tau. Furthermore, the correlation coeffi-
cient (R ! 0.30) between mEPSC 10–90% rise time and decay
tau is comparable to that of stellate cells at P14 in normal
animals (Fig. 6I; z test, P ( 0.05).

Effects of cochlea ablation performed at P14 on
development of mEPSCs (recorded at P21)

Synaptic inputs may be less susceptible to activity modula-
tion after the critical period. To test this hypothesis, we
examined the development of mEPSCs if cochlea ablation is
performed after the critical period, we performed cochlea

FIG. 4. Effects of cochlea ablation performed during the critical period on
mEPSCs of AVCN bushy cells. The frequency and kinetics of mEPSCs in
AVCN bushy cells 7 days after unilateral cochlea ablation (surgery performed
at P7) are similar to those recorded from normal mice of the same age (P14).
A: original chart recording of mEPSCs of a bushy cell representative of
mEPSC frequency of the group, and an averaged trace of all events detected
from another cell representative of mEPSC kinetics of the group. The averaged
trace was normalized to its peak with the averaged traces in Fig. 2A. B–D:
histogram distributions of mEPSC amplitude (bin width of 5 pA), 10–90% rise
time (bin width of 20 !s), and decay tau (bin width of 100 !s) of all events
from 7 bushy cells obtained from the AVCN ipsilateral to the cochlea ablation.
E–H: unpaired t-test detected no difference in average frequency, amplitude,
10–90% rise time, and decay tau of mEPSCs between control (same data for
P14 in Fig. 2, E–H) and the experimental group (P ( 0.05). Means % SD are
shown. Ctr, control; exp, experimental group. I. Seven days after unilateral
cochlea ablation (surgery performed at P7), a positive correlation between
mEPSC 10–90% rise time and decay tau is seen in bushy cells in the AVCN
ipsilateral to the cochlea ablation, suggestive of emergence of dendritic
filtering in bushy neurons that survived the surgery.
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ablation at P14, and recorded mEPSCs in AVCN neurons at
P21. We observed similar patterns in histogram distribution of
mEPSC amplitude, 10–90% rise time, and decay tau in activ-
ity-deprived bushy cells to those of control cells at the same
age (P21; Fig. 7). Unpaired t-test detected no difference in

mEPSC frequency, amplitude, 10–90% rise time, and decay
tau between control cells at P21 (same data as in Fig. 2, E–H)
and activity-deprived cells at the same age (Fig. 7, E–H). A
stronger positive correlation (R ! 0.14) between mEPSC
10–90% rise time and decay tau is seen in activity-deprived

B A 

20 µmcontra ipsi

MAP2
SV2 FIG. 5. Effects of cochlea ablation performed during the

critical period on synaptic vesicle 2 (SV2) expression in AVCN
bushy cells. A: representative section showing bushy cells
labeled for SV2 (green) and MAP2 (red) in the AVCN con-
tralateral (contra) to the cochlea ablation. B: representative
section showing bushy cells in the AVCN ipsilateral (ipsi) to
the cochlea ablation. Note the presence of the ring of SV2
labeling around the somata in the contralateral bushy cells that
is mostly absent on the ipsilateral side. However, the overall
density of SV2 labeling in the neuropil qualitatively appeared
similar between sides. Scale bar, 20 !m.

FIG. 6. Effects of cochlea ablation performed during the critical period on mEP-
SCs of AVCN stellate cells. The frequency and kinetics of mEPSCs in AVCN stellate
cells 7 days after unilateral cochlea ablation (surgery performed at P7) are similar to
those recorded from normal mice of the same age (P14). A–H: for figure legends, see
Fig. 4. Note that the averaged trace was normalized to its peak with the averaged traces
in Fig. 3A. Experimental data were pooled from 9 stellate cells obtained from the
AVCN ipsilateral to the cochlea ablation. I: 7 days after unilateral cochlea ablation
(surgery performed at P7), the correlation between mEPSC 10–90% rise time and
decay tau remains unchanged in AVCN stellate cells.

FIG. 7. Effects of cochlea ablation performed after the critical period on
mEPSCs of AVCN bushy cells. The frequency and kinetics of mEPSCs in
AVCN bushy cells 7 days after unilateral cochlea ablation (surgery performed
at P14) are similar to those recorded from normal mice of the same age (P21).
A–H: for figure legends, see Fig. 4. Note that the averaged trace was normal-
ized to its peak with the averaged traces in Fig. 2A. Experimental data were
pooled from 5 bushy cells obtained from the AVCN ipsilateral to the cochlea
ablation. I: 7 days after unilateral cochlea ablation (surgery performed at P14),
a stronger positive correlation between mEPSC 10–90% rise time and decay
tau is seen in AVCN bushy cells than control.
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bushy cells than control (R ! 0.05; Fig. 7I; z test P & 0.01).
A ring of SV2 labeling around the somata of bushy cells was
seen in both the contralateral and the ipsilateral AVCN, but the
SV2 labeling on the ipsilateral somas appeared less continuous
than on the contralateral side (Fig. 8).

Similarly, cochlea ablation resulted in no changes in fre-
quency, amplitude, and time courses of mEPSCs of stellate
cells (Fig. 9, n ! 6 cells). The histograms (Fig. 9, B–D) show
similar patterns to those of the stellate cells of the same age
(P21) in normal animals (Fig. 3). Unpaired t-test detected no
difference in mEPSC frequency, amplitude, 10–90% rise time,
and decay tau between control cells at P21 (same data as in Fig.
3, E–H) and activity-deprived cells at the same age (Fig. 9,
E–H). A significant increase in correlation coefficient (R !
0.41, compared with R ! 0.28 for P21 stellate cells under
control conditions) between mEPSC 10–90% rise time and
decay tau was seen (Fig. 9I; z test, P & 0.01). MAP2 and SV2
staining in stellate cells is not shown due to difficulties in
identifying stellate cells in the stained slices.

D I S C U S S I O N

We investigated the development of spontaneous miniature
excitatory synaptic currents (mEPSCs) in AVCN neurons in
mice at ages P7, P14, and P21. We showed that the frequency
of mEPSCs in bushy cells increases significantly with little
changes in amplitude and that mEPSCs become progressively
briefer. In contrast, stellate cells lack significant changes in
mEPSCs during these ages. We also examined the effects of
unilateral cochlea ablation on development of mEPSCs. Co-
chlea ablation performed at P7 and P14 did not alter mEPSC
frequency, amplitude or kinetics but did lead to the emergence
of dendritic filtering in bushy cells. Stellate cells also show no
changes in mEPSCs compared with age-matched controls ex-
cept for an increase in dendritic filtering when the surgery was
performed at P14.

Development of mEPSCs in AVCN neurons and correlation
to their morphology

Synapses at AVCN neurons are present at birth. During the
first weeks in postnatal development, auditory nerve endings
impinging onto bushy cells in mouse AVCN show substantial
changes in morphology (Limb and Ryugo 2000). At P7, audi-
tory nerve inputs to AVCN bushy cells are bouton like and lack
any branches at the terminals. At P14, the nerve endings
increase substantially in size (10- to 15-fold larger than P7).

Most nerve endings are cup-shaped at this age, but some of
them have branches at the terminals and can be identified as
nascent endbulbs. Assuming that an increase in size of nerve
endings is associated with an increase in number of synapses
and thus more release sites, the dramatic change in nerve

B A 

20 µmcontra ipsi

MAP2
SV2

FIG. 8. Effects of cochlea ablation performed after the crit-
ical period on SV2 expression in AVCN bushy cells. Repre-
sentative sections showing SV2 (green) and MAP2 (red) label-
ing of bushy cells contralateral (contra, A) and ipsilateral (ipsi,
B) to the cochlea ablation. Note the presence of the ring of SV2
labeling around the somata in both panels. However, the SV2
label on the ipsilateral somas appears less continuous than on
the contralateral side. Scale bar, 20 !m.

FIG. 9. Effects of cochlea ablation performed after the critical period on
mEPSCs of AVCN stellate cells. The frequency and kinetics of mEPSCs in
AVCN stellate cells 7 days after unilateral cochlea ablation (surgery performed
at P14) are similar to those recorded from normal mice of the same age (P21).
A–H: for figure legends, see Fig. 4. Note that the averaged trace was normal-
ized to its peak with the averaged traces in Fig. 4A. Experimental data were
pooled from 6 stellate cells obtained from the AVCN ipsilateral to the cochlea
ablation. I: 7 days after unilateral cochlea ablation (surgery performed at P14),
the correlation between mEPSC 10–90% rise time and decay tau is increased
in AVCN stellate cells.
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ending size could well account for the sharp increase identified
here in mEPSC frequency in bushy cells from P7 to P14
(35-fold) because the frequency of spontaneous EPSCs seems
to be correlated with the number of auditory inputs (Gardner et
al. 1999). Four weeks after birth (P28), the auditory nerve
endings on AVCN bushy cells form several branches that are
similar in caliber to their parent branch and can be clearly
identified as nascent endbulbs. However, the overall coverage
of the cell bodies by the nerve terminals appears similar to that
of P14 mice (Limb and Ryugo 2000). This may explain why
we observed that the frequency of mEPSCs in bushy cells does
not further increase from P14 to P21. The increased mEPSC
frequency, especially from P7 to P14, indicates the maturation
of some presynaptic elements such as number of synapses,
activity level of individual release sites or a combination of
both. Future anatomical measures are needed to further deter-
mine which is the case.

Along with morphological maturation of presynaptic termi-
nals and postsynaptic neurons (Limb and Ryugo 2000),
AMPAR-mediated mEPSCs at the endbulb of Held synapses in
mouse AVCN bushy cells become significantly faster in their
time courses across the critical period (Fig. 2). This is consis-
tent with previous reports on development of endbulb of Held
synaptic physiology in the cochlear nucleus in rats (Bellingham
et al. 1998) or chickens (Brenowitz and Trussell 2001). The
faster time course of mEPSCs parallels, and may account in
part for, the development of faster evoked EPSCs (eEPSCs) in
rat AVCN bushy cells (Bellingham et al. 1998) or chicken
nucleus magnocellularis neurons (Brenowitz and Trussell
2001). The decay time constants in P21 bushy cells are half as
large those reported in the Gardener et al. study (1999). This
discrepancy may be due to the following reasons. The mouse
strain is different; we used C57BL/6, whereas Gardener et al.
(1999) used CBA and ICR. The recording temperature we used
(34–36°C) is slightly higher than the temperature they used
(34°C). Synaptic events are expected to have faster time course
at a higher temperature within the physiological range. The age
of animals may be a factor, too. We used P21 mice, and
Gardener et al. (1999) used mice age between P18 and 25. The
age difference may also account for the observation that the SD
of the decay tau we obtained (0.05 ms) is much smaller than
that Gardener et al. (1999) obtained (0.15 ms). Interestingly, in
aging DBA mice, mIPSCs in AVCN bushy cells showed
reduced frequency and a slower time course compared with
young animals (Wang and Manis 2005), precisely the opposite
to what was observed in developing animals.

Research on the morphological development of auditory
nerve endings impinging on AVCN stellate cells at the ages we
studied is lacking. Based on our electrophysiological observa-
tions, auditory nerve endings onto stellate cells are not ex-
pected to show substantial morphological changes from the
first to the third week after birth. This may indicate that
maturation of the excitatory inputs to stellate cells occurs either
prior to P7 or after the third postnatal week. Morphological
studies are needed to test these alternative hypotheses.

mEPSCs in surviving bushy cells after cochlea ablation

Cochlea ablation results in degeneration of the auditory
nerve terminals, but the overall strength of synaptic inputs onto
surviving cochlear nucleus neurons seems to be preserved,

likely due to reinnervation of cochlear nucleus neurons by
fibers from sources other than the ipsilateral auditory nerve. In
rats, when the auditory nerve is transected, auditory nerve
terminals start degenerating within 24 h after the surgery, and
by 5–9 days, most degenerating terminals disappear. What is
interesting is that electron microscopy confirms reinnervation
of AVCN neurons during this time probably due to reoccupa-
tion of nearby intact terminals containing transmitter vesicles
(Gentschev and Sotelo 1973) or an increase in axonal sprouting
from medial olivocochlear neurons (Illing et al. 2005). In cats,
cochlea ablation results in degeneration of endbulbs of Held,
the auditory nerve endings on AVCN bushy cells, but leaves
other types of synapses intact (Cant and Morest 1979). In
addition, hearing deprivation in mice leads to a significant
increase in nonauditory nerve endings impinging on AVCN
neurons and a decrease in auditory nerve endings, but the
overall cell membrane covered by the auditory plus the non-
auditory nerve endings is unchanged (Trune and Morgan
1988). Although these structural changes have been known for
some time, physiological studies are lacking to determine if
there are functional changes in synaptic transmission after
manipulations of the auditory afferent inputs.

Assuming a similar time course of degeneration of the
auditory nerve terminals after cochlea destruction among the
rat, cat, and the mouse, presumably most or all auditory
terminals at the synapses in the AVCN would disappear in #1
week. This would lead one to predict much weaker spontane-
ous synaptic activity in activity-deprived neurons compared
with neurons in normal hearing animals of the same age.
However, one may not observe a significant difference in
spontaneous synaptic activity in activity-deprived neurons if
there is a compensatory reaction via reinnervation or regener-
ation of synapses from other sources including the AVCN
neuron itself (auto-synapses). If reinnervation and/or regener-
ation of inputs occur, one prediction is that mEPSCs of similar
properties to normal neurons should be recorded in the surviv-
ing neurons 1 or 2 wk after cochlea ablation at which time
maximal cell death (30–70% of the total) in AVCN has
occurred (Mostafapour et al. 2000).

Our results support the occurrence of reinnervation and/or
regeneration. Seven days after cochlea ablation performed
either at P7 or P14, mEPSCs in AVCN bushy cells are
maintained at a similar level in terms of frequency, amplitude,
and time course to that of AVCN neurons of normal animals of
the same age. Seven days after cochlea ablation performed at
P7, a positive correlation between mEPSC 10–90% rise time
and decay tau was detected, indicative of synaptic inputs onto
dendrites and emergence of dendritic filtering in surviving
bushy neurons. A positive correlation was also seen when the
surgery was performed at P14, suggesting that at least some
events occurred at locations other than the soma. Assuming
that the frequency of mEPSCs at single synapses is not
changed by cochlea ablation, we speculate the new synapses
formed and impinged on dendrites of surviving bushy cells.
These physiological observations were supported by our ob-
servations of the expression patterns of SV2. Cochlea ablation
led to a reduction of SV2 expression around the somas,
especially when the surgery was performed at P7 (Fig. 5),
whereas the overall density of SV2 expression in the neuropil
appeared to be similar to the control. Future anatomical mea-
sures using electronic microscopy are needed to determine the
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exact location of synaptic vesicles. In addition, the origin of the
newly added synaptic inputs that impinge onto bushy cells as
a complimentary reaction to cochlea ablation remains largely
unknown. Some previous studies suggest that the contralateral
bushy cells are one of the sources (Jackson and Parks 1988;
Parks et al. 1990; Sumner et al. 2005). It would be also
interesting to examine the time course for the effects of cochlea
ablation on mEPSCs in AVCN bushy cells. Furthermore,
because bushy cells also receive nonglutamate receptor-medi-
ated synaptic inputs, it is unclear whether changes, if any, in
nonglutamate synaptic vesicles after cochlea ablation contrib-
ute to this observation. Such changes have been seen in the
motor system, for example, in developing mammalian motor
neurons, inhibitory synaptic inputs mediated by GABA and
glycine receptors play important roles in neuronal survival
(Banks et al. 2005) and in axotomized motor neurons,
GABAergic inputs change their sign from inhibitory to exci-
tatory (Nabekura et al. 2002).

mEPSCs and the critical period

Various approaches have been taken to study the mecha-
nisms underlying the critical period for mouse AVCN neurons.
For example, bcl-2, a gene that functions as an anti-apoptotic
factor and promotes cell survival, has been shown to modulate
cell death in the mouse cochlear nucleus. Deletion of the gene
renders mature animals (" P27) susceptible to afferent depri-
vation, whereas overexpression of the gene protects AVCN
neurons in young (P5/P8) animals (Mostafapour et al. 2000,
2002). Using gene microarray analysis, Harris et al. (2005)
found that during and after the critical period, AVCN cells in
mice differentially express genes shown to be involved in cell
death or survival reported in other systems. At P7 (during the
critical period), AVCN cells show relatively higher expression
of six out of seven known pro-death genes. In contrast, at P14
(at the closing of the critical period) or P21 (1 wk after the
critical period), AVCN cells increase the expression of 9 out of
11 genes with known pro-survival functions, including two
bcl-2 family genes (bcl-xL and bcl-w). In chickens, cochlea
ablation leads to a transient increase in the expression of bcl-2
mRNA in a subpopulation of cochlear nucleus neurons
(Wilkinson et al. 2002). It would be interesting to study in the
future whether the increased level of mEPSCs in bushy cells of
P14/P21 animals correlates to the increased expression of bcl-2
family genes or the decreased expression of pro-death genes. It
is also of importance for future studies to determine the time
course for mEPSC development in AVCN bushy cells after
cochlea ablation performed during the critical period.
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A Developmental Switch to GABAergic Inhibition Dependent
on Increases in Kv1-Type K! Currents

MacKenzie A. Howard, R. Michael Burger, and Edwin W Rubel
Department of Physiology and Biophysics and Virginia Merrill Bloedel Hearing Research Center, University of Washington, Seattle, Washington 98195

Mature nucleus magnocellularis (NM) neurons, the avian homolog of bushy cells of the mammalian anteroventral cochlear nucleus,
maintain high [Cl "]i and depolarize in response to GABA. Depolarizing GABAergic postsynaptic potentials (GPSPs) activate both the
synaptic conductance and large outward currents, which, when coupled together, inhibit spikes via shunting and spike threshold accom-
modation. We studied the maturation of the synaptic and voltage-dependent components of inhibition in embryonic NM neurons using
whole-cell and gramicidin-perforated patch-clamp techniques to measure Cl " reversal potential, GABAergic synaptic responses, and
voltage-dependent outward currents. We found that GABA enhanced excitability in immature NM neurons, undergoing a switch to
inhibitory between embryonic day 14 (E14) and E18. Low-voltage-activated Kv1-type (dendrotoxin-I sensitive) K ! currents increased in
amplitude between E14 and E18, whereas Cl " reversal potential and synaptic conductances remained relatively stable during this period.
GABA was rendered inhibitory because of this increase in low-voltage activated outward currents. GPSPs summed with other inputs to
increase spike probability at E14. GPSPs shunted spikes at E18, but blocking Kv1 channels transformed this inhibition to excitation,
similar to E14 neurons. Subthreshold depolarizing current steps, designed to activate outward currents similar to depolarizing GPSPs,
enhanced excitability at E14 but inhibited spiking in E18 neurons. Blocking Kv1 channels reversed this effect, rendering current steps
excitatory. We present the novel finding that the developmental transition of GABAergic processing from increasing neuronal excitability
to inhibiting spiking can depend on changes in the expression of voltage-gated channels rather than on a change in Cl " reversal potential.

Key words: inhibition; development; auditory; magnocellularis; potassium; GABA

Introduction
GABA activation of GABAA receptor (GABAAR) Cl" currents is
the major mode of inhibitory neurotransmission in the mature
CNS (McBain and Fisahn, 2001). Factors that shape the response
of a neuron to GABA include intracellular Cl" concentration
([Cl"]i), properties of the GABAARs, and voltage-dependent
properties of the postsynaptic membrane activated by GABAer-
gic postsynaptic potentials (GPSPs). That changes in any one of
these properties can alter neural responses to GABA and synaptic
integration is well illustrated by the developmental switch from
GABAergic excitation to inhibition that many mammalian CNS
neurons undergo (Kriegstein and Owens, 2001). For example, in
immature hippocampal neurons, chloride reversal potential
(ECl ") is depolarized relative to action potential (AP) threshold.
Under these conditions, GABA is excitatory (Ben-Ari et al., 1989;
Cherubini et al., 1990). During maturation, the dominant Cl"

cotransporter expressed in these neurons changes from Na!-
K!-2Cl" cotransporters (e.g., NKCC1) to K!-Cl" cotransport-

ers (e.g., KCC2). This results in a shift of ECl " to hyperpolarized
values, rendering GABA inhibitory (Rivera et al., 1999). Ge et al.
(2006) showed previously that newly generated dentate gyrus
granule cells in adult brains also depolarize in response to GABA
before undergoing a similar switch. Further, they demonstrated
that the early excitatory period is necessary for these neurons to
be normally incorporated into the existing circuitry.

In some systems, GPSPs remain depolarizing into maturity,
but have an inhibitory effect on the postsynaptic cell (Eccles et al.,
1961; Kennedy et al., 1974; Edwards 1990a,b). Mature neurons in
nucleus magnocellularis (NM), the avian homolog of mamma-
lian anteroventral cochlear nucleus bushy cells, exhibit such de-
polarizing, but inhibitory GPSPs (Hyson et al., 1995; Lu and
Trussell, 2001). Inhibition in NM is achieved by spike threshold
accommodation and shunting of EPSPs (Monsivais and Rubel,
2001). In addition to the shunting effect of the synaptic conduc-
tance itself, the depolarizing GPSP activates low-voltage activated
(LVA) K! conductances carried mostly by the Kv1-type channels
expressed densely in NM (Reyes et al., 1994; Koyano et al., 1996;
Rathouz and Trussell, 1998; Fukui and Ohmori, 2004; Lu et al.,
2004). Coupling of synaptic and voltage-activated conductances
increases the ability of the neuron to inhibit spiking (Monsivais
and Rubel, 2001).

In the current study, we explored the developmental relation-
ship between [Cl"]i, synaptic conductance, and voltage-
activated properties needed for the inhibitory response in NM
neurons. We describe the onset and maturation of the GABA
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response as well as the development of LVA K! conductances
using in vitro patch-clamp techniques. GABAergic input in im-
mature NM neurons was found to enhance excitation, followed
by conversion to inhibition by embryonic day 18 (E18). How-
ever, in contrast to previously described ECl "-dependent conver-
sion mechanisms, NM neurons show stable ECl " throughout de-
velopment. Instead, the switch to inhibition in NM neurons
depends on the upregulation of postsynaptic Kv1-type channels.
Indeed, inhibition in E18 neurons was transformed into excita-
tion by application of dendrotoxin-I (DTX-I) a specific antago-
nist of Kv1 channels. These results illustrate an alternative mech-
anism by which developmental conversion to GABAergic
inhibition is achieved.

Materials and Methods
Slice preparation. We prepared brainstem slices from White Leghorn
chicken (Gallus domesticus) embryos at E10, E12, E14, E18, and E21. The
entire brainstem was dissected free and isolated in oxygenated low-Ca 2!

artificial CSF (ACSF) containing the following (in mM): 130 NaCl, 3 KCl,
1.25 NaH2PO4, 26 NaHCO3, 1 MgCl2, 2 CaCl2, and 10 glucose. The pH of
this solution was 7.4, and the osmolarity ranged from 295 to 310 mOsm/l.
Identical ACSF solutions were used for experiments on embryos of all
ages. The brainstem was blocked coronally, affixed to the stage of a Vi-
bratome (Technical Products International, St. Louis, MO) slicing cham-
ber, and submerged in ACSF. Bilaterally symmetrical coronal slices, 200
!m thick, were made. Slices were then collected in a holding chamber
and allowed to equilibrate for 1 h in ACSF at 36°C. All slices chosen for
the experiments reported here were from the middle of the rostrocaudal
extent of NM. Hence, information on developmental gradients along the
tonotopic dimension of NM (Rubel et al., 1976; Jackson et al., 1982) is
not available in our analyses.

Slices were transferred from the holding chamber to a 0.5 ml recording
chamber mounted on a Zeiss (Oberkochen, Germany) Axioskop FS for
electrophysiological experiments. This microscope was equipped with a
40# water-immersion objective and infrared differential interference
contrast optics. The recording chamber was superfused continuously
with warm (35°C), oxygenated ACSF (contents identical to slicing solu-
tion but with 3 mM CaCl2) at a rate of 1–2 ml/min.

Whole cell electrophysiology. Patch pipettes were pulled to resistances of
3–7 M$. Current-clamp experiments were performed with an Axoclamp
2B amplifier (Molecular Devices, Foster City, CA). In current-clamp
experiments, recording pipettes were filled with K !-based internal solu-
tion containing the following (in mM): 105 K-gluconate, 35 KCl, 1
MgCl2, 10 HEPES-K !, 5 EGTA, 4 ATP-Mg !2, and 0.3 GTP-Na !. The
junction potential for this solution was calculated to be "7 mV. The
junction potential for this and all other solutions was corrected for before
data analysis. Voltage-clamp experiments were performed with an Axoc-
lamp 200B amplifier (Molecular Devices). For experiments in which
GABAAR currents were recorded, pipettes were filled with a Cs !-based
solution containing the following (in mM): 70 CH3CsO3S, 85 sucrose, 5
BAPTA [bis(o-aminophenoxy)-N,N,N%,N%-tetraacetic acid], 10 HEPES,
4 NaCl, 1 MgCl2, and 1 ATP. The junction potential for this solution was
calculated to be "16 mV. K !-current experiments were performed us-
ing the K !-based pipette solution (Cs ! free) described above. Series
resistance was compensated for by 85–90% in all voltage-clamp
recordings.

Pipettes were visually guided to NM. NM neurons were easily identi-
fied and distinguished from surrounding tissue by cell morphology and
location of the nucleus within the slice. After G$ seals were attained,
membrane patches were ruptured and neurons were held in whole-cell
configuration at I & 0 in current clamp or "70 mV in voltage clamp.
Neurons with depolarized membrane potential (more than "58 mV)
were excluded from this study. Extracellular stimulation was accom-
plished using a concentric bipolar electrode (Frederick Haer, Bowdoin-
ham, ME) with a 200 !m tip diameter. The electrode was inserted into
the slice on the dorsolateral edge of NM. Stimuli consisted of 100-!s-
duration square electric pulses, delivered via a stimulus isolator (1850 A)

and interval generator (1830; WP Instruments, New Haven, CT). Pulse
intensity was adjusted up from 5 to 50 V until a postsynaptic response
was elicited. Stimulus intensity was then adjusted such that postsynaptic
events were of maximal amplitude with minimal failure rate yet anti-
dromic action potentials were not induced.

The GABAAR agonist muscimol was puff applied with a picospritzer
(General Valve, Fairfield, NJ). Puff pipettes with a tip diameter of 2–5 !m
were pulled using the same techniques as for patch pipettes. These were
filled with ACSF containing 500 !M muscimol. Puff pipettes were visu-
ally lowered into close proximity (10 –50 !m) of the neuron from which
recordings were being made. Pressure pulses 20 ms in duration were used
to puff muscimol onto the neuron. Pressure pulses of 10 –20 psi were
adequate to induce a response without damaging the neuron or disrupt-
ing the patch pipette seal.

Gramicidin-perforated patch-clamp electrophysiology. Gramicidin-
perforated patch recordings were made from E14 and E18 neurons to
measure the reversal potential for GABA. These experiments made use of
the same pipettes and instrumentation as whole-cell voltage-clamp re-
cordings. Gramicidin was dissolved in DMSO then added to a pipette
solution containing 150 mM KCl and 10 mM HEPES; the final gramicidin
concentration was 50 – 80 !g/ml. The junction potential for this solution
was calculated to be "4 mV. Pipettes were tip-filled with gramicidin-free
pipette solution, then backfilled with gramicidin solution. Once a G$
seal was established, neurons were held until series resistance stabilized at
' 50 M$, usually 25– 45 min after contact with the neuron. Neurons
were held in voltage-clamp mode at a holding potential of "64 mV.
EGABA was measured by stepping the holding potential from "84 to "14
mV in 10 mV steps of 100 ms duration. Neurons were held at each
potential for 10 s before muscimol application such that voltage-
dependent conductances and, thus, holding current, were stabilized.
Muscimol was applied using a picospritzer, as described above. To avoid
the potential confound of Cl " loading or unloading by the GABAAR
current, voltage steps were separated by 60 s. Peak muscimol-induced
current was plotted against step potential and linear regression was used
to predict the reversal potential. This protocol was repeated in full at least
two times in each neuron to ensure repeatability. Neurons that exhibited
instability in measured current reversal potential were eliminated from
additional analyses. The high Cl " concentration of the pipette solution
allowed us to monitor the integrity of the perforated membrane patch. If
the patch was disrupted and a whole-cell configuration was established,
the reversal potential for Cl " became positive (intracellular [Cl "], 150
mM; extracellular [Cl "], 141 mM; Cl " reversal potential, !1.6 mV) such
that GABAAR currents evoked at all holding potentials in this protocol
were inward.

Data analysis. All recording protocols were written and run using the
Axograph acquisition and analysis software (version 4.5; Molecular De-
vices). Leak subtraction was used offline on K ! currents using the re-
sponse to the hyperpolarizing step from "70 to "75 mV as a baseline.
Junction potentials were corrected for in all cases. Statistical analyses (t
tests, ANOVAs, and post hoc tests) were performed using StatView ver-
sion 4.5. The standard for significant differences was defined as p ' 0.05.
All graphic presentations of data illustrate mean ( SEM; n values are
presented in the figure legends.

Drugs and chemicals. All bath-applied drugs were allowed to perfuse
through the recording chamber for 2 min before subsequent recordings.
The following concentrations of each were used in the external solution:
100 !M DL-2-amino-5-phosphonopentanioc acid (AP5), 50 !M bicucul-
line methiodide (Bic), 50 !M 6,7-dinitroquinoxaliine-2,3(1 H,4 H)-
dione (DNQX), 0.1 !M DTX-I, 1 !M tetrodotoxin (TTX), and 50 !M !M

4(N-ethyl-N-phenylamino)1,2-dimethyl-6-(methylamino) pyridinium
chloride (ZD-7288). TTX and DTX-I were obtained from Alomone Labs
(Jerusalem, Israel). All other drugs and chemicals were obtained from
Sigma (St. Louis, MO).

Results
Onset of GABAAR responses
GABAARs carry the depolarizing Cl" currents that inhibit spik-
ing in mature NM neurons. We demonstrated the presence of
physiologically functional GABAARs by puff application of the
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GABAAR agonist muscimol to voltage-clamped neurons. Robust
GABAAR Cl" currents were recorded in all neurons tested, ages
E10 and older. Figure 1A illustrates averaged muscimol-induced
currents recorded from an E10 neuron. These currents were
blocked by bath application of Bic, further confirming that
GABAARs were responsible for these currents (Chebib and
Johnston, 1999). Thus, functional GABAARs are present as early
as E10, before which NM neurons are difficult to reliably identify
in our brainstem slices.

Mature NM neurons maintain a higher [Cl"]i than typical
CNS neurons and, thus, depolarize in response to GABA
(Monsivais and Rubel, 2001). We used gramicidin-perforated
patch techniques, which do not disrupt native [Cl"]i (Akaiki,
1996), to determine EGABA across a range of embryonic develop-
ment in NM neurons. The holding potential of voltage-clamped

neurons ("64 mV) was stepped to a test potential for 12 s. Test
potentials ranged from "84 to "14 mV in 10 mV steps. Ten
seconds into this voltage step, muscimol was puff applied as de-
scribed above. Figure 1B illustrates the GABAAR currents evoked
by this protocol in an E18 neuron. The mean ( SD reversal
potential for muscimol currents was "41.8 ( 5.7 mV in E14
neurons (n & 17) and "37.9 ( 6.7 mV in E18 (n & 9) neurons.
These values are not significantly different ( p & 0.07; t test),
indicating that EGABA is relatively stable across this period of em-
bryonic development. Thus, GPSPs resulting from activation of
GABAARs are depolarizing at both of these ages.

Monsivais and Rubel (2001) reported a value of "36 ( 5.1
mV for EGABA using E21 and posthatch day 1 (P1) neurons. Lu
and Trussell (2001) reported EGABA as "25 ( 5 mV in neurons
ranging from E17 to P10. Although the ionic components of
extracellular solutions used in the present report were slightly
different from those used in previous studies, this cannot com-
pletely account for the discrepancy between our results and those
published by Lu and Trussell (2001). The ACSF used during our
recordings contains an [Cl"]o of 141 mM, compared with 153
mM used by Lu and Trussell (2001). Taken alone, this difference
would make our EGABA measurements ) 2.2 mV more positive
than those made by Lu and Trussell (2001). Another difference
between our experimental conditions and those of other labs was
the use of HCO3

" or HEPES as the extracellular buffer. Our ex-
periments used [HCO3

"]o & 26 mM, whereas Lu and Trussell
(2001) used HCO3

"-free HEPES-buffered ACSF. Using the
GABAAR HCO3

"/Cl" permeability ratio of 0.18 (Bormann et at.,
1987), assuming a physiological [HCO3

"]i & 16 mM (Staley et al.,
1995), we calculated the EHCO3" for our conditions to be "10 mV.
Using a HCO3

"-free HEPES-based ACSF (Lu and Trussell, 2001)
resulted in an EHCO3" that is positive and very large. However,
because of the low permeability ratio of HCO3

"/Cl" through
GABAARs, these currents will contribute ' 3 mV to the difference
between our results and those of Lu and Trussell (2001). Again,
this does not fully account for the discrepancy between our re-
sults and those published previously. We can briefly speculate on
other mechanisms that may account for some or all of the differ-
ence between our measurements of EGABA and those of Lu and
Trussell (2001). The lack of extracellular HCO3

" ions may alter
normal ion transport, such as by the Na!-Cl"-HCO3

" exchang-
ers of the solute carrier-4 family, disrupting intracellular Cl" and
HCO3

" concentrations. Chickens are not an inbred strain and
come from different suppliers, so genetics may play some role in
this difference as well. Neither Monsivais and Rubel (2001) nor
Lu and Trussell (2001) report the values for the junction poten-
tials present during gramicidin experiments, but both of these
papers corrected for these values. Differences in the measure-
ment and calculation of junction potentials could also contribute
to the differences in reported EGABA. Each of these possibilities
should be viewed as a hypothesis and we cannot provide data that
supports or refutes any of them. However, each of these papers
clearly shows that GPSPs are depolarizing in NM neurons, and
that the polarity of GPSPs is relatively stable over time. Thus, the
discrepancy between our data and that of Lu and Trussell (2001)
does not affect the overall interpretation of our results.

Whereas EGABA is depolarized compared with resting mem-
brane potential at both these ages, it is hyperpolarized compared
with AP voltage threshold at E14 (Table 1). AP voltage threshold
was defined as the voltage at which the upward inflection point of
the voltage trace occurs. The second derivative of the voltage trace
was examined for a negative to positive x-axis crossing that indi-
cated an upward inflection point in the original voltage trace.

500 msec

50 pA

E10
A

E18

-54 mV

-64 mV

-24 mV

-34 mV

-44 mV

E14

Puff muscimol

-54 mV
-64 mV

-24 mV

-34 mV
-44 mV

*

40 msec

100 pA

B

+BicPuff muscimol

Figure 1. GABAAR currents can be induced in NM neurons as early as E10. In all experiments,
GABAAR currents were induced with picospritz application of the GABAAR agonist muscimol in
the presence of DNQX and AP5. A, Averaged responses to muscimol from a representative E10
neuron held in whole-cell voltage clamp at "60 mV. Dark bars above the traces illustrate the
time course of the muscimol puff. These currents were blocked completely with bath applica-
tion of Bic. B, GABAAR currents recorded using gramicidin-perforated patch methods from an
E14 (top) and E18 neuron. Puffs of muscimol were delivered after holding the neuron for 10 s at
voltage steps ranging from "84 to "14 mV in 10 mV steps. For clarity, only responses to steps
ranging from "64 to "24 mV are illustrated (numbers to the right label the holding potential
for each trace). The asterisk indicates the approximate peak of the E18 traces, at which point
measurements of reversal potential were made. Dashed lines indicate the baseline. Trace base-
line is adjusted to the average current during the 5 ms period just before muscimol application.
The calibration at the bottom applies to both the E14 and E18 traces. Evoked currents were slow
to decay but return to baseline after several seconds (data not shown). GABAAR current reversal
potential was "41.8 ( 1.4 mV (SEM) for E14 (n & 6) and "37.9 ( 2.2 mV for E18 (n & 4).
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Thus, GABA cannot be defined as an excitatory neurotransmitter
at this age. At E18, EGABA and AP voltage threshold are statistically
indistinguishable. Lu and Trussell (2001) reported GABA-
evoked APs in NM neurons and, thus, describe GABA as a mixed
excitatory/inhibitory transmitter in this system.

Onset of spontaneous GABAergic activity
Spontaneous release of GABAergic vesicles from presynaptic ter-
minals is detected postsynaptically in the form of miniature
GABAergic postsynaptic currents (mGPSCs). We measured mG-
PSCs to determine the onset and characteristics of GABAergic
synaptic currents across development in NM neurons. Figure 2A
illustrates voltage-clamp chart recordings of mGPSCs from neu-
rons at ages E10, E12, E14, and E18. These traces are representa-
tive for all ages except E12. At this age, mGPSCs (mGPSCs) were
very infrequent (' 1/min) and were present in only 2/11 neurons.
Hence, a trace illustrating mGPSCs was intentionally selected. In
all of these experiments, the glutamate receptor antagonists
DNQX and AP5 were bath applied throughout these recordings,
which were made over several minutes to ensure that an adequate
sample was taken from each neuron. No mGPSCs were recorded
when Bic was bath applied, but mGPSC activity resumed within
minutes of Bic washout (data not shown). No mGPSCs were
evident in successful recordings from 13 neurons at ages E10 and
E11. The earliest age at which we observed any mGPSCs was E12,
where a small proportion (2/11) of neurons exhibited such

events. In these neurons, mGPSC frequency was much lower than
at older ages (* 0.01 Hz at E12 vs ) 0.8 Hz at E18), with only a few
events detected during recordings several minutes in length. In a
subset of neurons at E10, E12, and E14, ruthenium red (100 !M)
was added to the ACSF to increase the probability of vesicular
release and, thus, increase mGPSC frequency (Chang et al.,
2003). This manipulation increased mGPSC frequency in E14
and E18 neurons, but failed to elicit recordable mGPSCs in E10
and E11 neurons or in unresponsive E12 neurons (data not
shown). However, the possibility remains that spontaneous
GABAergic synaptic events may be occurring in these neurons,
with frequency and amplitudes too low to detect in our record-
ings. Figure 2B shows averaged mGPSCs from individual neu-
rons at E12, E14, and E18, normalized in amplitude and overlaid
to illustrate typical differences in kinetics.

We made statistical comparisons of mGPSC frequency, cur-
rent amplitude, 20 – 80% rise time, and decay time constant be-
tween E14 and E18 age groups. Group data for E12 neurons was
not included in these analyses because the extremely low fre-
quency of these events made statistical comparisons inappropri-
ate. The trend of increasing mGPSC frequency between E14 and
E18 fell short of a significant difference because of high variability
( p ' 0.1). mGPSC amplitude increased significantly between
E14 and E18 (E14, 68.8 ( 31 pA, n & 11; E18, 111 ( 30 pA, n &
13; p ' 0.01). Rise time became faster as neurons matured, de-
creasing significantly from E14 to E18 (E14, 0.482 ( 0.16 ms, n &
11; E18, 0.327 ( 0.085 ms, n & 13; p ' 0.01). Decay time constant
also became faster in more mature neurons, decreasing signifi-
cantly between these two ages (E14, 19.05 ( 4.19 ms, n & 11; E18,
12.73 ( 4.83 ms, n & 13; p ' 0.005). Overall, the changes in
amplitude and kinetics resulted in larger, faster GABAergic
mGPSCs as neurons matured.

Onset of evoked GABAergic responses
We also studied evoked GPSCs in NM neurons across the same
developmental period as mGPSCs. Figure 3A illustrates evoked
GPSCs recorded from NM neurons at E10, E12, E14, and E18.
The earliest age at which GABAergic postsynaptic responses were
evoked was E14; most (93%) E14 neurons exhibited evoked
GPSCs, and all E18 neurons exhibited GPSCs. Panels for E14 and
E18 show the block of GPSCs by Bic and recovery after washout.
Figure 3B shows averaged GPSCs from E14 and E18 normalized
in amplitude and overlaid such that the kinetics of the currents
can be compared. Again, statistical comparisons of current am-
plitude, 20 – 80% rise time, and decay time constant were made
between E14 and E18 age groups. These analyses revealed a sig-
nificant decrease in decay time constant from E14 to E18 (E14,
23.47 ( 5.05 ms, n & 9; E18, 15.82 ( 5.07, n & 13; p ' 0.005). No
significant changes were seen in amplitude or rise time of GPSCs
across age groups. The change in decay time constant resulted in
faster, briefer GPSCs. The net result is similar to the changes in
kinetics of spontaneous events, resulting in faster, briefer
mGPSCs at E18 compared with E14.

Developmental changes in membrane responses in I-clamp
A hallmark of NM neurons as well as other time encoding neu-
rons in the auditory pathway is high-pass filtering (Oertel, 1983;
Reyes et al., 1994). When depolarized with a long-duration cur-
rent step, NM neurons generally fire only a single AP at the onset
of the current step. This spike is followed by a stable membrane
potential and no additional APs occur until after the offset of the
stimulus (Reyes et al., 1994). We studied the occurrence of this
phenomenon in current-clamped NM neurons from E10-E18

Table 1. Resting membrane potential, AP voltage threshold, and EGABA in
millivolts ! SD (n) in immature and mature NM neurons under various conditions

E14 E18

Resting membrane potential "65.4 ( 2.0 (8) "67.3 ( 1.3 (8)
AP voltage threshold "33.5 ( 2.9 (8) "37.0 ( 4.0 (8)
!DTX-I "40.8 ( 4.5 (8) "41.2 ( 1.6 (8)

2 sec

50 pA

B

A

40 msec

E10 E12

E18E14

E18

E14
E12

Figure 2. Properties of mGPSCs change during development in NM neurons. All mGPSPs
were recorded at a holding potential of "70 mV during bath application of DNQX and AP5. A,
Traces recorded from E10, E12, E14, and E18 show that mGPSC activity first recorded at E12. The
E12 trace should not be considered representative (see Results). B, Expanded view of overlaid,
averaged mGPSCs, normalized in amplitude. These traces illustrate the difference in rise and
decay times for mGPSCs at these ages.
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using depolarizing current steps ranging from 50 to 500 pA (150
ms duration) in 50 pA steps (Fig. 4A). Representative responses
of neurons at each age are illustrated in Figure 4B. Voltage– cur-
rent (V–I) relations, in which the steady state membrane poten-
tial, measured as the average potential over the last 5 ms of the
current step (Fig. 4A, asterisk), is plotted as a function of injected
current are shown in Figure 4C for each age.

In general, NM neurons at E10 do not maintain clamped
membrane potentials during long-duration depolarizing current
steps as well as older NM neurons do, often firing multiple APs
clustered near the beginning of the stimulus (Fig. 4B). It should
be noted, however, that these neurons do not fire APs throughout
the current step, as do many other types of neurons (Reyes et al.,
1994). Only a subset of E12 neurons (four of nine) fired a second
spike in response to large current injections. By E14, only one of
13 neurons sampled fired a second spike during the larger current
steps, and in no case did E18 neurons fire multiple spikes.

Mature NM neurons have low input resistances compared
with younger neurons, indicated by the flattened V–I curve (Fig.
4C). The mean steady-state membrane potentials of E10 and E12
NM neurons in response to a step as small as 50 pA are signifi-
cantly depolarized compared with E18 neurons ( p ' 0.05,
ANOVA, Scheffe post hoc comparison). Responses to all larger
current steps, 100 pA and up, of neurons at E10, E12, and E14 are
also significantly depolarized compared with E18 ( p ' 0.05 for

100 pA step; p ' 0.01 for 150 pA step; p ' 0.001 for all larger
steps). These analyses revealed no significant differences between
the membrane responses of E10, E12, and E14 neurons to depo-
larizing current steps.

Pharmacological studies have attributed the low input resis-
tance and, thus, the flattened V–I relations of NM neurons in part
to the high expression of the family of low-voltage-activated K!

channels in the membrane (Reyes et al., 1994; Rathouz and
Trussell, 1998). Bath application of DTX-I, a specific blocker of
channels containing at least one Kv1.1-, 1.2-, or 1.6-type subunit,
disrupts the high-pass filtering exhibited by NM neurons
(Rathouz and Trussell, 1998; Slee et al., 2005). Our data support
these previous findings; in the presence of DTX-I, rheobase de-
creased such that the smallest depolarizing current step often
elicited APs, and neurons reliably fired multiple spikes during
current steps (data not shown).

B
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E18 +Bic
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E14 +Bic
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Figure 3. GPSC decay kinetics become faster across development. All GPSCs were recorded at
a holding potential of "60 mV during bath application of DNQX and AP5. A, Averaged GPSC
traces from representative E10, E12, E14, and E18 neurons. GPSCs were first recorded at E14.
Preliminary (Pre) GPSCs were completely blocked with bath application of Bic (!Bic), but
recovered to normal levels after washout (Rec). Stimulus artifacts have been removed for clar-
ity. B, E18 GPSCs exhibit faster decay kinetics than E14 when current amplitude-normalized
GPSCs are overlaid. The overlaid traces illustrate the faster decay kinetics in more mature
neurons.
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Figure 4. Input resistance is reduced and single AP firing is more prevalent across develop-
ment. These experiments were performed using current clamp in the presence of bath-applied
DNQX, AP5, and Bic. A, Depolarizing currents steps ranging from 0 to 750 pA in 50 pA steps. The
asterisk marks the time at which steady-state membrane potential was measured. B, Example
responses from representative E10, E12, E14, and E18 neurons. The E10 and E12 neurons each
exhibit multiple spikes when stimulated with the largest current steps; E14 and E18 neurons do
not. In older neurons the spikes occur and decay much faster. C, Voltage– current relations
consist of steady-state membrane potential (averaged across the last 5 ms of the currents step)
plotted as a function of injected current. The flattened V–I function of E18 neurons (black
squares) is indicative of lower input resistance and larger K ! conductances compared with
other ages. The change in membrane potential is significantly less in E18 neurons at all current
amplitudes ( p ' 0.05). Error bars for this and all other figures represent SEM.
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Development of K " conductance
LVA outward currents are large in NM and neurons of many
nuclei of the lower auditory system (for review, see Trussell,
1997). K! channels of the Kv1 family, encoded by the KNCA
gene family, carry much of this current. We used voltage-clamp
protocols to measure LVA K! currents activated between resting
membrane potential and AP threshold (i.e., between "70 and
"45 mV) in NM neurons across development. Neurons were
perfused with a low-Ca 2! (0.5 mM) ACSF that included blockers
of voltage-activated Na! channels (TTX) and Ih (ZD-7288) as
well as DNQX, AP5, and Bic. Figure 5A illustrates the voltage step
protocol used, in which neurons were initially held at a potential
close to rest, "70 mV. Membrane potential was stepped to test
potentials ranging from "75 to "45 mV, in 5 mV steps of 200 ms
duration, returning to the holding potential of "70 mV for 300
ms between steps. Representative examples of the K! currents
activated by this protocol from E14 and E18 NM neurons are
shown in Figure 5B. Current-voltage (I–V) curves, produced by
plotting the average peak current (occurring 2–5 ms after onset of
the voltage step) against the test potential are displayed in Figure
5C. Leak subtraction methods were applied to I–V curves, using
the current recorded during the hyperpolarizing step from "70
to "75 mV as a baseline.

In E18 neurons, all depolarizing voltage steps (" "65 mV)
activate significant K! currents and E14 neurons exhibit signifi-
cant currents to voltage steps " "60 mV ( p ' 0.05, t tests).
Comparison of K! currents and I–V curves across age reveals a
large increase in K!-current magnitude with age. K! currents
were significantly larger in E18 neurons compared with E14 neu-
rons during all depolarizing voltage steps ( p ' 0.05, t tests).

To determine the K! channels involved in the LVA K! cur-
rents in NM neurons, DTX-I was bath applied for a minimum of
4 min before a second recording of K! currents. I–V curves re-
corded during DTX-I application show large reductions in K!

currents (Fig. 5C). DTX-I significantly suppressed K!-current
magnitudes during all voltage steps in E14 and E18 neurons ( p '
0.05, t tests). In E18 neurons, 69% (( 15) of the peak K! current
was blocked by DTX-I during a step in membrane potential from
"70 to "60 mV. The decrement was similar at E14, and the
percentage block at other depolarizing steps was similar. Previous
reports of voltage-clamp studies of the medial nucleus of the
trapezoid body (MNTB) describe tissue penetration problems for
dendrotoxins into slices, with complete Kv1 current block occur-
ring only after incubation in dendrotoxins for tens of minutes
(Gittelman and Tempel, 2006). Our experiments were not this
long lasting; thus, we expect that unaffected Kv1 channels carried
a portion of the residual current. The residual “DTX-insensitive”
currents are similar to DTX-insensitive currents recorded in
mouse MNTB and to LVA K! currents recorded in MNTB neu-
rons of Kv1.1 knockout mice (Brew et al., 2003). Overall, these
data indicate a major increase in the voltage-dependent currents,
particularly Kv1 currents, which would be activated by depolar-
izing GPSPs in NM neurons between E14 and E18.

Development of AP inhibition by depolarizing GPSPs
Depolarizing GPSPs are potently inhibitory in mature (E18) NM
neurons (Monsivais and Rubel, 2001). We compared the efficacy
of depolarizing GPSPs in spike inhibition in E14 NM neurons,
when synaptic responses and LVA K! conductances are imma-
ture, with the efficacy of depolarizing GPSPs in spike inhibition
in mature E18 neurons. The protocol for these experiments is
illustrated in Figure 6A. Neurons were stimulated with two de-
polarizing current pulses, each 2 ms in duration, with an inter-

stimulus interval of 100 ms. Current pulse amplitude was in-
creased from 0.05 to 1.0 nA in 50 pA steps. Ten milliseconds
before the second current pulse, a GPSP was evoked with an
extracellular stimulating electrode (in the presence of AP5 and
DNQX) as described above. Mean GPSP amplitudes were similar
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Figure 5. LVA K ! currents increase with age in NM neurons. These experiments were con-
ducted with DNQX, AP5, Bic, TTX, QX-314, and low Ca 2! present in the bath. A, Protocol in
which neurons were held at "70 mV and stepped from "75 to "45 mV in 5 mV steps. B,
Representative K ! currents recorded from E14 and E18 neurons. The amplitude of these cur-
rents is much greater in mature E18 neurons. The asterisk marks the point at which the peak
current was measured. C, Current–voltage curves consist of peak current plotted against test
potential. E18 (n & 7; filled squares) neurons showed significantly greater current amplitudes
than did E14 neurons (n & 7; open symbols) in response to all depolarizing current steps ( p '
0.05). DTX-I (circles) greatly reduces these currents at both ages. These functions were leak
subtracted using response to the hyperpolarizing step from "70 to "75 mV as a baseline. A
large portion of the LVA K ! current was blocked in both E14 (63% ( 18; n & 6) and E18
neurons (69% ( 6; n & 7), indicating a major role for Kv1-type channels in the LVA K !

currents activated by depolarizing GPSPs.
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between ages E14 and E18 (E14, 7.4 ( 4.0 mV, n & 5; E18, 8.4 (
4.5 mV, n & 5; not significant by t test). The first current pulse
served to measure control rheobase, defined as the current pulse
amplitude that evoked APs 100% of the time. An AP was defined

to have occurred when the upward deflection of the membrane
potential contained an upward inflection point. This control
measure was then subtracted from rheobase recorded during GP-
SPs. A positive change in rheobase during a GPSP indicates inhi-
bition of the current pulse by the GPSP whereas a negative change
in rheobase indicates summation between the two inputs and
enhancement of excitability by the GPSP. Neurons were tested
with this protocol multiple times to ensure reproducibility.

Figure 6B illustrates responses from representative E14 and
E18 neurons to this protocol. At E14, the current pulse that elicits
a subthreshold depolarization sums with the GPSP to evoke a
spike. This indicates that GPSPs enhance the excitability of neu-
rons at this age. The opposite can be seen at E18, where the
depolarizing GPSP blocked AP generation by a current pulse that
was suprathreshold under control conditions. This indicates
shunting inhibition of the current pulse by the GPSP (Monsivais
and Rubel, 2001). Bath application of DTX-I converted GABAer-
gic inhibition to excitation. Monsivais and Rubel (2001) reported
spikes evoked by miniature GPSPs during DTX-I application. We
also observed this phenomenon in all E18 neurons and in eight of
nine E14 neurons (data not shown). DTX-I hyperpolarized AP
voltage threshold to potentials close, or hyperpolarized to EGABA

(Table 1). In E18 neurons, DTX-I also resulted in summation
between subthreshold GPSPs and current pulses to evoke spikes,
as in E14 neurons both in control and DTX-I conditions. Group
data are presented in Figure 6C. In E14 neurons, rheobase was
changed by an average of "0.12 nA (( 0.15) during a GPSP ( p '
0.05, t test; n & 9). DTX-I application enhanced this effect, with
spikes evoked by current pulses that were "0.28 nA (( 0.09)
smaller during GPSPs than control. The changes in rheobase dur-
ing a GPSP in the presence of DTX-I were significant, indicating
enhanced excitation by GPSPs when Kv1 channels were blocked
( p ' 0.05, t test). By E18, there was a dramatic change in how NM
neurons responded to GABAergic inputs. Rheobase during a
GPSP was greater than control by 0.19 nA (( 0.11), indicating
significant inhibition ( p ' 0.05, t test; n & 7). In contrast, during
DTX-I application, rheobase was decreased by "0.16 nA (( 0.11)
during a GPSP relative to the control measurement, significantly
changed from the non-DTX-I value ( p ' 0.001, t test). It is
important to note that the control measurements are also made
in the presence of DTX-I, thus, eliminating the potentially con-
founding factor of the change in AP voltage threshold caused by
DTX-I. Our results indicate that DTX-I-sensitive Kv1 channels
were necessary for shunting inhibition, with a reversion from
inhibition to excitation by GPSPs when these channels were
blocked in E18 neurons.

Previous studies from this laboratory and others have exam-
ined the effects of trains of GABAergic input to NM neurons by
stimulating superior olivary nucleus (SON) axons at high fre-
quencies (Lu and Trussell, 2000; Monsivais et al., 2000). Trains of
GPSPs temporally sum, inducing a steady-state depolarized po-
tential during which APs are strongly inhibited. LVA K! conduc-
tances are activated tonically during these depolarizations. As
stimulation frequency is increased, GABA release becomes asyn-
chronous, extending the time course of potential inhibition be-
yond the cessation of the stimulus train (Lu and Trussell, 2000).
We tested the power of these GABA-induced steady-state depo-
larized potentials to inhibit spiking in E14 and E18 NM neurons.
The protocol for these experiments is illustrated in Figure 7A. We
stimulated NM neurons with a train of 25 excitatory current
pulses (2 ms duration), applied with an interstimulus interval of
20 ms (frequency, 50 Hz), increasing in amplitude from 0 to 1.5
nA in 100 pA steps. The first two current pulses served as controls

Figure 6. GABAergic inputs enhance excitability at E14 but are inhibitory at E18 in NM
neurons. A, Neurons held in whole-cell current clamp were stimulated with depolarizing current
pulses of variable amplitude. GABAergic synaptic stimulation was performed with a bipolar
electrode in the presence of bath-applied DNQX and AP5. B, Under control conditions, GPSPs
summated with current pulses in E14 neurons to induce spiking, but shunted current pulses at
E18 to prevent spiking (left column; stimulus artifacts reduced for clarity). Addition of DTX-I to
the bath (right column) induced summation between GPSP and current pulses in neurons of
both ages. C, Rheobase during a GPSP was subtracted from the control condition for E14 (n & 6)
and E18 (n & 7) neurons. All E14 neurons (n & 6) exhibit negative changes in rheobase,
indicating enhancement of excitability. This effect was significantly enhanced by addition of
DTX-I (*p ' 0.05). At E18, positive values for change in rheobase indicate shunting and inhibi-
tion during GPSPs. DTX-I application reversed this effect, making GPSPs excitatory (***p '
0.001). Upward and downward arrows indicating inhibition and enhancement of excitation are
for clarity.
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to measure the control rheobase. After the second current pulse,
SON fibers were stimulated at frequencies ranging from 10 –100
Hz (Fig. 7A,B, 50 Hz) in the presence of AP5 and DNQX. The
change in rheobase during the stimulus train was calculated as
above for the 10th current pulse. This pulse was chosen because it
occurred during the steady-state depolarized potential for all
stimulation frequencies.

Figure 7B shows the responses of representative E14 and E18
neurons to current pulse trains during 20 Hz GABAergic synaptic
stimulation. The bottom trace illustrates the response of an E18
neuron during bath application of DTX-I. Asterisks mark current
pulses that failed to evoke a spike. In E14 neurons, current pulses
that were subthreshold under control conditions evoked spikes
during the GABAergic steady state potential. This indicates sum-
mation and an enhancement of excitability by GABA. E18 neu-
rons showed the opposite effect, in which suprathreshold current
pulses were shunted and spikes were inhibited during the
GABAergic train. The spikes that were generated tended to occur
when the membrane depolarization decayed closer to the resting
membrane potential (marked by dashed line). Spike inhibition
by GPSP trains at E18 was converted to excitation with bath
application of DTX-I; subthreshold current pulses evoked APs
during the GPSP train (Fig. 7B), as did GPSPs alone (data not
shown), as in the E14 example. Group data for this experiment
are shown in Figure 7C. In E14 neurons, rheobase changed by at
least "0.2 nA for each GPSP stimulus frequency used, indicating
significant summation regardless of input frequency ( p ' 0.05, t
test). An ANOVA indicated no significant difference in the
change in rheobase across stimulus frequencies for this age
group. E18 neurons showed positive shifts in rheobase during
GPSP trains, indicating inhibition at all stimulus frequencies.
Increasing stimulus frequency had a significant effect on the
strength of this inhibition, with 33, 50, and 100 Hz showing sig-
nificantly greater increases in rheobase than the lower frequen-
cies of 10 and 20 Hz ( p ' 0.05, ANOVA, Scheffe post hoc com-
parisons). Bath application of DTX-I significantly decreased
rheobase during GPSP trains compared with control measures
( p ' 0.001, ANOVA). However, rheobase reduction during
GPSP trains in E18 neurons during DTX-I application was sig-
nificantly less in E14 neurons during control conditions ( p '
0.05, ANOVA). These data, in addition to those of the previous
experiment, indicate that the maturation of Kv1 currents was
necessary for GABA to functionally inhibit spiking in mature NM
neurons. We did not observe changes in AP voltage threshold
across the AP burst evoked by these experiments. Such changes
could potentially occur across longer bursts, but did not affect the
data presented here.

To separate the contribution of the voltage-dependent K!

conductance to shunting inhibition from that of the synaptic
conductance, we designed an experiment using depolarizing cur-
rent steps to activate only the voltage-dependent component of
shunting inhibition. Monsivais et al. (2000) showed that depolar-
izing current steps did not have the same inhibitory effect that
trains of GABAergic GPSPs had. We expanded on this work using
a greater range of stimuli and compared differences in summa-

4

approaches rest (marked by dashed line). Excitation is enhanced in E18 neurons exposed to DTX
(bottom trace), similar to E14. C, Decreases in rheobase during GPSP trains indicate enhanced
excitability in E14 (n & 9) neurons and E18 !DTX (n & 3), whereas increases in rheobase at
E18 (n & 7) indicate spike inhibition. This pattern is observed at all GPSP frequencies. DTX
significantly shifted inhibition to excitation in E18 neurons (***p ' 0.001), but enhanced
excitability significantly less than GPSPs at E14 (*p ' 0.05).
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Figure 7. GPSP trains enhance excitability at E14 and inhibitory at E18 in NM neurons. A,
Neurons held in whole-cell current clamp were stimulated with trains of depolarizing current
pulses at 50 Hz. Simultaneously, trains of GPSPs were stimulated extracellularly at frequencies
ranging from 10 to 100 Hz (20 Hz shown in B) in the presence of DQX and AP5. B, Summation
between the GPSP-induced steady-state depolarization and current pulses causes an E14 neu-
ron (top trace) to fire in response to current pulses that stimulate only subthreshold responses
(marked with asterisks) under control conditions. The opposite is true in an E18 neuron (middle
trace), in which firing is blocked during most of the GPSP train except when the membrane
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tion or inhibition during depolarizing current steps in NM neu-
rons at E14 and E18. The protocol for these experiments is illus-
trated in Figure 8A. APs were evoked using a train of current
pulses, as in the previous experiment. After the second control
current pulse, a long-duration (500 ms) depolarizing current step
was activated such that subsequent current pulses were added on
top of this step. Trials were separated by a period of 150 ms after
the offset of the depolarizing current step. Separate recordings
were made using long-duration steps ranging in amplitude from
0.1 to 0.5 nA, in 0.1 nA steps.

Responses of representative E14 and E18 neurons, and E18
neurons exposed to bath applied DTX-I are shown in Figure 8B.
Equal current steps induced depolarizations of differing ampli-
tudes in neurons of different ages (Fig. 4). Thus, the examples
illustrated in Figure 8B exhibit equivalent depolarizations but
used different amplitude current steps. At E14, the current pulses
that elicited only subthreshold depolarizations under control
conditions evoked spikes when the neuron was depolarized. The
opposite was true at E18, where suprathreshold current pulses
failed to elicit APs when the neuron was depolarized. The re-
sponse of the neuron to the depolarizing current step reverted to
the immature, excitatory form during application of DTX-I. In
the presence of DTX-I, APs were evoked during the current step
by current pulses that were subthreshold under control condi-
tions. Group data for these experiments are shown in Figure 8C.
Increasing the depolarizing current step size systematically de-
creased rheobase in E14 neurons. The effect of current step size
was significant ( p ' 0.05, ANOVA). Thus, immature NM neu-
rons became more excitable as the membrane was depolarized to
greater degrees. In E18 neurons, however, rheobase increased
during all depolarizing current steps. Current pulses were
shunted and excitability reduced during depolarization. E18 neu-
rons bathed in DTX-I were significantly more excitable than un-
der control conditions, but significantly less excitable than E14
neurons ( p ' 0.001, ANOVA). This indicates that the matura-
tion of Kv1 currents was sufficient to result in shunting of exci-
tation in mature neurons, even in the absence of the synaptic
conductance. As with the above experiments using synaptic stim-
uli, we did not observe changes in AP voltage threshold during
the short bursts of activity evoked by some of the stimuli. Al-
though such changes could occur in response to longer stimuli,
they are not apparent in our data.

Previous experiments by Monsivais et al. (2000, 2001) suggest
that the GABAAR synaptic conductance is the dominant compo-
nent of shunting inhibition in NM. In this report, stimuli in-
cluded both trains of GABAergic synaptic potentials that activate
both synaptic and voltage-activated membrane conductances
(Fig. 7), and depolarizing current steps that activate only the
voltage-activated membrane conductances (Fig. 8). We com-
pared the results from the two previously described experiments
to understand the roles these two conductances play in shunting
inhibition in NM neurons. Figure 9 illustrates the changes in
rheobase during synaptic trains and current steps at ages E14 and

Figure 8. Subthreshold depolarizing current injections enhance excitability at E14 and in-
hibitory at E18 in NM neurons. A, Neurons held in whole-cell current clamp were stimulated
with 50 Hz trains of depolarizing current pulses. After the second control pulse a depolarizing
current step, ranging from 0.1 to 0.5 nA was activated. B, A representative E14 neuron (top
trace) that displayed subthreshold responses to control current pulses (marked with asterisks)
fired spikes in response to the same current pulses after the onset of the current step. The middle
trace illustrates a representative E18 neuron in which spikes were fired during control condi-
tions but were shunted to subthreshold (asterisks) during the current step. An E18 neuron
exposed to DTX (bottom trace) fired repetitively to current pulses during the current step. E14

4

and E18 examples that exhibited equivalent depolarization in response to the current step were
selected for this comparison. I indicates the current step size for each trace. C, Depolarizing
current steps of all amplitudes decreased rheobase (were excitatory) in E14 neurons (n & 9).
The enhancement of excitability increased significantly as current step size increased. Spikes
were inhibited (rheobase increased) during all but the largest depolarizing current steps in E18
neurons (n & 7). Exposure to DTX converted inhibition to excitation in E18 neurons (n & 3),
significantly decreasing rheobase (***p ' 0.001), while enhancing excitability less than in E14
neurons (***p ' 0.001).
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E18. For this analysis, the experimental conditions of synaptic
input frequency and current step amplitude that induce equiva-
lent depolarizations () 10 mV) were selected. For E14 neurons,
these were 100 Hz and 0.1 nA, whereas for E18 neurons these
were 100 Hz and 0.3 nA. Both trains of GPSPs and depolarizing
current steps enhance excitability (decrease rheobase) in imma-
ture E14 neurons. However, the additional conductance pro-
vided by activated GABAARs leads to a shunting of some of this
excitation, resulting in significantly smaller changes in rheobase
during the GPSP train stimuli than during the depolarizing cur-
rent step ( p ' 0.05, t test). In the more mature E18 neurons,
GABAergic inputs and depolarizing current steps are both inhib-
itory (increase rheobase). The additional conductance of the
GABAARs during GPSP trains resulted in greater shunting, lead-
ing to significantly larger changes in rheobase, than during depo-
larizing current steps ( p ' 0.005, t test). This comparison illus-
trates that in immature E14 neurons the enhancement of
excitability as neurons were depolarized toward AP threshold
dominated the shunting effect of both the synaptic and small
voltage-dependent K! conductances. In more mature E18 neu-
rons, the large voltage-dependent K! conductance alone, acti-
vated by depolarization, shunted excitation. However, the com-
bination of synaptic and voltage-dependent K! conductances in
E18 neurons made shunting inhibition even more powerful.

Discussion
In this report, we provide a detailed developmental analysis of the
neuronal properties that support depolarizing GABAergic inhi-
bition in nucleus magnocellularis (NM) neurons. Our major
finding is that these neurons undergo a dramatic switch in their
response to GABA despite relative stability in the reversal poten-
tial of GPSPs. At younger ages (E14), depolarizing GPSPs en-
hance excitability of NM neurons whereas at older ages (E18),
depolarizing GPSPs strongly inhibit spiking by shunting and
spike threshold accommodation. The onset of inhibition corre-
lates with specific developmental changes in the voltage-activated
membrane properties of these neurons. Depolarizing GPSPs are

transformed from summating to shunting by increases in LVA
K! currents carried mostly by Kv1-type channels. We also dem-
onstrate in a functional assay that application of DTX-I, a specific
Kv1 current blocker, restores the immature “phenotype” with
GABA enhancing excitability. These results provide a novel
mechanism by which the developmental sign inversion of
GABAergic signaling is achieved.

Many immature neurons, or newly generated neurons in
adult CNS, maintain relatively high intracellular Cl" concentra-
tions, rendering GABAergic or glycinergic synaptic potentials de-
polarizing and excitatory (Owens et al., 1996; Ehrlich et al., 1999;
Kakazu et al., 1999; Balakrishnan et al., 2003; Ge et al., 2006).
Most neurons undergo a developmental switch involving
changes in Cl" transporter expression and ECl " such that the
polarity of GABAergic potentials becomes hyperpolarizing and
inhibitory (Rivera et al., 1999). Some hippocampal inhibitory
interneurons maintain a shunting inhibitory response to GABA
throughout development (Banke and McBain, 2006). However,
GABAergic responses by NM neurons are unusual in that they
remain depolarizing into maturity (Hyson et al., 1995). We dem-
onstrate that NM neurons undergo a developmental conversion
in GABA responses while ECl " and, thus, GPSP polarity remains
depolarized compared with resting membrane potential.

Previous models of depolarizing inhibition have examined the
individual and combined roles of synaptic and voltage-
dependent conductances in spike inhibition. In the case of pre-
synaptic depolarizing inhibition, GABAergic synaptic conduc-
tances may provide the sole source of shunting, reducing Ca 2!

influx and transmitter release (Graham and Redman, 1994).
Other models show subthreshold GABAergic depolarizations di-
minishing or blocking spiking by inactivating voltage-activated
Na! channels (Eccles et al., 1961). Activation of voltage-
dependent outward currents adds to the shunting effect of
GABAergic synaptic conductances and enhances inhibition of
spiking (Edwards, 1990a,b).

Our data are consistent with studies of developmental changes
in kinetics and frequency of GABAergic events. Three potential
mechanisms could lead to such changes. First, NM neurons may
undergo developmental changes in GABAAR subunit expression,
as do other neurons exhibiting similar changes in GABAAR cur-
rents (Okada et al., 2000). Second, developmental changes in
presynaptic release machinery that alter vesicle synchrony, as
seen in the mammalian brainstem (Magnusson et al. 2005), could
account for the changes in GPSC properties described here.
Third, a reduction in dendritic filtering caused by developmental
retraction of complex dendritic arbors between E10 and E18
(Jhaveri and Morest, 1982) could give similar results. Our data do
not differentiate between these possible mechanisms. The
changes in synaptic conductance we report are not consistent
with the substantial increase in membrane conductance required
for the switch to shunting inhibition. This further implies that
changes in the voltage-dependent properties of the neurons are
responsible for the emergence of shunting inhibition.

Strong outward K! currents are expressed in NM and other
auditory nuclei. At resting membrane potential, a population of
the LVA K! channels is open. Subthreshold (and suprathresh-
old) depolarizations from resting membrane potential induced
by either EPSPs and depolarizing GPSPs results in further activa-
tion of these channels. We describe a large increase in the magni-
tude of these currents between E14 and E18 in NM. Using RT-
PCR, Duzhyy et al. (2004) showed increases in several K!

channel subtypes across embryonic development. Similar find-
ings have been reported for the whole brain (Hallows and Tem-
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pel, 1998) and in rat cochlear nucleus during postnatal develop-
ment (Caminos et al., 2005; Bortone et al., 2006). Alternatively, in
chick tangential vestibular nucleus Kv1 channels decrease in ex-
pression between E16 and posthatch time points (Popratiloff et
al., 2003). Thus, LVA K! channels can be regulated in a variety of
ways during development, having major impacts on the physio-
logical responses of the neuron.

Voltage-activated currents are integral to shaping EPSPs and
APs, controlling the temporal fidelity of neurons responsible for
time coding (Reyes et al., 1994; Rathouz and Trussell, 1998;
Parameshwaran et al., 2001). In general, blockade or absence of
Kv1-type channels increases membrane time constant, resulting
in broader APs (Rathouz and Trussell, 1998; Brew et al., 2003). In
MNTB, the all-important temporal precision of the auditory sys-
tem is disrupted in mice lacking the Kv1.1 protein (Gittelman
and Tempel, 2006). Mature NM neurons exposed to DTX-I fire
multiple spikes in response to depolarizing current injection
(Rathouz and Trussell, 1998). This is similar to the behavior of
immature NM neurons reported here. In nucleus angularis, the
other subdivision of the avian cochlear nucleus, DTX-I applica-
tion to posthatch neurons results in spiking similar to embryonic
neurons (Fukui and Ohmori, 2003). In chick tangential vestibu-
lar nuclei, developmental decreases in Kv1-type channels corre-
late with a switch from phasic to tonic firing in response to depo-
larization (Shao et al., 2006). Thus, developmental K! current
regulation is key to modulating EPSPs and APs in neurons of the
auditory and other systems.

LVA K! currents in NM neurons also shape depolarizing
GPSPs in NM. DTX-I application slows, and eliminates the bi-
phasic nature of GPSP decay in mature NM neurons (Monsivais
and Rubel, 2001). GPSP trains tonically activate strong outward
currents in NM (Monsivais et al., 2000). Monsivais and Rubel
(2001) also describe excitation by miniature GPSPs during
DTX-I application, with spikes evoked by each GABAergic event.
Our observations substantiate this finding, demonstrating that
LVA K! channel blockade results in hyperpolarization of AP
voltage threshold and disrupts spike threshold accommodation
during slow GPSP depolarization. Finally, DTX-I blocks shunt-
ing of excitatory inputs, reverting GABAergic depolarizations
from inhibitory to summating. Thus, developmental increases in
Kv1-type currents are essential for normal physiological re-
sponses to both excitation and inhibition in mature NM neurons
and highlight the importance of coupling between synaptic and
voltage-activated conductances as these neurons integrate inputs.

It is notable that responses of mature NM neurons during
DTX-I application did not perfectly mimic those of immature
neurons. Other voltage-dependent properties of the membrane
not defined by this study are changing between E14 and E18. For
example, Kv1 current increases would oppose the AP voltage
threshold hyperpolarization between these ages. Current pulse
summation with either GPSP trains or voltage steps was not as
great in DTX-I exposed E18 neurons as in control E14 neurons.
This is in part because of dendrotoxin tissue penetration prob-
lems (Gittelman and Tempel, 2006). Complete block of Kv1 cur-
rents may not be accomplished for tens of minutes, and residual
Kv1 currents are likely shunting some excitation. Other sources
of shunting such as DTX-I-insensitive K! currents may increase
between E14 and E18 as well. However, our data make clear that
E14-E18 Kv1 current growth is necessary to switch GABAergic
inputs from enhancing excitability to strongly inhibiting mature
NM neurons.

In immature NM neurons, EGABA is negative to AP voltage
threshold, so GPSPs do not evoke spikes unless summing with

other depolarizing inputs. Thus, GABA is not an excitatory neu-
rotransmitter at E14 despite enhancing the excitability of the
neuron. In E18 NM neurons, EGABA and AP voltage threshold are
nearly identical. We observed GPSP-evoked APs in a small num-
ber (2 of 13) of E18 neurons under control conditions. This phe-
nomenon has been reported previously, with frequency of occur-
rence varying between studies (Lu and Trussell, 2001; Lu et al.,
2005). Lu and Trussell (2001) reported EGABA values that were
depolarized compared with those reported here (see Results).
Their reported EGABA values were well depolarized to their re-
ported values of AP threshold ("39 ( 2 mV). This likely ac-
counts for the greater frequency of GABA-evoked spikes that Lu
and Trussell (2001) reported. Monsivais and Rubel (2001) and
the present report illustrate the essential nature of Kv1 currents in
making GABA an inhibitory neurotransmitter in mature NM
neurons despite the similarity between EGABA and AP voltage
threshold. Additional mechanisms exist to control the occur-
rence of GABA-evoked spikes in NM. For example, activation of
GABAB receptors, present in avian cochlear nuclei, has been
shown to modulate GABAAR events, minimizing GPSP-evoked
APs (Burger et al., 2005; Lu et al., 2005).

In conclusion, changes in LVA Kv1 currents reverse the input/
output transform of the responses of NM neurons to GABAergic
input across an important period of development immediately
after the onset of hearing in the chick embryo. Intracellular Cl"

concentration, implicated in the developmental switch from
GABAergic excitation to inhibition in other CNS systems, re-
mains stable in these neurons into maturity. Synaptic conduc-
tances also remain relatively constant across this developmental
period and, thus, are not responsible for the reversal. This study
identifies changes to intrinsic voltage-dependent properties of
neurons as an alternative to ECl " shift as a mechanism for devel-
opmental conversion in neural responses to GABAergic input
from excitation to inhibition.

References
Akaiki N (1996) Gramicidin perforated patch recording and intracellular

chloride activity in excitable cells. Prog Biophys Mol Biol 65:251–264.
Balakrishnan V, Becker M, Lohrke S, Nothwang HG, Guresir E, Friauf E

(2003) Expression and function of chloride transporters during develop-
ment of inhibitory neurotransmission in the auditory brainstem. J Neu-
rosci 23:4134 – 4145.

Banke TG, McBain CJ (2006) GABAergic input onto CA3 hippocampal in-
terneurons remains shunting through development. J Neurosci
26:11720 –11725.

Ben-Ari Y, Cherubini E, Corradetti R, Gaiarsa JL (1989) Giant synaptic po-
tentials in immature rat CA3 hippocampal neurones. J Physiol (Lond)
416:303–325.

Bormann J, Hamill OP, Sakmann B (1987) Mechanisms of anion perme-
ation through channels gated by glycine and gamma-aminobutyric acid in
mouse cultured spinal neurones. J Physiol (Lond) 385:243–286.

Bortone DS, Mitchell K, Manis PB (2006) Developmental time course of
potassium channel expression in the rat cochlear nucleus. Hear Res
211:114 –125.

Brew HM, Hallows JL, Tempel BL (2003) Hyperexcitability and reduced
low threshold potassium currents in auditory neurons of mice lacking the
channel subunit Kv1.1. J Physiol (Lond) 548:1–20.

Burger RM, Pfeiffer JD, Westrum LE, Bernard A, Rubel EW (2005) Expres-
sion of GABAB receptor in the avian auditory brainstem: ontogeny, affer-
ent deprivation, and ultrastructure. J Comp Neurol 489:11–22.

Caminos E, Vale C, Lujan R, Martinez-Galan JR, Juiz JM (2005) Develop-
mental regulation and adult maintenance of potassium channel proteins
(Kv1.1 and Kv1.2) in the cochlear nucleus of the rat. Brain Res
1056:118 –131.

Chang EH, Kotak VC, Sanes DH (2003) Long-term depression of synaptic
inhibition is expressed postsynaptically in the developing auditory sys-
tem. J Neurophysiol 90:1479 –1488.

2122 • J. Neurosci., February 21, 2007 • 27(8):2112–2123 Howard et al. • K! Channel-Dependent Developmental Switch to Inhibition



Chebib M, Johnston GA (1999) The “ABC” of GABA receptors: a brief re-
view. Clin Exp Pharmacol Physiol 26:937–940.

Cherubini E, Rovira C, Gaiarsa JL, Corradetti R, Ben-Ari Y (1990) GABA
mediated excitation in immature rat CA3 hippocampal neurons. Int J Dev
Neurosci 8:481– 490.

Duzhyy DE, Sakai Y, Sokolowski BH (2004) Cloning and developmental
expression of Shaker potassium channels in the cochlea of the chicken.
Brain Res Mol Brain Res 121:70 – 85.

Eccles JC, Eccles RM, Magni F (1961) Central inhibitory action attributable
to presynaptic depolarization produced by muscle afferent volleys.
J Physiol (Paris) 159:147–166.

Edwards DH (1990a) Mechanisms of depolarizing inhibition at the crayfish
giant motor synapse. I. Electrophysiology Neurophysiol 64:532–540.

Edwards DH (1990b) Mechanisms of depolarizing inhibition at the crayfish
giant motor synapse. II. Quantitative reconstruction. J Neurophysiol
64:541–550.

Ehrlich I, Lohrke S, Friauf E (1999) Shift from depolarizing to hyperpolar-
izing glycine action in rat auditory neurones is due to age-dependent Cl "

regulation. J Physiol (Lond) 520:121–137.
Fukui I, Ohmori H (2003) Developmental changes in membrane excitabil-

ity and morphology of neurons in the nucleus angularis of the chicken.
J Physiol (Lond) 548:219 –232.

Fukui I, Ohmori H (2004) Tonotopic gradients of membrane and synaptic
properties for neurons of the chicken nucleus magnocellularis. J Neurosci
24:7514 –7523.

Ge S, Goh EL, Sailor KA, Kitabatake Y, Ming GL, Song H (2006) GABA
regulates synaptic integration of newly generated neurons in the adult
brain. Nature 439:589 –593.

Gittelman JX, Tempel BL (2006) Kv1.1 containing channels are critical for
temporal precision during spike initiation. J Neurophysiol 96:1203–1214.

Graham B, Redman S (1994) A simulation of action potentials in synaptic
boutons during presynaptic inhibition. J Neurophysiol 71:538 –549.

Hallows JL, Tempel BL (1998) Expression of Kv1.1, a Shaker-like potassium
channel, is temporally regulated in embryonic neurons and glia. J Neuro-
sci 18:5682–5691.

Hyson RL, Reyes AD, Rubel EW (1995) A depolarizing inhibitory response
to GABA in brainstem auditory neurons of the chick. Brain Res
677:117–126.

Jackson H, Hackett JT, Rubel EW (1982) Organization and development of
brain stem auditory nuclei in the chick: ontogeny of postsynaptic re-
sponses. J Comp Neurol 210:80 – 86.

Jhaveri S, Morest DK (1982) Sequential alterations of neuronal architecture
in nucleus magnocellularis of the developing chicken: a Golgi study. Neu-
roscience 7:837– 853.

Kakazu Y, Akaike N, Komiyama S, Nabekura J (1999) Regulation of intra-
cellular chloride by cotransporters in developing lateral superior olive
neurons. J Neurosci 19:2843–2851.

Kennedy D, Calabrese RL, Wine JJ (1974) Presynaptic inhibition: primary
afferent depolarization in crayfish neurons. Science 186:451– 454.

Kriegstein AR, Owens DF (2001) GABA may act as a self-limiting trophic
factor at developing synapses. Sci STKE 95:PE1.

Koyano K, Funabiki K, Ohmori H (1996) Voltage-gated ionic currents and
their roles in timing coding in auditory neurons of the nucleus magno-
cellularis of the chick. Neurosci Res 26:29 – 45.

Lu T, Trussell LO (2000) Inhibitory transmission mediated by asynchro-
nous transmitter release. Neuron 26:683– 694.

Lu T, Trussell LO (2001) Mixed excitatory and inhibitory GABA-mediated
transmission in chick cochlear nucleus. J Physiol (Lond) 535:125–131.

Lu Y, Monsivais P, Tempel BL, Rubel EW (2004) Activity-dependent regu-
lation of the potassium channel subunits Kv1.1 and Kv3.1. J Comp Neurol
470:93–106.

Lu Y, Burger RM, Rubel EW (2005) GABA(B) receptor activation modu-
lates GABA(A) receptor-mediated inhibition in chicken nucleus magno-
cellularis neurons. J Neurophysiol 93:1429 –1438.

Magnusson AK, Kapfer C, Grothe B, Koch U (2005) Maturation of glycin-
ergic inhibition in the gerbil medial superior olive after hearing onset.
J Physiol (Lond) 568:497–512.

McBain CJ, Fisahn A (2001) Interneurons unbound. Nat Rev Neurosci
2:11–23.

Monsivais P, Rubel EW (2001) Accommodation enhances depolarizing in-
hibition in central neurons. J Neurosci 21:7823–7830.

Monsivais P, Yang L, Rubel EW (2000) GABAergic inhibition in nucleus
magnocellularis: implications for phase locking in the avian auditory
brainstem. J Neurosci 20:2954 –2963.

Oertel D (1983) Synaptic responses and electrical properties of cells in brain
slices of the mouse anteroventral cochlear nucleus. J Neurosci
3:2043–2053.

Okada M, Onodera K, Van Renterghem C, Sieghart W, Takahashi T (2000)
Functional correlation of GABAA receptor # subunits expression with the
properties of IPSCs in the developing thalamus. J Neurosci 20:2202–2208.

Owens DF, Boyce LH, Davis MB, Kriegstein AR (1996) Excitatory GABA
responses in embryonic and neonatal cortical slices demonstrated by
gramicidin perforated-patch recordings and calcium imaging. J Neurosci
16:6414 – 6423.

Parameshwaran S, Carr CE, Perney TM (2001) Expression of the Kv3.1 po-
tassium channel in the avian auditory brainstem. J Neurosci 21:485– 494.

Popratiloff A, Giaume C, Peusner KD (2003) Developmental change in ex-
pression and subcellar localization of two shaker-related potassium chan-
nel proteins (KV1.1 and KV1.2) in the chick tangential vestibular nucleus.
J Comp Neurol 461:466 – 482.

Rathouz M, Trussell L (1998) Characterization of outward currents in neu-
rons of the avian nucleus magnocellularis. J Neurophysiol 80:2824 –2835.

Reyes AD, Rubel EW, Spain WJ (1994) Membrane properties underlying
the firing of neurons in the avian cochlear nucleus. J Neurosci
14:5352–5364.

Rivera C, Voipio J, Payne JA, Ruusuvuori E, Lahtinen H, Lamsa K, Pirvola U,
Saarma M, Kaila K (1999) The K !/Cl " co-transporter KCC2 renders
GABA hyperpolarizing during neuronal maturation. Nature
397:251–255.

Rubel EW, Smith DJ, Miller LC (1976) Organization and development of
brain stem auditory nuclei of the chicken: ontogeny of n. magnocellularis
and n. laminaris. J Comp Neurol 166:469 – 489.

Shao M, Hirsch JC, Peusner KD (2006) Emergence of action potential gen-
eration and synaptic transmission in vestibular nucleus neurons. J Neu-
rophysiol 96:1215–1226.

Slee SJ, Higgs MH, Fairhall AL, Spain WJ (2005) Two-dimensional time
coding in the auditory brainstem. J Neurosci 25:9978 –9988.

Staley KJ, Soldo BL, Proctor WR (1995) Ionic mechanisms of neuronal ex-
citation by inhibitory GABAA receptors. Science 269:928 –929.

Trussell LO (1997) Cellular mechanisms for preservation of timing in cen-
tral auditory pathways. Curr Opin Neurobiol 7:487– 492.

Howard et al. • K! Channel-Dependent Developmental Switch to Inhibition J. Neurosci., February 21, 2007 • 27(8):2112–2123 • 2123



Ultrastructural Analysis of
Aminoglycoside-Induced Hair Cell Death
in the Zebrafish Lateral Line Reveals an

Early Mitochondrial Response

KELLY N. OWENS,1–3* DALE E. CUNNINGHAM,2,3 GLEN MACDONALD,2,3

EDWIN W. RUBEL,2,3 DAVID W. RAIBLE,1,2 AND REMY PUJOL2–4

1Department of Biological Structure, University of Washington, Seattle, Washington 98195
2Virginia Merrill Bloedel Hearing Research Center, University of Washington, Seattle,

Washington 98195
3Department of Otolaryngology-Head and Neck Surgery, University of Washington,

Seattle, Washington 98195
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ABSTRACT
Loss of the mechanosensory hair cells in the auditory and vestibular organs leads to

hearing and balance deficits. To investigate initial, in vivo events in aminoglycoside-induced
hair cell damage, we examined hair cells from the lateral line of the zebrafish, Danio rerio.
The mechanosensory lateral line is located externally on the animal and therefore allows
direct manipulation and observation of hair cells. Labeling with vital dyes revealed a rapid
response of hair cells to the aminoglycoside neomycin. Similarly, ultrastructural analysis
revealed structural alteration among hair cells within 15 minutes of neomycin exposure.
Animals exposed to a low, 25-!M concentration of neomycin exhibited hair cells with swollen
mitochondria, but little other damage. Animals treated with higher concentrations of neo-
mycin (50–200 !M) had more severe and heterogeneous cellular changes, as well as fewer
hair cells. Both necrotic-like and apoptotic-like cellular damage were observed. Quantitation
of the types of alterations observed indicated that mitochondrial defects appear earlier and
more predominantly than other structural alterations. In vivo monitoring demonstrated that
mitochondrial potential decreased following neomycin treatment. These results indicate that
perturbation of the mitochondrion is an early, central event in aminoglycoside-induced
damage. J. Comp. Neurol. 502:522–543, 2007. © 2007 Wiley-Liss, Inc.

Indexing terms: ototoxicity; mechanosensation; neomycin; neuromast; mitochondria; transmission
electron microscopy

The majority of permanent hearing and balance disor-
ders are due to death of hair cells, the mechanosensory
cells of the auditory and vestibular sensory systems.
Death of hair cells can arise from a multitude of causes,
including exposure to toxic agents, noise trauma, and
aging. The relationship between hair cell death from iat-
rogenic damage, noise-induced hearing loss, and age-
related hearing loss is not well understood. Of these forms
of hair cell loss, drug exposure is the most easily manip-
ulable in the laboratory setting.

Aminoglycosides are antibiotics that act against Gram-
negative bacteria and mycoplasmas (Vakulenko and Mo-
bashery, 2003). Shortly after its identification and initial

clinical use, the aminoglycoside streptomycin was recog-
nized to be cochleotoxic, vestibulotoxic, and nephrotoxic
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(Hinshaw and Feldman, 1945; reviewed in Forge and
Schacht, 2000). Efforts to identify alternative aminoglyco-
sides demonstrated similar toxicity of other drugs among
this chemical class. These antibiotics remain in use in the
US for treatment of recalcitrant bacterial infections (e.g.,
among premature infants, cystic fibrosis, or HIV patients)
and are among the most commonly prescribed drugs in
developing countries due to their efficacy and relatively
low expense (Forge and Schacht, 2000).

The mechanism underlying toxicity of aminoglycosides
in eukaryotes is not well understood. The bactericidal
activity of aminoglycosides occurs by interference with
bacterial translation (Davies, 1965). Specifically, amino-
glycosides bind the 16S ribosomal subunit, altering its
conformation at the A-site and disrupting codon–
anticodon interaction, and thus disrupt the fidelity of the
translation process (Vicens and Westof, 2003). Divergence
of the analogous component in the eukaryotic ribosome is
thought to prevent inhibition of translation by aminogly-
cosides (Wilhelm et al., 1978; Recht et al., 1999). However,
the eukaryotic mitochondrial ribosome more closely re-
sembles the prokaryotic ribosome (Gutell et al., 1994) and
may share its aminoglycoside sensitivity. Aminoglycosides
have also been postulated to target other intracellular
processes including lipid metabolism, actin cytoskeleton
and lysosome function, and/or mitochondrial ATP produc-
tion (Akiyoshoi et al., 1976; Kossl et al., 1990; Pickles and
Rouse 1991; Hashino et al., 1997). How toxicity is limited
to, or enhanced in, particular tissue types (namely, mech-
anosensory and kidney cells) remains unclear.

The process of aminoglycoside-induced cell death has
been examined in the mammalian and avian inner ear by
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) following chronic systemic in-
jection of aminoglycosides. A constellation of phenotypes
occurs, including swollen hair cells, nuclear shrinkage,
mitochondrial dilation, stereocilia fusion, accumulation of
granular cytoplasmic contents, increase of dense lysoso-
mal vesicles and myeloid bodies, and cell extrusion/
evulsion (Wersall and Hawkins, 1962; Ylikoski, 1974;
Weisleder and Rubel, 1992). The majority of early studies
were done using a multi-day course of treatment followed
by varying survival times prior to examination. While
these studies clearly demonstrated the ability of amino-
glycosides to induce damage, it remained unclear which
cellular events were primary effects and which were se-
quelae of aminoglycoside-induced damage.

The development of protocols using single injections of
aminoglycosides and alternative modes of administration
(namely, intratympanic injection or pledget use versus
subcutaneous or intramuscular injection; e.g., Janas et al.,
1995) allowed more direct temporal evaluation. Much at-
tention has been given to defining the extent of damage
and, in avians, the onset of regeneration. However, few
studies report the initial cellular events that occur in
response to aminoglycosides. Hirose et al. (2004) exam-
ined the chick basilar papilla, the avian auditory organ, at
short intervals following a single, large aminoglycoside
injection. At 8–12 hours after the injection, hair cells
appeared rounded and swollen, with condensation of nu-
clear chromatin, dissolution of ribosomes, and dilation of
mitochondria, and increased numbers of inclusion bodies
and lysosomes. With increasing time, progressively more
severe degeneration occurred. In contrast to in vivo work
in chick and guinea pig, in vitro vestibular or cochlear hair

cells exhibit relatively rapid responses to aminoglycosides
(Sobkowicz et al., 1975; Kossl et al., 1990; Forge and
Richardson, 1993; Hirose et al., 1997; Dehne et al., 2002).

In vivo studies of hair cell toxicity in mammalian and
avian inner ears are limited by the relative inaccessibility
of mechanosensory cells, which are embedded within the
temporal bone. Administration of aminoglycosides sys-
temically or by injection into the cochlea makes it difficult
to ascertain the dose of drug reaching the hair cell (Tran
Ba Huy, 1981). Furthermore, the first time of examination
after drug exposure has usually been hours or days after
drug exposure. To circumvent these limitations, we have
chosen to use the zebrafish lateral line as a model system
for studying aminoglycoside-induced hair cell death. The
zebrafish lends itself to genetic analyses and in vivo ma-
nipulation. In addition, it is getting increasing attention
as a vertebrate preparation for studying diseases (e.g.,
Dooley and Zon, 2000; Dambly-Chaudiere et al., 2003),
including auditory dysfunction (reviewed in Nicolson et
al., 2005), metal toxicity (Hernandez et al., 2006), and
aminoglycoside-induced renal damage (Hentschel et al.,
2005).

The lateral line of zebrafish, like that of other fish and
aquatic amphibians, is composed of neuromasts, or clus-
ters of mechanosensory hair cells and support cells, and
their innervating lateral line nerves (Leydig, 1850; Met-
calfe, 1985; Raible and Kruse, 2000). The lateral line is
thought to detect local disturbances in the patterns of
current flow as well as the orientation of the animal in the
surrounding water current (Dijkgraaf, 1963; Coombs and
Montgomery, 1999). The anterior lateral line surrounds
the head of the zebrafish, while the posterior lateral line
extends along the midline on either side of the animal
(Fig. 1A). As in their mammalian and avian counterparts,
hair cell death occurs in the lateral line of fish in response
to ototoxic agents (Kaus, 1987; Song et al., 1995; Harris et
al., 2003). Zebrafish lateral line hair cells respond to neo-
mycin after exposure to drug for 1 hour in a dose-
dependent manner, following a period of initial develop-
mental insensitivity (Harris et al., 2003; Murakami et al.,
2003; Santos et al., 2006).

In this article we examine aminoglycoside-induced hair
cell death in the zebrafish lateral line using ultrastruc-
tural analysis to identify the earliest subcellular re-
sponses. The external location of hair cells in the lateral
line allows direct observation, in vivo, of drug-induced
hair cell changes, and thereby the opportunity to correlate
ultrastructural changes with dynamic in vivo cellular
events. We find that response of lateral line hair cells is
rapid, occurring within 15 minutes of drug exposure. We
provide quantitative evidence that the initial response
involves ultrastructural changes to mitochondria, and
these observations are supported by in vivo monitoring of
mitochondrial potential. These results suggest that alter-
ation of mitochondrial function has an early, and probably
essential, role in aminoglycoside-induced damage.

MATERIALS AND METHODS
Zebrafish larvae (Danio rerio) were bred and reared at

28.5°C by standard methods (Westerfield, 1995) in our fish
facility according to protocols approved by the University
of Washington IACUC. All experiments were performed
with the wildtype strain, *AB.
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For neomycin exposure, larvae 5 days postfertilization
(dpf) were transferred manually to baskets in 6-well cul-
ture plates (Harris et al., 2003) containing defined E2
embryo medium (Westerfield, 1995). All treatment and
wash volumes were 6 mL unless otherwise indicated. Lar-
vae were immersed in 0–200 !M neomycin (Sigma-
Aldrich, St. Louis, MO, cat. no. N1142) diluted in embryo
medium for 15–60 minutes, and subsequently washed
rapidly four times in fresh embryo medium. For treatment
protocols indicating a recovery period, larvae were held in
the final wash of embryo media for the indicated time.

For in vivo assessment of neuromasts, larvae were
treated with neomycin for a designated time (see below)
and rinsed four times in fresh embryo medium, simulta-
neous to the preparation of larvae for ultrastructural
analysis. Embryos were then immediately stained with
DASPEI (0.005% final concentration, 2-{4-(dimethyl-
amino)styryl}-N-ethylpyridinium iodide; Molecular
Probes, Eugene, OR) for 15 minutes. DASPEI labels mi-
tochondria, which are abundant in hair cells (e.g., Flock et
al., 1997). Following DASPEI labeling, larvae were
washed twice with embryo medium and anesthetized with
MS222 (3-aminobenzoic acid ethyl ester, methanesulfo-
nate salt; Sigma, St. Louis, MO) diluted in embryo media.
DASPEI staining was visualized under epifluorescent il-
lumination using a Nikon dissecting microscope and a
DASPEI filter set (Chroma Technologies, Brattleboro, VT)

as reported in Harris et al. (2003). Briefly, 10 neuromasts
(SO1-2, IO1-4, M2, MI1-2, and O2, shown in magenta in
Fig. 1A) were evaluated on each fish for DASPEI staining
and were scored (0 for no/little staining, 1 for reduced
staining, 2 for full staining). Scores for the 10 neuromasts
were totaled to obtain a score (0–20) for each fish. Six to
fourteen fish (i.e., 60–140 neuromasts) were evaluated for
each dose and treatment group. Analysis of variance
(ANOVA) statistics were performed using StatView 5.0
(Cary, NC) software.

For Figure 1, fish were additionally prelabeled for 1
hour with 3 !M YO-PRO-1 (DNA dye, Molecular Probes;
excitation 491 nm, emission 509 nm) prior to DASPEI
labeling. Optical sections in z-series were collected using a
LSM Pascal 5 confocal microscope. For Figure 4, represen-
tative in vivo images of DASPEI-labeled IO2 hair cells
were obtained on a Zeiss Axioplan 2ie epifluorescent mi-
croscope with a cooled CCD camera using a 20" NA 0.75
PlanApo objective. Optical sections were collected with a
50-ms exposure at 1-!m intervals spanning the neuro-
mast using Slidebook 3.0. Sixteen 1-!m sections were
stacked in Photoshop 7.0 (Adobe, San Jose, CA) to create
a brightest point projection image.

To assess mitochondrial response in vivo, larval hair cell
mitochondria were labeled with the mitochondrial poten-
tial indicator, Mitotracker Red CMXRos (MTR, Molecular
Probes) and/or the mitochondrial mass indicator, Mito-

Fig. 1. Neuromasts of wildtype zebrafish lateral line. A: Schematic
diagram of a 5-day postfertilization (dpf) larva. Location of anterior
and posterior lateral line neuromasts are indicated with black circles.
The 10 neuromasts examined during DASPEI assays are indicated by
magenta fill. Arrows mark the planes at which the majority of trans-
verse sections were taken for ultrastructural analysis (neuromasts

typically observed in these sections are indicated in green and ma-
genta). B–D: A single neuromast imaged en face showing the hair
cells arranged in a rosette. B: DASPEI, a vital mitochondrial dye. C:
YO-PRO-1, a vital DNA dye. D: Merged image of B and C. Scale bar #
10 !m.
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tracker Green (MTG, Molecular Probes). The ratio be-
tween MTR and MTG labeling was assessed to determine
the change in mitochondrial potential. Fluorescent indi-
cators were visualized on a Marianas imaging system
(Intelligent Imaging Innovations, Denver, CO), consisting
of a Zeiss Axiovert 200M inverted compound microscope
(Carl Zeiss, Thornwood, NY), 25" NA 0.8 LCI Plan-
NeoFluar multi-immersion objective (Zeiss) set for water
immersion, a shuttered 175 W xenon lamp coupled by a
liquid light guide (Sutter, Novato, CA), and a CoolSnap
HQ monochrome cooled CCD camera (Princeton Instru-
ments, Trenton, NJ). The stage and surrounding chamber
of the microscope were heated to 28°C prior to and during
imaging experiments. Z-stack images of neuromasts were
collected. The system was controlled by Slidebook soft-
ware 4.0.2.1 (Intelligent Imaging) running on a Macintosh
G4 computer.

Hair cell mitochondria were labeled by placing 5 dpf
zebrafish in 25 nM each of Mitotracker Red (MTR, Molec-
ular Probes) and Mitotracker Green (MTG, Molecular
Probes) diluted in embryo medium (hereafter, MTR/
MTG). The fish were transferred to medium with fresh
MTR/MTG, neomycin (0–50 !M, Sigma N1142) and the
anesthetic MS222 (hereafter, MTR/MTG$ neo), then
transferred along with their medium to an imaging cham-
ber consisting of a 2-chamber coverslip culture chamber
with a #1.5 thickness coverslip bottom (Lab-Tek, Naper-
ville, IL) in a drop of minimal volume. The fish were
immobilized with an organ culture insert membrane that
was wetted with the same MTR/MTG$ neo solution. To
prevent evaporation during imaging, the second chamber
was filled with distilled water and then the cover was set
in place. Animal viability was confirmed by monitoring
heartbeat.

The fish were oriented so that the SO2 neuromast was
as close to orthogonal to the axis of focus as possible and
imaged with a minimal number of focal planes. At
5-minute intervals the entire neuromast was imaged in
16–19 image planes at 1-!m intervals. Image capture
times were 40–65 ms for MTR and 150 ms for MTG. In all
cases exposure times for a given channel were constant
throughout the imaging time course. The elapsed time
from the placement into MTR/MTG$ neo to the capture of
the first z-series was 3–5 minutes.

Consistency of the optical system was monitored by
measuring the mean intensities of a fluorescent standard
recorded using the same filters and exposure times as for
the mitochondrial indicators. The images were digitized at
12-bits per pixel upon capture and exported as TIFF files.
Datasets were rejected if lateral drift or focal changes
prevented the entire neuromast from being analyzed over
the entire experimental time. Images were analyzed with
ImageJ (Rasband, 1997–2006). An oval region of interest
(ROI) was selected to define the margin of the neuromast
sensory cells encompassing their basal portion, but ex-
cluding the mantle region. All ROIs were recorded with
the ImageJ ROI Manager to allow repeat measurements.
Integrated intensity was measured within the ROI for all
planes and channels at all timepoints. The mean intensity
of the ROI was calculated. A thresholded measurement
was determined for each slice by measuring the intensities
above the nonthresholded mean intensity of the ROI plus
25% of the standard deviation of the nonthresholded mean
within the ROI from the initial measurements. The inte-
grated intensity for each image plane was then summed

for each timepoint and the change in the ratio of MTR to
MTG was calculated as a proportion of the values relative
to the initial timepoint of the experiment. Proportional
change # (ratio of summed intensities(time point n) –
ratio of summed intensities(time point 1)/ratio of summed
intensities(time point 1)).

For ultrastructural analysis, larvae were prepared from
the same clutch as the in the in vivo DASPEI experiment.
Zebrafish larvae were euthanized by immersion in ice-cold
embryo medium, fixed in ice-cold 4% glutaraldehyde in 0.1
M sodium cacodylate $ 0.001% CaCl2 (pH 7.4, 583 mOsm)
for 1 hour at 25°C with gentle agitation, and then with
fresh fixative overnight at 4°C. Samples were washed
three times for 10 minutes with 0.1 M sodium cacodylate
(pH 7.4) $ 0.001% CaCl2, postfixed in 1% osmium tetrox-
ide in 0.1 M sodium cacodylate (pH 7.4) $ 0.001% CaCl2
for 30 minutes on ice in the dark, with agitation, and then
washed 3 " 10 minutes with 0.1 M sodium cacodylate (pH
7.4) $ 0.001% CaCl2. Samples were dehydrated in a
graded ethanol series (10 minutes each in 35% EtOH, 70%
EtOH, 95% EtOH, and twice in 100% EtOH), washed
twice for 10 minutes in propylene oxide, once in 1:1 mix-
ture of propylene oxide: Spurr’s epoxy resin (Electron Mi-
croscopy Sciences, Ft. Washington, PA) for 1 hour, im-
mersed in 100% Spurr’s epoxy resin for 1 hour, and placed
in fresh 100% Spurr’s epoxy resin overnight for infiltra-
tion. Fish were embedded in 100% firm Spurr’s epoxy
resin in silicone rubber molds (Ted Pella, Redding, CA,
cat. no. 10504) with zebrafish oriented lengthwise, rostral
to caudal. Blocks were baked at 60°C for 18–24 hours.
Sections were typically taken just posterior to the eye to
allow evaluation of several neuromasts in the same sec-
tion (indicated by arrows in Fig. 1A, including neuromasts
IO3, IO4, M2, MI1, O1, O2, OC1, and/or OP1 using the
nomenclature of Raible and Kruse [2000]). Semithin sec-
tions (% 2 !m) were cut and stained with 1% Toluidine
blue in 1% sodium borate and examined. When a semithin
section was observed in which neuromasts were present,
ultrathin sections of % 90 nm were collected on 200 mesh
Athene thin-bar grids (Ted Pella). A semithin section was
taken between two series of ultrathin sections to allow
observation of a different set of hair cells (HCs) from the
same neuromasts. Tissue was contrasted with 5% uranyl
acetate in 50% methanol for 20 minutes, rinsed with 50%
methanol and counterstained with 0.3% lead citrate in 0.1
N NaOH for 4 minutes, then rinsed with distilled water.
Samples were examined with a JEOL 1200EXII transmis-
sion electron microscope and photographed. Negatives
were scanned at 600 dpi to create positive digital images.
The entire image was adjusted to optimize the contrast
and brightness and cropped. For enumeration of events
observed in HCs in Table 1, HCs with one or more swollen
mitochondria were counted as containing swollen mito-
chondria. We define swollen mitochondria in this study as
mitochondria that are less electron-dense (increased
translucence) than normal with reduced or disordered
cristae.

RESULTS
Structure of the zebrafish lateral line hair

cells
We examined the cellular events preceding hair cell

(HC) death to identify the earliest evidence of drug-
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induced alterations. To establish the baseline character-
istics of the lateral line HCs we assessed in detail mock-
treated wildtype zebrafish larvae at 5 dpf (control animals
with all transfers performed as in neomycin-exposed fish
but in embryo medium). The neuromasts are structures
composed of HCs and support cells, which project volcano-
like from the surface of the larval zebrafish. The stereo-
typical location of the neuromasts of the anterior lateral
line, surrounding the head, and the posterior lateral line,
along the midline of the tail, are illustrated schematically
in Figure 1A. Each neuromast contains 3–15 HCs at this
age (Harris, et al., 2003; Santos et al., 2006). Preferential
labeling of HCs by vital dyes such as DASPEI (a mitochon-
drial dye) and YO-PRO-1 (a DNA dye) reveals their orga-
nization in grape-like rosettes (Fig. 1B–D). The overall
ultrastructure of the neuromast is seen in transverse sec-
tions, as shown in Figure 2. The bottle-shaped HCs of one
rosette are observed centrally and are encircled peripher-
ally by mantle cells (MC) and overlying crescent cells
(CC). The crescent cells are epithelial cells that overlie the

outside of the neuromast, except at its center, where the
apical surface of the HC and the support cells create a
contiguous surface exposed to the outside of the animal.
The support cell nuclei and the bulk of their cytoplasm
(SC) are found in the layer below the HCs. However,
cytoplasmic projections of the support cells extend to the
apical surface and separate adjacent HCs (highlighted in
one case by white arrows in Fig. 2). The proximal side of
the neuromast is bound by a basement membrane (bm,
Fig. 2). The afferent and efferent nerve fibers enter the
neuromast basally through the basement membrane and
contact the basal ends of the HCs.

HCs exhibit a dense granular cytoplasm with abundant
mitochondria, ribosomes, and vacuoles (Fig. 2), in contrast
to the more lightly stained, less dense cytoplasm of sur-
rounding support cells. However, the density of the HC
cytoplasm varies and, although less common at this stage,
there are HCs with lighter cytoplasm (e.g., Fig. 3A, hc).
Prominent nuclei with dense peripheral chromatin and
heterogeneous interior regions are observed in both the

Fig. 2. Transmission electron micrograph of a transverse section
through a neuromast of a zebrafish 5 dpf larva. Bottle-shaped hair
cells (HC) are seen centrally. A stereocilia bundle (asterisk) from one
of the hair cells and a kinocilium (k) from another are present,
projecting from the apical surface of the hair cells. Underlying the
hair cells are support cells (SC) with lighter cytoplasm and processes
separating HCs, which extend to the apical surface (between white

arrows) where they bear microvilli (thin black arrows). The HCs and
SCs are enclosed by mantle cells (MC) and crescent cells (CC). A
basement membrane (bm) underlies the neuromast below the support
cell layer. Nerve fibers (black arrowhead) are seen crossing the basilar
membrane and ending at the base of HCs (large black arrows). Scale
bar # 3 !m.

The Journal of Comparative Neurology. DOI 10.1002/cne

526 K.N. OWENS ET AL.



HCs and support cells. The nuclei of the HCs are located
basally, with the bulk of the cytoplasm extending apically.
There are stereocilia and a kinocilium present at the api-
cal end of the HC, as seen in Figures 2 and 3A. Electron
densities are seen at the base of the stereocilia where the
actin filaments insert into the dense cuticular plate (noted
by white arrows in Fig. 3B). Microvilli are present apically
on support cells (black arrows in Figs. 2, 3A,B). Junctions
between HCs and support cells are of two types: 1) zonula
occludens junctions between HC cuticular plate and the
apical part of support cells (arrowheads in Fig. 3C), and 2)
desmosome-like junctions tightly attaching cells along the
lateral walls to the base of HCs (arrows in Fig. 3C). Abun-
dant mitochondria are found throughout the cytoplasm of
the HCs (Figs. 2, 3A), including regions under the cuticu-
lar plate, along the lateral walls of the HC, and surround-
ing the nuclei both apically and basally (Fig. 3E). The
mitochondria appear to have a tubular appearance, often
extending a long distance longitudinally (e.g., Fig. 3D).
Some mitochondria appear more discrete in size; however,
it is not possible without serial sectioning to determine
whether these are branches or ends of longer mitochon-
dria or a population of smaller mitochondria. The HCs
synapse basally with both afferent neurons and efferent
endings (Fig. 3E). The presynaptic side of the afferent
synapse typically contains a round synaptic body sur-
rounded by synaptic vesicles, while the postsynaptic side
is distinguished by an ending with clear cytoplasm and
numerous mitochondria. Occasionally, these postsynaptic
afferent endings appear swollen (Figs. 2, 3A), as in the
initial steps of an excitotoxic process. The efferent synapse
(Fig. 3E, labeled e) is characterized by a presynaptic end-
ing filled with microvesicles and a postsynaptic cistern
along the HC membrane.

Response to aminoglycosides is rapid
To observe the cellular events after aminoglycoside ex-

posure, we examined the lateral line following brief expo-
sure to neomycin over a range of concentrations (0–200
!M). We monitored the response in vivo by labeling HCs
with the vital dye DASPEI. To observe the ultrastructural
changes underlying this rapid HC response in vivo, we
simultaneously prepared zebrafish larvae for TEM analy-
sis in parallel to our in vivo examination. Larvae were
exposed to neomycin for 15, 30, or 60 minutes, rinsed in
fresh media, and either labeled with DASPEI and exam-
ined (Fig. 4) or immediately euthanized and fixed for TEM
analysis (Figs. 6–10).

The in vivo response of larvae is illustrated in Figure 4
for four treatment conditions: 1) neomycin exposure for 60
minutes followed by a 180-minute recovery (in normal
embryo medium); 2) neomycin exposure for 30 minutes
and followed by a 60-minute recovery; 3) neomycin expo-
sure for 30 minutes with no recovery period; or 4) neomy-
cin exposure for 15 minutes and no recovery period. The
first condition (60-minute exposure and 180-minute recov-
ery) mirrors earlier results (Harris et al., 2003) and is
provided for comparison with shorter exposures, which
are the focus of this study. DASPEI is a mitochondrial
potentiometric dye, and thus monitors loss of mitochon-
drial potential and/or loss of HCs. Examples of HCs
stained with DASPEI are shown for the shorter time
courses in Figure 4A–H. HCs show robust staining in
mock-treated control (Fig. 4A,B). Larvae exposed to a low,
25-!M dose of neomycin exhibit little change in DASPEI

staining from controls, as seen in Figure 4C (15 min ex-
posure) or 4D (30 min exposure). Reduction in DASPEI
staining is observed following short 15-minute (Fig. 4E) or
30-minute (Fig. 4F) exposures to 50 !M neomycin. Among
larvae exposed to a high, 200-!M dose of neomycin (Fig.
4G,H), DASPEI staining is markedly reduced with in-
creasing time from onset of drug exposure. Exposure to
200 !M neomycin for either 30 or 60 minutes with a
recovery period results in a maximum loss of HC labeling
by DASPEI that is not statistically different (Fig. 4). This
loss is significantly attenuated with 15- or 30-minute drug
exposure without a recovery period. Surprisingly, the re-
sponse of HCs to the lower doses of neomycin is relatively
constant regardless of time between drug exposure and
examination (see 25- or 50-!M doses in Fig. 4).

Rapid changes in mitochondria occur in vivo
following aminoglycoside exposure

DASPEI is reported to be a mitochondrial potentiomet-
ric dye. To verify and more precisely follow mitochondrial
changes in vivo, we performed time-lapse imaging of early
response to aminoglycosides (Fig. 5) using MTG to moni-
tor mitochondrial mass and MTR to assess the presence of
mitochondrial potential. We examined the response of mi-
tochondria in HCs at 5-minute intervals for 30 minutes.
HC mitochondria labeled with either dye alone exhibit
little bleaching over the imaging period (MTG, Fig. 5A,B,
or MTR, Fig. 5C,D) and little bleed-through between chan-
nels. HC mitochondria of mock-treated controls colabeled
with MTR and MTG dyes show robust staining at the end
of the 30-minute imaging window (Fig. 5E). By contrast,
after treatment with 50 !M neomycin there is a dramatic
loss of MTR fluorescence (Fig. 5F), indicative of a loss of
mitochondrial potential with ongoing aminoglycoside ex-
posure. To quantify this effect we determined the ratio of
MTR to MTG fluorescent intensities within each neuro-
mast (summed across optical sections) for each timepoint.
The mean change in MTR/MTG ratio is plotted in Figure
5G for neuromasts of fish treated with no drug (mock-
treated controls) or fish treated with 25 or 50 !M neomy-
cin. There is a notable decrease in the MTR/MTG ratio
over time, indicative of a loss of mitochondrial potential
after neomycin exposure.

Ultrastructural changes in response to
aminoglycosides

We sought to understand more precisely the types of
subcellular events that lead to loss of HCs and therefore
evaluated the ultrastructure of neuromasts under our
treatment regimes. Quantitative results of the TEM anal-
ysis are shown in Table 1 and micrographs illustrating
observations are shown in Figures 6–10.

To quantify the observations we made, we examined all
of the neuromasts and HCs in our TEM grids and evalu-
ated any alterations in each HC. We observed HCs with
dilated mitochondria, condensed nuclei, fused stereocilia,
dense cytoplasm, vacuolated light cytoplasm, and extru-
sion of HCs apically. The prevalence of these events is
shown in Table 1. The most prevalent effect observed was
mitochondrial swelling; mitochondria within HCs of ani-
mals exposed to neomycin are qualitatively less electron-
dense, with fewer cristae present (Table 1, % HC mito
damage; Fig. 9). We note that cristae have a consistent 20
nm size whether in control or neomycin-damaged mito-
chondria. We also enumerated those HCs with more se-
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vere damage indicated by condensed or pyknotic nuclei or
cytolytic hallmarks (Table 1, % of HC with severe dam-
age). General conclusions drawn from the observations
presented in Table 1 are that increasing time or dose
corresponds to more prevalent mitochondrial changes and
also to more HCs with severe damage. Increase in neomy-
cin concentration had a more profound effect than in-
creases in drug exposure time.

Figure 6 shows representative electron micrographs of
neuromasts after exposure to a high (200 !M) dose of
neomycin. This figure illustrates the effect of increasing
neomycin exposure time on the response of HCs (Fig.
6A–C). In all cases there is marked damage among the
HCs, and by 60 minutes of exposure most of the HCs have
been removed from the epithelium.

Dying HCs in advanced stages of degeneration are ob-
served even within 15 minutes of exposure to 200 !M
neomycin, illustrating that neomycin-induced damage can
occur rapidly (Fig. 6A). Collapse of the apical surface of
neuromasts is typically evident. Severely damaged HCs
can show an apoptotic-like appearance (asterisk in Fig.
6A) including swollen mitochondria, pyknotic or frag-
mented nuclei, and darkened cytoplasmic contents (indi-
cated in Table 1 as % HC with condensed nuclei and % HC
with dark cytoplasm). Alternatively, a more necrotic or
cytolytic appearance (black arrowhead in Fig. 6A, and in
Table 1 as % HC cytolytic) with swollen mitochondria,
light cytoplasm and overall enlarged size is sometimes
seen. Both types of damaged HCs can be observed in the
same neuromast and can be in proximity, although cells
with dark cytoplasm are more prevalent (see Table 1).
Among HCs in these samples, 73% show some form of
severe damage. At this high dose of neomycin most re-
maining HCs show some ultrastructural alteration, with
80% of HCs having mitochondrial alterations.

After 30 minutes of exposure to 200 !M neomycin and 1
hour recovery, most HCs observed show evidence of severe
damage. Condensed, pyknotic nuclei are frequently ob-
served (Fig. 6B). The same 30-minute drug exposure with-
out any additional recovery time prior to fixation (Table 1)
reveals that severely damaged cells can be observed al-

ready. We were not able to quantify the extent of damage
in these treatment conditions since the severity of degen-
eration precluded accurate counting of HCs.

After 1 hour exposure to 200 !M neomycin, neuromasts
show loss of almost all HCs (Fig. 6C). Clearing of the dead
HCs has apparently occurred, as only sparse cell debris is
seen. In contrast, support cells are found with a frequency
comparable to wildtype and appear to have expanded
their apical processes to fill the gaps. The location of some
support cell nuclei is more apical than in neuromasts of
untreated zebrafish. Edges of the epithelial cells are more
closely apposed and correspond to an overall decrease and
a flattening in the apical surface of the neuromast.

Aminoglycosides induce mitochondrial
swelling in the zebrafish lateral line

In order to determine the first events in response to
aminoglycosides in the zebrafish lateral line as detectable
by TEM, we treated larvae with low doses of neomycin (50
and 25 !M) for short periods of time (15 or 30 minutes)
and examined neuromast ultrastructure (Figs. 7, 8, re-
spectively).

When zebrafish are exposed to 50 !M neomycin, the
overall damage to HCs is less than that observed with 200
!M neomycin; 10–41% of HCs exhibit severe damage as
compared to greater than 73% of HCs following exposure
to 200 !M neomycin (Table 1). In addition, there is wide
variability in the response to this lower dose. Figures 7A
and 7B illustrate neuromasts representative of the ex-
tremes observed. Figure 7A shows a neuromast with se-
verely damaged HCs following treatment with 50 !M
neomycin for 15 minutes, including shrunken cells and
condensed nuclei (Fig. 7A, asterisk and arrowheads, re-
spectively). In this example the apical surface of the neu-
romast is deformed centrally, as if it has collapsed. How-
ever, unlike treatment with 200 !M neomycin, where this
is a common feature, treatment with 50 !M neomycin
usually leaves the overall structure of the neuromast
largely intact. Some neuromasts show relatively little
damage, such as that in Figure 7B, where HCs exhibiting
no apparent damage reside alongside HCs with swollen
mitochondria.

Overall, the most predominant cellular alteration ob-
served after treatment with 50 !M neomycin was swollen
mitochondria (37–67% of HCs, Table 1, Fig. 9). Mitochon-
dria surrounding the nuclei appear more affected than
those located more distantly within the HC. The swollen
mitochondria often occupy a relatively large proportion of
the cytoplasm as in Figures 7C,D or 10G. To a lesser
extent, we observed other cellular damage, as tabulated in
Table 1. Alterations observed include nuclear condensa-
tion (as in Fig. 7A, arrowheads), swollen cytolytic HCs
(e.g., Fig. 7D, denoted by the black asterisk) or shrunken
HCs with dark cytoplasm (e.g., Fig. 7D, denoted by the
white asterisk), and fusion of stereocilia (e.g., Fig. 7A or
7D, white asterisks).

Following treatment with 25 !M neomycin for 15 min-
utes, most HCs are fairly normal in appearance. Figures
8A and 8B show neuromasts following exposure to 25 !M
neomycin for 15 minutes to illustrate the range of damage
observed. Some HC nuclei appear homogeneous without
exhibiting shrinkage (see Fig. 8A, asterisk), suggesting
that nuclear condensation is just beginning. While the
majority of HCs show no apparent nuclear response, sub-
stantial numbers show a mitochondrial response (19–

Fig. 3. TEM micrographs of wildtype neuromast ultrastructure.
A: Heterogeneity among hair cells within a neuromast can be ob-
served. Some hair cells (HC) have dense, darkly stained cytoplasm
while others (hc) have less dense cytoplasm. The even lighter cyto-
plasm of support cells (SC) can be observed between the hair cells. At
the basal pole of two of the hair cells a synaptic body is seen facing a
swollen afferent nerve ending (a). Kinocilium (k), microvilli (black
arrows), and groups of stereocilia (asterisks) are observed apically.
B: Higher magnification of the apical surface of a hair cell from Figure
2. Stereocilia are embedded in a cuticular plate (cp); the actin fila-
ments and their rootlets (white arrows) are clearly seen. Note some
microvilli (black arrows) on the top of adjacent support cells.
C: Higher magnification of the apical surface of several hair cells and
intervening support cells. Zonula occludens between HC and SC
(black arrowheads) form a tight apical surface. Desmosomal-like junc-
tions are present more basally (black arrows). D: Higher magnifica-
tion of normal hair cell mitochondria (m) with regularly spaced cris-
tae. E: Higher magnification of a hair cell (HC) synaptic pole. Both
afferent (a) and efferent (e) endings are seen in this section as well as
nearby mitochondria (m). The afferent ending has a clear cytoplasm
and opposes a classical presynaptic body (white arrowhead) sur-
rounded by a ring of microvesicles. The efferent ending is filled with
microvesicles and faces a postsynaptic cistern (white arrow). Scale
bars # 3 !m in A; 0.5 !m in B,D; 0.2 !m in C; 1 !m in E.
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49%, Table 1). Rare HCs showed evulsion of the cuticular
plate (Fig. 8D) or stereocilia fusion, in concert with mito-
chondrial swelling. In contrast, most HCs with mitochon-
drial responses had normal stereocilia and cuticular plate
morphology.

Mitochondria from HCs and from adjacent afferent end-
ings or support cells are shown in Figure 9 at higher
resolution. In mock-treated control animals the mitochon-
dria typically have tightly packed well-ordered cristae
(Fig. 9A, hcm, and 9B), similar in appearance to those in
nearby afferent mitochondria (Fig. 9A, am). In contrast,
the mitochondria of HCs treated with neomycin often
show swelling (Fig. 9E,I, hcm), although nearby afferent
mitochondria resemble afferent mitochondria in un-
treated animals. At low doses of neomycin or short times,
mitochondria with a relatively normal appearance can
also be observed (Fig 9C, hcm, 9D,G, hcm). Swelling in the
mitochondria appears as increased translucence in the
mitochondrial matrix, while the leaflets of membrane
forming the cristae often remain apposed (Figs. 10G,H,
6E,F). Examples of swollen HC mitochondria at high res-
olution are seen in Figure 9E,F,H–J. In animals treated
with neomycin for 15 or 30 minutes the mitochondria of
the afferent endings and support cells appear unaltered
(Fig. 9A,C,E,G,I, am or scm, and 9K). Swelling of nerve
endings is sometimes observed, consistent with an excito-
toxic response (e.g., Sun et al., 2001; reviewed by Pujol
and Puel, 1999), but even in these cases the mitochondria
within the endings show normal morphology.

There is variability in the extent to which mitochondria
within HCs respond to drug treatment (Fig. 10). In some

Fig. 4. In vivo response of hair cells to neomycin exposure as
monitored by DASPEI staining. A–H: Brightest point projections of
the IO2 hair cell labeled with DASPEI from mock-treated or
neomycin-treated larvae. Larvae were treated for 15 minutes
(A,C,E,G) or 30 minutes (B,D,F,H). A,B: mock-treated control fish.
C,D: 25 !M neomycin, E,F: 50 !M neomycin. G,H: 200 !M neomycin.
I: Graph of the percentage of DASPEI staining (normalized to that of
untreated controls fish) observed with different treatment courses.
Larvae were treated with 25, 50, or 200 !M neomycin (10, 75, 110 !M
doses not shown) for 15–60 minutes, rinsed in fresh embryo medium
three times, and allowed to recover for 0–180 minutes before labeling
with DASPEI. Four treatment regimes differing in the time following
onset of drug exposure: 15-minute exposure with no recovery (filled
bars), 30-minute exposure with no recovery (striped bars), 30-minute
exposure and a 60-minute recovery (open bars), or 60-minute expo-
sure and 180-minute recovery (hatched bars). Error bars indicate
SEM. For each dose and treatment regime, 10 neuromasts on 6–15
fish (60–150 neuromasts) were evaluated. By two-factor ANOVA,
there is a significant effect of neomycin dose (P & 0.001) when con-
sidered as a single variable. Reduced hair cell staining was observed
with increasing dose of neomycin (compare all treatments at 25 !M
neomycin to all treatments at 50 !M neomycin to all treatments at
200 !M neomycin). No statistically significant effect of different treat-
ment protocols alone was observed (P ' 0.01). However, there is a
significant interaction of treatment and dose (P & 0.001). At lower
doses (25 and 50 !M neomycin), the degree of hair cell staining is
similar with all treatments (compare bars for treatments with 25 !M
neomycin to each other or compare bars for treatments with 50 !M to
each other). In contrast, with a dose of 200 !M neomycin the degree
of DASPEI staining differs depending on the treatment. There is
significantly less hair cell staining observed with 30 min exposure
with no recovery as compared to 15 min exposure with no recovery,
and significantly less hair cell staining with longer treatments (30
min exposure and 60 min recovery or 60 min exposure and 180 min
recovery). Scale bar # 10 !m.
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HCs all of the mitochondria exhibit swelling, as in Figure
10E. Other HCs contain swollen mitochondria near the
nucleus and normal mitochondria more apically (Fig.
10C). Figure 10D illustrates an example of swelling vary-
ing along a single mitochondrion, in which the portion of

the mitochondrion next to the nucleus is swollen but the
remainder is not. HCs with mitochondrial swelling appear
at times next to HCs without any apparent alteration
(Figs. 8A, 10C,D). Although we have observed examples of
nuclei with perinuclear clearing (e.g., in Fig. 10H), we also
see examples of HCs with notable mitochondrial swelling
in the absence of such perinuclear effects (Fig. 10E), sug-
gesting that this visible nuclear reaction occurs subse-
quent to the mitochondrial response. Generally, the HCs
that show minimal damage have less dense cytoplasm.
Mitochondria of afferent neurons (e.g., Figs. 7D, 10E) and
support cells (e.g., Fig. 10E) appear normal, even when
maintaining synaptic contact with HCs that have swollen
mitochondria. Similarly, normal-appearing presynaptic
bodies were often observed on otherwise deranged HCs
(Figs. 7D,E, 10H).

DISCUSSION
The goal of this study was to evaluate the initial struc-

tural and ultrastructural events in aminoglycoside-
induced mechanosensory cell death in zebrafish lateral
line hair cells. We have demonstrated that aminoglycoside
response occurs remarkably rapidly in this system and we
have begun to evaluate these early cellular events in vivo.
Mitochondrial alterations are the predominant early
structural alterations we observe.

Hair cells of the 5 day old zebrafish larva
demonstrate features of maturity

The ultrastructural features of wildtype untreated neu-
romasts we report here parallel prior observations of the
lateral line in zebrafish (Metcalfe, 1985; Williams and
Holder, 2000) and in other species (Stone, 1933; Wersaell

Fig. 5. Time-lapse imaging of the early response of hair cells to
aminoglycosides. Hair cells are labeled with Mitotracker Red (MTR)
to detect mitochondrial potential and with Mitotracker Green (MTG)
to monitor mitochondrial mass. Constant exposure times were used at
all timepoints. A–F: Raw images of a neuromast imaged with MTR
and/or MTG. Each image is a representative optical slice taken from
a z-stack encompassing the neuromast and cropped with no additional
image processing. A,B: Neuromast of a mock-treated control fish
labeled with MTG only at 5 minutes (A) and 30 minutes (B). C,D:
Neuromast of a mock-treated control fish labeled with MTR only at 5
minutes (C) and 30 minutes (D). E: Images of the SO2 neuromast of a
mock-treated control fish colabeled with both MTR (magenta) and
MTG (green) are shown. The white color indicative of overlapping
MTR or MTG is retained after 30 minutes of imaging. The optical
slices shown are selected from the z-stack at the same level of the
neuromast. Note the optical slice at the 5-minute timepoint at the
comparable level in the neuromast is one slice (1 !M) above those at
other time points due to drift of the animal. F: Images of the SO2
neuromast of a fish treated with 50 !M neomycin. White-gray color
indicative of overlap of Mitotracker Red and Green signals is visible at
the 5-minute timepoint and is successively reduced in subsequent
timepoints. The optical slices shown are selected from the z-stack at
the same level of the neuromast. Note the optical slice at the 5- and
30-minute timepoints at the comparable level in the neuromast are at
different locations in the z-stack due to drift of the animal. G: The
ratio of mean summed fluorescence intensities from MTR and MTG
across the z-stack are shown for neuromasts of mock-treated fish
(solid line, n # 4), fish treated with 25 !M neomycin (dashed line, n #
7) or fish treated with 50 !M neomycin (dotted line, n # 7). Decline in
the ratio of the potentiometric indicator MTR to the mitochondrial
mass indicator MTG is observed with increasing time in 25 !M or 50
!M neomycin but not with mock-treated controls. Scale bars # 20 !m.
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and Flock, 1965; Jorgensen and Flock, 1973; Fay and
Popper, 1999). By 5 dpf these neuromasts have the hall-
marks of maturity, including the presence of stereocilia
with rootlets, intact synapses, and numerous mitochon-
dria and dense cytoplasm indicative of metabolic activity.
We note that kinocilia are associated with stereocilia bun-
dles in adult lateral line HCs and are therefore not a sign
of immaturity. Neuromasts of the anterior lateral line
examined in this study develop between 34 and 72 hours
postfertilization (Raible and Kruse, 2000). By 3.5 dpf, HCs
of the zebrafish lateral line can respond to mechanical
stimuli, as demonstrated by field potential recordings
(Nicolson et al., 1998; Sidi et al., 2003). Onset of amino-
glycoside sensitivity occurs by 4 dpf and appears to stabi-
lize by 5 dpf (Murakami et al., 2003). Thus, our structural
observations are consistent with other measures of matu-
rity. Elaboration of the bony structures surrounding a
subset of the neuromasts occurs after the first month of
growth (Webb and Shirey, 2003). However, it is not known
whether the sensory cells undergo any further structural
development. In another teleost, Astronotus ocellatus, su-
perficial neuromasts are reported to be more resistant to
gentamicin than canal neuromasts (Song et al., 1995). It is
unknown whether this distinction arises later in zebrafish
development. In 5 dpf larval zebrafish all neuromasts
respond similarly to aminoglycosides (this study and Har-
ris et al., 2003).

Response of the zebrafish lateral line to
aminoglycosides is rapid

Degeneration of HCs in the zebrafish lateral line oc-
curred remarkably quickly, within 15 minutes of drug
administration. This is consistent with the effects of neo-
mycin and streptomycin in the lateral line of the fish
Apolchelius lineatus, assayed by behavioral responses

(Kaus, 1987). By contrast, aminoglycoside damage of sen-
sory epithelium has been reported to be slower in vivo and
in vitro in some other preparations, including mammals,
avians, and bullfrog (Baird et al., 1993; Bhave et al., 1995;
Lopez et al., 1997; Hirose et al., 2004; Wagner et al., 2005).
There are several possible explanations for these differ-
ences.

First, the response time between species may reflect
differences in administration of drugs. Systemic routes of
administration require drug transit time to reach the tar-
get tissue and introduce the possibility of confounding
drug metabolism prior to reaching the HC. Several studies
have shown that the onset of damage is more rapid with
acute injection protocols or intratympanic injections or
pledgets than chronic systemic injections of aminoglyco-
sides (Janas et al., 1994; Aran et al., 1999; Heydt et al.,
2004). Our zebrafish are treated in vivo by direct immer-
sion in the drug solution. Due to the external location of

TABLE 1. Percentage of Hair Cells with Different Types of Neomycin-Induced Damage

Neomycin
(!M)

Drug
Exposure

(min)

Recovery
Time
(min)

n
Fish n NMs n HCs1

% HC
Mito

Damage2

% HC
Severe

Damage3

% HC
Dark
Cyto4

% HC
Cytolytic5

% HC
Condensed

Nuclei6

% HC
Fused
Cilia7

% HC
Extrusion8

Control 11 21 96 5 0 0 0 0 0 0
25 15 0 4 9 47 19 2 2 0 0 2 0
25 15 15 2 3 13 38 0 0 0 0 0 0
25 30 0 7 15 92 49 4 2 3 2 3 1

25, all
treatments

all all 13 27 152 38 4.6 2 2 1 3 1

50 15 0 2 4 27 37 15 7 0 7 4 4
50 15 15 3 5 21 50 10 0 0 9 5 0
50 30 0 5 13 70 67 41 19 6 23 1 4

50, all
treatments

All All 10 22 118 56 29.6 13 3 17 3 3

200 15 0 4 6 45 80 73 15 13 42 0 4
200 15 15 2 2 129 n.a. 1009 n.a n.a. n.a. n.a. n.a.
200 30 0 3 5 229 n.a. 869 n.a n.a. n.a. n.a. n.a.
200 30 60 1 3 179 n.a. 829 n.a n.a. n.a. n.a. n.a.
200 60 0 2 4 169 n.a. 829 n.a n.a. n.a. n.a. n.a.

200 all
treatments

20 20 1139 8010 81.49 n.a n.a. n.a. n.a. n.a.

NM, neuromasts; HC, hair cells; n.a., not applicable.
1Number (n) of hair cell (HCs) cannot be directly compared to number of neuromasts (NMs) as some neuromasts have been assessed at two planes of section; this accounts for n
HCs / NM ' 5 (up to 10).
2The percentage of hair cells with mitochondrial damage as indicated by swollen mitochodria with less internal electron density.
3Severe damage is noted if hair cells show any of the following characteristics: condensed cytoplasm and nucleus, cytolytic or necrotic appearance, and/or extrusion.
4The percentage of hair cells with dark cytoplasm: hair cells with cytoplasm notably denser than observed in wildtype.
5The percentage of hair cells with cytolytic appearance observed as light cytoplasm as compared to controls with enlarged hair cells and often the presence of large vacuoles.
6The percentage of hair cells with condensed nuclei observed as dark homogeneous nuclear material.
7The percentage of fused cilia is calculated from the incidence among all scored hair cells. While not all hair cells have visible stereocilia, the majority do. Therefore, this percentage
may be as much as a twofold underrepresentation of occurrence of stereocilia fusion.
8The percentage of hair cells in the process of extrusion, observed by blebbing of the cytoplasm beyond the apical surface of the neuromast.
9At 200 !M neomycin it is difficult to accurately count HCs which appear mainly as remnants and debris. Due to the severity of damage, mitochondrial damage cannot be scored.
10Determined only from 200 !M neomycin exposure for 15 minutes, where 36 HCs out of 45 (all well recognizable) had mitochondrial damage.

Fig. 6. TEM micrographs of neuromast ultrastructure after expo-
sure to 200 !M neomycin. A: Neuromast after 15-minute neomycin
exposure with no recovery. This section of a highly damaged neuro-
mast shows hair cells with two pyknotic nuclei (white asterisks) or a
condensing nucleus (black asterisk) together with some other types of
less frequent hair cell damage, such as a cytolytic cell (black arrow-
head) and partly evulsed hair cells (black arrows). B: Neuromast after
30-minute neomycin exposure and a 60-minute recovery period. Sev-
eral highly condensed fragmented nuclei (black arrows) are present.
Two intact hair cells are visible: one with swollen mitochondria (black
asterisk) and one with a normal appearance (HC). C: Neuromast after
60-minute neomycin exposure and no recovery period. In this section
hair cells are absent and support cells (SC) fill the neuromast. Cellu-
lar debris of dead hair cell(s) (black asterisk) and remaining nerve
endings (black arrows) are present. Scale bars # 5 !M.
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the HCs in the lateral line, confounding effects of systemic
transit and dilution/metabolism of the drug are elimi-
nated. On the other hand, systemic administration does
not necessarily prolong drug accessibility. Gentamicin up-
take and intracellular localization occurs within 30 min-
utes of direct exposure of bullfrog explants (Steyger et al.,
2003), which is similar to the initial localization time seen
when bullfrogs were systemically injected with gentami-
cin (Dai et al., 2006).

Second, differences in response times between species
and tissues may reflect tissue-specific differences between
the lateral line and the inner ear. There is experimental
precedent for tissue-specific differences in aminoglycoside
response (Cotanche, 1994; Forge and Schacht, 2000).
Outer HCs in the cochlea are more sensitive than inner
HCs, basal HCs more sensitive than apical, and vestibular
type I HCs are generally more sensitive than type II HCs.
Morphologically, zebrafish lateral line HCs are more
vestibular-like in that they bear a kinocilium and, like
type II vestibular HCs, have afferent innervation with
bouton rather than calyx synapses. Some aminoglycosides
are more vestibulotoxic than cochleotoxic, while the oppo-
site is true of other aminoglycosides. Neomycin, used here,
is reported to be more cochleotoxic than vestibulotoxic in
some species (Hawkins and Lurie, 1953).

Third, differences in response time may reflect purely
species-specific differences in uptake of aminoglycosides
or activation of different response pathways. Direct com-
parison of the uptake time of fluorescently tagged genta-
micin following systemic injection by Dai et al. (2006)
revealed differences in the time of initial HC labeling
postinjection between several vertebrates (30 minutes in
bullfrog, 6 hours in chick, 3 hours in guinea pig, and 3–72
hours in mice). Furthermore, although aminoglycosides
can reach the HCs in guinea pigs in 3 hours, the response
of HCs typically is not observed until 6–24 hours (Tachi-
bana et al., 1986; Hiel et al., 1993; Ding and Salvi, 2003;
Imamura and Adams, 2003). On the other hand, some
initial events have been reported to occur quite rapidly in
vitro (where there is presumably less transit time re-
quired for drug to reach the HCs). In vitro cultures of
sensory epithelium respond to aminoglycosides within a
day (e.g., Matsui et al., 2000). Initial cellular responses
can be rapid, e.g., reactive oxygen species (ROS) produc-

tion occurred within 50–150 seconds of exposure to gen-
tamicin in cultured chick basilar papillae (Hirose et al.,
1999). Similarly, alteration in stereocilia stiffness induced
by aminoglycosides occurs within 10 minutes of treatment
(Kossl et al., 1990).

Notably, many of the intracellular events we observe in
these zebrafish lateral line HCs are similar to early stages
of damage observed in other species, despite differences in
the time of response, suggesting that the processes are
similar (Wersall and Hawkins, 1962; Ylikoski, 1974; Hi-
rose et al., 1999, 2004). These observations, of course, do
not rule out differences in the underlying signaling cas-
cades. Only more thorough understanding of the neces-
sary and sufficient cellular events as well as the alterna-
tive signaling cascades that can be accessed in each
system will allow us to address this issue in an adequate
way. This point has been emphasized by the findings of
Schacht and colleagues (Jiang et al., 2006).

We observed that clearing of damaged HCs also can
occur rapidly. By 60 minutes post-treatment, some neuro-
masts lack HCs while retaining an otherwise normal ap-
pearance. Rapid wound healing responses have been ob-
served in many species of fish including zebrafish (Poss et
al., 2003; Redd et al., 2004). It is perhaps not surprising
that an aquatic animal would rapidly repair external dam-
age. The majority of HC evulsion events occurred within
30 minutes of initial exposure to neomycin. This is consis-
tent with reports that apoptotic cells are cleared within
1–2 hours (Weil et al., 1996). Movement of support cell
nuclei apically is reminiscent of lumenal movements ob-
served with regenerating HCs in chick (Duckert and
Rubel, 1990; Hirose, et al., 2004). The evulsed cells were
contiguous with adjacent support cells, indicating that
junctions at the apical surface are maintained. This sug-
gests that evulsion is a regulated process akin to that
reported in other sensory epithelia (McDowell et al., 1989;
Kelley et al., 1995; Leonova and Raphael, 1997). Some
highly degenerate cells are also observed within the neu-
romast. It is not clear whether these are yet to be evulsed
or whether they may be degraded or phagocytosed in situ
as has been seen in some sensory epithelia (Forge, 1985;
Fredelius and Rask-Andersen, 1990; Raphael et al., 1993;
Jones and Corwin, 1996; Bhave et al., 1998).

Mitochondrial changes are an early
response to aminoglycosides

The earliest and most prevalent alteration we observe
at the ultrastructural level is mitochondrial swelling.
With increasing exposure, dose, and/or survival time more
HCs exhibit mitochondrial swelling. There is precedent for
mitochondrial involvement in the aminoglycoside re-
sponse of HCs. Early ultrastructure reports of chronic
aminoglycoside exposure noted mitochondrial alterations
including swelling alongside numerous other cellular
changes (Friedman and Bird, 1961; Duvall and Wersall,
1964; Fermin and Igarashi, 1983; Lee et al., 1994). Nota-
bly, Bagger-Sjobak and Wersall (1978) observed progres-
sively more severe mitochondrial swelling in the lizard
lateral line after 7 and 21 days of chronic gentamicin
treatment. However, it was not clear whether substantial
HC loss had already occurred prior to their observations of
these surviving HCs. The initial mitochondrial alterations
they observed are reminiscent of the swollen mitochondria
in the present study. There is also precedence for altered
mitochondrial function in aminoglycoside-treated HCs.

Fig. 7. TEM micrographs of neuromast ultrastructure after expo-
sure to 50 !M neomycin. A: Neuromast after 30-minute exposure and
no recovery. Note the severe damage shown in this neuromast with its
deformed apical surface. On the right, most hair cells have already
degenerated, as seen by remnants of condensed cytoplasm and py-
knotic nuclei (arrowheads). On the left, a hair cell (white asterisk)
shows dark cytoplasm and nuclear condensation. Swollen mitochon-
dria are also present. B: Neuromast after 15-minute exposure and no
recovery. Most hair cells (HC) have a normal appearance, but some
(black asterisks) have swollen mitochondria. Normal stereocilia bun-
dles are observed on several hair cells (black arrows). C: Less com-
monly, hair cells exhibit fused stereocilia (arrow) in addition to swol-
len mitochondria. D: Higher magnification of two degenerating hair
cells, both having swollen mitochondria. The left hair cell (black
asterisk) with a clear cytoplasm seems to be starting a cytolytic
process, while the right hair cell (white asterisk) with a dark and
condensed cytoplasm appears to be undergoing an apoptotic-like pro-
cess. Note that a presynaptic body (arrow) is still recognizable and
mitochondria in the afferent ending are not swollen. Scale bars # 5
!m in A,B; 1 !m in C,D.
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Figure 8
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Hyde and Rubel (1995) observed that inhibition of mito-
chondrial protein synthesis increased gentamicin toxicity
in chick auditory organ, suggesting that mitochondrial
biogenesis plays a role in modulating HC damage. Ami-
noglycosides have been implicated in the production of
ROS and the mitochondrion has been implicated as an
organelle that functions in the intracellular regulation of
ROS (Priuska and Schacht, 1995; Hirose et al., 1997; Sha
et al., 1999; Wallace, 2005). Furthermore, mitochondrial
dysfunction is thought to increase ROS levels and be im-
plicated in noise- and age-related hearing loss (Hender-
son, 1999; Kopke, 1999; Nicotera et al., 2003; Pickles,
2003), and several antioxidants have provided some pro-
tection against acoustic as well as drug-produced damage
(e.g., Schacht, 1999; Dehne et al., 2000; Wang et al., 2003;
McFadden et al., 2003; Rybak and Whitworth, 2005). Per-
haps the strongest indicator of a role of mitochondria in
modulating HC damage is the existence of families bear-
ing genetic mutations in mitochondrial genes (e.g.,
Fischel-Ghodsian, 1999; Guan et al., 2000; Pickles, 2003;
Zhao et al., 2004).

We observed mitochondrial matrix expansion with re-
tention of some cristae rather than swelling of the inter-
membrane space. Expansion of the mitochondrial matrix
is classically associated with abnormal opening or transi-
tioning of the mitochondrial transition pore (MTP), efflux
of protons, and loss of mitochondrial membrane potential
(Bernardi et al., 1994; Vander Heiden et al., 1997; Kro-
emer and Reed, 2000; Fernandez-Checa, 2003). Together,
depolarization of the mitochondrial potential and expan-
sion of the matrix is thought to lead to outer membrane
rupture and subsequent release of intermembrane space
apoptogenic proteins, such as cytochrome c, Smac/Diablo,
AIF, and EndoG (Desagher and Martinou, 2000; Tsuji-
moto, 2003). Mather et al. (2001) demonstrated that ami-
noglycosides can induce rupture of outer mitochondrial
membranes and release of soluble intermembrane pro-
teins from liver mitochondria in vitro. Our in vivo assess-
ment of mitochondrial membrane potential indicates that
there is a rapid drop in mitochondrial membrane potential
in the lateral line HCs prior to nuclear condensation or
fragmentation. A similar loss of mitochondrial membrane
potential was reported by Denhe et al. (2002) an hour
prior to HC loss in the guinea pig cochlear explants during
continual gentamicin exposure. Inhibition of the mito-

chondrial transition pore with cyclosporin A partially in-
hibited this depolarization. Analogously, Sandoval and
Molitoris (2004) observed reduction in the mitochondrial
membrane potential in kidney cells following gentamicin
treatment and concluded that it may be one of the earliest
effects on the proximal tubules cells.

Are mitochondria a direct or indirect target
of aminoglycosides?

Two hypotheses for the role of mitochondria in amino-
glycoside response are: 1) mitochondria are the direct
target of aminoglycosides, or 2) mitochondria respond to
other preceding cellular events within the cells. TEM
analysis can only detect cellular events with a morpholog-
ical correlate. Thus, while alteration of mitochondria is
the first structural change we observe, it may not be the
first cellular event. However, if cellular events occur prior
to mitochondrial response they must occur rapidly (& 15
minutes).

Several lines of evidence suggest that the mitochon-
drion may be a direct target of aminoglycosides. Amino-
glycosides are localized to mitochondria in HCs, along
with numerous other subcellular locations (Tachibana et
al., 1986; Hiel et al., 1993; Ding and Salvi, 2003; Imamura
and Adams, 2003; Steyger et al., 2003), making it plausi-
ble that they act at the mitochondrion. The bactericidal
activity of aminoglycosides results from binding to the
rRNA components of the small ribosome subunit and in-
hibition of translation (Davies, 1965). It has long been
thought that aminoglycosides do not bind eukaryotic ribo-
somes due to their evolutionarily divergence (Wilhelm et
al., 1978). Recent structural solutions of ribosome-bound
aminoglycoside molecules indicated that the binding site
is indeed divergent between the prokaryotic and eukary-
otic ribosomal subunits (Recht et al., 1999; Vincens and
Westof, 2003; Kaul et al., 2005). However, the mitochon-
drial ribosome resembles the prokaryotic ribosome (Gutell
et al., 1994), suggesting that it may be a target of amino-
glycosides. On the other hand, the rapidity of damage we
observe would seem to preclude inhibition of protein syn-
thesis at least for the most rapidly responding HCs. Yet
recent identification of a yeast nuclear-encoded mitochon-
drial modifier capable of eliminating protein synthesis in
the presence of a mutation conferring aminoglycoside sus-
ceptibility (Yan et al., 2005) supports the suggestion that
mitochondrial translational apparatus can be a target of
aminoglycosides. Other aspects of mitochondrial biology
also could be targeted such as mitochondrial fusion/
fission, which has recently been implicated in cell death
responses (Chen and Chan, 2005).

Alternatively, the impact of aminoglycosides on mito-
chondria may be an indirect response to other cellular
signals that coordinate cell death/survival responses (Da-
nial and Korsmeyer, 2004). Studies from several groups
indicate the activation of intrinsic, mitochondrially orga-
nized, cell death pathways in the response of HCs to
aminoglycosides, although different initial triggering
events have been noted. Studies by Mangiardi et al. (2004)
and Myrdal et al. (2005) are consistent with a nuclear
target for aminoglycosides, possibly via T-cell restricted
intracellular antigen-related protein, TIAR. The efficacy
of D-JNK-1, an inhibitor of the MAPK-JNK signaling
pathways in prevention of HC loss, indicates a role of JNK
during both drug- and noise-induced damage (Wang et al.,
2003; Matsui et al., 2004). Ras activation also occurs with

Fig. 8. TEM micrographs of neuromast ultrastructure after expo-
sure to 25 !M neomycin for 15 minutes and no recovery period (A,B)
or 30 minutes and no recovery period (C,D). A: A neuromast exem-
plifying the most severe damage observed at 15-minute exposure to 25
!M neomycin. One hair cell (asterisk) has clear cytoplasm and an
altered homogeneous nucleus with swollen mitochondria (arrows)
among hair cells with a normal appearance (HC). A fragment of the
extracellular cupula is visible above the neuromast. At the far right,
a partially extruded hair cell is present. B: A neuromast exemplifying
minimal damage. Most hair cells (HC) have a normal appearance, but
some exhibit mitochondrial swelling (arrows). C: An example of the
most severely damaged hair cell at 25 !M exposure for 30 minutes.
This hair cell (white asterisk) exhibits a dense cytoplasm and nucleus,
and evulsion of its cuticular plate (arrowhead). The adjacent two hair
cells (HC) have a normal appearance, except for some mitochondrial
swelling (arrows). D: A rare hair cell shows extrusion of cytoplasm
(arrowhead) at the site of the kinocilium. Note the normal appearance
of adjoining stereocilia and cuticular plate (cp). Scale bars # 5 !m in
A,B; 1 !m in C; 0.5 !m in D.
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Fig. 9. TEM micrographs comparing mitochondria following neo-
mycin treatment. A,C,E,G,I: Mitochondria in hair cell (hcm) next to
mitochondrial in afferent ending (am in A,C,G,I) or support cell (scm
in E). High-resolution images of mitochondria in hair cells (B,D,
F,H,K) or afferent ending (J). A,B: Electron-dense mitochondria from

mock-treated control fish. C,D: Treated with 25 !M neomycin for 15
minutes. E,F: Treated with 25 !M neomycin for 30 minutes. G,H:
Treated with 50 !M neomycin for 15 minutes. I,J,K: Treated with 50
!M neomycin for 30 minutes. Scale bars # 200 nm.
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Figure 10
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aminoglycoside exposure in vitro and may serve as the
upstream activator of JNK (Battaglia et al., 2003). It
remains to be determined which, if any, of these events
precedes mitochondrial swelling and which are requisite
for cell death in this system.

Heterogeneous cell death phenotypes
While mitochondrial swelling seems to be a central

event that occurred in the majority of cells that are des-
tined to degenerate, the events that occur after that are
heterogeneous. Stereocilia fusion and HC evulsion (Fur-
ness and Hackney, 1986; Pickles et al., 1987; Takumida et
al., 1989) were seen, but not particularly prevalent. A
potential criticism is that, using TEM analysis, we may be
underestimating the degree of stereocilia fusion. However,
we do observe many HCs with normal stereocilia despite
other intracellular alterations. Comparative analysis of
HCs using SEM and TEM analyses indicated that cyto-
plasmic alterations appeared to precede stereocilia
changes (Lenoir and Puel, 1987). Our observation of HC
evulsion is consistent with apical protrusions and bleb-
bing reported previously by many authors (e.g., Richard-
son and Russell, 1991; Forge and Richardson, 1993; Janas
et al., 1995). Notably, although other studies have re-
ported significant lysosomal inclusions (Ylikoski, 1974;
Gratacap et al., 1985; Lenoir and Puel, 1987; Umemoto et
al., 1994), we did not observe lysosomal inclusions. It is
possible that degenerating HCs with severe damage might
include these structures, perhaps reflecting a faster tran-

sition through these intermediate stages of damage. Al-
ternatively, since most reports of abundant lysosomal in-
clusions have been in sensory epithelia treated with
kanamycin, this may reflect a difference in the aminogly-
coside used.

We observed occasional HCs with little ultrastructural
change other than mitochondrial swelling even after high-
dose neomycin treatment. This is consistent with reten-
tion of immature HCs following aminoglycoside exposure
(Murakami et al., 2003; Santos et al., 2006). We also
observed a few severely degenerated HCs in response to
low-dose exposure. It is unclear why these particular HCs
respond so dramatically. This may reflect a difference in
the metabolic state of the HC at the time of drug exposure.
Heterogeneity in resting mitochondrial ROS of brain as-
trocytes has been associated with variability in mitochon-
drial swelling and permeability transition after irradia-
tion (Peng and Jou, 2004). Alternatively, such variability
may reflect cell-to-cell variability in uptake of drug, as
suggested by Imamura and Adams (2003) in guinea pig
inner ear.

HCs with apoptotic-like features and those with
necrotic-like features include massive organelle failure
and seem unlikely to be reversible. However, many struc-
tural alterations may be survivable. For instance, Gale et
al. (2002) observed HCs in bullfrog saccular cultures that
had lost stereocilia bundles in response to low doses of
aminoglycosides could survive and replace their bundles.
At low aminoglycoside dose (25 !M), we observed that
nearly half of the HCs had alterations in mitochondria,
but few die, even at longer survival times.

Finally, and most prominently, we observed two quite
distinct forms of degeneration, particularly with higher
doses (50–200 !M). Previous studies have reported both
apoptotic-like HC death and necrotic-like HC death in
response to aminoglycosides (e.g., Darrouzet and Guil-
haume, 1974; Park and Cohen, 1984; Nakagawa et al.,
1997; Lopez et al., 1997; Vago et al., 1998; Lenoir et al.,
1999; Forge and Li, 2000). Ultrastructural comparison of
aminoglycoside-induced cell death and staurosporin-
induced cell death of rodent vestibular explants demon-
strated that the majority of HCs were lost by an apoptotic-
like process within 24 hours following treatment with 1
mM gentamicin (Forge and Li, 2000). In contrast, Jiang et
al. (2006) observed both necrotic and apoptotic-like HC
death. Aminoglycosides can induce apoptotic-like,
caspase-dependent cell death pathways including release
of cytochrome c and activation of caspases 3 and 9 (Forge
and Li, 2000; Cunningham et al., 2002; Cheng et al., 2003;
Lee et al., 2004; Matsui et al., 2004). Inhibition of Jun
kinase (Pirvola et al., 2000; Matsui et al., 2002; Ylikoski et
al., 2002; Wang et al., 2003), inhibition of caspase 3, acti-
vation of caspase 9 (Cunningham et al., 2002; Cheng et al.,
2003), or overexpression of anti-apoptotic Bcl2 (Cunning-
ham et al., 2004) can attenuate aminoglycoside-induced
HC death. In contrast, HC death following chronic expo-
sure to aminoglycosides in rodents can also occur along
caspase-independent pathways via EndoG release from
the mitochondria and calpain activation (Ladrech et al.,
2004; Jiang et al., 2006).

Our TEM observations indicate that necrotic-like HCs
can occur in close proximity to apoptotic-like HCs within
the same neuromasts. This argues that the manner of cell
death is driven by cell-to-cell variability rather than spe-
cies or end organ-specific limitations. Our time and dose

Fig. 10 (Overleaf). Variability among hair cells in the response of
mitochondria induced by neomycin. A: Neuromast of a mock-treated
control contain normal mitochondria (white arrows) with tightly packed
cristae. B: Higher resolution of a control neuromast with normal mito-
chondria (white arrows). C–E: Neuromasts after 30-minute exposure to
25 !M neomycin. C: Different mitochondrial morphology between adja-
cent hair cells. Leftmost and rightmost hair cells exhibit swollen mito-
chondria (black arrows) near their nuclei (N) and normal mitochondrial
more apically (white arrows). A neighboring hair cell has a normal
appearance (nHC). D: Adjacent hair cells. Nuclei in both cells appear
unaffected. The hair cell on the right (nHC) shows little or no response
including mitochondria with a normal appearance (white arrows). In
contrast, the hair cell (HC) on the left exhibits swollen mitochondria
(black asterisks). Note the intraorganellar variation in swelling with
disruption of the alignment of cristae in some regions of the mitochondria
but not in other regions. A normal mitochondrion (white arrow) is also
present. E: High magnification of the basal pole of a damaged hair cell
(HC) with an intact synaptic body (white arrowhead). Note the multiple
mitochondria with pronounced swelling (black arrows) around the hair
cell nucleus, whereas the afferent ending (a) and the support cell (SC)
both contain unswollen mitochondria (white arrows). F,G: Neuromasts
following exposure to 50 !M neomycin. F: Adjacent hair cells, one with
swollen mitochondria and pyknotic nuclei (cN) and its neighbor with a
typically sized nucleus showing denser chromatin. Both hair cells have
swollen mitochondria (examples shown by black arrows) throughout the
cells. A more damaged cell with dense cytoplasm is also seen (black
asterisk). G: Hair cell with severely degenerating cytoplasm (black as-
terisk) and multiple mitochondria with extreme swelling (m) and frag-
menting condensed nucleus (cN). Note the retention of apposed mem-
branes of some of the cristae (black arrowhead) despite the extreme
swelling of the mitochondrion. H: The base of a rare surviving hair cell
after 15-minute exposure to 200 !M neomycin. The nucleus (N) is sur-
rounded by a reactive (light) zone. A swollen mitochondrion (m) with
partially intact cristae (black arrowhead) is present, as well as a mito-
chondrion without appreciable swelling (white arrow). Note the normal
presynaptic body (white arrowhead) surrounded by synaptic mi-
crovesicles. Scale bars # 1 !m in A,C–H; 0.5 !m in B.
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data suggest that mitochondrial swelling precedes both
forms of cell death. However, TEM data is, by its nature,
a static snapshot of cellular conditions. Further studies
will be required to sort out the actual pathways that are
both necessary and sufficient for death or survival to oc-
cur. A growing body of evidence indicates that the mito-
chondrion coordinates and conveys signals for cell survival
and cell death (Minamikowa, 1999; Newmeyer and
Ferguson-Miller, 2003). We suggest that mitochondrial
response may be an early, common checkpoint preceding
multiple forms of cell death in sensory epithelia.
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Brief Communications

Auditory Feedback and Song Production Do Not
Regulate Seasonal Growth of Song Control Circuits in Adult
White-Crowned Sparrows

Eliot A. Brenowitz,1,2,4 Karin Lent,1 and Edwin W. Rubel3,4

Departments of 1Psychology, 2Biology, and 3Otolaryngology, and 4The Virginia Merrill Bloedel Hearing Research Center, University of Washington, Seattle,
Washington 98195-1525

An important area of research in neuroscience is understanding what properties of brain structure and function are stimulated by
sensory experience and behavioral performance. We tested the roles of experience and behavior in seasonal plasticity of the neural
circuits that regulate learned song behavior in adult songbirds. Neurons in these circuits receive auditory input and show selective
auditory responses to conspecific song. We asked whether auditory input or song production contribute to seasonal growth of telence-
phalic song nuclei. Adult male Gambel’s white-crowned sparrows were surgically deafened, which eliminates auditory input and greatly
reduces song production. These birds were then exposed to photoperiod and hormonal conditions that regulate the growth of song nuclei.
We measured the volumes of the nuclei HVC, robust nucleus of arcopallium (RA), and area X at 7 and 30 d after exposure to long days plus
testosterone in deafened and normally hearing birds. We also assessed song production and examined protein kinase C (PKC) expression
because previous research reported that immunostaining for PKC increases transiently after deafening. Deafening did not delay or block
the growth of the song nuclei to their full breeding-condition size. PKC activity in RA was not altered by deafening in the sparrows. Song
continued to be well structured for up to 10 months after deafening, but song production decreased almost eightfold. These results
suggest that neither auditory input nor high rates of song production are necessary for seasonal growth of the adult song control system
in this species.

Key words: seasonal; plasticity; auditory; birdsong; testosterone; bird

Introduction
An important issue in neuroscience is whether structural changes
in the brain are related to sensory experience or performance of
learned behavior. Examples include changes in dendritic struc-
ture (Greenough et al., 1987), neurogenesis in the mammalian
olfactory bulb and dentate gyrus (Ming and Song, 2005) and in
the avian hippocampus (Barnea and Nottebohm, 1994) and song
system (Li et al., 2000), and seasonal plasticity of the avian song
system (Brenowitz, 2004). The nature of the cause and effect
relationship between these factors, however, may not always be
clear (Leuner et al., 2006).

We used seasonal plasticity of the avian song system to exam-
ine the contributions of experience and behavior to structural
changes in the brain. The nuclei that control song learning and
production in birds show pronounced seasonal plasticity in vol-
ume and neuronal attributes (for review, see Brenowitz, 2004).

We asked whether auditory stimulation contributes to the sea-
sonal growth of the song nuclei. HVC receives input from fore-
brain auditory regions and projects to the robust nucleus of ar-
copallium (RA) and area X (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material). There are several
reasons for hypothesizing a role for auditory input: (1) neurons
in several song nuclei show auditory responses to song stimuli in
awake and/or anesthetized or sleeping birds, with pronounced
selectivity for a bird’s own song (for review, see Theunissen et al.,
2004); (2) vocalizations are important in coordinating the timing
of reproduction in birds (for review, see Cheng and Durand,
2004); (3) auditory feedback is necessary for the juvenile devel-
opment of song, and its adult maintenance in some species (for
review, see Woolley, 2004); (4) auditory information modifies
expression of several activity-dependent genes (e.g., ZENK, c-fos,
Arc) in telencephalic auditory regions and the song nuclei (for
review, see Mello et al., 2004); and (5) auditory input increases
CREB phosphorylation in HVC neurons and immunostaining
for protein kinase C (PKC) in RA of zebra finches and Bengalese
finches (Sakaguchi and Yamaguchi, 1997; Sakaguchi et al., 1999;
Watanabe et al., 2002).

Deafened birds sing at lower rates than hearing birds (Jarvis
and Nottebohm, 1997) (S. M. N. Woolley and E. W. Rubel, un-
published observation) and this allowed us to also test the
hypothesis that seasonal growth of the song nuclei is the conse-

Received March 20, 2007; revised May 7, 2007; accepted May 20, 2007.
This work was supported by National Institutes of Health Grants MH53032, DC03829, and DC04661. We thank

Mark Konishi for advice on cochlear removal in white-crowned sparrows, Sarah Woolley and Erich Jarvis for provid-
ing unpublished information on the effects of deafening on song rate in other bird species, David Perkel for valuable
suggestions on this manuscript, and John Meitzen for persistence.

Correspondence should be addressed to Eliot A. Brenowitz, Department of Psychology, Box 351525, University of
Washington, Seattle, WA 98195-1525. E-mail: eliotb@u.washington.edu.

DOI:10.1523/JNEUROSCI.1248-07.2007
Copyright © 2007 Society for Neuroscience 0270-6474/07/276810-05$15.00/0

6810 • The Journal of Neuroscience, June 20, 2007 • 27(25):6810 – 6814



quence of high rates of singing (Ball et al., 2002; Sartor et al., 2002;
Sartor and Ball, 2005). This model posits that increased circulat-
ing testosterone (T) during breeding stimulates singing which, in
turn, induces nuclear growth by increasing the synthesis of brain-
derived neurotrophic factor. BDNF increases neuronal recruit-
ment in HVC (Li et al., 2000).

We found that the loss of auditory input and decreased song
production in deafened adult Gambel’s white-crowned sparrows
(GWCSs) did not block or delay seasonal-like growth of song
nuclei.

Materials and Methods
Collection and housing of birds. We collected male GWCSs during their
autumnal migration. Nineteen males were housed for 12 weeks on short
days (sds; 8 h light) to mimic their nonbreeding photoperiod and ensure
they were sensitive to the stimulatory effects of breeding photoperiod and
elevated T. GWCSs kept on sds indefinitely maintain regressed testes,
basal or nondetectable levels of circulating T, and regressed song nuclei
(for review, see Brenowitz, 2004). All birds were 1–2 years old during the
study and age balanced across groups.

Surgical procedure. Eleven birds were anesthetized with isoflurane and
deafened by removing both cochleae from the inner ears (Konishi, 1963;
Woolley and Rubel, 1997). We punctured the tympanic membrane, re-
moved the underlying columella, and inserted a wire hook into the oval
window. The hook was manipulated to seize the basal end of the basilar
papilla (cochlea), which was removed entirely. We confirmed successful
and complete removal of the intact cochlea by floating the excised tissue
in water and examining it under a dissecting microscope. Cochlear re-
moval results in immediate cessation of all acoustically driven and spon-
taneous extracellular action potential activity in the auditory nerve and
nucleus magnocellularis of the auditory brainstem (Born et al., 1991).
Sham surgeries in which the tympanic membrane was exposed but not
punctured were performed on eight additional birds.

One week after the surgery, all birds were photoshifted overnight from
sds to breeding-typical long days (lds; 20 h light). We also then implanted
each bird with a SILASTIC capsule (1.47 mm inner diameter ! 1.96 mm
outer diameter) containing 12 mm of crystalline T to rapidly elevate
plasma concentrations. This sized implant in GWCSs produces circulat-
ing T levels of 7–12 ng/ml (Smith et al., 1997), which corresponds well
with levels in wild breeding birds ("4 –12 ng/ml) (Wingfield and Farner,
1978). Without these implants, captive males do not achieve breeding T
levels (Wingfield and Moore, 1987). HVC, RA, and X express androgen
receptor protein or mRNA. Seasonal growth of the song nuclei occurs
rapidly and sequentially (Tramontin et al., 2000). Within 7 d of exposure
to ld and enhanced T levels, HVC in GWCSs adds "50,000 neurons and
increases its volume to "94% of its maximal size. RA and X grow more
slowly, reaching their maximal size after "20 d. Six of the deafened birds
were therefore killed after 7 d of ld plus T. The remaining five deafened
birds were killed after 30 d. Four of the sham-operated (hearing) birds
were killed after 7 d, and the other four at 30 d. Two survival times were
used to determine whether deafening prevents or delays the time course
of growth of the song nuclei.

Song behavior. We measured song production in all five of the 30 d
deafened and three of the four 30 d hearing birds. Song was recorded
from each bird for 45 min on each of 10 d over days 2–22 after initial ld
plus T exposure; Tramontin et al. (2000) showed that HVC, RA, and X
were fully grown after 20 d of ld plus T in hearing GWCSs. The time and
order of recording each day was randomized between groups. The num-
ber of songs produced by each bird during each 45 min recording session
was counted.

Sonograms of all songs were visually inspected by computer (Syrinx;
J. Burt, University of Washington, Seattle, WA). We did not, however,
quantitatively analyze song structure because both viewing sonograms
and listening to songs suggested that song quality did not degrade in
deafened birds even after 10 months.

Histology and brain morphometry. Birds were anesthetized and per-
fused with saline followed by 4% paraformaldehyde in 0.1 M PBS, pH 7.0,
at 4°C. Brains were processed for sectioning at 40 !m on a freezing

microtome. Every third section was mounted and stained with thionin.
Using standard methods (Tramontin et al., 1998), we measured the vol-
umes of HVC, RA, and X, the three telencephalic song nuclei that un-
dergo pronounced seasonal changes in size. All brain measurements were
made blind to treatment group. To control for possible individual differ-
ences in overall brain size and/or histological preparation, statistical
analyses were conducted on the volumes of each nucleus divided by the
volume of the entire telencephalon. We estimated the volume of the
telencephalon as described previously (Tramontin et al., 2000).

Immunostaining for PKC. Immunostaining for PKC in RA of zebra
finches and Bengalese finches increased transiently after deafening (Sak-
aguchi and Yamaguchi, 1997; Watanabe et al., 2002). To determine
whether PKC activity increased in deafened GWCSs, we immunostained
sections throughout RA from birds in the 7 and 30 d deafened and 30 d
hearing groups. We did not analyze PKC activity in RA of the 7 d hearing
group because previous measurements showed that the other three
groups did not differ (see Results) over a time period when PKC is ele-
vated in deafened finches (Watanabe et al., 2002). We followed the meth-
ods of Watanabe et al. (2002), using a primary antibody for PKC "1
(SC-209; Santa Cruz Biotechnology, Santa Cruz, CA) and the Vectastain
ABC kit (Vector Laboratories, Burlingame, CA). Control sections with-
out primary antibody were processed in parallel and did not show any
specific reaction product.

We used optical densitometry to quantify immunostaining for PKC.
We measured pixel density in sections where the immunoreaction prod-
uct was dark enough to distinguish the borders of RA (n # 7–10 sections
per bird) using a constant illumination level. Pixel density values were
calibrated to a Kodak (Rochester, NY) step tablet and the standards were
fitted to a Rodbard curve (r 2 # 0.9979) in Object Image (version 2.08).
We measured pixel density over the entire area of RA in each sampled
section. To independently assess effects of deafening on PKC activity, we
also measured pixel density over an equal-sized area of the arcopallium
outside RA. This region receives input from several telencephalic audi-
tory regions (Mello et al., 1998). The pixel densities were averaged to
obtain a single value for each region for each bird.

Hormone assay. The plasma concentrations of T at the time of killing
were measured for the 7 and 30 d deafened and 30 d sham groups. We did
not measure T concentrations in the 7 d sham group because previous
analysis showed there to be no significant differences between the other
three groups (see Results), as expected given that all birds received the
same size T implant and photoperiod. We used standard methods to
collect blood, harvest plasma, and measure circulating T by radioimmu-
noassay (Tramontin et al., 2001).

Statistical analyses. The median numbers of songs for each 45 min
recording session on each of the 10 sampling days were compared be-
tween the 30 d deafened and hearing groups with a Mann–Whitney rank
sum test.

The volumes of HVC, RA, and X, divided by the volume of the telen-
cephalon, were compared between the four treatment groups with sepa-
rate one-way ANOVAs for each nucleus, with treatment as the indepen-
dent factor. The ANOVAs were followed by post hoc pairwise
comparisons using the Student–Neuman–Keuls test.

For PKC immunostaining, pixel density over RA was compared be-
tween the four treatment groups using one-way ANOVAs. We used a
Kruskal-Wallis one-way ANOVA on Ranks to test for changes in pixel
density over the arcopallium because these data were not normally
distributed.

Plasma T concentrations were compared between groups with one-
way ANOVAs and the # level for all tests was 0.05.

Results
Song behavior
Deafened birds sang much less than did the hearing birds. Birds
in both the 30 d deafened and hearing groups began to sing within
3 d of their initial exposure to ld plus T. However, the median rate
of song production observed in the deafened birds was 5.7 songs
per 45 min (quartile range, 1.7–15.8), whereas the median rate in
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hearing birds was 40.4 songs per 45 min (range, 16.5–109.3)
(rank sum, t # 65; n # 10; p # 0.003).

Although the deaf birds sang less often, there did not appear to
be any degradation in song structure (supplemental Fig. 2, avail-
able at www.jneurosci.org as supplemental material), even in one
bird observed for 10 months after deafening. Deafened birds con-
tinued to produce well structured songs when exposed to a breed-
ing photoperiod for as long as they were observed.

Brain morphometry
Deafening did not disrupt the growth of HVC, RA, and X. The
volumes of these nuclei did not differ between deafened and hear-
ing birds at either the 7 or 30 d survival times (Table 1, Fig. 1). All
three nuclei in the experimental groups were significantly larger
than in SD birds. Also, all three nuclei were significantly larger in
the 30 d deafened birds than in either 7 d group, the relative
volume of HVC was larger in the 30 d hearing birds than the 7 d
deafened birds, and the absolute volume of X was larger in the
30 d hearing birds than the 7 d hearing birds (Table 1, Fig. 1).

Telencephalon volume did not differ significantly among
treatment groups (Table 1).

Immunostaining for PKC
Deafening did not alter PKC activity in RA in either the 7 d or 30 d
deafened groups relative to the 30 d hearing birds (Fig. 2, Table
2). PKC activity was, however, significantly lower in the arcopal-
lium of the 30 d deafened birds relative to 30 d hearing birds ( post
hoc Dunn’s test, Q # 4.66, p $ 0.05).

Figure 2. Representative sections containing RA (arrowheads) and surrounding auditory
recipient arcopallium immunostained for PKC activity in hearing (top), 7 d deaf (middle), and
30 d deaf (bottom) treatment groups. Optical density measurements indicated that PKC stain-
ing in RA did not differ between the three groups, whereas in arcopallium it was lower in the
30 d deaf than in hearing birds (see Results).

Table 1. Brain morphometry and circulating testosterone levels (x ! SEM)

sd 7 d deaf 7 d hearing 30 d deaf 30 d hearing Fdf p

HVC/telencephalon
(!10%3) 0.93 & 0.08a 1.76 ' 0.09b 1.86 ' 0.04b 2.49 ' 0.09b,c 2.41 ' 0.33c 19.44,23 $0.001

RA/telencephalon
(!0%4) 5.68 ' 0.66a 7.86 ' 0.91a,b

7.99 ' 0.24a,b
11.5 ' 1.08b,c 9.76 ' 0.65c 7.14,23 0.001

X/telencephalon
(!10%3) 2.43 ' 0.31a 4.35 ' 0.36b 4.14 ' 0.32b 6.27 ' 0.18c 5.49 ' 0.46c 19.64,23 $0.001

Telencephalon
(mm3) 596.2 ' 16.3 547.7 ' 57.9 534.1 ' 30.2 590 ' 18.0 539.5 ' 76.2 0.404,23 0.803

Testosterone (ng/ml) 0.04 ' 0.01a 12.9 ' 1.6b N/A 8.4 ' 0.6c 9.6 ' 1.6b,c
25.33,18 $0.001

a,b,cWithin rows, values with different superscripts differ significantly from each other (one-way ANOVA followed by pairwise Student–Neuman–Keuls post hoc comparisons; p $ 0.05). The volumes of these nuclei in GWCSs housed on short
days with regressed song systems from the study by Tramontin et al. (2000) are also shown to demonstrate that seasonal-like growth occurred in each of the 7 and 30 d deaf and hearing groups. The sd birds were housed under the same
conditions as the birds in the present study, before surgery and the shift to ld & T. N/A, Data not collected.

Figure 1. The absolute volumes (x ' SEM) of HVC, RA, and X in the four treatment groups.
Different letters above bars indicate significant differences in volume between the treatment
groups for each nucleus.
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Hormone assay
Plasma T concentration was greater in the deafened and hearing
ld plus T groups than in sd GWCSs (Table 1). T levels were
significantly higher in the 7 d deafened birds than in the 30 d
deafened group, but did not differ significantly between the 7 d
deafened and 30 d hearing or the two 30 d groups (Table 1). In all
ld plus T groups, T concentrations were within the breeding
physiological range (Wingfield and Farner, 1978).

Discussion
A principal finding is that seasonal-like growth of the song nuclei
in adult GWCSs does not require auditory activity. In both sur-
vival groups, there was no significant difference in nuclear vol-
umes between hearing and deafened birds. The larger nuclei in
the 30 d deafened than the 7 d deafened birds might suggest that
deafening delayed the growth of the song system. The nuclei in
the 30 d deafened birds were also larger than those in the 7 d
hearing group, however, which argues against this interpretation.
We suggest that the greater volumes in the 30 d deafened birds
resulted instead from some additional growth of the nuclei be-
tween 7 and 30 d, and this small additional growth achieved
significance because of the lower variance in the 30 d deafened
birds compared with the 30 d hearing group (Table 1, Fig. 1).

The growth of adult song nuclei in the absence of auditory
input is consistent with a developmental study by Burek et al.
(1991). They deafened male zebra finches at 10 d posthatch and
compared the volumes of HVC, RA, and X in deafened and hear-
ing birds killed between 25 and 120 d of age. Deafening did not
delay or prevent the full growth of these nuclei.

A second important result from our study is that seasonal-like
growth of the song nuclei is independent of the rate at which birds
sing. Hearing GWCSs sang nearly eight times more often than
deafened birds. Deafened Bengalese finches, zebra finches, and
canaries also sing less than hearing birds (Jarvis and Nottebohm,
1997). Despite the pronounced difference in song rate between
deafened and hearing GWCSs, the size of the nuclei did not differ.
This suggests that in GWCSs, seasonal-like growth of adult nuclei
is not primarily driven by trophic effects associated with song
performance. Our study therefore does not support the model
proposed by Ball and colleagues (Ball et al., 2002; Sartor and Ball,
2005). This may reflect a species difference in the relative weight-
ing of factors that influence seasonal growth of the song system. It
would be interesting to observe the effects of deafening on song
production and growth of the song nuclei in starlings.

The observations that deafened and hearing GWCSs differed
in auditory input and song production, did not differ in photo-
period or circulating T levels, and their nuclear volumes did not
differ are consistent with an alternative model in which seasonal
growth of their song system is primarily regulated by increased
plasma levels of T and its metabolites in the breeding season. This
model is supported by several studies of GWCSs and song spar-
rows (for review, see Brenowitz, 2004). For example, implanting
T intracerebrally near HVC in sd GWCSs induces growth of
HVC, RA, and X, despite the lack of song production (Brenowitz
and Lent, 2002). Additional support for a primary role of T and
its metabolites comes from a study by Alvarez-Borda and Notte-

bohm (2002). They compared neuronal recruitment to HVC in
gonadally intact and castrated adult nonbreeding male canaries.
When matched for song rate, the gonadally intact birds had four
times as many new RA-projecting neurons in HVC as did the
castrates. This suggests that the contribution of T to HVC neuro-
nal recruitment is greater than that of song production. Much of
the seasonal growth of HVC results from an increase in neuron
number (for review, see Brenowitz, 2004). These studies together
suggest that growth of song nuclei in hearing GWCSs is primarily
regulated by T and its metabolites, with song production and/or
auditory input playing a secondary, if any, role.

Song production is strongly influenced by steroid hormones
(for review, see Harding, 2004), and deafening might reduce song
by depressing hormone levels. This is unlikely for our study, how-
ever, because the rate of T release from the SILASTIC implants
would be independent of auditory input, and plasma T levels did
not differ between the 30 d deafened and hearing birds (Table 1).
Also, chemical deafening of Bengalese finches did not alter en-
dogenous T levels compared with untreated controls (Woolley
and Rubel, 2002). An alternative explanation is that, in the ab-
sence of auditory input from self-song and the vocalizations of
other birds, males were less motivated to sing.

Deafening decreased the song rate, but song structure appar-
ently did not degrade, even after 10 months. This is consistent
with Konishi’s (1965) report that a GWCS deafened after it crys-
tallized song continued to produce well structured song for up to
three years. The prolonged maintenance of song structure in
deafened adult GWCS differs from the decay in song structure
over periods of weeks to months after deafening seen in Bengalese
finches and zebra finches (Nordeen and Nordeen, 1992; Woolley
and Rubel, 1997, 1999, 2002). Because our birds were 1- to
2-year-old, it is unlikely that song maintenance after deafening
was caused by age; the effects of deafening on song in zebra
finches are less pronounced in older adults (2– 6 years) than in
younger birds (Lombardino and Nottebohm, 2000). This differ-
ence in the importance of auditory feedback between adult
GWCS and finches presents an interesting opportunity for com-
parative study of the genetic and physiological mechanisms of the
maintenance of learned song in adult birds.

PKC staining in GWCS RA was not affected by deafening. This
result differs from the transient increase in PKC activity in RA of
both zebra finches and Bengalese finches after deafening (Sak-
aguchi and Yamaguchi, 1997; Watanabe et al., 2002). PKC activ-
ity increased in RA of the finches at the time when song structure
most rapidly degraded in structure, and subsequently decreased
once the finches’ degraded songs stabilized in structure. Given
the presumed role(s) of PKC in some forms of synaptic plasticity
(Routtenberg, 1986), Sakaguchi et al. (1999) interpreted the tem-
porary increase in PKC activity as reflecting a period of neural
plasticity that is functionally associated with changes in song
structure. Because the GWCSs showed no evident change in song
structure, our failure to observe an increase in PKC activity is
consistent with this hypothesis. The decrease in PKC activity in
the auditory recipient arcopallium confirms the success of deaf-
ening and the specificity of activity retained in RA.

Table 2. Pixel density measurements of protein kinase C immunostaining in RA (x ! SEM) and adjacent arcopallium (median, quartile range)

7 d deaf 30 d deaf 30 d hearing Test statistic p

RA 0.67 ' 0.08 0.62 ' 0.04 0.68 ' 0.03 F# 1.182,9 0.362
Arcopallium 0.67 (0.61– 0.72) 0.56 (0.53– 0.58) 0.62 (0.60 – 0.70) H#36.072 $0.001
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Our results are relevant to the broader issue of whether struc-
tural changes in the brain are driven by sensory experience and/or
behavioral performance. In GWCSs, growth of the song nuclei
clearly does not require auditory experience or high levels of song
production. In other models, there is conflicting evidence. For
example, different studies show that engaging in hippocampal-
dependent learning tasks either increases, decreases, or does not
alter the number of new neurons in the hippocampus (for review,
see Leuner et al., 2006). This literature suggests that these hypoth-
eses, although appealing, are challenging to test experimentally.
Furthermore, one can question the implicit assumption that ex-
perience and behavior can be meaningfully dissociated from ac-
tivity in their underlying neural and molecular substrates (Born
and Rubel, 1988).
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Abstract

We have used time-lapse imaging to study cisplatin-induced hair cell death in lateral line neuromasts of zebrafish larvae in vivo. We
found that cisplatin-induced hair cell death occurred much more slowly than had been shown to occur in aminoglycoside-induced hair
cell death. By prelabeling hair cells with FM1-43FX, and assessing hair cell damage, it was established that cisplatin causes hair cell loss
in the lateral line in a dose-dependent fashion. The kinetics of hair cell loss during exposure to different concentrations of cisplatin was
also assessed and it was found that the onset of hair cell loss correlated with the accumulated dose of cisplatin. These data demonstrate
the feasibility and repeatability of cisplatin damage protocols in the zebrafish lateral line and set the stage for future evaluations of mod-
ulation of cisplatin-induced hair cell death.
! 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Ototoxic injury to hair cells is well documented. Two of
the most well described ototoxic agents are aminoglyco-
sides and cisplatin. Investigation of these two agents is both
clinically important, and may provide insights to general
properties underlying hair cell death. Developing damage
protocols for these agents in models systems is thus an
important step in any research protocol.

While aminoglycosides are still frequently used globally
due to their low cost, they are often replaced with effective,
albeit more expensive antibiotics such as fluoroquinolones.
Cisplatin and other platinum derivatives, on the other
hand, are still common components of many chemothera-
peutic regimens, with no true alternatives available. Known

to be effective against a variety of adult and pediatric
malignancies, the use of cisplatin is still limited by its well
known ototoxicity and nephrotoxicity (Reddel et al.,
1982; Thompson et al., 1984).

Cisplatin is known to cause hair cell death, with the
outer hair cells showing greater susceptibility than inner
hair cells; the cisplatin derivative carboplatin is thought
to cause primarily inner hair cell death in some species
(Takeno et al., 1994; Wake et al., 1993). Cisplatin is also
thought to have damaging effects on the stria vascularis,
spiral ganglion cells, and possibly the supporting cells of
the inner ear (Saito and Aran, 1994; Zheng et al., 1995;
Campbell et al., 1999; Cardinaal et al., 2000a; Ramirez-
Camacho et al., 2004). While cisplatin is known to bind
DNA and form DNA adducts, causing cell death in mitot-
ically active cells, in mitotically quiescent hair cells it is gen-
erally felt that cisplatin induces cell death at least partly by
activating reactive oxygen species pathways (Campbell
et al., 1996; Rybak et al., 1997; Cardinaal et al., 2000b;
Li et al., 2002;). Supporting this hypothesis is evidence that
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antioxidants such as D-methionine, N-acetylcysteine, and
ebselen are at least partially protective against cisplatin-
induced hair cell death in several species of mammals
(Campbell et al., 1996; Rybak et al., 1997, 2007; Saito
et al., 1997).

The zebrafish lateral line is emerging as a useful system
for studying hair cells and hair cell loss. Recent studies
from our laboratory and others have focused on aminogly-
coside-induced hair cell death in the zebrafish (Williams
and Holder, 2000; Harris et al., 2003; Murakami et al.,
2003; Ton and Parng, 2005; Santos et al., 2006; Owens
et al., 2007). The zebrafish offers several advantages to
study mechanisms of hair cell toxicity. Like all aquatic ver-
tebrates, they have hair cells on the surface of the body in a
sensory system known as the lateral line. These hair cells
are organized into clusters of 5–20 hair cells called neuro-
masts, and are located in stereotypical locations on the
head and along the body. Zebrafish lateral line hair cells
exhibit selective uptake of a variety of fluorescent vital dyes
such as YO-PRO1 and FM1-43. The mechanism of FM1-
43 uptake is likely through the nompC TRP channel (Sidi
et al., 2003), while the mechanism of YO-PRO1 uptake
in hair cells is unknown. This selective uptake, combined
with the optical clarity of the body of young zebrafish
allow for rapid in vivo assessment of hair cell death. In
addition, ototoxic and potentially protective compounds
can be added directly to water, so that precise dose–
response curves can be constructed, and large numbers of
hair cells and animals can be assayed.

In this study, we sought to validate the use of larvae zeb-
rafish as a model for investigating hair cell death by study-
ing the specificity of cisplatin toxicity to these hair cells. In
addition, we sought to establish protocols for cisplatin
damage to zebrafish lateral line hair cells. The results pro-
vide evidence that: (1) cisplatin-induced hair cell death
occurs in a dose-dependent fashion in the zebrafish lateral
line; (2) cisplatin-induced hair cell death can be studied
with time-lapse fluorescence microscopy in vivo in this
preparation and appears to occur slower than that
observed with aminoglycosides; and (3) onset of hair cell
death in the zebrafish lateral line correlates with the cumu-
lative dose of cisplatin delivered.

2. Methods

All procedures described have been approved by the Uni-
versity of Washington Animal Care and Use Committee.

2.1. Animals

Zebrafish (Danio rerio) embryos of the AB wildtype
strain were produced by paired matings of adult fish main-
tained at 28.5 "C in the University of Washington zebrafish
facility. Embryos were maintained at a density of about 50
embryos per 100 mm2 petri dish in embryo media (1 mM
MgSO4, 120 lM KH2PO4, 74 lM Na2HPO4, 1 mM CaCl2,
500 lM KCl, 15 lM NaCl, and 500 lM NaHCO3 in

dH2O). Beginning at four days post-fertilization (dpf), lar-
vae were fed live paramecia.

2.2. Labeling protocols

For time-lapse imaging, live five dpf zebrafish larvae
were immersed in 2 lM YO-PRO1 (Invitrogen; Y3603) in
embryo media for 30 min, then rinsed three times in
embryo media. YO-PRO1 used in this fashion selectively
labels hair cell nuclei of the lateral line (Santos et al.,
2006) and was used only for time-lapse imaging because
it allowed better visualization of nuclear changes. For
selective labeling of hair cell cytoplasm, live five dpf zebra-
fish larvae were exposed to 3 lM fixable FM1-43FX (Invit-
rogen; F-35355) for 30 s followed by three rinses in embryo
media. This labeling can be used as a vital dye alone or in
conjunction with other fluorophores. In addition, it
remains bright and specific to the cytoplasm of the hair
cells after fixation. After the various treatments with cis-
platin and recovery periods (described below), larvae
labeled with FM1-43FX were fixed overnight in 4% para-
formaldehyde at 4 "C, then rinsed in phosphate-buffered
saline (PBS) and mounted in Fluoromount-G (Southern-
Biotech; 0100-01) for fluorescence microscopy (Fig. 1).

2.3. Cisplatin damage protocols

Cisplatin solutions were prepared from powder (Sigma;
33422) in embryo medium. Five dpf zebrafish larvae, prela-
beled with FM1-43FX were exposed to cisplatin at concen-
trations of 0, 0.25, 0.5, 0.75, 1, and 1.5 mM for 4 h. Doses
were chosen empirically in pilot studies by identifying high
doses of cisplatin that caused hair cell death after short
durations without mortality of the zebrafish. For these
studies, group sizes ranged from 10 to 15 fish. Fish were
then fixed overnight at 4 "C in 4% paraformaldehyde,
rinsed in PBS, and mounted in Fluoromount-G on
25 · 60 mm coverslips for imaging. Hair cell counts were
determined using fluorescence microscopy to count intact
FM1-43FX labeled hair cells from the SO1, SO2, O1 and
OC1 (Raible and Kruse, 2000) neuromasts on one side of

Fig. 1. FM1-43 FX labeled neuromast (OC1) in a fixed zebrafish.
Zebrafish were prelabeled with 3 lM FM1-43 FX, fixed in 4% parafor-
maldehyde, then mounted for fluorescence microscopy. Hair cells are
easily counted in undamaged neuromasts (A) and in neuromasts exposed
to 1 mM cisplatin for 4 h (B). Scale bar = 10 lm.
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each fish. These neuromasts were selected for cell counts
due to their close proximity to one another and their rela-
tive ease of imaging in our preparation. Previous work has
demonstrated that there is no significant differential sensi-
tivity to aminoglycosides between neuromasts (Harris
et al., 2003). Fluorescence microscopy was performed using
a Zeiss Axioplan II microscope. Hair cells were counted as
surviving if FM1-43FX labeling of the cytoplasm and
plasma membrane appeared intact without blebbing or
fragmentation. Total hair cell counts were determined by
adding the hair cell counts from the four neuromasts. Hair
cell survival as a percentage of the control was calculated
by dividing the total number of hair cells of each fish in
the experimental group by the mean total number of hair
cells in a similarly treated control group.

2.4. Time-lapse microscopy

Live five dpf zebrafish larvae with hair cells prelabeled
with YO-PRO1 were placed in a solution of MS222 (3-
aminobenzoic acid ethyl ester, methanesulfonate salt,
Sigma) anesthetic (10 lg/ml) with or without 1 mM cis-
platin in embryo media. For neomycin time-lapse micros-
copy, five dpf larvae were placed in a solution of MS222
with or without 200 lM neomycin in embryo media. A sin-
gle larva was then placed in a droplet of the MS222/cis-
platin or MS222/neomycin solution encircled by vacuum
grease on a 24 · 60 mm No. 1.5 coverslip. A second cover-
slip was then placed over the droplet to prevent evapora-
tion. Larvae viability was assessed during imaging by
monitoring heartbeat. Zebrafish larvae prepared for
imaging in this fashion remain viable for greater than
4 h. Time-lapse imaging was performed using an inverted
epifluorescent Zeiss Axiovert 200 M microscope with an
automated stage. In most cases neuromasts were viewed
with a 40X objective (N.A. = 0.75). Single images and
z-series were collected with Slidebook 4.0 software (Intelli-
gent Imaging Innovations, Denver, CO).

2.5. Statistics

All values are presented as the mean ± 1 S.D. Statistical
analyses were performed using one-way ANOVA (Vassar-
Stats: faculty.Vassar.edu/lowry/VassarStats.html). Post-
ANOVA pairwise analyses were performed using Tukey’s
HSD test. Results were considered statistically significant
if p < 0.05. Linear least squares regression was performed
using Microsoft Excel.

3. Results

3.1. Dose–response curve for cisplatin

We first tested whether zebrafish lateral line hair cells are
killed by cisplatin in a dose-dependent manner. Hair cells
in zebrafish larvae at five days post-fertilization (dpf)
labeled with FM1-43FX were exposed to cisplatin concen-

trations ranging from 0.25 to 1.5 mM for 4 h and then
immediately fixed. Fig. 1 shows an example of FM1-43
FX labeled neuromasts (OC1) in zebrafish fixed in parafor-
maldehyde in a control subject (A) and after exposure to
1 mM cisplatin (B) for 4 h. There was no general toxicity
or mortality at any of the doses, and we did not detect tox-
icity to any other cell type on the animal’s surface. Remain-
ing hair cells were counted in four identified neuromasts
(SO1, SO2, O1, OC1; Raible and Kruse, 2000). The results
(means ± 1 S.D.) of this experiment are shown in Fig. 2.
Hair cell survival is expressed as a percentage of control
animals without cisplatin. In normal animals at this age
these four neuromasts have 8(±2), 12(±2), 10(±3), and
7(±3), hair cells, respectively. We found a robust, dose-
dependent loss of hair cells in response to cisplatin.

3.2. Time-lapse imaging of cisplatin-induced hair cell loss

To follow the time course of hair cell loss by time-lapse
microscopy, hair cells in neuromasts of five dpf larvae were
first incubated with YOPRO-1. OC1 neuromasts were
imaged at 30-min intervals after initiating exposure to
1 mM cisplatin. A representative example is shown in
Fig. 3. Morphologic changes of nuclear condensation and
fragmentation suggestive of apoptotic cell death are first
seen after 30 min of treatment, and continue through the
period of imaging. It is important to note that control five
dpf larvae zebrafish treated and imaged in the identical
manner without cisplatin exposure demonstrate no hair cell
loss during the same time period.

The rate of hair cell loss after cisplatin exposure is much
slower than we previously determined for lateral line hair
cell loss after exposure to aminoglycoside antibiotics (San-
tos et al., 2006; Owens et al., 2007). To compare the two
treatments, we labeled hair cells with YO-PRO-1 and fol-
lowed loss after exposure to 200 lM neomycin, a dose
resulting in near-total hair cell death (Harris et al., 2003).
An example is shown in Fig. 4. Nuclear condensation is

Fig. 2. Cisplatin dose–response relationship. Five day post-fertilization
(dpf) zebrafish were prelabeled with FM1-43FX and then exposed to
cisplatin for 4 h. Fish were then fixed and hair cells from four neuromasts
(SO1, SO2, O1, OC1) were counted. Hair cell survival was calculated as a
percentage of the control group (not exposed to cisplatin). Data bars
represent the mean hair cell survival (n = 10 fish per cisplatin dose) ± S.D.
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observed as early as 5 min after treatment, and hair cell loss
is essentially complete by 50 min of exposure at this neomy-
cin dose.

3.3. Relationship between dose and time

The relative delay in hair cell death with cisplatin treat-
ment when compared to neomycin exposure is consistent
with previous studies that have suggested that cisplatin
has cumulative effects (Bokemeyer et al., 1998; Helson
et al., 1978). We therefore evaluated the relationship
between cisplatin concentration and exposure time. Fig. 5
shows the results of this analysis. Fish at five dpf were con-

tinuously exposed to cisplatin doses between 0.05 and
1 mM concentrations. Different groups of fish (N = 10–15
fish) were then examined at time intervals between 1 and
12 h. There was no mortality of larvae at any of the cis-
platin doses or time-points. As can be seen from Fig. 5,
both dose and time of exposure dramatically and indepen-
dently influence the amount of hair cell loss: low doses and
longer times of exposure are as effective at killing hair cells
as high doses for shorter times.

The relationship between time of exposure and cisplatin
concentration can be evaluated more directly by calculating
the exposure duration required to cause 50% hair cell loss,
or t1/2. These data for cisplatin concentrations between

Fig. 3. Time-lapse microscopy of hair cells from single neuromast (OC1) in a living zebrafish exposed to cisplatin. Hair cell nuclei were prelabeled with
YO-PRO1, exposed to 1 mM cisplatin, and then imaged at 30 min intervals. The first timepoint measured was at 5 min as this was the time required to
anesthetize and prepare the fish for time-lapse imaging. Triangles indicate fragmented nuclei. Arrows indicate condensed nuclei. The bottom three panels
are images from an unexposed control, demonstrating no significant hair cell loss over 240 min of imaging. Scale bar = 10 lm.
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50 lM and 1 mM are shown in Table 1 and Fig. 6. A linear
regression was calculated for each cisplatin concentration.
The resulting regression was used to calculate the time
required to produce 50% hair cell loss, t1/2. Table 1 pro-
vides the estimates of rates of hair cell loss at each dosage
and results of regression analyses. As shown in Fig. 6 the t1/

2 plotted against cisplatin concentration on a logarithmic
scale produced a very tight linear function with an r2 of
0.97. Table 1 also suggests that once hair cell loss is initi-
ated (determined by the onset of hair cell loss on the
dose–response curve), the rate of loss appears independent

Fig. 4. Time-lapse microscopy of hair cells from single neuromast (OC1) in a living zebrafish exposed to neomycin. Hair cell nuclei were prelabeled with
YO-PRO1, exposed to 200 lM neomycin, and imaged at the labeled time-points. The first timepoint measured was at 5 min as this was the time required to
anesthetize and prepare the fish for time-lapse imaging. Note that as early as 5 min there was already evidence of hair cell damage. Overall, morphologic
changes of hair cell death after neomycin treatment were seen much more rapidly than were seen during cisplatin exposure in Fig. 3. Triangles indicate
fragmented nuclei. Arrows indicate condensed nuclei. Scale bar = 10 lm.

Fig. 5. Cisplatin hair cell survival curves with variable cisplatin doses.
Five dpf zebrafish larvae were labeled with FM1-43FX and then exposed
to cisplatin at 50 lM (solid line), 100 lM (— — —), 250 lM (- - - -),
500 lM (— - —), and 1000 lM (— - - —). Fish were then removed after 1,
2, 4, 6, 8, and 12 h of continuous cisplatin exposure. Hair cell survival was
calculated as a percentage of the control group (not exposed to cisplatin).
Data points represent the mean value (n = 10 fish, per concentration and
timepoint) ± S.D.

Table 1
Kinetics of hair cell loss for variable cisplatin doses

Cisplatin concentration (lM) t1/2 (h) % Total hair cells lost/h (r2)

50 11.6 9%/h (0.84)
100 9.6 9%/h (0.90)
250 8.5 11%/h (0.67)
500 5.6 18%/h (0.83)

1000 5.1 16%/h (0.89)

t1/2 represents the time in hours required to achieve 50% hair cell loss
based on linear regression analysis. The rate of hair cell loss once hair cell
loss was initiated was determined by linear regression of data points from
Fig. 5 and is shown as the slope of hair cell loss versus time, or the percent
hair cell loss per hour (r2).

Fig. 6. Linear regression of time required to achieve 50% hair cell loss as a
function of cisplatin concentration (t1/2). Cisplatin concentration is plotted
on a logarithmic scale. Data points were calculated from linear regression
functions from Table 1. Regression line depicted is represented by the
formula t1/2 = !5.5log(lM cisplatin) + 20 (r2 = 0.97).
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of the concentration. The slopes of the hair cell loss func-
tions are consistent with a model where hair cells are lost
once enough cisplatin has accumulated, independent of
dose or time.

3.4. Hair cell loss continues after withdrawal of cisplatin

To further assess the progression of hair cell loss after
the initial cisplatin exposure, five dpf zebrafish larvae were
treated first with 1 mM cisplatin for 2 h. Note that this is a
dose of cisplatin that causes extensive hair cell loss after
4 h, but no significant hair cell loss at 2 h (Fig. 5). Some fish
were then rinsed in embryo media and allowed to recover
for 4 or 24 h in embryo media before analysis. Data from
these groups were compared to results from control
(untreated) fish, fish fixed immediately after treatment with
1 mM cisplatin for 2 h (no recovery period), as well as fish
continuously exposed to cisplatin for 6 h. Hair cell counts
for approximately 10 fish per group were assessed by fluo-
rescence microscopy.

Fig. 7 compares the hair cell survival (percent of con-
trol) of these five groups. Hair cell survival after 2 h of cis-
platin and 4 h of recovery is significantly lower than
survival immediately after the 2 h exposure to cisplatin,
demonstrating that hair cell loss continues after withdrawal
of cisplatin (one-way ANOVA, p < 0.01). Not surprisingly,
hair cell survival in the fish exposed to 2 h of cisplatin fol-
lowed by 4 h of recovery is higher than that of fish exposed
to 6 h of continuous cisplatin (one-way ANOVA, p < 0.01).
Hair cell survival after 24 h of recovery is not significantly
different from hair cell survival after 4 h of recovery, indi-
cating that the majority of hair cell loss is complete after
4 h of recovery. These data suggest that cell death path-
ways triggered after 2 h of cisplatin are likely completed
within 4 h. Note, that while hair cell regeneration does

occur in the lateral line (Harris et al., 2003), since existing
hair cells were pre-labeled with FM1-43FX prior to cis-
platin exposure and recovery, newly regenerated hair cells
would not be fluorescently labeled at the time of this
analysis.

4. Discussion

This study establishes that cisplatin causes repeatable
and predictable damage to zebrafish lateral line hair cells,
defines the time course of hair cell loss, and demonstrates
that the kinetics of hair cell loss in response to low and high
dose cisplatin follows a mathematically predictable rela-
tionship. Recent work from our laboratory and others
has established the zebrafish lateral line as a model system
for studying aminoglycoside-induced hair cell death (Har-
ris et al., 2003; Murakami et al., 2003; Ton and Parng,
2005; Linbo et al., 2006; Santos et al., 2006; Owens et al.,
2007). The present study provides additional support for
the validity and utility of the zebrafish lateral line as an
accessible preparation for studying mechanosensory hair
cell death from a variety of challenges.

Time-lapse data from this study indicate that cisplatin
damage occurs over a much longer time period than neo-
mycin damage. There are several possible reasons why
the time course for cisplatin-induced damage is slower.
One mechanism might be different rates of uptake. While
the mechanisms of aminoglycoside uptake in hair cells is
known to be rapid in mammalian inner ear hair cells (Stey-
ger et al., 2003) as well as zebrafish lateral line hair cells
(Santos et al., 2006), relatively little is known regarding
the kinetics or mechanisms of cisplatin uptake by hair cells.
In vitro, cisplatin is known to enter murine fibroblast cell
lines at least partially via the CTR1 copper influx trans-
porter (Holzer et al., 2006). The CTR1 transporter is
known to be widely expressed in early stage zebrafish,
although its specific expression in hair cell membranes is
not characterized (Mackenzie et al., 2004). Once uptake
occurs, the mechanisms of cell injury and death also likely
differ between aminoglycosides and cisplatin. There is some
suggestion that neomycin and cisplatin act through differ-
ent apoptotic pathways; e.g., Jun kinase inhibition blocks
neomycin but not cisplatin-induced hair cell death (Wang
et al., 2004; Ou et al., 2006). On the other hand, it should
be noted that there is evidence that reactive oxygen species
play important roles in both aminoglycoside and cisplatin-
induced hair cell death (Hirose et al., 1997, 1999; Sha and
Schacht, 2000; Cardinaal et al., 2000b; Li et al., 2002; Min-
ami et al., 2004). Finally, there may be different rates of
clearance or degradation in cells, which would influence
whether toxicity is cumulative or acute.

Our data are consistent with a cumulative model for cis-
platin-induced hair cell loss. Cisplatin toxicity has been
associated with peak plasma levels (Nagai et al., 1996)
and with plasma area under the concentration–time curve
(Ozawa et al., 1988; Nagai and Ogata, 1997) in cancer mod-
els of cisplatin toxicity. Bokemeyer et al. (1998) studying

Fig. 7. Hair cell survival after treatment with 1 mM cisplatin for 2 h
followed by variable recovery periods. Data bars represent mean hair cell
survival (n = 10 fish) ± S.D. for each treatment condition. After 2 h of
cisplatin (CDDP) and no recovery, there was minimal hair cell loss. After
4 h of recovery, there was progressive hair cell loss (one-way ANOVA,
p < 0.01). Extending recovery for 24 h resulted in no significant additional
hair cell loss. Six hours of continuous cisplatin showed additional damage
compared to 2 h of cisplatin with 4 h of recovery (one-way ANOVA,
p < 0.01).
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patients with testicular cancer found that ototoxicity corre-
lated strongly with the cumulative dose of cisplatin. Since
the lateral line hair cells are external, it can be assumed that
there is a constant extracellular concentration of cisplatin,
and thus the area under the curve is simply the concentra-
tion multiplied by the exposure time. The data presented
here demonstrate that low doses of cisplatin given continu-
ously over a long duration can cause equivalent amounts of
hair cell loss as high doses delivered over shorter durations.
The t1/2 (time required for 50% hair cell loss) did not corre-
late linearly with the area under the curve, but did correlate
well with concentration on a logarithmic scale (r2 = 0.97).
While not conclusive, this relationship is consistent with a
drug accumulation model of cisplatin damage in hair cells,
where hair cell death is initiated once cisplatin uptake has
exceeded a critical intracellular concentration. In addition,
based on the linear regression analysis in Table 1, once
the first signs of hair cell death are apparent, the kinetics
of hair cell loss are independent of cisplatin concentration.
This interpretation is supported by the similar rates of hair
cell loss once cell death had been initiated. This finding is
significant in that it addresses concerns over whether the
surprisingly rapid hair cell death observed in the zebrafish
lateral line is secondary to exposure to unnaturally high
drug levels, and possibly activation of other apoptotic or
necrotic cell death pathways. Our finding here that low
and high dose cisplatin damage obey predictable and simi-
lar hair cell death kinetics suggests that higher doses of cis-
platin simply result in earlier initiation of a cell death
cascade. These more time-efficient, high dose, short dura-
tion damage protocols may therefore be acceptable models
for studying cisplatin-induced hair cell damage in the zebra-
fish lateral line. This may be a particularly valuable model
because most in vivo mammalian preparations in which cis-
platin-induced hair cell death is studied require multiple
days of cisplatin exposure (Cardinaal et al., 2000b; Li
et al., 2002; Minami et al., 2004). While the gold standard
with respect to human health is clearly what happens in
the mammalian inner ear, development of more rapid dam-
age protocols in zebrafish paves the way for future high
throughput investigations into modulation of cisplatin-
induced hair cell death.

4.1. Caveats

While we believe that the zebrafish lateral line is a valu-
able system for studying hair cells and hair cell loss, there
are certainly drawbacks that must be kept in mind. In con-
trast to the inner ear, hair cells of the lateral line have no
stria vascularis or spiral ganglia, which are known targets
of cisplatin, nor are there compartmentalized fluids such
as perilymph and endolymph. In addition, while the basic
mechanisms of hair cell sensitivity to cisplatin are likely
to be universal, lateral line hair cells are morphologically
and physiologically much more similar to vestibular than
cochlear hair cells of the mammalian inner ear. Hence, to
the extent that cisplatin exposure differentially affects these

two hair cell populations, we would expect results in this
model system to be more predictable of the outcomes for
vestibular epithelium. No ultrastructural analysis is
included here, however loss of FM1-43FX staining clearly
correlates well with actual HC loss, and nuclear staining
with YO-PRO1 shows clear histologic findings consistent
with an apoptotic-like program of cell death (nuclear con-
densation and fragmentation).

5. Conclusion

This study demonstrates the value of the zebrafish for
studying hair cell death. Due to the availability of large
numbers of animal subjects, as well as the ease of hair cell
assessment, experiments with a large number of time-points
and concentrations are possible. Access to hair cells on the
body surface allows precise determination of times of drug
exposure. In addition, this study demonstrates that while
cisplatin-induced hair cell death appears to occur slower
than aminoglycoside-induced hair cell death in the zebra-
fish lateral line, fairly rapid (<4 h) cisplatin damage proto-
cols are feasible and useful. These experiments provide a
baseline for rapid and simple protocols to assess modula-
tion of cisplatin-induced hair cell death in the zebrafish lat-
eral line.
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Development/Plasticity/Repair

Notch Signaling Regulates the Extent of Hair Cell
Regeneration in the Zebrafish Lateral Line
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Mechanosensory hair cells within the zebrafish lateral line spontaneously regenerate after aminoglycoside-induced death. Exposure of
5-d-old larvae to 400 !M neomycin for 1 h results in death of almost all lateral line hair cells. Regeneration of new hair cells is observed by
24 h after neomycin treatment with nearly complete replacement by 72 h. Using bromodeoxyuridine incorporation, we show that the
majority of new hair cells are generated from a transient increase in support cell proliferation that occurs between 12 and 21 h after
neomycin damage. Additional observations reveal two distinct subsets of proliferating support cells within the neuromasts that differ in
position, morphology, and temporal pattern of proliferation in response to neomycin exposure. We hypothesize that proliferative hair
cell progenitors are located centrally within the neuromasts, whereas peripheral support cells may have a separate function. Expression
of Notch signaling pathway members notch3, deltaA, and atoh1a transcripts are all upregulated within the first 24 h after neomycin
treatment, during the time of maximum proliferation of support cells and hair cell progenitor formation. Treatment with a "-secretase
inhibitor results in excess regenerated hair cells by 48 h after neomycin-induced death but has no effect without previous damage. Excess
hair cells result from increased support cell proliferation. These results suggest a model where Notch signaling limits the number of hair
cells produced during regeneration by regulating support cell proliferation.

Key words: lateral line; Notch; hair cell regeneration; support cell proliferation; zebrafish; aminoglycoside

Introduction
Loss of inner ear mechanosensory hair cells (HCs) from exposure
to noise or ototoxic drugs causes hearing loss and balance disor-
ders in humans (Forge and Schacht, 2000; Petit et al., 2001; Seid-
man et al., 2002; Chen and Fechter, 2003; Matsui and Cotanche,
2004). Although HC loss is irreversible in humans and other
mammals, regeneration is widespread in nonmammalian verte-
brates (Stone and Rubel, 2000; Warchol et al., 2001; Matsui et al.,
2004).

In zebrafish, Danio rerio, HCs are also found within neuro-
masts of the lateral line, superficial sensory organs that detect
differential water movements (Montgomery et al., 2000). Each
neuromast contains a cluster of HCs surrounded by nonsensory
supporting cells (Metcalfe et al., 1985; Raible and Kruse, 2000;
Gompel et al., 2001). Lateral line HCs share structural, func-
tional, and molecular similarities with those in the inner ear
(Whitfield, 2002; Nicolson, 2005). Similarly, they are hypersen-
sitive to damage from ototoxic drugs such as aminoglycosides

and antineoplastic drugs (Song et al., 1995; Williams and Holder,
2000; Harris et al., 2003; Murakami et al., 2003; Ton and Parng,
2005; Santos et al., 2006; Ou et al., 2007; Owens et al., 2007) as
well as agents such as copper (Hernandez et al., 2006, 2007; Linbo
et al., 2006). Regeneration of lateral line HCs have been studied
after laser ablation in axolotls (Balak et al., 1990; Jones and Cor-
win, 1996) and aminoglycoside or copper treatments in fish
(Song et al., 1995; Williams and Holder, 2000; Harris et al., 2003;
Lopez-Schier and Hudspeth, 2006; Hernandez et al., 2007).

In the avian inner ear and the axolotl lateral line, support cells
(SCs) proliferate after HC damage to renew both HCs and SCs
(Girod et al., 1989; Raphael, 1992; Hashino and Salvi, 1993; Stone
and Cotanche, 1994; Jones and Corwin, 1996). Support cells have
also been shown to directly convert into new HCs (Roberson and
Rubel, 1994; Baird et al., 1996; Steyger et al., 1997; Roberson et al.,
2004; Taylor and Forge, 2005). These studies suggest that signal-
ing interactions between HCs and SCs regulate proliferation and
differentiation of new replacement cells.

The Notch signaling pathway is well established as regulating
interactions among cells in many developing systems, including
HC and SC fate determination (Haddon et al., 1998a; Lanford et
al., 1999; Zheng et al., 2000; Zine et al., 2000, 2001; Itoh and
Chitnis, 2001; Kiernan et al., 2001; Kiernan et al., 2005; Takeba-
yashi et al., 2007). Expression of Notch signaling components are
also upregulated during regeneration in the avian ear (Stone and
Rubel, 1999; Cafaro et al., 2007). These studies suggest that Notch
signals would be good candidates for regulators of HC
regeneration.
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In this paper, we analyze HC regeneration and SC prolifera-
tion in the zebrafish lateral line after neomycin-induced death.
We also investigate Notch signaling and discover its function in
limiting SC proliferation during regeneration. In contrast, dis-
ruption of Notch signaling without previous damage does not
initiate the production of HCs, suggesting that some other signal
maintains SCs in a quiescent state.

Materials and Methods
Zebrafish maintenance and neomycin treatments. Adult wild-type AB ze-
brafish were maintained at 28.5°C as described by Westerfield (1994).
Embryos were produced by paired matings and raised in embryo media
(EM; 1 mM MgSO4, 120 !M KH2PO4, 74 !M Na2HPO4, 1 mM CaCl2, 500
!M KCl, 15 !M NaCl, and 500 !M NaHCO3 in dH2O) at 28.5°C. Embryos
and larvae were maintained at a density of 50 – 60 per 100 mm 2 dish.
Beginning at 4 d postfertilization (dpf), larvae were fed live paramecia as
well as dry plant food. Histone-2az-green fluorescent protein (H2AZ-
GFP) transgenic zebrafish (Pauls et al., 2001) were obtained from the
Zebrafish International Resource Center (Eugene, OR) [Tg(h2afv:GFP)]
and used for imaging experiments to visualize cell nuclei. The University
of Washington Institutional Animal Care and Use Committee approved
all animal procedures.

Neomycin treatments were performed on 5– 6 dpf larvae because of
the relative insensitivity of zebrafish to neomycin before 5 dpf (Mu-
rakami et al., 2003; Santos et al., 2006). Neomycin sulfate, acquired as a
10 mg/ml stock solution in dH2O (Sigma, St. Louis, MO), was diluted in
EM to a final concentration of 400 !M. Free-swimming larvae were trans-
ferred into the 400 !M neomycin solution for 1 h, rinsed three times, and
allowed to recover in fresh EM at 28.5°C (Harris et al., 2003; Murakami et
al., 2003; Santos et al., 2006). Sibling fish were mock-treated by transfer-
ring into neomycin-free EM and served as controls.

Hair cell labeling and immunohistochemistry. Functional mechano-
transducing HCs were labeled with the vital dye FM1– 43FX (Molecular
Probes, Eugene, OR), a fixable version of FM1– 43 [N-(3-triethyl-
ammoniumpropyl)-4-(4-(dibutylamino)-styryl) pyridinium dibro-
mide]. The ability of this dye to be retained in HCs after fixation facili-
tates the counting process. Larvae were placed in EM containing 3 !M

FM1– 43FX for 30 s and rinsed three times in fresh EM (Seiler and Nicol-
son, 1999). Fish were then anesthetized with 0.02% Tricaine (MS-222;
Sigma) and fixed in 4% paraformaldehyde (PFA) in PBS, pH 7.2, for 2 h
at room temperature (RT) or overnight at 4°C. After fixation, samples
were washed three times with PBST (PBS/0.1% Triton X-100) and stored
in 50% glycerol/PBS at 4°C before visualization.

Rabbit anti-myosin-VI (1:500; Proteus Biosciences, Ramona, CA)
(Hasson and Mooseker, 1994; Hasson et al., 1997; Coffin et al., 2007),
mouse anti-HCS-1 (hair cell-specific antigen; 1:200; a gift from Jeff Cor-
win; University of Virginia, Charlottesville, VA) (Gale et al., 2002), and
mouse anti-acetylated tubulin (1:1000; Sigma) (Raible and Kruse, 2000;
Harris et al., 2003) immunohistochemistry were also used to visualize
lateral line HCs. After three washes of PBST for 20 min each, larvae were
washed in distilled water for 30 min. Samples were then placed in block
solution [1% bovine serum albumin, 1% dimethyl sufoxide (DMSO),
and 0.02% sodium azide in PBST] containing 5% normal goat serum for
1 h before primary antibody incubation overnight at 4°C. After three
washes in PBST for 20 min each, samples were incubated with either
Alexa 488-conjugated goat anti-rabbit or anti-mouse secondary antibod-
ies (1:500; Invitrogen, Eugene, OR) for 5 h at RT or overnight at 4°C. Fish
were washed three times in PBST before storing at 4°C in 50%
glycerol/PBS.

Cell proliferation assays. Larvae were incubated in EM containing 10
mM bromodeoxyuridine (BrdU; Sigma) with 1% DMSO for 1 h at
28.5°C. Animals were then rinsed and either immediately anesthetized
and fixed (pulse-fix) or allowed to recover for an extended period of time
in fresh EM (pulse-chase). For continuous BrdU experiments, larvae
were immediately transferred into the 10 mM BrdU solution after the 1 h
neomycin (or mock) treatment. Fish were then fixed in 4% PFA for 2 h at
RT or overnight at 4°C, washed several times in PBST, and stored at 4°C
before being processed for immunohistochemistry.

BrdU immunohistochemistry procedures mainly followed those de-
scribed by Harris et al. (2003) with a few modifications. Fixed samples
were washed three times in PBDT (PBS, 1% DMSO, and 0.1% Tween 20)
and dehydrated in 100% methanol for 1 h at !20°C. Samples were then
rehydrated in a graded methanol series (75%, 50%, 25%; 20 min each),
washed in PBDT, and incubated in 10 !g/ml proteinase K (in PBDT) for
20 min at RT. After rinsing three times in PBDT (5 min each), samples
were refixed in 4% PFA solution for 20 min, washed again in PBDT (20
min), and incubated in 1N hydrochloric acid (in PBDT) for 1 h. After
three more rinses in PBDT, samples were incubated in 10% block solu-
tion (10% normal goat serum in PBDT) for 1 h at RT before primary and
secondary antibody incubation per immunohistochemistry protocol.
Mouse anti-BrdU (BD PharMingen, San Jose, CA) and rat anti-BrdU
(Abcam, Cambridge, MA) primary antibodies were both used at 1:100
dilution in 10% block, and Alexa 568-conjugated goat anti-mouse or
anti-rat (Invitrogen) were used at 1:500 dilution (in 10% block) as sec-
ondary antibodies, respectively. To visualize the neuromasts under fluo-
rescence, fish were counterstained with the pan-nuclear dye SYTOX
Green (1:10,000 in PBST; Invitrogen) for 5 min, followed by several
washes of PBST before storing in 50% glycerol/PBS and imaging.

For visualizing HCs concurrently with the BrdU label, samples were
first immunostained for myosin-VI or acetylated tubulin as described
previously. After the secondary antibody incubation, larvae were washed
three times in PBST and refixed in 4% PFA for 20 min before proceeding
with the BrdU immunohistochemistry protocol.

To detect cells in M-phase, rabbit anti-phosphohistone (H3) (1:200;
Upstate Biotechnolgy, Lake Placid, NY) was used as a second marker for
proliferating cells. Whole mount immunohistochemistry was performed
as described previously.

Whole mount RNA in situ hybridization. Whole mount RNA in situ
hybridization was performed at 65°C following standard protocol (Grant
et al., 2005). Samples were fixed in 4% PFA for 3 h at RT or 1 h at RT and
overnight at 4°C. After rinsing several times in PBS/0.1% Tween 20,
samples were dehydrated in 100% methanol and stored at !20°C for up
to several months. Larvae were rehydrated in a graded methanol series
(66%, 33%) for 5 min in each concentration and incubated in 10 !g/ml
proteinase K (in PBS/0.1% Tween 20) for 10 min at 37°C. Fluorescent in
situ hybridization (FISH) was performed at 55°C as published previously
(Julich et al., 2005), followed by myosin-VI immunostaining and coun-
terstaining with 4",6"-diamidino-2-phenylindole (DAPI) (Invitrogen).
Plasmids were cut and transcribed with the following for generating
antisense digoxigenin-labeled RNA probes: Pme1/T7 for atoh1a (a gift
from Bruce Riley, Texas A&M University, College Station, TX) (Milli-
maki et al., 2007); SalI/T7 for notch3 (clone NAA32G11; Open Biosys-
tems, Huntsville, AL); XbaI/T7 for notch1a (a gift from Jose Campos-
Ortega; University of Cologne, Cologne, Germany) (Bierkamp and
Campos-Ortega, 1993); SmaI/T3 for notch1b [cDNA in pBS-SK plasmid
(Addgene, Cambridge, MA)] (Kortschak et al., 2001); EcoRI/T7 for
deltaA and deltaD (a gift from Bruce Appel, Vanderbilt University, Nash-
ville, TN) (Haddon et al., 1998b); ApaI/Sp6 for jagged1a; EcoRV/Sp6 for
jagged1b; and SpeI/T7 for jagged2 (all jagged plasmids were gifts from
Natasha Tiso, University of Padua, Padua, Italy) (Zecchin et al., 2005).

Notch inhibitor studies. Downstream Notch signaling was inhibited
using the pharmacological inhibitor DAPT (N-[N-(3,5-difluoro-
phenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester), which blocks
"-secretase activity (Geling et al., 2002). Solid DAPT (Calbiochem, La
Jolla, CA) was reconstituted in DMSO to make a stock concentration of
10 mM and diluted in EM to achieve its final concentration. We per-
formed a dose–response analysis on HC regeneration (supplemental Fig.
S1, available at www.jneurosci.org as supplemental material) and estab-
lished that optimal results were yielded using higher concentrations of
DAPT (Geling et al., 2002). All DAPT results reported here were obtained
with 50 !M DAPT, with 0.5% DMSO in EM serving as vehicle control
unless otherwise noted. After neomycin or mock treatment for 1 h, larvae
were rinsed in fresh EM and immediately transferred into the 50 !M

DAPT solution or the 0.5% DMSO solution.
For BrdU pulse-fix studies, animals were removed from the DAPT or

DMSO-alone solutions, rinsed, and placed in the 10 mM BrdU solution
for 1 h before anesthesia and fixation. For continuous BrdU incorpora-
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tion experiments, larvae were incubated in a so-
lution containing 10 mM BrdU and 1% DMSO
in EM, with or without 50 !M DAPT.

Imaging and data analysis. Labeled HCs and
SCs were counted under epifluorescent illumi-
nation using a 40# objective on a Zeiss (Thorn-
wood, NY) Axioplan 2 microscope. Samples
stained by in situ hybridization were observed
under bright-field illumination on the same sys-
tem. Bright-field images were taken with the
SlideBook application (SciTech, Preston, Aus-
tralia) and processed with Adobe Photoshop 7.0
(Adobe Systems, San Jose, CA) to adjust bright-
ness, contrast, and color balance on the whole
image. Confocal images were taken on a Zeiss
LSM 5 Pascal confocal microscope (two-color)
and an Olympus Optical (Tokyo, Japan) FV-
1000 confocal microscope with Kalman averag-
ing (three-color). Images were processed using
the Pascal or Olympus software, ImageJ, and
Adobe Photoshop 7.0.

Cell counts were performed and recorded for
neuromasts of the otic (O1 and O2), infraorbital
(IO4), mandibular (M2), middle (MI1, MI2),
and opercular (OP1) lateral lines around the
head where indicated (Raible and Kruse, 2000).
Neuromasts from 4 to 10 fish were counted for
each condition. Data were graphed in Microsoft
(Redmond, WA) Excel as either average cell
numbers per neuromast per fish, or normalized
to the control for each specific neuromast and
graphed as percentages. Where appropriate, t
tests and ANOVA (one- and two-way) were
used to calculate significance (# $ 0.05).

Results
Lateral line hair cell regeneration after
neomycin-induced death
To visualize and image all cells within the
neuromasts, we used the H2AZ-GFP trans-
genic zebrafish (Pauls et al., 2001) that ex-
presses GFP in all cell nuclei. Mature HCs
were stained with FM1– 43FX, the fixable
version of FM1– 43, which enters mature
HCs through mechanotransduction-
dependent activity (Seiler and Nicolson,
1999; Gale et al., 2001; Meyers et al., 2003;
Santos et al., 2006). Neuromasts in control
larvae at 5 dpf exhibited organized, cen-
trally clustered HCs (Fig. 1A). We treated 5
dpf zebrafish larvae with 400 !M neomycin
for 1 h to kill mature HCs (Fig. 1B). After
rinsing with fresh medium, the fish were
allowed to recover before staining with
FM1– 43FX. New HCs were observed cen-
trally within the neuromast by 24 h (Fig.Figure 1. Hair cell regeneration in the zebrafish lateral line after neomycin-induced death. A–D, Confocal maximum projec-

tions of representative neuromasts of H2AZ-GFP transgenic zebrafish. GFP (green) was expressed in all nuclei, whereas mature
HCs were labeled with FM1– 43FX (red). Scale bar, 20 !m. Larvae 5 dpf (A) were treated with 400 !M neomycin (Neo) for 1 h (B)
to kill HCs, rinsed, and left to recover. New HCs were observed at 24 h (C) and increased in number by 48 h (D). E, Graph of HC
regeneration as seen with FM1– 43FX. Results are graphed as mean percentages of HCs (% 1 SEM) normalized to the control at
5 dpf. n $ 6 fish per condition, 7 neuromasts per fish; p & 0.001 (ANOVA). F, Graph of HC regeneration assayed with myosin VI
and HCS-1 antibodies. Fish were concurrently labeled and counted for both HC markers. Results are normalized to 5 dpf controls
for each neuromast for the specific marker. Error bars represent % 1 SEM (n $ 6 fish per condition, 7 neuromasts per fish). G,
Number of regenerated HCs correlates with the original size of the neuromast. Mean HC numbers (% 1 SEM) for seven neuro-
masts, as labeled with myosin-VI, at 72 h after neomycin exposure are plotted relative to the 5 dpf control siblings. The line of best
fit and correlation coefficient was calculated and drawn. H–L, New HCs mainly originate from proliferative progenitors. Contin-
uous exposure to BrdU after neomycin exposure was used to label all proliferating cells and their progeny. Fish were colabeled for

4

both BrdU (red) and myosin-VI (green) (I–L). H, Stacked graph
of mean (% 1 SEM) myosin-VI-labeled HCs per neuromast ei-
ther colabeled with BrdU (red) or BrdU-negative (green). n $
4 fish per condition, 3 neuromasts per fish. I–L, Confocal max-
imum projections of representative neuromasts continuously
exposed to BrdU, collected at 24 and 48 h after initial neomycin
exposure. BrdU-positive (asterisks) and BrdU-negative (ar-
rowheads) HCs were observed. Scale bar, 10 !m.
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1C) and increased in numbers by 48 h (Fig. 1D) (Harris et al.,
2003).

To quantify changes in HC numbers, seven identified neuro-
masts of six fish were counted per condition and time. Data were
normalized to 5 dpf controls for each neuromast to compensate
for size differences, averaged, and graphed in Figure 1E. Actual
mean HC numbers are listed in supplemental Table S1 (available
at www.jneurosci.org as supplemental material). After neomycin
treatment (2 h), only one or two HCs remained per neuromast
(supplemental Table S1, available at www.jneurosci.org as sup-
plemental material), representing 6% of the initial HCs in 5 dpf
controls (Fig. 1E). These persisting HCs were likely immature
HCs resistant to neomycin (Harris et al., 2003; Murakami et al.,
2003; Santos et al., 2006). Regeneration of lateral line HCs was
rapid, with one-third of the initial HC population renewed by
24 h, and almost 80% renewal by 48 h after neomycin treatment
(Fig. 1E). Complete regeneration of the initial 5 dpf HC popula-
tion was observed by 72 h, although there were still slightly fewer
HCs than their respective 72 h control siblings (Fig. 1E). In
mock-treated controls, a small increase in FM1– 43FX hair cells
was observed in the first 48 h, probably because of the develop-
mental addition or maturation of HCs as the fish ages. Analysis of
these data with two-way ANOVA revealed significant main ef-
fects of time and treatment (control vs neomycin exposure) and a
significant interaction effect ( p & 0.001).

We also assessed regeneration with the antibody-based HC
markers myosin-VI (Hasson and Mooseker, 1994; Hasson et al.,
1997; Coffin et al., 2007) and HCS-1 (Gale et al., 2000; Lopez-
Schier and Hudspeth, 2006). Hair cells were concurrently immu-
nostained and counted for both markers. Data were normalized
and graphed in Figure 1F, with mean HC numbers listed in sup-
plemental Table S2 (available at www.jneurosci.org as supple-
mental material). Control animals showed similar HC numbers
within the neuromasts for both myosin-VI and HCS-1, with one
or two fewer cells consistently observed with HCS-1 (supplemen-
tal Table S2, available at www.jneurosci.org as supplemental ma-
terial). These HC numbers were also comparable with those iden-
tified by FM1– 43FX vital dye labeling (compare supplemental
Tables S1 and S2, available at www.jneurosci.org as supplemental
material). A higher percentage of HCs labeled with myosin-VI
(15%) and HCS-1 (18%) persisted after neomycin treatment
compared with those labeled with FM1– 43FX (6%) (Fig. 1E,F).
One explanation for this difference is that myosin-VI and HCS-1
are expressed in young HCs before they are able to take up FM1–
43FX; hence, more labeled immature HCs persist after neomycin
treatment. This idea is consistent with the more rapid rate of
regeneration observed with these antibodies. By 24 h, ' 53%
myosin-VI-labeled HCs had regenerated, whereas HCS-1

Figure 2. Support cell proliferation temporarily increases after neomycin exposure. A, Ex-
perimental protocol for BrdU pulse-fix time course. Larvae were pulsed with 10 mM BrdU for 1 h
before fixing. B, C, Time course graphs of SC proliferation showing neuromast cells in S-phase
(B) as assayed with BrdU pulse fix, and M-phase (C) as seen with anti-phosphohistone (H3)
antibody labeling. A significant transient increase in proliferation occurring after neomycin
exposure was seen with both proliferation markers (ANOVA; p & 0.001). Error bars represent
% 1 SEM (n $ 10 fish per condition; 7 neuromasts per fish). D, Schematic showing the internal

4

(yellow) and peripheral (green) SC subpopulations within a representative neuromast. The schematic
was drawn from the confocal image on the right, a neuromast labeled with 1 h of BrdU (red) at 15 h
after neomycin treatment and counterstained with SYTOX (green). E, BrdU pulse-fix time course
graph of SC proliferation after mock (blue, circle) or neomycin (red, triangle) treatment, subdivided as
internal (solid lines, solid shape) or peripheral (dotted lines, open shape) based on neuromast cell
position. Error bars represent % 1 SEM (n $ 10 fish per condition; 3 neuromasts per fish). F–H,
Confocal maximum projections of representative neuromasts at 17 h after mock treatment (F ) or
neomycin exposure (Post-Neo) (G) incubated with BrdU (1 h) before fixing. A subset of the neomycin-
treated BrdU-pulsed fish were then rinsed and left to recover in fresh EM for an additional 31 h (48 h
time point) (H ). Immunohistochemistry was performed for both BrdU (red) and acetylated tubulin
(green), another HC marker. BrdU label was present in a subset of HCs (asterisks) after additional
recovery (H ), indicating that these new HCs were generated from proliferating SCs at 17 h after
neomycin exposure. Scale bar, 20 !m.
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showed HC renewal at 44% (Fig. 1F). By 48 h, both markers
showed near complete regeneration (90%) with full renewal by
72 h (Fig. 1F).

The number of HCs restored by regeneration correlates with
the initial size of the neuromast before neomycin treatment. Dif-
ferent identified neuromasts vary in HC number, ranging from a
mean of 8.33 HCs in the IO4 neuromast to 15.17 HCs in the OP1
neuromast as seen with myosin-VI at 5 dpf (supplemental Table
S2, available at www.jneurosci.org as supplemental material).
When HCs regenerate, initially larger neuromasts generate more
cells than smaller neuromasts (Fig. 1G). This observation sug-
gests that mechanisms persist in the epithelium following loss of
HCs to regulate the number of regenerating HCs. Where this
information lies continues to be a mystery.

New hair cells primarily arise from proliferating cells
To study the origin of the regenerated HCs, we continuously
incubated larvae in 10 mM BrdU for extended times under con-
trol conditions or after neomycin treatment. This method would
incorporate BrdU into all dividing cells, and the BrdU label
would persist in the progeny. Subsequent immunohistochemis-
try with myosin-VI and BrdU antibodies were performed to de-
tect both HCs and the BrdU. Myosin-VI-positive HCs were ana-
lyzed for BrdU colabeling and counted from confocal stacks of
three neuromasts (MI1, O1, and OP1) in four fish per time and
condition. Figure 1H shows average HC numbers per neuromast,
where the two colors depict BrdU labeling, and the bar heights
represent the total number of HCs present.

BrdU labeling of mock-treated control animals suggests that
there is a slow mitotic addition of new HCs in larvae under nor-
mal conditions (Fig. 1H). Initially, HCs in control larvae were not
labeled with BrdU. After 23 h of continuous BrdU incorporation
(24 h time point), an occasional BrdU-positive HC was some-
times observed (Fig. 1H, I), whereas by 48 h, approximately two
HCs per neuromast were labeled with BrdU (Fig. 1H, J). The
addition of new HCs to neuromasts might represent the final
stages of neuromast maturation. However, because we do not see
an increase in overall HC number over the time of the experi-
ment, we hypothesize that BrdU-positive HCs represent contin-
uous mitotic HC replacement, a process that occurs in sensory
epithelia of several species, including zebrafish neuromasts (Cor-
win, 1985; Weisleder and Rubel, 1993; Williams and Holder,
2000).

During regeneration, most replacement HCs are generated
from proliferative cells that have incorporated BrdU (Fig.
1H,K,L). At 24 h after neomycin treatment, approximately half
of the HCs present in the neuromast were colabeled with BrdU
(Fig. 1H). By 48 h, BrdU-labeled HCs had increased to 70% of the
total number of HCs (Fig. 1H). In addition, we also observed
approximately three to five HCs in the regenerating neuromasts
that had not incorporated BrdU at 2, 24, and 48 h after neomycin
exposure, with no significant change over time (ANOVA; p (
0.5). These cells likely represent immature HCs not killed by
neomycin (Murakami et al., 2003; Santos et al., 2006), as well as
new HCs added from postmitotic HC precursors at later times.
Because the contribution of BrdU-negative cells to the regenera-
tion response is small, direct phenotypic conversion of SCs to
HCs is unlikely occurring in the zebrafish lateral line; however,
the possibility cannot be ruled out completely.

Support cell proliferation increases during regeneration
Because new HCs are generated primarily from mitotic events,
we characterized SC proliferation and analyzed its timing during

HC regeneration. Previous work had shown an increase in BrdU-
labeled cells at 12 h after neomycin damage with a subsequent
decrease by 24 h (Harris et al., 2003). Thus, we decided to focus
on the time between 12 and 24 h to detail the pattern of prolifer-
ation. We exposed larvae to 10 mM BrdU to label S-phase cells for
1 h before collecting and fixing every 3 h as schematized in Figure
2A. BrdU-positive cells were counted and averaged in seven neu-
romasts for each of 10 fish per time and condition. The mean
number of cells per neuromast is graphed in Figure 2B.

Control sibling larvae exhibited a low level of BrdU-positive
cells over time (Fig. 2B), consistent with both the slow addition of
HCs because of growth of the neuromasts and possible normal
turnover of HCs. After neomycin exposure, a significant increase
in BrdU-labeled SCs is observed between 12 and 21 h after initial
treatment (ANOVA; p & 0.001) (Fig. 2B). An elevated number of
proliferating SCs was observed at 12 h, which further increased
and peaked at 15–18 h, followed by a decrease by 21 h. By 24 h
after neomycin treatment, the number of SCs in S-phase had
returned to control levels.

To evaluate cells in M-phase, larvae from control or
neomycin-treated groups were collected between 12 and 27 h
after treatment and immunostained with the phosphohistone
(H3) antibody. Results are graphed in Figure 2C. Cells labeled
with H3 were rare in both groups, with only an occasional labeled
cell observed per neuromast (Fig. 2C). However, a significant
increase was observed in H3-labeled SCs at ' 18 –21 h after neo-
mycin exposure (ANOVA; p & 0.001). These data suggest that
cells enter M-phase between 3 and 6 h after S-phase and confirm
the transient increase of SC proliferation that occurs after
neomycin-induced HC death.

Two separate subpopulations of support cells exist within
the neuromast
We next sought to determine whether SCs in different positions
within the neuromast had altered rates of proliferation. With the
aid of the SYTOX nuclear counterstain, BrdU-positive cells in
three neuromasts (MI1, O1, and OP1) were subdivided as either
internal or peripheral SCs based on their position within the
neuromast (Fig. 2D) (Jones and Corwin, 1993; Williams and
Holder, 2000). Internal SCs are centrally located within the neu-
romast, whereas peripheral SCs lie along the periphery. We des-
ignated the peripheral SC subpopulation to include the outer-
most layer of cells of the neuromast, as well as ' 2–3 cell layers
past the neuromast border, where many BrdU-positive cells were
often observed during regeneration (Fig. 2D). The majority of
the BrdU-labeled peripheral SCs also exhibited elongated nuclei,
a characteristic not observed with the internal SCs (Fig. 2D,F,G).
Cell counts were averaged and graphed in Figure 2E.

Interestingly, analysis of the two subpopulations revealed dif-
ferent temporal patterns of proliferation after neomycin expo-
sure, although only slight variations were observed under control
conditions. In mock-treated control siblings, the internal BrdU-
positive cells revealed a small but reliable decrease over time
(ANOVA; p & 0.001), whereas no significant change is observed
in peripheral SC proliferation (ANOVA; p ( 0.5) (Fig. 2E). Two-
way ANOVA analysis showed no statistical significance between
these two SC subpopulations in control animals ( p ( 0.1).

After neomycin-induced HC death, increases in proliferation
were observed in both internal and peripheral SCs starting at 12 h
after neomycin exposure (Fig. 2E). A strong peak at 15 h was
observed in the BrdU-labeled internal SCs followed by a decrease
by 21–24 h back to control levels. Peripheral SC proliferation also
increased, although more variation in numbers of BrdU-positive
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cells was observed. This increase remained elevated over 12–21 h
and decreased to control levels by 24 h (Fig. 2E). Based on two-
way ANOVA, a main effect of time ( p & 0.001) and subpopula-
tion ( p & 0.05) was found to be significant. More importantly,

the interaction effect between SC subpopulation proliferation and
time was also significant ( p & 0.01), indicating that the internal and
peripheral subpopulations of SCs possess distinct proliferation pat-
terns, suggesting possibly that they may have separate functions.

Figure 3. Expression of atoh1a, notch3, and deltaA are elevated in neuromasts during HC regeneration. Whole-mount RNA in situ hybridizations were performed to assess atoh1a (A–F ), notch3
(G–L), and deltaA (M, N ) expression within regenerating neuromasts. A–R, Bright-field images of representative O1 neuromasts are shown. In sibling mock-treated controls, moderate levels of
atoh1a (A, B) and notch3 (G, H ) were observed at 5 dpf (12 h) and decreased over time. Little deltaA expression (M, N ) was detected, which also decreased slightly with time. During HC regeneration,
all three transcripts were upregulated between 12 and 24 h (C–E, I–K, O–Q), correlating with the peak of SC proliferation. Expression returned to control levels by 48 h (F, L, R). FISHs of notch3 (S,
T ) and deltaA (U, V ) were performed on regenerating neuromasts 17 h after neomycin treatment to evaluate expression localization. Samples were immunostained with myosin-VI to label HCs
(green) and counterstained with DAPI (blue) to visualize cell nuclei. Confocal images of a surface view projection (S, U ) and an optical section (T, U ) are shown for representative neuromasts. Both
notch3 and deltaA were not expressed in HCs (S–V ). notch3 was mainly expressed throughout the internal SCs, with little to no expression in the peripheral cells (S, T ). Expression of deltaA was
localized in a few cells adjacent to the HCs within the internal SC population (U, V ), which we hypothesize to be HC precursors. Scale bar, 10 !m.
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Support cell proliferation gives rise to new hair cells
Because we determined that the majority of new HCs were mi-
totically generated, we wanted to verify that the transient increase
in SC proliferation before 24 h was responsible for the generation
of new replacement HCs seen at 48 h after neomycin treatment.
We labeled cells with 10 mM BrdU for 1 h at 16 h after neomycin
exposure during the peak of SC proliferation (Fig. 2B,E). The
BrdU was washed out, and the fish were left to recover for an
additional 31 h (48 h after neomycin exposure). Larvae were
collected and fixed both immediately after the 1 h BrdU pulse
(Fig. 2F,G) and after recovery at 48 h after neomycin treatment
(Fig. 2H). Samples were immunostained for acetylated tubulin in
addition to BrdU to label HCs and the neuromast border (Raible
and Kruse, 2000).

Figure 2, F and G, shows neuromasts of control and
neomycin-treated larvae fixed immediately after the 1 h BrdU
pulse. An increased number of BrdU-labeled SCs, internal and
peripheral, were present at 17 h after neomycin exposure (Fig.
2G) compared with the control (Fig. 2F). After 31 h of recovery,
the BrdU label was detected in a subset of HCs as seen in Figure
2H. These data are consistent with the pulse-chase experiment
performed by Harris et al. (2003) and verify that new HCs arise
from the transient increase in SC proliferation.

notch3, deltaA, and atoh1a expression are elevated during
regeneration
During lateral line and inner ear development, Notch signaling
through lateral inhibition blocks HC specification by inhibiting
expression of atonal homologs (Lanford et al., 1999), basic helix-
loop-helix transcription factors necessary for HC differentiation
(Bermingham et al., 1999; Zheng and Gao, 2000; Chen et al.,
2002). Notch signaling has also been suggested to regulate prolif-
eration of precursor cells in the developing mammalian inner ear
(Kiernan et al., 2005; Takebayashi et al., 2007), and Notch signal-
ing components had been observed to be upregulated during
regeneration in avian auditory and vestibular epithelia (Stone
and Rubel, 1999).

We performed whole-mount RNA in situ hybridization to
evaluate the expression of notch3 , deltaA, and atoh1a during re-
generation at 12, 16, 24, and 48 h after neomycin treatment along
with their sibling mock-treated control fish. These notch signal-
ing components are expressed in developing neuromasts and are
known to correlate with selection of HC fate (Itoh and Chitnis,
2001; Millimaki et al., 2007). Developing lateral line HCs also
express the notch ligands deltaB and deltaC, which we did not
investigate in this study (Smithers et al., 2000; Itoh and Chitnis,
2001).

Lateral line HC precursors express atoh1a before differentia-
tion (Itoh and Chitnis, 2001). In the mock-treated controls at 5
dpf (Control 12 h), atoh1a was expressed centrally within the
neuromasts (Fig. 3A). By 7 dpf (Control 48 h), atoh1a expression
had decreased to lower levels (Fig. 3B). Because HCs are contin-
uously replaced thereafter in neuromasts, the presence of a few
atoh1a-positive HC precursors is expected. The higher atoh1a
expression at 5 dpf is most likely caused by developmental HC
addition and maturation still occurring at that age (Fig. 1E). After
neomycin treatment, atoh1a expression was highly upregulated
within the first 24 h (Fig. 3C–E). This observation is consistent
with the generation of new HC precursors to replace the lost HCs
(Fig. 3C–E). By 48 h, atoh1a expression had decreased to control
levels (Fig. 3B,F).

Expression of notch3 has been correlated with SC fate during
lateral line development (Itoh and Chitnis, 2001). We observed

moderate levels of notch3 in the 5 dpf controls, which often ex-
hibited a pattern of two patches on opposite sides within the
neuromast (Fig. 3G). This expression was still present by 48 h but
had decreased to lower levels (Fig. 3H). After neomycin-induced
HC death, notch3 transcript expression was highly elevated at
12–24 h (Fig. 3I–K). By 48 h after initial neomycin treatment,
expression of notch3 had decreased to the level of the control
larvae at the same age (Fig. 3L).

Changes in deltaA expression levels during regeneration cor-
related with the increase in SC proliferation. In mock-treated
control larvae, little deltaA expression was observed in 5 dpf neu-
romasts (Fig.3M). This low level decreased slightly over time with
little to no deltaA observed by 48 h, at the most a single cell is
labeled (Fig. 3N). After the addition of neomycin, deltaA tran-
scripts were upregulated at 12–24 h (Fig. 3O–Q), with the highest
levels observed between 12 and 16 h after treatment. This expres-
sion pattern appears to be highly correlated to the transient in-
crease in SC proliferation that occurs during that time (Fig.
2B,D). Expression of deltaA had returned to around control lev-
els by 48 h (Fig. 3R).

To further investigate expression localization of the Notch
pathway components, we performed fluorescent in situ hybrid-
izations for notch3 and deltaA in neomycin-treated larvae during
peak SC proliferation (17 h after neomycin) (Fig. 2B,D). Hair
cells were immunostained with myosin-VI, and cell nuclei were
labeled with DAPI. Both notch3 and deltaA do not colocalize with
myosin-VI and, hence, are not expressed in HCs (Fig. 3S–V).
notch3 was mainly expressed throughout the internal SCs, with
little to no expression in the peripheral cells (Fig. 3S,T). Expres-
sion of deltaA was localized in a few cells directly adjacent to the
HCs within the internal SC population (Fig. 3U,V). Because
deltaA is progressively restricted to cells obtaining an HC fate
during lateral line development (Itoh and Chitnis, 2001), we hy-
pothesize that these cells expressing deltaA are HC precursors.

We also investigated expression of two other receptors
(notch1a, notch1b) and four ligands (deltaD, jagged1a, jagged1b,
jagged2), some of which are expressed in the developing zebrafish
ear, but which expression in neuromasts have not been reported
(Haddon et al., 1998a; Zecchin et al., 2005). The three jagged
ligand genes, jagged1a, jagged1b, and jagged2, were not expressed
in neuromasts 5–7 dpf both with and without neomycin exposure
(data not shown). No expression of notch1a, notch1b, and deltaD
was observed in neuromasts of 5 dpf larvae under control condi-
tions (supplemental Fig. S2A,F,K, available at www.jneurosci.
org as supplemental material). However, all three transcripts
were upregulated at 12–16 h after neomycin treatment (supple-
mental Fig. S2B,C,G,H,L,M, available at www.jneurosci.org as
supplemental material). Expression decreased by 24 h. Little
notch1a expression was observed, and notch1b was nearly unde-
tectable (supplemental Fig. S2D, I, available at www.jneurosci.
org as supplemental material). Expression of deltaD had de-
creased to low levels and was still present in a cell or two (supple-
mental Fig. S2N, available at www.jneurosci.org as supplemental
material). By 48 h, no expression was observed with all three
transcripts (supplemental Fig. S2E, J,O, available at www.
jneurosci.org as supplemental material), same as the control
(supplemental Fig. S2A,F,K, available at www.jneurosci.org as
supplemental material).

Notch inhibition results in excess regenerated hair cells
To evaluate the role of Notch signaling in zebrafish HC regener-
ation, we used the "-secretase inhibitor DAPT to block the Notch
pathway. DAPT prevents Notch receptor cleavage and subse-
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quent nuclear translocation of the Notch
intracellular domain to inhibit down-
stream signaling (Geling et al., 2002). Ze-
brafish larvae were incubated in 50 !M

DAPT or 0.5% DMSO, its vehicle control,
in EM for various times after neomycin or
mock treatment. Larvae were then labeled
with FM1– 43FX to observe any effects on
mature HC numbers. Percentages nor-
malized to the 24 h 0.5% DMSO vehicle
control were calculated and graphed in
Figure 4A. Average HC numbers are re-
ported in supplemental Table S3 (available
at www.jneurosci.org as supplemental
material).

In mock-treated control fish not ex-
posed to neomycin, a slight decrease was
observed in HC numbers after treatment
with DAPT (ANOVA; p & 0.01) (Fig. 4A).
After neomycin treatment, an increase in
the number of mature regenerated HCs
was observed at 48 h with DAPT incuba-
tion. This increase was magnified by 72 h,
with HC numbers significantly exceeding
that of the vehicle-treated controls
(ANOVA; p & 0.001) (Fig. 4A). Interest-
ingly, this DAPT effect on HC regenera-
tion is also dose dependent (supplemental
Fig. S1, Table S4, available at www.
jneurosci.org as supplemental material).
Increases in myosin-VI-positive HCs were
observed at 48 h, with as little as 1 !M

DAPT ( p & 0.01), and increased with
higher concentrations (ANOVA; p &
0.001).

We continuously incubated larvae in
BrdU in the presence of 50 !M DAPT after
neomycin treatment. Larvae were then
immunostained for both BrdU and
myosin-VI (Fig. 4B–E). Average myosin-
VI-positive HC counts for three neuro-
masts (MI1, M2, and OP1) in four fish per
time and condition are graphed in Figure
4F. In mock-treated controls, no signifi-
cant differences in HC numbers were seen
with the presence of DAPT compared with
the vehicle control for both BrdU-positive
(ANOVA; p ( 0.05) and BrdU-negative
(ANOVA; p ( 0.1) HCs (Fig. 4B,C,F).

With neomycin exposure, differences
in BrdU-labeled HC numbers between DAPT- and DMSO-
treated fish were not significant at 24 h ( p ( 0.1) (Fig. 4D).
However, by 48 h with DAPT, the number of BrdU-positive HCs
had increased to more than twice that of its respective vehicle
control ( p & 0.001) (Fig. 4D–F). Because myosin-VI expression
is an earlier marker of HC regeneration than FM1– 43FX uptake
(Fig. 1E), larger numbers of excess myosin-VI-positive HCs were
observed at 48 h compared with those found with FM1– 43FX
(Fig. 4A,F). The excess BrdU-positive HCs slightly decreased by
72 h, but levels are still significantly elevated over the vehicle
control ( p & 0.01) (Fig. 4F). No difference in BrdU-negative HC
numbers was observed between DAPT and DMSO treatment
groups (ANOVA; p ( 0.1) (Fig. 4F). The ratio of BrdU-labeled

HCs to unlabeled HCs after neomycin and DAPT treatment is
6.98 compared with 4.25 with neomycin alone at 48 h regenera-
tion. From these data, we conclude that Notch inhibition by
DAPT results in excess mitotic production of replacement HCs
only after previous HC damage.

Notch inhibition with DAPT increases deltaA expression
during regeneration
Experiments in the zebrafish mind bomb (mib) mutant have
shown that when Notch-mediated signaling is inhibited during
development, an overproduction of HCs occurs at the expense of
SCs in both the lateral line and inner ear (Haddon et al., 1998a,
1999; Itoh and Chitnis, 2001; Itoh et al., 2003). Expression of
deltaA, deltaB, and atoh1a are all upregulated in the developing

Figure 4. Notch inhibition results in excess regenerated hair cells. A, Graph of HC regeneration after 400 !M neomycin (Neo)
exposure as seen with FM1– 43FX in larvae with 50 !M DAPT incubation, a Notch inhibitor, or 0.5% DMSO vehicle control. Results
are graphed as mean percentages of HCs (% 1 SEM) normalized to the control at 5 dpf (n $ 8 fish per condition; 6 neuromasts per
fish). B–E, Confocal maximum projections of representative neuromasts under continuous BrdU incorporation for 48 h, with and
without 50 !M DAPT. Hair cells were labeled with myosin-VI (green), and BrdU-labeled cells are red. Scale bar, 10 !m. F, Stacked
graph of average myosin-VI-labeled HCs per neuromast either colabeled with BrdU (red) or are BrdU-negative (green). Excess HCs
with 50 !M DAPT incubation all contained the BrdU label, indicating mitotic origin. Error bars represent % 1 SEM (n $ 4 fish per
condition; 3 neuromasts per fish).
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lateral line of mib mutant embryos, correlating with the increase
in production of HCs (Itoh and Chitnis, 2001). We therefore
tested whether the expression of deltaA, which is transiently up-
regulated after neomycin treatment (Fig. 3G–R), is altered by
DAPT treatment (supplemental Fig. S3, available at www.
jneurosci.org as supplemental material). Larvae with undamaged
HCs showed little deltaA expression at all times examined with or
without DAPT incubation (supplemental Fig. S3A–C,G–I, avail-

able at www.jneurosci.org as supplemental material). When HCs
were killed with neomycin, neuromasts treated with DMSO ve-
hicle control exhibited the same pattern as seen previously (Fig.
3P–R), where deltaA expression was upregulated at 16 h, de-
creased slightly by 24 h, and then returned to the baseline levels by
48 h (supplemental Fig. S3D–F, available at www.jneurosci.org as
supplemental material). After DAPT treatment, deltaA expres-
sion followed the same pattern of increased and then decreased
expression (supplemental Fig. S3J–L, available at www.
jneurosci.org as supplemental material). However, deltaA was
expressed in many more cells overall with DAPT treatment than
after neomycin alone. This pattern of expression corresponds to
the increased deltaA expression observed during the initial devel-
opment of neuromasts when Notch signaling is disrupted in mib
mutants. Thus, we conclude that 50 !M DAPT inhibits the Notch
pathway during HC regeneration in a similar manner.

Support cell subpopulations differentially respond under
Notch inhibition
Because inhibition of Notch signaling increases mitotically gen-
erated HCs, we evaluated SC proliferation under the influence of
DAPT. After neomycin treatment, larvae were incubated in 50
!M DAPT or 0.5% DMSO solutions and collected every 4 h be-
tween 12 and 36 h after a 1 h BrdU pulse just before fixation.
BrdU-labeled cells in seven neuromasts were counted in 10 fish
per time and condition. Results are graphed in Figure 5A.

In the mock-treated controls, SC proliferation was at a low
level overall for both DMSO- and DAPT-treated larvae, with only
an occasional labeled cell or two observed per neuromast (Fig.
5A). Cell counts of BrdU-labeled SCs were slightly decreased with
DAPT treatment compared with its DMSO vehicle control
(ANOVA; p & 0.001) (Fig. 5A). After neomycin treatment, incu-
bation with DAPT significantly increased overall numbers of
BrdU-labeled SCs over the vehicle control levels, starting at 16 h
and continued through 32 h after neomycin treatment (ANOVA;
p & 0.001) (Fig. 5A).

BrdU-labeled SCs were also scored for neuromast position to
differentiate and analyze the effect of DAPT on the internal and
peripheral SC subpopulations. Data are graphed in Figure 5, B
and C, for neomycin-treated larvae and mock-treated controls,
respectively. In neomycin-treated fish (Fig. 5B), under DMSO
vehicle control conditions, internal SC proliferation peaked at
16 h after neomycin treatment, decreased by 24 h, and remained
at low levels throughout the remaining time points. Peripheral
BrdU-positive SC numbers were lower than that of the internal
SCs, and decreased slowly over time (Fig. 5B). These data are
consistent with the previous BrdU pulse-fix time course experi-
ment in Figure 2E.

When treated with DAPT, significant differences were ob-
served in both the internal and peripheral SC subpopulations
compared with the vehicle control (Fig. 5B). BrdU-labeled inter-
nal SC numbers were highly elevated with DAPT incubation,
with an extended peak observed between 16 and 20 h after neo-
mycin treatment. The duration of this increase was also pro-
longed, with a decrease at 24 h and reaching vehicle control levels
by 36 h. Conversely, peripheral SCs decreased in proliferation
after DAPT incubation and gradually decreased over time (Fig.
5B). Two-way ANOVA testing between the DMSO and DAPT
treatment groups for both SC subpopulations revealed signifi-
cant main effects of time ( p & 0.001) and treatment ( p & 0.001).
Interactions between treatment group and time were also signif-
icant for both internal ( p & 0.001) and peripheral ( p & 0.01)

Figure 5. Proliferation of support cell subpopulations is differentially affected by Notch
inhibition. A, BrdU pulse-fix time course graph of SC proliferation in control and regenerating
neuromasts with 50 !M DAPT or 0.5% DMSO vehicle incubation. B, BrdU pulse-fix time course
graph after 400 !M neomycin treatment with 50 !M DAPT (triangle) or 0.5% DMSO (circle)
vehicle incubation. BrdU-labeled SCs were subdivided as internal (solid lines, solid shape) or
peripheral (dotted lines, open shape) based on neuromast cell position. DAPT incubation in-
creased the number and duration of internal SC proliferation, whereas peripheral cells de-
creased in proliferation. C, BrdU pulse-fix time course graph of mock-treated control siblings
with 50 !M DAPT (triangle) or 0.5% DMSO (circle) vehicle incubation. Both internal (solid lines,
solid shape) and peripheral (dotted lines, open shape) SC proliferation decreased with DAPT
incubation compared with the vehicle control, but effects were difficult to interpret because of
the small numbers of BrdU-positive cells observed. Error bars represent % 1 SEM (n $ 10 fish
per condition, 7 neuromasts per fish for all 3 graphs) (A–C).
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SCs, indicating that DAPT incubation affected the pattern of SC
proliferation over time compared with that of the vehicle control.

In mock-treated control siblings not exposed to neomycin
(Fig. 5C), BrdU-positive SC numbers exhibited small but reliable
decreases over time under DMSO vehicle control conditions for
both internal (ANOVA; p & 0.001) and peripheral (ANOVA; p &
0.01) SCs. After incubation in DAPT, a slight but significant de-
crease in internal SC proliferation was observed (ANOVA; p &
0.01), with a small decrease in the peripheral SCs as well
(ANOVA; p & 0.05). However, numbers were small and thus
difficult to interpret.

Together, these data further support the idea that the internal
and peripheral SCs are two separate subpopulations with differ-
ent functions. With Notch inhibition by DAPT, internal SC pro-
liferation significantly increases, resulting in the generation of
excess HCs. This observation leads us to hypothesize that the
internal SCs are the proliferative HC precursors that are directly
responsible for HC renewal. Peripheral SC proliferation, in con-
trast, decreases after Notch inhibition. Additional experiments
are required to elucidate the involvement of the peripheral SC
population in HC regeneration, but we hypothesize that prolif-
eration of the peripheral SCs may be required to renew the inter-
nal SCs and/or for structural maintenance and growth of the
neuromast.

Discussion
Lateral line hair cell regeneration is primarily mitotic
Hair cell regeneration in lateral line neuromasts has both similar-
ities and differences with other systems where HC regeneration
has been studied extensively. In the avian auditory epithelium
[basilar papilla (BP)], both mitotic and nonmitotic regeneration
occurs. After aminoglycoside exposure, underlying SCs divide to
form both HCs and SCs (Lippe et al., 1991; Weisleder and Rubel,
1993; Tsue et al., 1994; Bhave et al., 1995; Stone and Rubel, 2000).
Direct conversion of SCs into HCs without an intervening mito-
sis also contributes significantly to HC renewal (Baird et al., 1993;
Adler and Raphael, 1996; Roberson et al., 1996; Roberson et al.,
2004; Cafaro et al., 2007). We find that HC replacement in the
larval zebrafish lateral line is primarily from proliferative progen-
itors. Our results are consistent with previous studies of lateral
line HC regeneration. Increases in SC proliferation and retention
of BrdU within HCs were reported previously by Harris et al.
(2003), and proliferative HC renewal was observed in time-lapse
imaging studies of HCs (Lopez-Schier and Hudspeth, 2006). Pro-
liferative addition was also observed after laser ablation of lateral
line HCs in axolotl (Jones and Corwin, 1996). We observed a
small number of HCs that were not derived from dividing pre-
cursors. Notably, these cells were detected within the first 24 h
after HC death and did not increase in number as new cells were
added through proliferation over the following 48 h. These HCs
likely include the small population of neomycin-resistant HCs
(Murakami et al., 2003; Santos et al., 2006). In pulse-chase exper-
iments, we found that the few HCs remaining after neomycin
treatment were not labeled with BrdU (Fig. 2G) (Harris et al.,
2003). Although these observations suggest that mature HCs do
not re-enter the cell cycle, this possibility cannot be completely
ruled out.

Neuromasts exposed to copper showed both mitotic and non-
mitotic regeneration depending on the severity of damage (Her-
nandez et al., 2007). Exposure of 3 dpf larvae to 1 !M CuSO4

resulted in mostly nonmitotic renewal, although treatment with a
higher concentration (10 !M) resulted in mostly proliferative
replacement (Hernandez et al., 2007). There are several possibil-

ities to explain the differences in the level of nonmitotic regener-
ation after low-dose copper compared with that seen after high
copper or with neomycin treatment. Hernandez et al. (2007)
proposed the existence of a postmitotic precursor population
resistant to low levels of copper, but sensitive to high levels, and a
proliferative progenitor population resistant to both doses. Fol-
lowing this notion, the putative postmitotic precursors would
also be sensitive to neomycin. However, active mechanotrans-
duction is thought to be a prerequisite for neomycin-induced HC
death in zebrafish and other animals (Richardson et al., 1997;
Seiler and Nicolson, 1999), and HCs preferentially accumulate
aminoglycosides compared with SCs (Steyger et al., 2003), sug-
gesting that only fully differentiated HCs would be sensitive. A
second possibility is that postmitotic precursors are still abun-
dant in immature neuromasts at 3 dpf (the stage at which the
copper studies were performed) but primarily absent by 5 dpf
(our study). Additional studies will be needed to clarify these
issues.

Two subpopulations of proliferating cells have
separate functions
Tissues that undergo cell turnover require a regulated source of
new progenitors, which includes a dedicated population of stem
cells (Weissman et al., 2001; Fuchs et al., 2004; Molofsky et al.,
2004; Cotsarelis, 2006; Crosnier et al., 2006). In the nervous sys-
tem, stem cells give rise to proliferating progenitors called tran-
sient amplifying cells, the progeny of which then differentiate
(Alvarez-Buylla et al., 2001; Doetsch, 2003). In this study, we
provide evidence for two distinct subpopulations of proliferating
neuromast cells, designated as internal and peripheral SCs (Jones
and Corwin, 1993; Williams and Holder, 2000). We suggest that
internal SCs act as transient amplifying cells that give rise to new
HCs during regeneration, whereas peripheral SCs may include a
dedicated population of progenitor cells responsible for renewing
the internal SC population.

In the lateral line, regeneration occurs not only to renew lost
HCs but also to renew whole neuromasts after they are removed,
such as after tail amputation (Stone, 1937; Jones and Corwin,
1993; Dufourcq et al., 2006). In these instances, cells bud from the
edge of existing neuromasts, proliferate, coalesce, and migrate to
a new location to form new neuromasts in a manner recapitulat-
ing their development. We hypothesize that peripheral SCs may
be the source of these new neuromast progenitors. These progen-
itors likely have stem cell characteristics: the ability to self-renew
and to give rise to multiple cell types. They may also share prop-
erties with interneuromast cells that generate new intercalary
neuromasts through proliferative expansion (Grant et al., 2005).
Additional investigation is needed to elucidate these possible
functions of peripheral cells.

Notch signaling differentially regulates proliferation of
support cell subpopulations
Our experiments demonstrate that during HC regeneration,
treatment with the "-secretase inhibitor DAPT results in the
overproduction of HCs. DAPT treatment phenocopies mind
bomb mutants, which inactivate an E3 ubiquitin ligase necessary
for efficient Notch signaling (Itoh et al., 2003) and is reversed by
expression of processed Notch (Geling et al., 2002). Although
DAPT blocks processing of other "-secretase targets such as
ErbB4 (Sardi et al., 2006), amyloid precursor protein (Dovey et
al., 2001), or sodium channel $ subunit (Kim et al., 2005), the
similarities in its effect on HC production after Notch loss of
function leads us to conclude that DAPT is most likely affecting
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this pathway. Although DAPT appears to have no differential
specificity to different forms of presenilin (Zhao et al., 2008),
there may be other "-secretases still functioning to modulate
lateral line development after DAPT treatment. Additional stud-
ies will be needed to address these possibilities.

We also observe upregulation of Notch signaling components
and atoh1 expression in neuromasts after neomycin damage, par-
alleling previous studies in the avian inner ear (Stone and Rubel,
1999; Cafaro et al., 2007). After aminoglycoside-induced HC
damage, Delta1 is highly upregulated in proliferating cells in both
the avian utricle and the BP, which later persists in the newly
generated HCs but decreases in cells that did not acquire the HC
fate (Stone and Rubel, 1999). Atoh1 expression is observed in cells
that re-entered the cell cycle in the BP after damage shortly after
their division and is confined to HCs after their differentiation
(Cafaro et al., 2007). Notch1, which is normally expressed only in
SCs, increases in the postmitotic pairs during regeneration (Stone
and Rubel, 1999). These data suggest that some aspects of Notch
regulation of HC regeneration may be conserved among species.

Notch signaling during development has been interpreted to
be involved in lateral inhibition, affecting cell fate choice between
HCs and SCs, in both mice (Lanford et al., 1999; Kiernan et al.,
2001, 2005; Brooker et al., 2006) and zebrafish (Haddon et al.,
1998a, 1999; Itoh and Chitnis, 2001; Itoh et al., 2003). Recent
studies provide evidence for an additional role in regulating pro-
liferation in inner ear development (Kiernan et al., 2005; Take-
bayashi et al., 2007). Although we see an increase in HCs when
blocking Notch signaling after neomycin damage, we do not
know whether there is a concomitant loss of SCs. Moreover, we
do not know whether SCs that give rise to regenerating HCs are
themselves replaced. These questions will require the develop-
ment of new markers that distinguish lateral line SC types.

Model for Notch signaling in HC regeneration
Our data suggest that there are at least two signals that govern HC
regeneration: a “maintenance” signal that is disrupted to initiate
regeneration and a “braking” signal that promotes the return to
quiescence. We hypothesize that the maintenance signal is inde-
pendent of the Notch pathway, because very few cells express
Notch ligands in functionally mature neuromasts, and blocking
Notch signaling with DAPT does not initiate HC addition in the
absence of neomycin damage. Maintenance signaling between
mature HCs and internal SCs keeps cells quiescent (Fig. 6A).
After HC damage, inhibition is lifted and internal SCs divide to
either self-renew or form precursors that are committed to dif-
ferentiate into new HCs, possibly after expression of atoh1a. We

propose that deltaA expressed in the newly
formed HC precursors signals to the adja-
cent internal SCs, which upregulate notch3
after HC death (Fig. 6A). This Delta-
Notch signaling inhibits adjacent cells
from proliferating, hence putting a brake
on regeneration. DAPT treatment over-
rides that brake, resulting in increased SC
division and excess HCs (Fig. 6B). We
note, however, that even in the presence of
DAPT, proliferation eventually ceases,
suggesting that the unidentified mainte-
nance signal is restored as HCs mature.
Our model suggests that Notch signaling is
one component that limits the amount of
internal SC proliferation to keep HC num-
bers in check. This type of feedback inhi-

bition provides a mechanism for regulating the size of regenerat-
ing neuromasts and may provide the basis for our observation
that the number of regenerated HCs correlates with the number
present before neomycin exposure. Additional characterization
of the signals that start and stop HC regeneration may help in
promoting the regeneration of hair cells in humans.
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Abstract

Inner ear sensory hair cell death is observed in the majority of hearing and balance disorders, affecting the health of more
than 600 million people worldwide. While normal aging is the single greatest contributor, exposure to environmental toxins
and therapeutic drugs such as aminoglycoside antibiotics and antineoplastic agents are significant contributors. Genetic
variation contributes markedly to differences in normal disease progression during aging and in susceptibility to ototoxic
agents. Using the lateral line system of larval zebrafish, we developed an in vivo drug toxicity interaction screen to uncover
genetic modulators of antibiotic-induced hair cell death and to identify compounds that confer protection. We have
identified 5 mutations that modulate aminoglycoside susceptibility. Further characterization and identification of one
protective mutant, sentinel (snl), revealed a novel conserved vertebrate gene. A similar screen identified a new class of drug-
like small molecules, benzothiophene carboxamides, that prevent aminoglycoside-induced hair cell death in zebrafish and
in mammals. Testing for interaction with the sentinel mutation suggests that the gene and compounds may operate in
different pathways. The combination of chemical screening with traditional genetic approaches is a new strategy for
identifying drugs and drug targets to attenuate hearing and balance disorders.
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Introduction

Hearing loss and vestibular dysfunction are among the most
common disorders requiring medical attention. Globally, over a
third of older adults suffer from these conditions. Studies of both
laboratory animals and humans reveal tremendous variation in
hearing loss due to ageing as well as exogenous challenges such as
ototoxic drugs and noise exposure, and show that this variability can
be at least partially understood using genetic methods [1–5]. Rapid
progress has been made using genetics to understand the molecular
basis for congenital deafness [6], but adult-onset hearing loss is
poorly understood despite its overwhelming prevalence. There are
several examples where genes underlying familial adult-onset
hearing loss have been identified [7–9], but these are rare diseases
that account for a very small fraction of the enormous variation of
acquired or age-related hearing and balance problems. Understand-
ing how hair cell death is genetically modified by intrinsic and
extrinsic challenges should lead to identification of new therapeutic
targets for prevention of inner ear damage.

The initial cellular basis for most hearing loss and a significant
proportion of balance problems is injury and loss of the
mechanosensory hair cells that reside in the inner ear and transduce

mechanical signals into electrical signals that are sent to the brain via
the VIIIth cranial nerve. Treatments with aminoglycoside antibiotics
or the cancer chemotherapeutics, cisplatin and carboplatin, often
cause irreversible hearing loss [10–12] by killing hair cells. As with
other forms of hearing loss, the effects of aminoglycoside exposure in
humans and other outbred mammalian populations are widely
variable and influenced by genetic factors [13]. For example,
patients with mutations in mitochondrial genes, including mito-
chondrial 12S ribosomal RNA, show greatly enhanced sensitivity to
aminoglycoside exposure [14]. However, these mutations also have
variable penetrance, and are influenced by nuclear genes [15].
Mutations in mitochondrial rRNA are consistent with a model that
aminoglycoside ototoxicity is the result of effects on mitochondrial
translation similar to the antibiotic effects of prokaryotic translation
inhibition [16].

Pharmacological approaches toward the prevention of hearing
loss due to therapeutic drugs or chronic exposure to noise have
centered primarily on antioxidants and cJUN kinase (JunK)
inhibitors. While several studies support the idea that antioxidants
or JunK inhibitors can limit aminoglycoside toxicity and cisplatin
ototoxicity, the literature is complex and often the protection is dose
dependent [11,17]. Target based drug discovery is limited, however,

PLoS Genetics | www.plosgenetics.org 1 2008 | Volume 4 | Issue 2 | e1000020



by our understanding of the cellular pathways contributing to the
inner ear pathology, and by the lack of methods to do broad
screening of potential candidates.

The lateral line system of aquatic vertebrates is composed of
mechanosensory organs on the surface of the head and body, and
is used to detect variations in water pressure. Lateral line hair cells
and their underlying support cells are organized into rosette-like
clusters called neuromasts [18]. Zebrafish lateral line hair cells
show structural, functional and molecular similarities to the
mammalian inner ear hair cells (reviewed in [19,20]). Like
mammalian inner ear hair cells, the lateral line hair cells of
zebrafish are killed by exposure to chemicals including aminogly-
cosides and cisplatin in a dose-dependent manner [21–25]. The
accessibility of lateral line hair cells to visualization and
manipulation, along with the cellular and molecular properties
shared with inner ear hair cells, makes this system a good model
for investigating genetic and pharmacological modulation of hair
cell sensitivity to potentially ototoxic agents [26].

In this report, we describe a new approach for the identification
of genes and pharmacological agents that modulate the sensitivity
of hair cells to ototoxic agents such as aminoglycosides. We use this
approach to identify 2 new pharmacological agents and 5 new
mutations that protect against aminoglycoside-induced hair cell
death. We describe a screen for small drug-like molecules that
protect zebrafish lateral line hair cells and validate effectiveness of
these newly discovered protective compounds in the mammalian
inner ear. We report the initial results of an in vivo genetic screen
for modulators of hair cell susceptibility to ototoxic drug exposure,
including the identification of one such gene. These mutations
provide an entry point for determining which molecular pathways
can be modulated to alter drug response in the hair cells. Variation
in these molecules may underlie differential susceptibility to drugs
clinically and suggest likely points of regulation for prophylactic
treatments in the future.

Results

Hair cells of the lateral line neuromasts in larval zebrafish form
an easily identifiable rosette-like cluster that can be labeled with a
variety of vital dyes and assessed in vivo (Figure 1A). The hair cells
rapidly fragment and die upon treatment with 200 mM neomycin
(Figure 1B). We have developed methods to systematically identify
modulatory pathways altering hair cell response to aminoglycoside
antibiotic exposure by taking advantage of in vivo labeling of

lateral line hair cells with vital dyes. Figure 1C exemplifies this,
showing that lateral line hair cells have a robust, highly
reproducible response to different doses of aminoglycoside
antibiotics [21,23]. We reasoned that by examining animals
treated with concentrations of neomycin at low or high ends of the
dose-response curve, we should be able to identify modifiers that
alter susceptibility to neomycin-induced hair cell death (Figure 1C).

Small Molecule Screening for Protecting Compounds
To screen for small molecule modifiers, we pretreated 5 day

post-fertilization (dpf) larvae with a chemically diverse library of
10,960 compounds before exposing them to 200 mM neomycin.
Screening was initially carried out by labeling hair cells of 5 dpf
larvae with a combination of a nuclear dye and a cytoplasmic dye
(Yo-Pro-1 and FM 1-43, respectively), then pretreating larvae in
96-well tissue culture plates for 1 hour to a cocktail of five
compounds and then exposing them to 200 mM neomycin. When
protection was observed, the 5 potential contributors were

Figure 1. Screening for modifiers of aminoglycoside toxicity.
(A) Neuromast from a control animal pretreated with 0.5% DMSO and
stained with rapidly with FM 1-43FX (red) and the nuclear label Yo-Pro-1
(green). (B) Negative control pretreated with 0.05% DMSO for 1 hour
followed by 200 mM neomycin treatment for 30 min. Hair cells are
stained with FM 1-43FX (red) and Yo-Pro-1 (green). Hair cell loss, nuclear
condensation and cytoplasmic shrinking are observed. (C) Dose-
response function showing decreased hair cell labeling with DASPEI, a
mitochondrial potentiometric dye, as a function of increasing neomycin
concentration for wildtype zebrafish (N = 25–37 total fish per group,
from triplicate experiments). Bars are SEM. Screens for increased or
decreased susceptibility to hair cell loss were performed by treatment
with either low, 25 mM, or high, 200 mM, neomycin doses, respectively,
as highlighted by the orange arrows. (D) Neuromast pretreated with
PROTO-2, a compound identified to provide protection against 200 mM
neomycin exposure. (E,F) Show the structure for the identified
compounds, PROTO-1 (E) and PROTO-2 (F), respectively.
doi:10.1371/journal.pgen.1000020.g001

Author Summary

Loss of sensory hair cells in the inner ear is observed in the
majority of hearing and balance disorders, affecting the
health of more than 600 million people worldwide.
Exposure to environmental toxins and certain pharmaceu-
tical drugs such as aminoglycoside antibiotics and some
cancer chemotherapy agents account for many of these
hearing and balance problems. Variation in the genetic
makeup between individuals plays a major role in
establishing differences in susceptibility to environmental
agents that damage the inner ear. Using zebrafish larvae,
we developed a screen to uncover genes leading to
differences in antibiotic-induced death of hair cells and to
identify compounds that protect hair cells from damage.
The combination of chemical screening with traditional
genetic approaches offers a new strategy for identifying
drugs and drug targets to attenuate hearing and balance
disorders.
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evaluated singly to determine the active compound. Two
compounds exhibited reliable and robust protection of hair cells
from neomycin. An example of this protection is shown in
Figure 1D, compared to treatment with neomycin alone
(Figure 1B). Both compounds were benzothiophene carboxamides
(Figure 1E and 1F), suggesting specific selection from the diverse
library. We have named these compounds PROTO-1 and
PROTO-2. We next compared the neomycin dose-response
relationship in larvae pretreated with the compounds and controls
(Figure 2). Figure 2A and 2B show that at a concentration of
10 mM both compounds show significant protection of hair cells
over a broad range of neomycin concentrations, from 25 mM to
400 mM (p,0.0001 by two-factorial ANOVA). We also deter-
mined the dose-dependent effects of PROTO-1 and PROTO-2 to
a fixed (200 mM) level of neomycin (Figure 2C and 2D).
Pretreatment with 1 and 10 mM PROTO-1 resulted in significant
protection of hair cells exposed to 200 mM neomycin compared to
neomycin alone (p,0.0001, unpaired t-test). There was no

significant difference in the protection provided by 1 and 10 mM
PROTO-1 (p.0.10). Although exposure to 50 mM and 100 mM
PROTO-1 alone did not alter viability, in combination with
200 mM neomycin these doses were lethal to larvae. Pretreatment
with PROTO-2 provided significant protection of hair cells at all
doses (p,0.0001, unpaired t-tests) with no dose-dependent
difference (p.0.20). PROTO-2 was not lethal at any of the tested
doses with or without neomycin.

Aminoglycosides are used clinically, despite their known
ototoxicity, because of their broad spectrum of antibacterial
actions. Compounds that could be used to limit their ototoxicity
must not limit the intended therapeutic functions. We therefore
had the University of Washington Clinical Microbiology Labora-
tory test the bacteriostatic and bactericidal activity of neomycin in
the presence of PROTO-1 and PROTO-2. The minimum
inhibitory concentration (3.25 mM) and minimum bactericidal
concentration (6.5 mM) for E. coli ATCC 25922 was unchanged
with or without 10 mM of either compound. This indicates that at

Figure 2. Ranges of protection for PROTO-1 and PROTO-2. Hair cells were vitally stained with FM1-43 and Yo-Pro-1, treated with PROTO-1 or
PROT0-2 for 1 hour at various concentrations of compounds, then exposed to neomycin for 30 minutes, allowed 1 hr recovery in normal media.
Graphs show mean hair cell counts for the SO1, SO2, OC1, and O1 neuromasts (+SEM) as percent of control (mock-treated, no neomycin exposure).
Missing error bars indicate that was less than symbol size. (A,B) Neomycin dose-response curve showing effects of 10 mM PROTO-1 ((A), closed
squares) and PROTO-2 ((B), closed squares) pretreatment in comparison to controls (without PROTO-1 or –2). (C,D) Profile of each compound at
increasing doses without aminoglycoside and after 200 mM neomycin exposure. N = 10–20 fish per group.
doi:10.1371/journal.pgen.1000020.g002
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least under standard in vitro assay conditions benzothiophene
carboxamides do not inhibit aminoglycoside antibacterial activity.

Screening for Genetic Modifiers
To identify genetic modifiers of aminoglycoside-induced hair cell

death, a standard F3 screening paradigm was used. Males were
mutagenized with ethylnitrosourea following standard protocols
[27], then crossed to wildtype females to produce F1 progeny.
Mutagenesis was assessed by specific locus testing against unpig-
mented mitfa mutant animals [28], with a rate of about 1:300. F2
families were produced from F1 individuals, and F3 larvae produced
by pairwise intercrosses within each family. F3 larvae were treated at
5 dpf with either high (200 mM) or low (25 mM) concentrations of
neomycin for 30 minutes to identify mutants that exhibit protection
or heightened susceptibility of hair cells, respectively. Hair cells were
then assessed with the vital dye DASPEI, which is differentially taken
up by neuromast hair cells [29,30]. Figure 3 shows untreated and
neomycin-exposed wildtype animals, and two mutants with altered
susceptibility. In contrast to the wildtype subject (Figure 3B),
persephone mutants (Figure 3C) show robust staining indistinguishable
from an untreated animal (Figure 3A). Animals homozygous for the
sentinel mutation also retain robust staining; in addition they display a
linked morphological phenotype, a variable sinusoidal morphology
that begins to be apparent by 3 dpf (Figure 3D). While persephone
mutants are homozygous viable, the sentinel mutation is lethal at
approximately 10–12 dpf.

To date, we have identified 5 mutations that confer resistance and
behave as simple recessive alleles. Complementation testing
demonstrated that they affect different genes. We identified 5
additional mutations that confer resistance with more complex
genetics, showing semi-dominant effects and/or interactions with

modifying background loci. All mutations were transmitted to the
next generation. We were surprised that all loci identified to date
confer resistance, suggesting that affected genes normally act to
promote cell death. The 5 simple recessive loci can be separated into
two classes, mutations that have no apparent secondary phenotype
(persephone, trainman, bane) and those with additional phenotypes
(sentinel, merovingian). Animals homozygous for the merovingian
mutation show reduced ear size and small otoliths (not shown).

We have found that mutations differ dramatically in the relative
resistance they confer against neomycin exposure (Figure 4). In
wildtype animals, 200 mM neomycin exposure reliably reduces
DASPEI staining to less than 10% of control untreated animals
(Figure 4A). To examine the variability in phenotypes, we crossed
heterozygous parents to produce offspring in typical Mendelian
ratios (75% wildtype: 25% mutant progeny). Distributions show
bimodality with robust DASPEI staining in 1/4 of the neomycin-
treated progeny from crosses of heterozygous individuals for all 5
simple recessive mutations, as expected (Figure 4B–4F). Linked
phenotypes cosegregate with resistance as shown for snl mutations
(Figure 4D). Examples of mutations that confer near total resistance
are shown in Figure 4B and 4C, and examples that confer only
partial effects are shown in Figure 4D–4F. Partial protection may
indicate that affected genes alter only one of several mechanisms
involved in neomycin-induced cell death or that identified alleles
may be hypomorphic and display only partial loss-of-function.

The linked morphological features associated with sentinel
mutants have allowed us to more fully characterize mutant
phenotypes, since homozygous affected animals could be prospec-
tively identified before directly testing the response to neomycin.
We next tested whether sentinel mutants show altered response over
the range of the aminoglycoside dose-response function (Figure 5).
Animals were sorted by body phenotype as either wildtype or
sinusoidal, and then exposed to different doses of neomycin.
Animals homozygous for the sentinel mutation show robust, but
partial, protection at all doses tested. Animals with wildtype body
shape, including heterozygous mutants, are no different than the
background *AB strain, demonstrating there are no effects of gene
dosage. We also determined whether sentinel mutants show
protection at later stages of development, since there are age-
dependent differences in the dose-response to neomycin [22].
There is no change in the relative levels of protection by sentinel at
8–9 dpf (Figure S1), demonstrating that the mutation does not
specifically confer protection by a general developmental delay.

Molecular Identification of sentinel Mutation
To determine the genetic location of the sentinel gene, we

isolated 694 snl mutants and 234 snl+ siblings based on the
neomycin response phenotype of their hair cells. We detected
cosegregation of the sentinel phenotype with markers [31] on
chromosome 23 of zebrafish. Analysis of recombinant chromo-
somes revealed a 41 kb linked genomic region containing one
candidate gene (Figure 6A) predicted to encode a 1541 aa protein
with 38 exons. The predicted exon and intron boundaries are
shown in Figure 6B. The boundaries of the linked region are
positioned within the coding region (within introns 8 and 33) of
this novel gene. Sequence of the coding regions and exon-intron
junctions in sentinel cDNAs revealed a stop codon in exon 14
(Figure 6B, red asterisk, and Figure 6D) in place of a tryptophan.
This alteration is predicted to truncate the protein at amino acid
491 with loss of 68% of the protein and is likely to lead to loss of
function. The sentinel transcript is expressed ubiquitously in
wildtype zebrafish (Figure S2). We observed attenuated expression
in sentinel mutants, perhaps indicating that nonsense-mediated
decay of the transcript occurs (Figure S2C).

Figure 3. Mutations that confer protection against neomycin
exposure. Larvae are labeled with DASPEI after 30 min exposure to
200 mM neomycin and 1 hr recovery in normal media. (A) Wildtype
animal shows retention of hair cells in neuromasts after mock-
treatment. (B) Wildtype animal shows loss of hair cells after
aminoglycoside treatment. (C) persephone mutant animal shows robust
protection of neuromasts against neomycin treatment. No morpholog-
ical defects are observed. (D) sentinel mutant animal shows protection,
along with sinusoidal body curvature. Bar = 200 mm.
doi:10.1371/journal.pgen.1000020.g003
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Figure 4. Hair cell retention after neomycin treatment in wildtype and mutant animals. Histograms show the fraction of animals with
different levels of DASPEI staining. For each animal, 10 specific neuromasts are evaluated and assigned a score of 2 (normal staining), 1 (reduced
staining), or 0 (no staining) for a maximum total score of 0–20. For each group, the distribution of animals given each DASPEI staining score is
displayed as a percentage of the total number of animals to illustrate the phenotypic variation within the group; 40–80 animals were tested for each
group. (A) Distribution of wildtype fish after mock treatment without neomycin (green bars) or after exposure to 200 mM neomycin (blue bars). (B–F)
Distribution of progeny from crosses between heterozygous mutant carriers treated with 200 mM neomycin, showing both wildtype and mutant
phenotypes. (B) persephone. (C) merovingian. (D) sentinel. Animals with sinusoidal bodies (later shown to be homozygous mutants) are represented by
orange bars, and animals with wildtype body shape (wildtype or heterozygous siblings) are represented by blue bars. (E) bane. (F) trainman.
doi:10.1371/journal.pgen.1000020.g004
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Alignment of the zebrafish genomic region reveals homology to
human (KIAA1345, 56% identity, 73% similarity) and mouse
(RIKEN 5730509K17, 59% identity, 76% similarity) as well as to
other vertebrates (Figure S3). The intron-exon structure between
the zebrafish and mammalian orthologs is conserved with a few
minor exceptions. We note looser homology to loci in Drosophila
melanogaster, Aedes aegpytii, Caenorhabditis elegans, Trichomo-
nas vaginalis and Paramecium tetraurelia genomes, suggesting that
this is an ancient gene. The phylogenetic relationship between the
predicted proteins is shown in Figure 6C. The Drosophila ortholog
is annotated as two loci (CG18432 and CG18631) corresponding
to the predicted N-terminal and C-terminal end of the zebrafish
protein, indicating that they may encode a single transcript or be
derived from a single ancestral locus. The predicted Sentinel
protein contains a putative C2 domain [32] in the C-terminus
(Figure 6E). The N-terminal third of the Sentinel protein is highly
charged with two glutamine-rich acidic clusters flanking a lysine-
rich basic cluster (Figure 6E). There is a notable absence of other
recognizable domains.

Genetic/Chemical Epistasis
To begin elucidating possible molecular pathways regulating

susceptibility, we tested for an interaction between sentinel mutants
and PROTO-1. Both PROTO-1 treatment and snl loss of function
result in substantial but incomplete protection against neomycin
exposure. We tested whether exposure of PROTO-1 conferred
any additional protection to snl mutants when exposed to 100 mM
or 200 mM neomycin. Figure 7 provides these results for siblings
(left) and sentinel mutants (right), comparing hair cell counts in
control animals and fish exposed to neomycin with or without
pretreatment for 1 hr in 10 mM PROTO-1. At both doses of
neomycin, treatment with PROTO-1 provides a small amount of
additional protection, over and above that provided by the sentinel
mutation. Analyses by one-way ANOVA followed by pair-wise

comparisons (Fisher’s PLSD test) revealed that at both doses the
additional protection provided by PROTO-1 was statistically
reliable (p,0.01), but that even the combined effect did not
provide complete protection (p,0.01).

Determining Cellular Steps in Toxicity Altered by
Modifiers

Attenuation of drug-induced hair cell death could result from a
number of causes that are not directly linked to the activation of
cell death or cell survival pathways. Some examples include the
well-established link between mechanotransduction-dependent
activity and aminoglycoside uptake and susceptibility [33–35],
the relative resistance seen in young animals [23], and abnormal-
ities of aminoglycoside uptake.

Rapid uptake of the vital dye FM 1–43 is commonly used as an
indicator of sensory hair cell mechanotransduction [36–38]. We
compared the uptake of FM1-43FX in control (wild-type) fish, in
sentinel mutants and in wild-type fish treated with PROTO-1 and
PROTO-2 (Figure 8; Figure S4). Rapid entry of FM1-43FX into
the hair cells of sentinel mutants (Figure 8B and 8D) is comparable
to that of wildtype hair cells (Figure 8A and 8C). Similarly,
PROTO-1 and PROTO-2 did not alter FM1-43FX uptake
(Figure S4A, Figure S4B, Figure S4C), indicating that mechan-
otransduction-associated events appear intact with these modula-
tors. In addition, examination of the neuromasts in sentinel mutants
by light microscopy (compare Figure 8A and 8C to Figure 8B and
8D) reveals that hair cells are organized in the stereotypical rosette
pattern found in wildtype animals. Together these results suggest
that these modifiers do not act by blocking hair cell transduction or
slowing development.

To test whether these modifiers alter drug entry, we evaluated
whether fluorescently-tagged aminoglycosides [39] enter hair cells
in the presence of modifiers. Both the aminoglycosides gentamicin
(Figure 8E and 8F) and neomycin (not shown) tagged with Texas
Red fluorophore enter sentinel hair cells with a rapid, 45-second,
exposure. Similarly, PROTO-1 and PROTO-2 did not alter
labeled gentamicin uptake (Figure S4D, Figure S4E, and Figure
S4F). While these results do not rule out subtle changes in
aminoglycoside uptake, they do show that there are no dramatic
differences that might account for the broad range of protection
seen. Hence, it appears most likely that modifiers affect steps in
toxicity that occur after aminoglycoside entry.

Although the initial mechanism of hair cell death induced by
aminoglycosides and cisplatin may be quite different, the later
general cell death events are thought to be similar. To test whether
these modulators alter cisplatin toxicity, we tested the effects of a
range of cisplatin doses on sentinel mutants and on animals treated
with PROTO-1. The response of sinusoidal sentinel mutants to
cisplatin mirrored wildtype strains and siblings with wildtype body
shape (Figure 9A). Thus, sentinel mutants are not protected against
cisplatin-induced hair cell toxicity. Similarly, PROTO-1 did not
protect against cisplatin-induced cell death (Figure 9B). The
observation that sentinel mutants and fish exposed to PROTO-1
are relatively resistant to aminoglycoside-induced cell death but
remain normally sensitive to cisplatin-induced cell death suggests
that general cell death mechanisms are intact. We hypothesize that
the sentinel mutation and PROTO-1 may abrogate aminoglycoside
targets or early events in aminoglycoside-induced cell death that
are not shared by cisplatin-induced cell death.

Modifier Test in Adult Mammalian Utricles
Finally, we sought to determine whether modifiers we

discovered in the zebrafish lateral line hair cell assay also confer
protection to hair cells in the murine inner ear. While mutants for

Figure 5. Dose dependent protection of sentinel mutants to
neomycin. Hair cell loss as determined by DASPEI staining of progeny
of sentinel heterozygous parents with wildtype body shape (blue) or
sinusoidal body shape (red) are compared to wildtype *AB fish (green).
Error bars are 61 S.D. Mutants show robust, but partial, protection
following 30 min neomycin exposure and one hour recovery.
doi:10.1371/journal.pgen.1000020.g005
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Figure 6. The sentinel mutation creates a stop codon in a novel vertebrate gene. (A) A schematic of chromosome 23 region illustrates fraction of
recombinant chromosomes among informative meioses for genetic markers defining the sentinel linked region (orange box). (B) Colored bars represent
the genomic structures of the snl orthologs from zebrafish (green), mouse (red), and human (blue). Black boxes denote exons, with dotted lines
connecting orthologous regions between species, and colored bars represent introns. Divergent exons encoding 59 UTR are shown as colored boxes.
Three coding exons present only in the mammalian orthologs are noted with black arrows. Red rings highlight exons absent in human ortholog. The black
arrowhead indicates the seven amino acids within exon 8 of zebrafish absent in the mammalian orthologs. A red asterisk marks the stop codon present in
the sentinel allele within exon 14. (C), Phylogenetic tree of predicted proteins from sentinel orthologs. (D) cDNA sequence of wildtype zebrafish encoding
tryptophan at amino acid 491 and of sentinel mutant bearing a stop codon. (E) Schematic of the predicted Sentinel protein including a C2 domain (yellow
box) and a highly charged region (green box) with glutamine-rich basic clusters (blue boxes) flanking a lysine-rich acidic cluster (pink).
doi:10.1371/journal.pgen.1000020.g006
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the mouse ortholog of sentinel are not yet available, a validated in
vitro mammalian preparation of the mature mouse utricle has
been used extensively to test protection of chemical modifiers [40-
42]. We used the mouse utricle preparation to compare hair cell
loss due to neomycin exposure between control utricles and
utricles pretreated with PROTO-1 or PROTO-2. Figure 10 shows
the neomycin dose-response relationship of striolar and extra-
striolar hair cells in control utricles and utricles pretreated with
PROTO-2. A two-factorial ANOVA (compound pretreatment6
neomycin) showed significant protection using PROTO-2
(p,0.0001) in both the striolar and extrastriolar hair cell
populations. PROTO-1 protection against neomycin was tested
at 4 mM neomycin and showed significant striolar (p,0.0001),
but not significant extrastriolar, protection. These results suggest
that modifiers that can be rapidly identified and validated in the
zebrafish lateral line system can have application in understanding
ototoxicity in the mammalian inner ear.

Discussion

Mechanosensory hair cells in the inner ear are susceptible to a
wide variety of environmental insults. However, the large amount of
variation in hearing and balance problems resulting from environ-
mental or age-related challenges among normal individuals is neither
well documented nor well understood. There is even large variance
among individuals with the A1555G mutation in the mitochondrial
12S rRNA that increases susceptibility to neomycin toxicity [15]. We
hypothesize that alterations in unidentified components of the
network of cellular pathways involved in cell death and cell survival
would confer resistance to ototoxic compounds. The absence of

secondary phenotypes in some of our mutants supports the idea that
variation affecting drug response can exist without other outward
manifestation. Identification of the human orthologs of these genes
may provide candidates involved in the variability underlying
human hearing and balance disorders.

Our data suggest that hair cell death after neomycin treatment can
involve multiple signaling pathways. Several mutations confer only
partial protection against neomycin exposure. Although in some
cases this might result from mutations that cause only partial loss of
function, in the case of sentinel we suspect that the mutation is a
functional null. The mutation introduces a stop codon early in the
coding sequence and before the highly conserved regions. In
addition, mRNA levels are reduced in sentinel mutants, suggesting
nonsense-mediated decay. Together these observations suggest that
gene function is completely lost, while protection against hair cell loss
is only partial. Similarly, only partial protection is observed after
treatment with maximal doses of PROTO-1 or PROTO-2. The
idea that there are several possible responses to aminoglycosides is
consistent with our previous observed variations in ultrastructural
changes after aminoglycoside exposure [43].

The sentinel mutation also genetically distinguishes between
aminoglycoside-induced and cisplatin-induced death; mutant
animals are resistant to neomycin but still sensitive to cisplatin.
Both aminoglycoside and cisplatin exposure have been proposed
to result in oxidative stress [11,44], raising the possibility that
ototoxic compounds share similar mechanisms. If such shared
mechanisms occur, the sentinel gene product must act upstream of
these events. Treatment with PROTO-1 also offered no protection
against cisplatin, suggesting that its cellular target acts specifically
during aminoglycoside toxicity.

Figure 7. Epistasis analysis of sentinel and protective compounds. Neomycin dose-response relationship showing effects of 10 mM PROTO-1
against 100 mM or 200 mM neomycin exposure in wildtype and sentinel larvae. For each group, hair cells were pre-labeled with FM1-43FX. Animals
were pretreated with PROTO-1 for 1 hour (or mock-treated), treated with neomycin and PROTO-1 for 1 hour, euthanized, and fixed. Hair cells of four
neuromasts (left and right) were counted and the average number of hair cells per neuromast was determined. Number of hair cells in control
animals (no PROTO-1, no neomycin) are shown with black bars, animals treated with only 100 mM or 200 mM neomycin are shown by solid colored
bars, and animals treated with PROTO-1 and neomycin are shown by hatched colored bars. Error bars show 1 S.E.M. PROTO-1 and sentinel mutants
show similar protection, and there is a small, statistically significant effect of the combined treatment of the mutation plus PROTO-1.
doi:10.1371/journal.pgen.1000020.g007
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Inactivation of sentinel and treatment with PROTO-1 similarly
alter the response of hair cells to neomycin treatment. Both
modulators offer only partial protection against neomycin, offer no
protection against cisplatin, and do not affect entry of FM1-43 or
labeled aminoglycoside. Together these results suggest they work
in common pathways. To test this idea, we performed epistasis
experiments treating wildtype and mutant animals. While the
effects of sentinel and PROTO-1 are not additive, there is a small
but significant increase in protection when combined, suggesting
that they may be accessing different cellular pathways to promote
cell survival. Understanding similarities and differences among
possible pathways will await the identification of the cellular
targets of PROTO-1.

The identification of the sentinel gene highlights one strength of
forward genetic screening, as it would be difficult or impossible to
choose this gene a priori as a candidate regulator of mechanosen-
sory hair cell death. No functional information is known about any
of the sentinel orthologs. The only functional domain of note, the
C2 domain, has been associated with calcium regulation and
interaction with phospholipid membranes in signaling proteins
such as protein kinase C or membrane trafficking proteins like

Synaptotagmin [32]. However, the function of this domain has
been demonstrated in only a few of the many proteins that contain
it. Intriguingly, the D. melanogaster ortholog CG18631 was
identified in a comparative bioinformatics screen as being
associated with compartmentalized cilia-bearing organisms sug-
gesting it may have a role in regulation of cilia [45]. Other
members of this group include molecules related to intraflagellar

Figure 8. sentinel mutation does not affect transduction-
dependent dye or aminoglycoside uptake. (A–D) Uptake of
FM1-43FX after 45 sec exposure in wildtype (A,C) and sentinel mutants
(B,D). Nuclei are labeled with Yo-Pro-1 (A-D). Confocal images of apical
(A,B) and basal (C,D) optical sections through the hair cells. (E,F)
Gentamicin-conjugated Texas Red uptake in wildtype (E) and sentinel
mutant (F) animals after rapid 45 sec exposure.
doi:10.1371/journal.pgen.1000020.g008

Figure 9. sentinel mutation and PROTO-1 do not protect
against cisplatin. Hair cell survival was quantified using the vital
dye DASPEI, and in each case DASPEI scores were normalized to those
from wildtype, untreated fish. Fish (n$12 fish per treatment group)
were treated in cisplatin for 4 hours, then allowed to recover for
3 hours prior to DASPEI assessment. (A) Hair cell responses in wild-type
versus sentinel mutants. No difference in the dose-response relationship
was observed between wildtype fish (green), homozygous sentinel
mutants (red, sinusoidal body), and sentinel siblings (blue, including
heterozygous and homozygous wildtype sibling, straight body). (B)
Response of cisplatin-treated hair cells from wildtype fish in the
presence of the potentially protective compound PROTO-1. There is no
difference between dose-response curves with (red) and without
(green) PROTO-1. Error bars represent 61 S.D.
doi:10.1371/journal.pgen.1000020.g009
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transport (IFT) proteins and Bardet-Biedl syndrome (BBS)-related
proteins associated with auditory function. In addition, the C.
elegans K07G5.3 ortholog is enriched in ciliated neurons by
SAGE analysis and localizes to ciliated sensory neurons [46]. Hair
cells of the zebrafish lateral line and inner ear are also ciliated,
bearing a microtubule-based kinocilium in addition to the actin-
based stereocilia either throughout life (lateral line and vestibular
epithelia) or during development (auditory epithelia/cochlea).
However, the broad distribution of sentinel mRNA and lack of hair
cell functional defects in mutants suggest that the gene product
does not have a role specific to hair cells.

In addition to identifying possible therapeutic approaches,
unbiased small molecule screening may reveal new molecular
pathways that regulate hair cell death. This approach has been
taken previously in a small molecule screen for compounds
affecting zebrafish blood development; by identifying several

compounds that affected prostaglandin metabolism, PGE2 was
revealed as a regulator of haematopoiesis [47]. PROTO-1 and
PROTO-2 are related benzothiophene carboxamides, suggesting
that they may have the same molecular targets. Other benzothio-
phene carboxamides have previously been identified as HIV
inhibitors, having effects on casein kinase, calcineurin and p53
[48–50]. Further work will be needed to determine whether any of
these pathways modulate hair cell death.

Perhaps the most important contribution here is the suggestion
that our screens can serve as templates for other research
programs to identify other gene-drug interactions. Individuals
respond remarkably differently to environmental exposures and
drug treatment in most disease conditions. Efforts to understand
population variation have centered on epidemiological and
pharmacogenomic approaches [51]. However there are only a
few cases in which the genes responsible for this phenotypic

Figure 10. Protective compounds reduce neomycin toxicity in adult mouse utricle cultures. (A,B) Extrastriolar utricular hair cells stained
with antibodies against calmodulin and calbindin after 4 mM neomycin exposure. An increased number of hair cells remain after PROTO-2
pretreatment (B) compared to control (A). (C,D) Neomycin dose-response curve showing effect of 10 mM PROTO-2 pretreatment on striolar (C) and
extrastriolar (D) utricular hair cells. Counts were made at high magnification in areas of 900 mM2, converted to density, and averaged over the three
sampled areas of each region for each utricle. Ten utricles were analyzed for each treatment group. Data were normalized relative to mock-treated
controls (no PROTO drug, no neomycin).
doi:10.1371/journal.pgen.1000020.g010
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variability have been identified, such as for VKORC1-warfarin
response or PON1-organophosphate toxicity [52,53]. Genetic
analysis may provide a systematic method to identify new
molecules involved in cellular responses to drugs or disease.

Materials and Methods

Animals
Zebrafish embryos (Danio rerio) were produced by paired matings

of adult fish in the University of Washington zebrafish facility by
standard methods [54]. The *AB and WIK wildtype strains are
maintained individually as inbred lines. Three to six-week-old
CBA/CaJ mice were obtained from the Jackson Laboratory (Bar
Harbor, ME) and maintained in the University of Washington
Animal Care facility. All animal protocols were approved by the
University of Washington Animal Care Committee.

Vital Dye Staining
Larvae were transferred manually to baskets in 6-well culture

plates containing defined E2 embryo medium. Baskets were
constructed from the tops of 50 ml Falcon tubes in which the center
of the lids were replaced with meshing. All treatment and wash
volumes are 6 ml unless otherwise indicated. Hair cells of larvae
were labeled with the following dyes: 1) FM 1-43FX (n-(3,3-
ammoniumpropyl-dimethyl)ammoniumpropyl)-4-(4-(dibutylamino)-
styryl) pyridinium trichloride), an aminated derivative of FM1-43 (n-
(3-triethylyammoniumpropyl)-4-(4-(dibutylamino)-styryl) pyridinium
dibromide Invitrogen Molecular Probes, Eugene , OR) by
immersing free swimming larvae in 3 mM FM 1-43FX in embryo
medium for 30 or 45 s, followed by three successive rinses in embryo
medium; 2) Yo-Pro-1 (Invitrogen Molecular Probes) at 3 mM for 1
hour followed by 3 rinses to selectively stain hair cell nuclei; or 3)
DASPEI (0.005% final concentration, (2-{4-(dimethylamino)styryl}-
N-ethylpyridinium iodide, Invitrogen Molecular Probes) in the final
15 minutes of the recovery period, and rinsed twice to brightly label
mitochondria-rich hair cell cytoplasm. Larvae were anesthetized
with MS222 (3-aminobenzoic acid ethyl ester, methansulfoneate salt,
Sigma-Aldrich, St. Louis, Missouri) at a final concentration of 0.02%
prior to imaging.

Neomycin Treatment
Neomycin (Sigma-Aldrich, catalog no. N1142) was diluted in

defined E2 embryo medium. Animals were treated with drug or
embryo media (mock-treated controls) for times indicated,
subsequently washed rapidly three times in fresh embryo medium
and allowed to recover for one hour.

Cisplatin Treatment
For cisplatin treatment, zebrafish larvae were exposed to 0–

400 mM cisplatin (Sigma-Aldrich, catalog no. P4394) for 4 hours,
rinsed several times in embryo medium and held 3 hours in the
same media prior to DASPEI staining and visualization.

Compound Screening
Larvae were stained with Yo-Pro-1 and FM 1–43 and then

dispensed into 96-well glass bottom plates (Nunc, Rochester, New
York) containing embryo medium (1–2 fish per well). Drug-like
compounds from the Diverset E library (ChemBridge,San Diego,
California), dissolved in 0.05% DMSO to a final concentration of
10 mM, were aliquoted into each well. Fish were incubated at
28.5uC for 1 hour. Neomycin was then introduced into each well
at a final concentration of 200 mM and fish were incubated for an
additional hour. Larvae were anesthetized with MS222 for
immobilization. Visual assessment of hair cell integrity was

performed in vivo using an inverted epifluorescent microscope.
This allowed examination of the whole animal on the side of its
body facing the objective and thus rapid evaluation of many
neuromasts (,20). In each row of the 96-well plate both positive
(neomycin treated only) and negative (no neomycin) control
animals were used for comparison to compound treatment. The
entire plate of 96-well plate with 80 test wells and 16 positive or
negative control wells was evaluated within one hour. Although
intermediate responses were observed for some drugs, only those
exhibiting robust protection were pursued for continued evalua-
tion at this time.

To quantify changes in the hair cell response, hair cell survival
was determined by counting the surviving hair cells from four
neuromast, SO1, SO2, OC1 and O1 for 10–20 fish (i.e. 40–80
neuromasts). The percentage of surviving hair cells following
treatment was calculated relative to mock-treated controls (no
drugs or neomycin exposure).

Minimum Inhibitory and Bactericidal Concentration
Assays

Determination of the minimum inhibitory concentration (MIC)
and the minimal bactericidal concentration (MBC) of neomycin
alone and in the presence of 10 mM PROTO-1 or PROTO-2
were performed at the Clinical Laboratory of Microbiology at the
University of Washington Medical Center as described by the
National Clinical and Laboratory Standards Institute [55,56].

ENU Mutagenesis
Adult males from the *AB wildtype strain were mutagenized

with 3 mM ethylnitrosourea (ENU) using standard procedures
[27]). To assess the effectiveness of the mutagenesis, we performed
a specific locus test of mutagenized males with homozygous nacre
females; mutation of the nacre (mitfa) gene results in lack of pigment,
which is readily apparent [28]. The ratio of progeny with a nacre-
like pigment phenotype to total progeny was 1/300. Mutagenized
males were then crossed to wildtype *AB females to produce F1
progeny. F2 families were derived from pairwise matings of F1
progeny of different mutagenized males.

Genetic Screen
For each family screened, three to twelve F2 pairs were crossed

and their progeny were examined for altered aminoglycoside
response. Neomycin doses of 25 mM or 200 mM were used to
screen for heightened susceptibility or protection, respectively. Ten
neuromasts were evaluated on each fish for DASPEI staining and
each neuromast was assigned a score of 0 for no/little staining, 1 for
reduced staining, 2 for full staining [21], resulting in a final score of
0–20 for each fish. Scores were averaged and normalized to mock-
treated controls. For initial analysis, 12–50 fish were assessed for
typical and atypical responders (i.e. 120–500 neuromasts). Results
were tabulated and chi-squared analysis was done to identify
potential mutant strains of interest. Putative mutants were retested to
confirm phenotype, outcrossed to *AB fish and tested again in the
next generation to confirm transmission.

Genetic Mapping
Heterozygous mutant carriers were outcrossed to the wildtype

zebrafish from the polymorphic WIK strain for mapping. Hybrid
*AB/WIK carriers of the hair cell modulator were then identified
and crossed to produce progeny for marker analysis. At 5 dpf
larvae were exposed to neomycin as described for the initial
screen. To ensure accurate phenotyping, only individuals with the
highest and lowest DASPEI staining scores after 200 mM
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neomycin treatment were retained as mutant and wildtype,
respectively. For bulk segregant analysis, DNA was pooled from
20 wildtype or mutant individuals. Distribution of markers was
compared to DNA from fin clips of *AB/WIK parents and
founder grandparents. Microsatellite markers for each chromo-
some [31] were amplified by PCR and evaluated for cosegregation
with mutant phenotypes. Linked markers were further evaluated
with individual DNAs from 694 mutant fish and 234 wildtype fish
(including both heterozygous and homozygous wildtype siblings).
After determining initial linkage to chromosome 23, fine mapping
identified Z3794 and Z44679 as flanking markers. A contiguous
genomic sequence was then assembled using whole genome shotgun
trace sequences produced by the Zebrafish Sequencing Group at the
Sanger Institute (http://www.sanger.ac.uk/Projects/D_rerio/). Ad-
ditional markers were developed to better define the linked region in
sentinel mutants based on genomic sequence. snp3 amplifies a single
nucleotide polymorphism and sat3334 is a sequence length
polymorphism. They are amplified by the primers:

snp3_forward: GGGTGTCGAACTTGCACCTTTAAT

snp3_reverse: GTTGCTTAATTAGGCCTACAGCACT

sat3334_forward: CTTCATTCGCCCTCTGAACC

sat3334_reverse: GTGCACACTGTGATGTCGATAA

cDNA Isolation and Sequencing/Molecular Biology
RNA was isolated from whole embryos at 62 hpf using Trizol

according to manufacturer’s specifications (Invitrogen, Carlsbad,
California). Oligonucleotide primers were designed based on in
silico genomic sequence. cDNA was synthesized using First Strand
cDNA synthesis kit (Invitrogen) using oligo DT primers. The
following primer pairs were used to amplify portion of cDNA
spanning the recombination breakpoints:

pair 1 forward: AGGTTGAGGCTGGTTTGCCGA

pair 1 reverse: CTCTCAGTGCTTTCAGCTCCTTCCA

pair 2 forward: TTGTCAGACACACTCGACAGTTGCG

pair 2 reverse: TTGGGGTCGAGGCGAGATTCTG

pair 3 forward: AGATGGACGCCATCGCTTGCAT

pair 3 reverse: TCGTTCCAGCAGGGGTTTGGAC

Amplified products were cloned into pCR4 vectors using Topo
TA cloning kit (Invitrogen). cDNA and genomic regions were
sequenced from the vector T3 or T7 sites using Big Dye
terminator v3.1 cycle sequencing chemistry (Applied Biosystems,
Foster City, California).

Comparative Genomics
Zebrafish cDNAs were aligned to known ESTs, cDNAs and

genomic sequence from this region using Sequencher software (Gene
Codes, Ann Arbor, Michigan). BLAST alignments of our cDNA
sequences align with predicted cDNA (Genbank XM_693709/
gi:125851476) amino acids 75-1040. Orthologs were identified from
Genbank using BLAST and the corresponding predicted protein
sequences were aligned with the Danio rerio predicted protein
(XP_698801/gi:125851477): Mus musculus (NP_758478.1/
gi:26986583), Homo sapiens (NP_001073991/gi:122937494), Pan
troglodytes (XP_001159814 /gi:114593231), Canis familiaris
(XP_536233/gi:73951827), Bos taurus (XP_595408/gi:119894226),
Monodelphis domestica (XP_001369774/gi:126331991), Gallus
gallus (XP_420777/gi:118090694), Caenorhabditis elegans
(NP_492026/gi:U17508151), Drosophila melanogaster (NP_611229
and NP_611230/gi:24654454/28573534), Aedes aegyptii

(EAT41051/gi:108876826), Trichomonas vaginalis (XP_001323414/
gi:123480792), Paramecium tetraurelia (CAK70738/gi:124405296).
ClustalW multiple sequence alignment software was used to align
predicted proteins of orthologous genes using the Gonnet 250 matrix
[57]. We used the Phylip 3.66 phylogeny software [58] to create a
bootstrapped data set from the original alignment using Seqboot,
then Protml to evaluate these datasets using the maximum likelihood
method with a Jones-Taylor-Thorton model of amino acid
substitution. A consensus tree was determined with Consense
software by extended majority rule. Phylogenetic trees were draw
with TreeView software [59]. Protein motif searching was performed
using the Eukaryotic Linear Motif server (elm.eu.org).

Gentamicin–Texas Red Conjugation
4.4 ml of gentamicin sulfate (Sigma-Aldrich, 50 mg/ml) and

0.6 ml succinimidyl esters of Texas Red (Molecular Probes, Eugene,
Oregon; 2 mg/ml in dimethyl formamide) were agitated overnight
to produce the conjugate solution [39]. The conjugated solution was
diluted in embryo media to a final concentration of 200 mM
gentamicin. Because neomycin contains six amino side groups,
neomycin conjugation was performed similarly except that the ratio
of neomycin to Texas Red was adjusted to 3:1 to ensure that on
average one molecule of dye or less labeled each aminoglycoside
molecule. To assess aminoglycoside entry, 5 dpf larvae were
immersed in aminoglycoside-Texas Red conjugate for 45 seconds
and rinsed in embryo medium four times before immediate imaging.
Images were collected using Zeiss LSM5 Pascal confocal microscope.
Z-stack images of neuromasts were collected.

Utricle Preparation
Utricles were dissected and cultured in basal medium EAGLE

supplemented with Earle’s balanced salt solution and 5% fetal
bovine serum following established procedures [40]. Neomycin
sulfate stock solution (Sigma-Aldrich) prepared in sterile water was
added directly to culture wells at the desired concentrations. The
utricles were incubated for 4 hours in the compounds diluted with
0.05% DMSO or 0.05% DMSO alone for controls followed by a
24 hour incubation with neomycin.

Utricle Immunohistochemistry
Utricles were fixed for 1 hour at 4uC in 4% paraformaldehyde

in phosphate buffer. Following fixation, otoconia were removed by
gently ‘‘washing’’ the surface with buffer through a 26 gauge
syringe needle. Utricles were then incubated in blocking solution
(2% bovine serum albumin, 0.4% normal goat serum, 0.4%
normal horse serum and 0.4% Triton-X in PBS) for 3 hours at
room temperature. Hair cells were double labeled in whole-mount
preparations with a monoclonal antibody against calmodulin
(Sigma-Aldrich) and polyclonal antibody against calbindin (Che-
micon, Temecula, California) at 4uC diluted in blocking solution,
1:250. The utricles were then rinsed and incubated for 2 hours at
room temperature in secondary antibody diluted in blocking
solution with biotinylated horse anti-mouse IgG (1:200) and Alexa
594-conjugated goat anti-rabbit IgG. Utricles were mounted with
Fluoromount-G (EMS, Hatfield, Pennsylvania) and coverslipped.
The density of mouse utricular hair cells was determined by
counting the number of hair cells in three randomly chosen
nonstriolar regions and the number of striolar hair cells in three
randomly chosen striolar regions from each utricle. Counts were
made at high magnification in areas of 900 mM2, converted to
density, and averaged over the three sampled areas of each region
for each utricle. Ten utricles were analyzed in this way for each
treatment group. Data were normalized relative to mock-treated
controls (no PROTO drug, no neomycin).
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Supporting Information

Figure S1 Comparison of the dose response curve of 5 dpf
versus 8–9 dpf sentinel mutants. Hair cell staining by DASPEI was
assessed after neomycin exposure among progeny of sentinel
heterozygous parents with wildtype body shape (blue) or sinusoidal
body shape (red). The dose response curves of wildtype *AB
control fish are shown (green). (A) Dose-response at 5 dpf. (B)
Dose-response at 8–9 dpf. Error bars are {plus minus}1 S.D.
Found at doi:10.1371/journal.pgen.0040041.sd001 (252 KB AI).
Found at: doi:10.1371/journal.pgen.1000020.s001 (0.26 MB AI)

Figure S2 Figure S2. In situ hybridization of biotinylated probes
to the sentinel locus reveals ubiquitous expression. (A) Wildtype *AB
larvae 64 hpf, antisense probe. (B) *AB larvae 64 hpf, sense probe.
(C) sentinel mutants 64 hpf, antisense probe. Found at doi:10.1371/
journal.pgen.0040041.sd002 (1.6 MB AI).
Found at: doi:10.1371/journal.pgen.1000020.s002 (1.69 MB AI)

Figure S3 Aligned sequence of Sentinel-related proteins. Danio
rerio (XM_693709/gi:125851477), Mus musculus (NP_758478/
gi:26986583), and Homo sapiens (NP_001073991/gi:122937494).
Found at doi:10.1371/journal.pgen.0040041.sd003 (30 KB AI).
Found at: doi:10.1371/journal.pgen.1000020.s003 (0.03 MB
DOC)

Figure S4 Protective compounds do not affect transduction-
dependent dye or aminoglycoside uptake. (A-C) Rapid entry
(45 sec) of 3 mM FM 1–43 (red) into untreated (A), PROTO-1 (B),
or PROTO-2 (C) treated hair cells. Nuclei are labeled with Yo-
Pro-1 (green). (D-F) Exposure to gentamicin-conjugated Texas
Red results in rapid labeling of untreated (D), 10 mM PROTO-1
(E), or PROTO-2 (F) pretreated hair cells. Found at doi:10.1371/
journal.pgen.0040041.sd004 (5.2 MB AI).
Found at: doi:10.1371/journal.pgen.1000020.s004 (5.40 MB AI)
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ABSTRACT

The zebrafish is a valuable model for studying hair cell
development, structure, genetics, and behavior. Zebra-
fish and other aquatic vertebrates have hair cells on
their body surface organized into a sensory system
called the lateral line. These hair cells are highly
accessible and easily visualized using fluorescent dyes.
Morphological and functional similarities to mamma-
lian hair cells of the inner ear make the zebrafish a
powerful preparation for studying hair cell toxicity.
The ototoxic potential of drugs has historically been
uncovered by anecdotal reports that have led to more
formal investigation. Currently, no standard screen for
ototoxicity exists in drug development. Thus, for the
vast majority of Food and Drug Association (FDA)-
approved drugs, the ototoxic potential remains un-
known. In this study, we used 5-day-old zebrafish larvae
to screen a library of 1,040 FDA-approved drugs and
bioactives (NINDS Custom Collection II) for ototoxic
effects in hair cells of the lateral line. Hair cell nuclei
were selectively labeled using a fluorescent vital dye.
For the initial screen, fish were exposed to drugs from
the library at a 100-μM concentration for 1 h in 96-well
tissue culture plates. Hair cell viability was assessed in
vivo using fluorescence microscopy. One thousand
forty drugs were rapidly screened for ototoxic effects.
Seven known ototoxic drugs included in the library,
including neomycin and cisplatin, were positively
identified using these methods, as proof of concept.

Fourteen compounds without previously known ototox-
icity were discovered to be selectively toxic to hair cells.
Dose–response curves for all 21 ototoxic compounds
were determined by quantifying hair cell survival as a
function of drug concentration. Dose–response rela-
tionships in the mammalian inner ear for two of the
compounds without known ototoxicity, pentamidine
isethionate and propantheline bromide, were then
examined using in vitro preparations of the adultmouse
utricle. Significant dose-dependent hair cell loss in the
mouse utricle was demonstrated for both compounds.
This study represents an important step in validating the
use of the zebrafish lateral line as a screening tool for
the identification of potentially ototoxic drugs.

Keywords: hair cell, zebrafish, lateral line, drug
screen, ototoxicity

INTRODUCTION

Hearing loss affects more than 28 million Americans,
including approximately 50% of people more than the
age of 75 years and 2% of children (National Institute
on Deafness and Other Communication Disorders,
NIDCD 2007). Known etiologies of hearing loss
include genetic factors, acoustic injury, mechanical
trauma, medications, infection, and age-related
changes. Most cases of peripheral sensorineural audi-
tory pathology involve some form of cochlear abnor-
mality that disrupts sensory transduction at the level of
the auditory nerve, stria vascularis, or hair cell. Hair
cells within the organ of Corti in the inner ear are
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highly metabolic and are particularly vulnerable to
noxious insults like noise or chemicals. Thus, one of
the most common histopathological findings in hear-
ing loss is hair cell loss (Schuknecht 1993).

One common form of ototoxicity is the tendency of
drugs and environmental toxins to cause damage to
the receptor epithelia of hearing and/or balance.
Seligmann et al. (1996) listed more than 130 drugs
and chemicals reported to be potentially ototoxic,
with the major classes of known ototoxic compounds
being the aminoglycosides and other antimicrobials,
anti-inflammatory agents, diuretics, antimalarial drugs,
antineoplastic agents, and some topically administered
agents. Most of these drugs were initially recognized as
being ototoxic after anecdotal reports of hearing loss,
tinnitus, or balance impairment. These reports subse-
quently prompted controlled studies in humans or
laboratory animals on the ototoxicity of individual
drugs. Without the initial anecdotal reports, further
research into ototoxicity would not have been con-
ducted, since screening for ototoxicity is not generally
included in drug development protocols. At present,
there is no standardized screening process for ototoxic-
ity in drug development, and the ototoxic potential of
the vast majority of Food and Drug Association (FDA)-
approved drugs remains unknown.

Despite a large research effort into the mechanisms
and etiologies underlying hearing loss, it is likely that
some idiopathic sensorineural hearing loss is secondary
to exposure to drugs or chemicals that are not known to
be ototoxic. According to the NIDCD, less than 15% of
patients with sudden deafness know the causes of their
hearing loss (NIDCD 2007). The etiology of sensori-
neural hearing loss in children is unknown 37.7% of
the time (Morzaria et al. 2004) and due to unknown
environmental or nongenetic causes 22% of the time
(Gurtler and Lalwani 2002). It is reasonable to
presume that hearing loss from ototoxic medications
is underestimated, especially in pediatric patients, in
whom hearing loss is more difficult to detect. Children
often may be unable to recognize or communicate the
presence of newly acquired hearing loss. Furthermore,
ototoxic effects are likely to be misattributed to
presbycusis in older patients, who are more likely to
be receiving multiple medications. Another contribut-
ing factor to the underestimation of sensorineural
hearing loss due to ototoxicity is the phenomenon of
hair cell loss with an absence of detectable hearing loss
on conventional audiometry. For example, conven-
tional pure-tone audiometry can fail to detect hearing
loss in children being treated with chemotherapeutic
cisplatin derivatives (Stavroulaki et al. 2001; Dhooge et
al. 2006; Knight et al. 2007). In summary, it is probable
that there is a subset of drugs currently used in
practice that have occult ototoxic effects. To address
this issue, we have begun to develop a standard screen

for ototoxicity that can be used in drug development
and drug safety analyses.

The zebrafish (Danio rerio) is increasingly recognized
as a powerful model system for studying disease and for
in vivo drug discovery. For example, the zebrafish has
been used to identify compounds that can correct
genetic heart defects (Peterson and Fishman 2004),
suppress cancer genes (Stern et al. 2005), and promote
hematopoiesis (North et al. 2007). The lateral line
organ of zebrafish demonstrates unique advantages
that make it useful for investigating hair cell toxicity.
The hair cells of the lateral line reside in groups called
neuromasts that are located in stereotyped positions
on the surface of the head and body, making the hair
cells easily accessible for exposure to chemicals
(Fig. 1). The hair cells share both morphological and
functional similarity to those of the mammalian inner
ear. In addition, the zebrafish larva is optically trans-
parent, and the hair cells of the lateral line readily take
up fluorescent dyes, such as YO-PRO1. These two
factors allow rapid examination of hair cells in vivo
using fluorescence microscopy. Finally, the zebrafish
has high fecundity, with usual clutch sizes greater than
100 in number (Hertog 2005). Our high throughput
screening protocol takes advantage of these large
numbers of animals by screening large numbers of
chemicals in a relatively short amount of time using a
single clutch of animals.

Aminoglycoside and cisplatin-induced hair cell death
in the zebrafish lateral line has been studied in detail
(Harris et al. 2003; Murakami et al. 2003; Ton and
Parng 2005; Santos et al. 2006; Owens et al. 2007a; Ou
et al. 2007). All of these studies have helped to validate
the use of zebrafish as a screening tool for ototoxicity,
but they have focused largely on the realm of known
ototoxic agents. This study focuses on the detection of
unknown ototoxic agents from a large library of
compounds. We used the zebrafish lateral line to
screen a library of 1,040 FDA approved compounds
and bioactives for ototoxic effects. Twenty-one com-
pounds were identified as selectively toxic to zebrafish
hair cells. Dose–response relationships were examined
for all 21 compounds. As proof of concept that these
findings may be applicable to mammals, the ototoxic
effects of two drugs identified in the zebrafish screen
were confirmed in mature mouse utricular explants.

MATERIALS AND METHODS

Animals

Zebrafish

Zebrafish embryos were obtained frommatings between
AB wildtype zebrafish at the University of Washington
fish facility. At 4 days postfertilization (dpf), larvae were
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fed live paramecia and plant-based food. Larvae were
maintained in fish embryo media (1 mM MgSO4,
120 μM KH2PO4, 74 μM Na2HPO4, 1 mM CaCl2,
500 μM KCl, 15 μM NaCl, and 500 μM NaHCO3 in
dH2O) at a density of 50 animals per 100-mm2 Petri
dish in a tissue culture incubator at 28.5°C. All zebrafish
protocols were approved by the University of Washing-
ton Institutional Animal Care and Use Committee.

Mice

Four- to 6-week-old CBA/J mice were obtained from
Harlan Sprague Dawley (Harlan) and maintained in
either the University of Washington Animal Care
Facility or the Medical University of South Carolina
Animal Care Facility. All mouse protocols were ap-
proved by both the University of Washington and the
Medical University of South Carolina Institutional
Animal Care and Use Committees.

Drug library

A commercial library of 1,040 FDA-approved drugs and
bioactives, the NINDS Custom Collection II (Micro-

source Discovery Systems) was screened. The library
consisted of 13 microplates of 80 drugs each. The
scientist was blinded to the identities of the individual
compounds. The full list of compounds is available
from Microsource (www.msdiscovery.com)

Initial screen in zebrafish

Approximately 100 5-dpf fish larvae were prepared for
use with drug compounds from each of 13 commercial
drug stock microplates. Hair cells of the lateral line
were labeled with YO-PRO1 (Invitrogen), a cyanine
monomer vital fluorescent dye that can localize
specifically to hair cell deoxyribonucleic acid (DNA;
Santos et al. 2006). Fish larvae were exposed to 2 μM
YO-PRO1 in embryo media for 30 min and washed
with embryo media four times. Fish were placed (one
fish per well) into a Nunc 96-well optical bottom plate
(Thermo Fisher Scientific). Drugs from the library
were then added (one drug per well) to each well using
a multichannel micropipette for a final concentration
of 100 μM. Fish were incubated in the drug for 1 h and
then anesthetized with MS-222 (3-aminobenzoic acid

FIG. 1. A Live preparation of fluorescently labeled zebrafish larva
5 dpf (Harris et al. 2003). Neuromasts of the lateral line are stained
with YO-PRO1. Scale bar=0.5 mm. B Schematic illustration of a
neuromast. Hair cells are depicted in green with long kinocilia and

shorter stereocilia projecting from the apical end of the cells and
afferent and efferent nerve fibers at the basal end. Support cells
(orange cells) intercalate between the hair cells.
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ethyl ester, methanesulfonate salt, Sigma). Fluores-
cence microscopy, using an automated microscopy
stage, allowed for rapid imaging of the 96-well plate
(Marianas imaging system, Intelligent Imaging Inno-
vations) utilizing a Zeiss Axiovert 200M inverted
microscope (Carl Zeiss). Fish viability was confirmed
under microscopy by visualization of heartbeat and
blood flow. Hair cells within the neuromasts of the
lateral line were observed for morphological signs of
injury (primarily nuclear condensation and fragmen-
tation). Nuclear enlargement was rarely noted. Each
fish was assigned a grade according to a pre-established
grading system of 0–4 (Fig. 2), 0 being the negative
control (no treatment, 1% dimethylsulfoxide only)
and 4 being the positive control (complete or nearly
complete loss of hair cells, neomycin 200 μM). Eight
negative control wells and eight positive control wells
were included on each 96-well plate, distributed
evenly with one positive control and one negative
control per plate row. Duration of screening time for
each 96-well plate was 30 to 45 min.

Confirmatory retest in zebrafish

Drugs assigned a grade between 1 and 4 in the initial
screen were regarded as being potentially ototoxic. These
potentially ototoxic drugs were rescreened in triplicate in
a confirmatory retest. Each drug was retested on three

fish distributed into three separate wells, one fish per
well. Conditions were identical to those of the initial
screen protocol with a drug incubation time of 1 h and
concentration of 100 μM. Visualization and grading of
hair cell morphology was achieved within 10 min from
the endpoint time of drug incubation.

Dose–response curves in zebrafish

Dose–response relationships were studied in the
zebrafish lateral line for all 21 compounds identified
in the confirmatory retest. Ten to 15 fish were tested at
each of the following concentrations of each drug: 0,
50, 100, 200, and 400 μM. To assess hair cell survival,
we used FM1-43FX (Invitrogen), a fixable styryl
pyridinium dye that labels hair cells of the lateral line
and allows rapid assessment of hair cell survival in
fixed tissue. Fish larvae were exposed to 4 μM FM1-
43FX for 30 s, rinsed, and then exposed to drug
compound at the described concentrations for 1 h.
Fish were then removed from incubation and fixed
with 4% paraformaldehyde for 2 h at room tempera-
ture, washed in phosphate-buffered saline (PBS), and
mounted onto slides using Fluoromount-G (Southern
Biotechnology). Lateral line hair cells of neuromasts
SO1, SO2, O1, and OC1 (Raible and Kruse 2000) were
visualized under fluorescence microscopy, and sur-
viving hair cells were counted for each neuromast.

FIG. 2. A–E Examples of hair cell damage along with the grading system used for the initial screen. Each panel shows a single neuromast stained
with YO-PRO1. Neuromasts range from undamaged control (A, grade 0), to subtle disorganization of hair cells and nuclear condensation (B,
grade 1), to near complete hair cell loss (E, grade 4). Scale bar in E=10 μm and applies to all five panels.
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Total numbers of surviving hair cells were compared
to hair cell numbers from control animals from the
same experiment (0 μM group).

Dose–response curves in mouse utricles

Two of the 21 compounds identified in the confirmatory
retest were also tested in mouse utricle explant cultures.
Utricles were isolated from 4- to 6-week-old CBA/J mice
as described by Cunningham (2006) with the modifica-
tion that the utricle was approached directly through
the cranial side of the temporal bone. Careful attention
was given to maintaining the integrity of the associated
otoconia. The utricles were placed in untreated
culture media (basal medium Eagle and Earle’s
balanced salt solution, 2:1 v/v, supplemented with
5% fetal bovine serum) and transferred into culture
media with experimental doses of the respective
drugs. Specific experimental doses of each com-
pound were determined in preliminary studies, with
the aim to optimally observe the comprehensive
dose–response range. The utricles were cultured
free-floating in sterile 24-well tissue culture plates
(four to eight utricles per well) and incubated at 37°
C in a 5% CO2/95% air environment.

Immunocytohistochemistry for mouse utricle
cultures

After 24 h, the mouse utricles were removed from
incubation and otoconia carefully removed under a
direct stream of PBS from a syringe with a 27-G needle.
Utricles were then fixed at room temperature for 2 h in
4% paraformaldehyde with gentle shaking. After fixa-
tion, utricles underwent washes in PBS, followed by a 3-
h exposure in blocking solution (PBS supplemented
with 2% bovine serum albumin, 0.4% normal goat
serum, 0.4% normal horse serum, and 0.4% Triton X-
100). The blocking solution was removed, and the
utricles were incubated overnight in primary antibody
diluted in blocking solution (calmodulin 1:200, Sigma,
calbindin 1:250, Chemicon). Calmodulin labels all hair
cells of the utricle, and calbindin specifically labels hair
cells in the striolar region. After washing thoroughly in
PBS and 0.1% Triton X-100, the utricles were incubated
with secondary antibodies in blocking solution for 2 h at
room temperature (1:400 Alexa-488 goat anti-mouse
IgG, 1:400 Alexa 594 goat anti-rabbit IgG, Invitrogen).
In some cases, bisbenzimide (Invitrogen), used as a
fluorescent DNA marker, was added for the second
hour of incubation (10 μg/ml).

Mouse utricle hair cell counts

Using fluorescence microscopy, calbindin-labeled
(red) hair cells of the striolar region were counted

in each of four randomly designated 900-μm2 areas
using a Texas Red filter set. Calmodulin-labeled
(green) hair cells in the extrastriolar region were
counted in each of four randomly selected 900-μm2

areas using a fluorescein isothiocyanate (FITC) filter
set. Overall tissue viability was confirmed using
bisbenzimide, a fluorescent DNA label that allowed
visualization of surrounding support cells, as well as
hair cells, under a diamidinophenylindole (DAPI)
filter set. The four striolar hair cell counts and four
extrastriolar hair cell counts were each, respectively,
averaged to produce one striolar and one extrastriolar
hair cell density for each utricle examined. Five to
eight utricles were examined for each experimental
condition.

Statistics

All values were calculated and presented as the mean
value±one standard deviation. Statistical analyses were
performed using one-way analysis of variance
(ANOVA; Vassarstats, http://faculty.vassar.edu/lowry/
VassarStats.html). Results were considered statistically
significant if pG0.05.

RESULTS

The initial screen has high sensitivity

Of the 1,040 compounds included in the NINDS
Custom Collection II library, the initial screen
detected 95 compounds to be potentially ototoxic
(i.e., having a grade of 1–4). This group of candidate
ototoxins represented approximately 9% of the entire
library. The candidate group consisted of compounds
from a wide variety of drug classes and origins. For
these candidate ototoxins, the overall health of the
fish itself was confirmed with visualization of heartbeat
and blood flow.

Confirmatory retest improves specificity

Of the 95 potentially ototoxic drugs from the initial
screen, 21 were confirmed by triplicate retest to be
injurious to hair cells of the zebrafish lateral line,
having an average grade of 1–4 (Table 1). These 21
compounds represent 2% of the entire NINDS
Custom Collection II library and roughly 22% of the
initial candidate group, for a false positive rate of
78%. The retest values were averaged for each com-
pound and are shown in Table 1. Several drug classes
were represented, including aminoglycoside antibac-
terial agents: tobramycin, neomycin, and kanamy-
cin, other antibacterial agents: chlortetracycline,
chloramphenicol, and demeclocycline, antiproto-
zoal agents: pentamidine and mefloquine, an anti-
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neoplastic agent: cisplatin, an anticholinergic agent:
propantheline bromide, and an antihyperlipidemic
agent: simvastatin. Seven of the 21 compounds on
the list have known ototoxicity, either commonly
known or found in its respective drug profile list of
possible adverse events: tobramycin, ethacrynic acid,
neomycin, cisplatin, kanamycin, mefloquine, and
arguably chloramphenicol (Roland and Rutka
2004). Some known ototoxic drugs did not demon-
strate hair cell injury based on the initial screening
protocol used in this study. These drugs were
gentamicin, amikacin, furosemide, carboplatin, and
quinine (Table 1).

Dose–response relationships in hair cells
of the zebrafish lateral line

The relationship between drug concentration and hair
cell survival was investigated in the lateral line neuromasts
for each confirmed drug compound (Table 2). The
average total number of hair cells per fish was
determined from the four representative neuromasts
for each drug concentration condition. Hair cell total

was expressed as the percentage of surviving hair cells
relative to untreated control conditions. This assessment
controlled for inherent variability of hair cell number
from one group of fish to another. All compounds with
the exception of cisplatin, demeclocycline, and pente-
trazole demonstrated statistically significant dose--
dependent hair cell loss (pG0.05, one-way ANOVA). It
is noteworthy that more extensive investigations with a
range of exposure duration and concentration with
cisplatin have shown a consistent, predictable dose–
response relationship (Ou et al. 2007). Similar findings
may be observed with demeclocycline and pentetrazole
when more extensive testing is completed. Figure 3A
and B show examples of dose–response functions for
pentamidine isethionate and propantheline bromide,
two compounds from the confirmed candidate list.

Hair cell injury and dose–response relationships
are conserved in hair cells of mouse utricle
explants

Dose–response relationships were studied in mature
mouse utricle explant cultures treated with pentami-

TABLE 1

Candidate ototoxic compounds detected by the screening protocol

Grade Compound Class Known ototoxicity?

4 Chloramphenicol Antibiotic Rare case reports
4 Chlortetracycline HCl Antibiotic No
4 Pentamidine isethionate Antiprotozoal No
3.3 Spermadine Ornithine decarboxylase inhibitor No
3 Tobramycin Antibiotic Yes
3 Propantheline bromide Anticholinergic No
3 Ethacrynic acid Loop diuretic Yes
2.7 Pomiferin Antioxidant No
2.7 Chlorophyllide Antineoplastic, chlorophyll derivative No
2.3 Estradiol valerate Estrogen Rare case reports
2.3 Neomycin Antibiotic Yes
2.3 Pentetrazole CNS/respiratory/circulatory stimulant Yes, animal studies
2 Guaiazulene Antioxidant, color additive agent No
1.3 Rosolic acid Diagnostic aid No
1 Cisplatin Antineoplastic Yes
1 Vincamine Vasodilator No
1 Kanamycin Antibiotic Yes
1 Demeclocycline HCL Antibiotic No
1 Mefloquine Antiprotozoal Yes
1 Candesartan Angiotensin 1 receptor antagonist No
1 Simvastatin HMGCoA reductase inhib., antihyperlipidemic No

Known ototoxic drugs not detected in screen of NINDS Custom Collection II library
0 Amikacin Antibiotic Yes
0 Gentamicin Antibiotic Yes
0 Furosemide Loop diuretic Yes
0 Carboplatin Antineoplastic Yes
0 Quinine Antiprotozoal Yes

Compounds are listed in order of decreasing mean injury grade as determined by confirmation retest and are accompanied by respective drug class and known
ototoxicity status. The second group of drug compounds shown below are known ototoxic drugs included in the library of drugs used in this study not detected by the
screening protocol.
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dine or propantheline. These two drugs were selected
due to their potent toxicity to hair cells without overall
toxicity to the zebrafish. Figure 4 shows pentamidine-
treated utricles double-labeled with antibodies to
calmodulin and calbindin. Following 24-h culture, the
untreated control utricle appeared viable and in good
condition, with uniform hair cell density and quality
throughout both the striolar and extrastriolar regions
(Fig. 4A). In comparison, mouse utricles treated with
pentamidine exhibited signs of hair cell injury as well as
decreased hair cell numbers at all of the doses exam-
ined (Fig. 4B–F). In separate experiments, overall tissue
viability was confirmed by visualization of bisbenzimide-
labeled support cells, confirming that the tested com-
pounds appeared to demonstrate selective hair cell
toxicity. Figure 5 shows the dose–response relationship
for mouse utricle hair cells treated with pentamidine.
Hair cell density is expressed as a percentage of
surviving hair cells relative to untreated control utricles.
Hair cell density decreased as the pentamidine concen-
tration increased for both the striolar and extrastriolar
regions until no hair cells remained in the utricles
cultured in 200 μM pentamidine. In both the striolar
and extrastriolar regions, hair cell density decreased in a
dose-dependent fashion compared to the untreated
control utricles (pG0.0001, one-way ANOVA).

Propantheline-treated utricles also demonstrated ex-
tensive hair cell loss on fluorescence microscopy (Fig. 6).

Striolar hair cells were less sensitive than extrastriolar
hair cells to the damaging effects of propantheline, but
both extrastriolar and striolar hair cells demonstrated a
significant (pG .0001, one-way ANOVA) dose-dependent
decrease in hair cell density (Fig. 7).

DISCUSSION

We have described the development and validation of a
method for screening and then evaluating drugs for
potential ototoxicity. In this study, a library of 1,040
FDA-approved drugs and bioactive compounds was
rapidly screened in zebrafish lateral line hair cells for
hair cell toxicity. This library was selected because it was
one of the largest commercially available collections of
FDA-approved drugs, and thus any findings would be
more clinically relevant. The screening methodology
generated a list of potential candidate ototoxins, and
dose–response relationships were further assessed in
lateral line neuromasts. For validation of the screen,
2 of the 14 identified potential ototoxins were then
tested in mature mouse utricle explants in vitro.
These two compounds that were first identified as
potentially ototoxic from the zebrafish lateral line
testing were also shown to be toxic to mammalian
hair cells using the mouse utricle preparation.
Demonstration of conserved injurious effects in the

TABLE 2

Dose–response relationships of candidate ototoxic drugs represented as hair cell survival after treatment with increasing doses of
each drug

Drug

Hair cell survival (% of control)

ANOVA0 μM 50 μM 100 μM 200 μM 400 μM

Candesartan 100±11 90±9 82±9 67±13 Dead pG0.0001
Chloramphenicol 100±15 42±18 19±7 19±10 10±11 pG0.0001
Chlorophyllide 100±18 92±7 47±8 24±15 7±6 pG0.0001
Chlortetracycline 100±15 101±10 79±24 63±21 43±16 pG0.0001
Cisplatin 100±12 93±12 94±10 95±12 88±13 p=0.22
Demeclocycline 100±12 101±14 98±13 92±8 93±9 p=0.21
Estradiol valerate 100±16 60±16 56±14 46±16 Dead pG0.0001
Ethacrynic acid 100±8 70±17 52±17 44±12 Dead pG0.0001
Guaiazulene 100±11 83±13 54±9 52±15 Dead pG0.0001
Kanamycin 100±17 98±14 86±15 84±10 85±6 pG0.05
Mefloquine 100±13 91±14 81±19 76±17 Dead pG0.01
Neomycin 100±14 74±8 43±9 18±4 4±4 pG0.0001
Pentamidine 100±6 68±9 57±13 54±11 36±10 pG0.0001
Pentetrazole 100±13 99±14 91±8 89±9 92±14 p=0.14
Pomiferin 100±15 44±18 45±18 45±18 Dead pG0.0001
Propantheline 100±12 68±16 53±16 49±10 18±8 pG0.0001
Rosolic acid 100±12 83±16 68±14 22±11 23±9 pG0.0001
Simvastatin 100±9 67±13 48±12 Dead Dead PG0.0001
Spermadine 100±16 61±10 7±6 1±2 1±1 pG0.0001
Tobramycin 100±12 95±17 53±15 49±10 33±15 PG0.0001
Vincamine 100±12 69±14 47±15 45±16 13±8 pG0.0001

Dose dependency was evaluated with one-way ANOVA. Some drug doses were toxic to the fish and are indicated as BDead.[
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mammalian cultures is an important step toward
validating the zebrafish lateral line system as a
screening tool for ototoxicity.

To our knowledge, this represents the first attempt
for medium- or high-throughput screening of chem-
icals for ototoxicity. Currently, there is no required test
for ototoxicity in drug evaluation protocols. As a result,
there are likely many drugs currently in use that have
occult ototoxic effects. Similarly, new drugs are com-
pleting clinical trials and reaching the public with no
knowledge of ototoxic potential.

Alternative approaches to screening

For obvious reasons, high- or even medium-through-
put in vivo screens in larger animal models are not
feasible. Similarly, it is unlikely that screens utilizing in
vitro preparations of utricles or cochleae from larger
animals will be routinely adopted, as thousands of
animals would be required to screen even medium-
sized compound libraries. Hair cell lines (Rivolta et al.
1998; Lawlor et al. 1999) provide an alternative model

that is more compatible for screening; however, to
date, no screen of ototoxicity in the few lines available
has been reported. Furthermore, the use of hair cell
lines is controversial because these cells have been
selected to survive and thus may not be an ideal
model to screen for hair cell death. The use of an in
vivo screen has the additional benefit of addressing
the complex metabolism of the live animal that
influences actual drug efficacy and toxicity.

False positives and false negatives

Our protocol is a screening method, and inherent in
any screen are both false positives and false negatives.
Fortunately, in this screen, false positives were not a
significant problem since the compounds were easily
retested, and all false positives were quickly eliminat-
ed. False negatives were also expected since the goal
of this study was not necessarily to detect all ototoxins
in the library but rather to give insight into as many as
possible and validate the method. The sensitivity and
specificity of this screening protocol can be varied by
varying the concentrations of the compounds used for
screening and the length of time the fish is exposed to
each compound. The current screen employed a
standard concentration of 100 μM and a standard
drug exposure time of 1 h. This standard dose of
100 μM was selected because it was close to a dose of
neomycin that was known to be injurious to hair cells
(Harris et al. 2003). This allowed us to identify and
confirm 21 candidate ototoxins.

In the present study, 7 of 12 known ototoxins were
successfully identified by the screen. However, there
were also five clinically known ototoxins that were not
identified in our screen (Table 1). Increasing the
standard screening dose or duration would improve
the sensitivity but also increase the false positive rate.
Gentamicin was one of the drugs not identified as
ototoxic in the present screen, which is consistent with
data from our group showing that in zebrafish lateral
line hair cells, gentamicin requires approximately a 3–
6-h exposure for hair cell injury to occur at this
concentration (Owens et al. 2007b). Likewise, cisplatin
was identified by the screen but demonstrated minimal
dose dependency (p=0.22, one-way ANOVA) at the
exposure conditions tested (50 to 400 μM concentra-
tion for 1 h). These data are also consistent with
published results showing that cisplatin requires expo-
sure durations in the 4-h range to consistently damage
lateral line hair cells (Ou et al. 2007). The commonly
used loop diuretic, furosemide, was also not identified
by the screen. This is also not surprising, since ototoxic
effects of loop diuretics are thought to occur at the
level of the stria vascularis. The lateral line system has
no anatomic or physiologic equivalent of the stria and
thus would not be expected to demonstrate toxicity

FIG. 3. Dose–response relationships of pentamidine and propan-
theline-exposed zebrafish. Zebrafish larvae at 5 dpf were exposed to
various concentrations of pentamidine isethionate (A) or propanthe-
line bromide (B) and were evaluated 1 h after exposure for surviving
hair cells in neuromasts SO1, SO2, O1, and OC1 (n=10–15 larvae
per condition). Data points represent the percentage of hair cell
survival compared to the control (no drug) condition (±1 SD). Hair
cell survival decreased with increasing concentrations of pentami-
dine (pG0.0001, one-way ANOVA) and propantheline (pG0.0001,
one-way ANOVA).
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through a strial mechanism. On the other hand,
ethacrynic acid, another loop diuretic, appeared to
be directly damaging to lateral line hair cells.

The fact that three compounds (cisplatin, deme-
clocycline, and pentetrazole) were detected on the
screen but did not demonstrate dose dependence
when more thoroughly tested speaks of the sensitivity

of the initial screening method. It is important to note
that initial screening utilized YO-PRO1 DNA staining,
which allows easy assessment of relatively subtle
nuclear changes that can occur prior to hair cell
death. However, YO-PRO1 is not effectively fixable,
making it difficult to use this dye for hair cell counts.
On the other hand, fixable FM1-43 was used to assess
dose–response relationships because it is effectively
used for hair cell counts; it is efficiently used to detect
the presence or absence of hair cells but cannot be
used to assess more subtle nuclear changes. As a
result, the initial screen using YO-PRO1 staining may
be more sensitive to mild ototoxic effects. Since two of
these three compounds (cisplatin and pentetrazole)
have known ototoxicity, it is likely that if exposure
parameters (dose and concentration) were altered for
these drugs, a dose-dependent toxicity profile would
become apparent (Ou et al. 2007).

Toxicity in zebrafish hair cells was confirmed
in the mouse utricle

Two of the 14 novel ototoxic compounds, pentamidine
and propantheline, were tested in mammalian utricles.
These two drugs were chosen as they demonstrated
potent hair cell toxicity, without toxicity to the zebra-
fish at higher doses. Only two drugs were tested for this

FIG. 5. Dose–response relationship of utricles treated with pent-
amidine. The density of hair cells of each utricle were quantified and
averaged from four striolar and four extrastriolar representative
regions of 900 μm2 each. Bars represent the mean hair cell survival
(% control) ± 1 SD. Hair cell survival decreases significantly as
pentamidine doses increases (pG0.001, one-way ANOVA). Both
striolar and extrastriolar regions are sensitive to pentamidine-induced
injury (N=6–8 per condition).

FIG. 4. Cultured mouse utricles treated with pentamidine and
labeled for calmodulin and calbindin. Utricles were cultured for 24 h
without pentamidine (control; A), or with pentamidine at 10 (B), 25 (C),
50 (D), 100 (E), and 250 μM (F). Following culture, utricles were fixed
and double-labeled with antibodies directed against calmodulin
(green) that label all hair cells of the utricle and calbindin (red) that
label hair cells of the striolar region only. S indicates striolar hair cells,

while E indicates extrastriolar hair cells. Treatment with 10 μM
pentamidine resulted in a significant reduction in hair cell density as
well as a swollen, damaged appearance of the hair cells. Treatment
with increasing doses results in progressive injury up to 100- to 250-
μM levels when all hair cells are absent. Scale bar in F=30 μm and
applies to all panels.
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report due to the time-consuming nature of mamma-
lian testing. Our goal was to assess whether any drug
identified by this screen showed inner ear toxicity as
opposed to carrying out exhaustive mammalian inner
ear evaluations.

The clinical uses of these drugs deserve mention.
While at one time proposed as a first-line therapy for
Pneumocystis carinii pneumonia (PCP) in human
immunodeficiency virus (HIV) patients and other
immunocompromised individuals, pentamidine is
now considered an alternative-line treatment. It is
currently used as a first-line agent in patients with
sensitivity to trimethoprim/sulfamethoxazole (TMP/
SMX). Studies have indicated that pentamidine is
either similar in effectiveness (intravenous route) or
less effective (aerosolized route) than TMP/SMX
against PCP; however, pentamidine is better tolerated
with fewer reported adverse events (Schneider et al.
1992; May et al. 1994; Nielsen et al. 1995; Bellamy
2006). Pentamidine has also been studied as first-line
treatment for other protozoal infections such as Old
World cutaneous leishmaniasis (Hellier et al. 2000;
Nacher et al. 2001; Lai A Fat et al. 2002; Roussel et al.
2006) and disseminated cutaneous leishmaniasis dur-
ing HIV infection (Calza et al. 2001). Because pen-
tamidine isethionate is commonly used in the HIV
population, it becomes difficult to discriminate be-
tween hearing loss that is secondary to disease
progression versus hearing loss that is secondary to
an occult ototoxic effect of disease treatment. Studies
in a South African population with HIV showed an
increase in the occurrence of sensorineural hearing
loss with the decline of patients’ immunological
status, with patient history data suggesting that both

FIG. 7. Dose–response relationship of utricles treated with propan-
theline. Hair cells of each utricle were quantified and averaged from
four striolar and four extrastriolar representative regions of 900 μm2

each. Bars represent the mean hair cell survival (% control) ± 1 SD
(N=3–8 per condition). Both extrastriolar and striolar hair cell
survival decreased in a dose-dependent manner (pG0.0001, one-
way ANOVA). The striolar region exhibited less hair cell loss than the
extrastriolar region.

FIG. 6. Cultured mouse utricles treated with propantheline and
labeled for calmodulin and calbindin. Utricles were cultured for 24 h
without propantheline (control; A) or with propantheline at 25 (B), 50
(C), 100 (D), 200 (E), and 2,000 μM (F). S indicates striolar hair cells,

while E indicates extrastriolar hair cells. Treatment with increasing
doses of propantheline resulted in progressively higher degrees of
hair cell loss. Scale bar in F=30 μm and applies to all panels.
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opportunistic infections and their treatments were
contributing causes (Hausler et al. 1991; Khoza and
Ross 2002; Reyes-Contreras et al. 2002).

Propantheline bromide is another potential oto-
toxin identified in this screen and subsequently tested
in the mouse utricle model. It is an anticholinergic
agent used in the setting of hyperhidrosis or excessive
sweating, gastrointestinal ulcer disease, neurogenic
bladder disease, urinary incontinence, or irritable bowel
syndrome. Propantheline treats medical diagnoses
more typically seen in the aging population, and thus
any ototoxic effect may be masked by presbycusis.
Similarly, simvastatin, a very commonly used antihyper-
lipidemic agent, and candesartan, a commonly used
antihypertensive agent, were both identified in our
study as being potentially ototoxic. Similar to propan-
theline, both agents are most frequently used in the
aging population and hence could have ototoxic effects
masked by presbycusis.

Striolar versus extrastriolar hair cell loss

The pattern of hair cell loss seen in pentamidine- and
propantheline-exposed utricles differs from what has
been seen in aminoglycoside-exposed utricles. Amino-
glycosides have been shown to cause more striolar
than extrastriolar hair cell loss (Cunningham et al.
2002), which may be due to the increased prevalence
of type 1 hair cells within the striola. In contrast,
propantheline caused primarily extrastriolar hair cell
loss, while pentamidine showed roughly equivalent
striolar and extrastriolar loss. These findings suggest
differences in the mechanisms of uptake of propan-
theline and pentamidine into type 1 versus type 2 hair
cells or differences in the death pathways initiated
once uptake has occurred.

Some drugs may have both protective and toxic
effects

It is interesting to note that two of the compounds
identified in the study as being potentially ototoxic
with respect to hair cells have been suggested in the
literature to be protective against hearing loss through
mechanisms other than their actions on hair cells. The
statin family of drugs, HMG CoA-reductase inhibitors,
was once hypothesized to be useful as a treatment for
sensorineural hearing loss through their metabolic and
hemodynamic effects (Borghi et al. 2002). Studies with
atorvastatin-treated mice have shown decreased ex-
pression of intercellular and vascular adhesion mole-
cules in the aortic wall, suggesting that reducing
endothelial inflammatory effects may contribute to
improved hair cell function by influencing the blood
supply to the inner ear (Syka et al. 2007). A similar
paradox was found for estrogens, which have been

suggested by many to have favorable vascular effects
that are protective of hearing (Kilicdag et al. 2004;
Hultcrantz et al. 2006); estradiol valerate was identi-
fied in our study as being ototoxic to hair cells of the
zebrafish lateral line. Whether any protective effects
of simvastatin or estrogen will exceed the potential
ototoxic effects on hair cells is unknown, and testing
in vivo in a mammalian model is needed to provide
further insight into this question. It is known that
some compounds such as Jun kinase inhibitors can
have protective effects at low doses but toxic effects at
higher doses (Ou et al. 2006; Sugahara et al. 2006).

Caveats

The zebrafish lateral line represents a model system for
screening a large number of chemicals for potentially
ototoxic effects. It is important to note that since the
lateral line lacks a stria vascularis, this screen will not
identify drugs that cause hair cell loss through strial
mechanisms. In addition, lateral line hair cells resemble
vestibular hair cells more than cochlear hair cells, and
hence, we could miss drugs that are highly selective for
auditory hair cells and relatively benign with respect to
vestibular hair cells. Furthermore, fish are not mam-
mals, and thus all findings require confirmation in
mammalian systems, preferably in vivo. In this study, the
ototoxic effects were confirmed in both of the drugs we
tested in the mouse utricle. In vivo mammalian studies
are critical as the inner ear penetrance of any of these
potential ototoxins is largely unknown. These tests will
await future investigations by our group and others.

CONCLUSIONS

We have used the zebrafish lateral line to rapidly screen
a large library of drugs for ototoxic effects. It represents
a unique and powerful tool for studying hair cells. Our
findings suggest that there may be FDA-approved
compounds in current clinical use with occult ototoxic
effects. This overall screening approach is easily
adapted to applications with other groups of com-
pounds, including the remaining currently FDA-
approved drugs not in the NINDS Custom Collection
II library (of which there are greater than 10,000),
newly discovered drugs, and environmental chemicals.

There is no current standard screen for ototoxicity
in drug development. As subtle hearing loss is easily
missed, particularly in children or the elderly, we feel
that it is critical to develop a tool to identify drugs with
potential ototoxicity. Pre- and post-treatment audio-
grams during clinical trials would then be recommen-
ded for any drug found to be a potential ototoxicant.
While some have criticized the number of hurdles a
drug must face to achieve FDA approval, we feel that
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there is an ethical obligation to identify drugs that are
potentially damaging to hearing.
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RAPID� REGULATION� OF� MICROTUBULE-ASSOCIATED� PROTEIN� 2� IN
DENDRITES� OF� NUCLEUS� LAMINARIS� OF� THE� CHICK� FOLLOWING
DEPRIVATION� OF� AFFERENT� ACTIVITY

Y.�WANG�AND�E.�W.�RUBEL*

Virginia�Merrill�Bloedel�Hearing�Research�Center,�Department�of�Oto-
laryngology–Head� and� Neck� Surgery,� University� of� Washington
School�of�Medicine,�Box�357923,�Seattle,�WA�98195,�USA

Abstract—Differential�innervation�of�segregated�dendritic�do-
mains�in�the�chick�nucleus�laminaris�(NL),�composed�of�third-
order� auditory� neurons,� provides� a� unique� model� to� study
synaptic� regulation�of�dendritic�structure.�Altering� the�syn-
aptic�input�to�one�dendritic�domain�affects�the�structure�and
length�of� the�manipulated�dendrites�while� leaving�the�other
set�of�unmanipulated�dendrites� largely�unchanged.�Little� is
known�about�the�effects�of�neuronal�input�on�the�cytoskeletal
structure� of� NL� dendrites� and� whether� changes� in� the� cy-
toskeleton�are�responsible�for�dendritic�remodeling�following
manipulations�of�synaptic�input.�In�this�study,�we�investigate
changes� in� the� immunoreactivity� of� high-molecular� weight
microtubule� associated� protein� 2� (MAP2)� in� NL� dendrites
following�two�different�manipulations�of�their�afferent�input.
Unilateral�cochlea�removal�eliminates�excitatory�synaptic�in-
put� to� the�ventral�dendrites�of� the�contralateral�NL�and� the
dorsal�dendrites�of�the�ipsilateral�NL.�This�manipulation�pro-
duced�a�dramatic�decrease�in�MAP2�immunoreactivity�in�the
deafferented�dendrites.�This�decrease�was�detected�as�early
as�3�h�following�the�surgery,�well�before�any�degeneration�of
afferent�axons.�A�similar�decrease�in�MAP2�immunoreactivity
in�deafferented�NL�dendrites�was�detected�following�a�mid-
line�transection�that�silences�the�excitatory�synaptic�input�to
the� ventral� dendrites� on� both� sides� of� the� brain.� These
changes�were�most�distinct�in�the�caudal�portion�of�the�nu-
cleus�where�individual�deafferented�dendritic�branches�con-
tained� less� immunoreactivity� than� intact� dendrites.� Our� re-
sults� suggest� that� the� cytoskeletal� protein� MAP2,� which� is
distributed� in�dendrites,�perikarya,�and�postsynaptic�densi-
ties,� may� play� a� role� in� deafferentation-induced� dendritic
remodeling.� ©� 2008 � IBRO.� Published� by� Elsevier� Ltd.� All
rights�reserved.

Key�words:�deafferentation,�dendritic�plasticity,�afferent�reg-
ulation,�cytoskeleton.

Microtubules�are�a�major�cytoskeletal�component�of�neu-
ronal�dendritic�structure.� It� is�well�established�that�micro-
tubule-associated�protein�2�(MAP2)�binding�increases�the
stability�of�the�microtubule�network�and�dendritic�structure
(Serrano�et�al.,�1984;�Kowalski�and�Williams,�1993;�Yam-
auchi� et� al.,� 1993;� Sánchez� et� al.,� 2000;� Harada� et� al.,

2002).� MAP2� has� been� proposed� to� play� a� fundamental
role�as�a�regulator�of�dendritic�morphology�in�the�develop-
ing� and� adult� brain.� This� idea� is� supported� by� dynamic
regulation�of�MAP2�expression�and�its�involvement�in�dy-
namic�changes�in�neuronal�morphology�caused�by�excito-
toxins�(Siman�and�Noszek,�1988;�Bigot�et�al.,�1991;�Felipo
et�al.,�1993;�Arias�et�al.,�1997;�Faddis�et�al.,�1997;�Hoski-
son�and�Shuttleworth,�2006;�Hoskison�et�al.,�2007),�trau-
matic�brain�injury�(Taft�et�al.,�1992;�Folkerts�et�al.,�1998),�or
focal� ischemia� (Pettigrew� et� al.,� 1996;� Schwab� et� al.,
1998).�In�addition,�manipulations�of�synaptic�activity�alter
the� immunoreactivity� for�MAP2� in�dendrites� (Hendry�and
Bhandari,�1992;�Steward�and�Halpain,�1999;�Vaillant�et�al.,
2002),� further� suggesting� that� synaptic� activity� either� di-
rectly�or�indirectly�regulates�MAP2�expression.

The� nucleus� laminaris� (NL)� composed� of� third-order
auditory�neurons� in� the�avian�brainstem,� receives�segre-
gated�binaural�excitatory� input� from� the� two�ears�via� the
nucleus�magnocellularis�(NM).�The�neurons�of�NL�act�as
coincidence�detectors�and�play�an�essential�role�in�binau-
ral�hearing�(Carr�and�Konishi,�1988,�1990;�Overholt�et�al.,
1992;�Joseph�and�Hyson,�1993).�This�nucleus�is�thought�to
be� analogous� to� the� medial� superior� olivary� nucleus� of
mammals�(Burger�and�Rubel,�2008).�NL�provides�a�useful
model�for�studying�afferent�regulation�of�dendritic�structure
and�molecular�mechanisms�underlying�this�regulation�(Dei-
tch� and� Rubel,� 1984;� Sorensen� and� Rubel,� 2006).� In
chicks,�differential�innervation�of�the�segregated�dendritic
domains�of�NL�allows�local�manipulation�of�the�excitatory
inputs� to� one� dendritic� domain,� while� leaving� the� other
dendritic� domain� of� the� same� cells� intact� to� serve� as� a
control.�Specifically,�neurons�in�NL�contain�a�dorsal�and�a
ventral� set� of� dendrites� that� are� essentially� symmetrical
and�receive�excitatory�inputs�almost�exclusively�from�either
the�ipsilateral�or�the�contralateral�cochlea�via�NM,�respec-
tively�(Parks�and�Rubel,�1975;�Rubel�et�al.,�2004).�Conse-
quently,�excitatory� inputs� to�one�set�of�NL�dendrites�can
easily�be�silenced�or�altered�by�manipulating�the�ipsilateral
or�contralateral�projection�of�NM�neurons.�Previous�studies
have demonstrated a rapid retraction of the ventral NL
dendrites within hours after transection of the contralateral
NM projection, while the dorsal NL dendrites, receiving
intact input, appear largely unaffected (Benes et al., 1977;
Deitch and Rubel, 1984; Sorensen and Rubel, 2006).

Little is known regarding the role of synaptic input on the
cytoskeletal structure of NL dendrites and whether changes
in the cytoskeleton are responsible for deafferentation-in-
duced dendritic retraction. High-molecular weight microtu-
bule-associated proteins 2 (MAP2), including MAP2A and

*Corresponding author. Tel: !1-206-543-8360; fax: !1-206-616-1828.
E-mail�address:�rubel@u.washington.edu�(E.�W.�Rubel).
Abbreviations: [Ca2!]i, intracellular calcium concentration; MAP2, micro-
tubule-associated protein 2; NL, nucleus laminaris; NM, nucleus magno-
cellularis; PBS, phosphate-buffered saline; XDCT, crossed dorsal co-
chlear tract.
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MAP2B, are of particular interest because of their direct as-
sociation with microtubules in dendrites and perikarya, as
well as colocalization with actin in dendritic spines and
postsynaptic densities (see review, Sánchez et al., 2000). To
determine whether dendritic MAP2 of NL neurons has a
possible role in structural changes after alterations of synap-
tic input, we examined changes in the immunoreactivity for
high-molecular weight MAP2 in NL dendrites following two
different manipulations of excitatory afferents from NM (Fig.
1). Our results demonstrate a rapid reduction of the immuno-
reactivity for high-molecular weight MAP2 in the dendrites
with reduced excitatory drive compared with dendrites that
received normal synaptic input.

EXPERIMENTAL PROCEDURES

White Leghorn chicken hatchlings (Gallus domesticus) of 4–11
days of age were used. All procedures were carried out in accor-
dance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and approved by the University of
Washington Institutional Animal Care and Use Committee. All
efforts were made to minimize pain or discomfort of the animals
used and to minimize the animal number.

Transection of the crossed dorsal cochlear tract
(XDCT)

Animals were anesthetized with a mixture of 40 mg/kg ketamine
and 12 mg/kg xylazine. The animals were placed in a head holder
and surgery was conducted using the method of Deitch and Rubel
(1984). Briefly, the neck muscles were resected to expose the
dura covering the cerebellomedullary cistern. An ophthalmic knife
was inserted through the dura and the fourth ventricle and into the
brain stem so as to transect the XDCT at the midline. The wound
was packed with Gelfoam and sealed with a tissue adhesive,
LiquiVet (Oasis Medical, Mettawa, IL, USA). The location and
extent of the transection were examined after further tissue pro-
cessing (see below). Only animals receiving a complete transec-
tion of the XDCT were used for data analysis.

Unilateral cochlea removal

The procedure described in Born and Rubel (1985) was used. Ani-
mals were anesthetized as described above. A small incision was
made to widen the external auditory meatus of the right ear. The
tympanic membrane and columella were removed to expose the oval

window. The basilar papilla, including the lagena macula, was re-
moved via the oval window using fine forceps, floated on water, and
examined with a surgical microscope to verify complete removal.
Only animals with a complete removal of the basilar papilla, including
the lagena, were used for further tissue processing and data analy-
sis. The incision was sealed with LiquiVet adhesive.

Immunocytochemistry

After survival times of 1, 3, 6, 14 h, or 1 week (for cochlea removal
only), the animals were transcardially perfused with 0.9% saline
followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH
7.4). The brains were removed from the skull, postfixed overnight in
the same fixative, and then transferred to 30% sucrose in 0.1 M
phosphate-buffered saline (PBS; pH 7.4) until they sank. Complete-
ness of the XDCT transection was verified under a microscope after
removal of the cerebellum and incomplete cases were discarded.
The brain was frozen, cut coronally at 30 !m on a freezing sliding
microtome, and each section was collected in PBS. Alternate serial
sections were stained for Nissl substance or immunocytochemically
for MAP2 using peroxidase or fluorescent immunocytochemical
methods. Briefly, free-floating sections were incubated with primary
antibody solutions diluted 1:1000 in PBS with 0.3% Triton X-100
overnight at 4 °C, followed by biotinylated anti-IgG antibodies (1:200;
Vector Laboratories, Burlingame, CA, USA) or AlexaFluor® second-
ary antibodies (1:200; Molecular Probes, Eugene, OR, USA) for 1–2
h at room temperature. Monoclonal anti-MAP2 (cat. #MAB3418)
made in mouse was purchased from Chemicon International (Te-
mecula, CA, USA). The immunogen is bovine brain microtubule
protein. The antibody binds specifically to MAP2a and MAP2b and is
detected as a 300 kD band in Western blot analysis.

For peroxidase immunocytochemical staining, sections were
then incubated in avidin–biotin–peroxidase complex solution
(ABC Elite kit; Vector Laboratories) diluted 1:100 in PBS with 0.3%
Triton X-100 for 1 h at room temperature. Sections were incubated
for 3–5 min in 0.045% 3-3-diaminobenzidine (Sigma, St. Louis,
MO, USA) with 0.03% hydrogen peroxide, 125 mM sodium ace-
tate, 10 mM imidazole, and 100 mM nickel ammonium sulfate.
Sections were mounted on gelatin-coated slides and then dehy-
drated, cleared, and coverslipped with DPX mounting medium
(EMS, Hatfield, PA, USA). For fluorescent immunocytochemical
staining, sections were mounted and coverslipped with Fluoro-
mount-G® (SouthernBiotech, Birmingham, AL, USA).

Data analysis

Relative changes between the deafferented and intact dendrites
of NL in MAP2 immunoreactivity following cochlea removal were

Fig. 1. Differential innervation of NL dendrites and the arrangement of the surgeries. Schematic drawings of the chick brainstem in the coronal plane
illustrate the affected dendritic fields following unilateral cochlea removal (A) or XDCT transection (B). Red color indicates the surgical site for each
manipulation and deafferented axons and dendrites influenced by each manipulation. Abbreviations: NA, nucleus angularis.
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quantified by comparing average optical densities of the immuno-
staining between the dorsal and ventral NL dendritic domains.
Between two and five cases of each survival time group were chosen
for this analysis. For each case, sections with fluorescent immuno-
cytochemical staining were taken from the caudal and rostral portions
of NL at the levels comparable to those of Fig. 2A and 2C, respec-
tively. A photomicrograph of NL was taken using a 20" objective at
a total magnification of 240" (see Fig. 3). Although the dorsal and
ventral dendrites of each NL cell are normally of equivalent size
(Smith and Rubel, 1979; Smith, 1981), the width of the dendritic
regions will vary between the dorsal and ventral regions in indi-
vidual sections due to slightly different slicing planes across
cases. A box covering the major dendritic MAP2 staining was

drawn first in the dendritic domain with a narrower width. Then the
exact same size box was applied to the complementary domain.
Average optical density of the box in the dorsal and ventral NL was
measured using Image J software (version 1.38X; National Insti-
tutes of Health).

We defined D and V as the average density of staining in the
dorsal and ventral neuropil domains, respectively. The percent
difference was calculated as the change in density of the deaffer-
ented neuropil domain relative to the intact domain, which is
(V#D)/D"100 for the contralateral side and (D#V)/V"100 for the
ipsilateral side following cochlea removal. The percent difference
was calculated within the same photomicrograph from the same
section to avoid any possible inconsistencies caused by variations

Fig. 2. MAP2 immunoreactivity in the normal chick NL at the caudal (A, B), middle (C, D), and rostral (E, F) levels. Sections were stained with
peroxidase and intensified with nickel ammonium sulfate. Scale bar$100 !m in E (applies to A, C, E), 30 !m in F (applies to B, D, F).
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Fig. 3. MAP2 immunoreactivity in the caudal portion of NL before and 14 h after cochlea removal or XDCT transection. (A, B) In the normal NL, the
staining density of MAP2 immunoreactivity is similar between the dorsal and ventral dendrites. (C–F) MAP2 immunoreactivity in the ipsilateral (C, D)
and the contralateral (E, F) NL at 14 h following cochlea removal. Deafferented dorsal dendrites of the ipsilateral NL and ventral dendrites of the
contralateral NL exhibited a distinct decrease in MAP2 immunoreactivity, as compared with the intact dendrites. (G, H) MAP2 immunoreactivity in NL
at 14 h following XDCT transection. Deafferented ventral dendrites on both sides of the brain exhibited a distinct decrease in MAP2 immunoreactivity,
as compared with the intact dorsal dendrites. (A, C, E, G) Confocal photomicrographs. (B, D, F, H) Spectrums resulting from the corresponding
photomicrographs using Image J software (version 1.38X; National Institutes of Health). These spectrum images use 16 colors to present different
levels of the intensity in a photomicrograph. They demonstrate that deafferented dendritic domains contain fewer dendritic branches with high intensity
of MAP2 immunoreactivity than the intact dendritic domain. Spectrum scale is presented on the lower right corner of the figure. Scale bar$100 !m.
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in immunostaining between cases and sections and variations in
brightness across photos. The percent differences from all ani-
mals of the same group were averaged and plotted as a function
of survival time. All statistical comparisons used the Prism ver. 4
software package (GraphPad Software, Inc., San Diego, CA,
USA).

RESULTS

MAP2 immunoreactivity in normal NL

In the chick, NL neurons are arranged in a single layer,
except for the most caudolateral region of the nucleus
where multiple layers of neurons are present. Dendrites of
bipolar NL neurons are segregated into dorsal and ventral
domains. Immunocytochemistry revealed a dense distribu-
tion of MAP2 in the dendrites and neuronal cell bodies
whereas the immunoreactivity was absent in the nucleus.
Fig. 2 illustrates a series of coronal sections across NL.
MAP2-immunoreactive dendrites are longer in the caudal
and lateral portion of the nucleus than those located more
rostrally and medially, reflecting the gradient of dendritic
length in NL (Smith and Rubel, 1979; Smith, 1981; Deitch
and Rubel, 1984). For sections with fluorescent immuno-
cytochemical staining, the staining intensity is generally
higher in the caudolateral NL than the rostromedial NL.
Sections that were stained with peroxidase and intensified
with nickel ammonium sulfate (see Experimental Proce-
dures) exhibited a more uniform staining intensity across
the nucleus. However, at any particular location, the den-
sity of MAP2 immunostaining in individual dendritic
branches appeared similar between the dorsal and ventral
dendrites (Figs. 2 and 3A–B).

MAP2 immunoreactivity in NL following elimination
of afferent action potential activity

Two methods were used to surgically eliminate the excita-
tory action potentials to one set of NL dendrites: unilateral
cochlea removal and transection of the XDCT. The eighth
nerve is the only excitatory input to NM neurons. Unilateral
cochlea removal silences all the excitatory inputs to the

ipsilateral NM and in turn to the dorsal dendrites of the
ipsilateral NL and the ventral dendrites of the contralateral
NL (Fig. 1A; Born et al., 1991). The XDCT contains the
decussating NM axons that project to the ventral NL den-
drites on both sides of the brain. A complete transection of
XDCT at the midline eliminates all the excitatory inputs to
the ventral dendrites of NL neurons, while leaving the
inputs to the dorsal dendrites intact (Fig. 1B). After cochlea
removal the cochlear ganglion cells and NM neurons begin
to die about 18–24 h after the surgery and by 48 h about
30% NM neurons have degenerated (Rubel et al., 1990).
After XDCT transection, the afferent terminals from NM on
the ventral NL dendrites do not show any atrophic changes
for at least the first 4 h, and then they begin to degenerate
(Deitch and Rubel, 1989). Fourteen animals received uni-
lateral cochlea removal, 3 survived 1 h, 2 survived 3 h, 5
survived 6 h, 2 survived 14 h, and 2 survived 1 week. Eight
animals received a complete transection of XDCT, 3 sur-
vived 1 h, 2 survived 3 h, 2 survived 6 h, and 1 survived
14 h.

Changes in the pattern and intensity of MAP2 immu-
nostaining following either manipulation were positively
correlated with post-surgery survival time and varied with
the location within the nucleus. At 1 h of cochlea removal,
the pattern and average density of MAP2 staining showed
no discernable differences between the dorsal and ventral
dendrites in any section of the nucleus, on both sides of the
brain. Notable differences between MAP2 staining in the
two dendritic domains were observed beginning at 3 h
post-surgery in the caudal portion of the nucleus and were
detectable up to 1 week following deafferentation, the long-
est survival time examined. Low- and high-magnification
photomicrographs in Figs. 3 and 4 illustrate the MAP2
immunoreactivity in the caudal NL in a control and an
experimental case that survived 14 h following cochlea
removal. In contrast to the similar staining intensity be-
tween the dorsal and ventral dendrites in the control (Fig.
3A–B), the deafferented dorsal dendrites of the ipsilateral
NL and the ventral dendrites of the contralateral NL exhib-

Fig. 4. High-magnification photomicrographs of MAP2 immunoreactivity in the caudal portion of the NL at 14 h following cochlea removal. (A, B) From
the ipsilateral NL. (C, D) From the contralateral NL. (B, D) Spectrum resulting from A and C, respectively. Spectrum scale is presented on the right
side of the figure. Scale bar$20 !m.

Y. Wang and E. W. Rubel / Neuroscience 154 (2008) 381–389 385



ited a lower density of staining than the complementary
dendritic domain on the same side of the brain (Figs. 3C,
3E, 4A, and 4C). Corresponding spectrum images demon-
strated that the deafferented dendritic domains contained
fewer dendritic branches with high levels of staining (Figs.
3D, 3F, 4B, and 4D). This observation was further con-
firmed quantitatively by a dramatic decrease in the aver-
age optic density of MAP2 staining in deafferented den-
drites (Fig. 5A and 5C). In the rostral portion of the nucleus,
however, differences in MAP2 immunostaining between
the deafferented and the intact dendrites were much less
pronounced. Qualitatively, no difference was reliably de-
tected in most cases across all survival times. Quantitative
analysis of the average optic density demonstrated a small
decrease of MAP2 staining in the deafferented dendrites in
some cases with a survival times between 6 h and 1 week
(Fig. 5B and 5D).

Results of the percent difference calculations from the
animals that received unilateral cochlea removal were an-
alyzed by one-way ANOVA, followed by appropriate post
hoc comparisons. Since there were no statistical differ-
ences between the ipsilateral and contralateral sides in
terms of the amount of change in the deafferented vs.
nondeafferented dendrite, data from the two sides of the
brain were combined to increase the power. However, there
were clear differences between the rostral (smaller) dendrites
and the caudal (larger) dendrites. Hence these two data-sets
were subjected to separate analyses. ANOVA on the data
from caudal dendrites yielded a significant main effect
(F(5,25)$19.75; P%0.001), and a highly significant trend to-

ward increasing percent difference as a function of time
following cochlea removal (P%0.001; post test for linear
trend). In addition, individual post hoc comparisons yielded
highly significant differences between the control group
and each of the other groups beginning at 3 h after cochlea
removal (3 h, P%0.01; 6 h, 14 h, 1 week; P%0.001; Tukey’s
multiple comparison test). As suggested by Fig. 5, the
analyses on the data from rostral NL dendrites did not yield
results as clean as those from the caudal dendrites.
Whether this was due to their smaller size and therefore
greater percentage of error in the measurements, or dif-
ferences in their biology cannot be determined from our
data. ANOVA yielded a significant main effect (F(5,26)$
3.40; P%0.02) indicating that there was a significant reduc-
tion of dendritic MAP2 immunoreactivity after cochlea re-
moval on the deafferented dendrite. Post hoc linear trend
analysis also yielded a significant trend over time (P%0.01)
but only the 6 h group showed a reliable difference from
controls (P%0.05; Tukey’s multiple comparison test).

XDCT transection resulted in decreases in MAP2 im-
munoreactivity in affected dendrites following a time
course comparable to that in cases following cochlea re-
moval (Fig. 6). Differences were first detected 3 h after
XDCT transection and presented as long as 14 h later, the
longest survival time examined. Fig. 3G–H shows an ex-
ample at 14 h following XDCT transection. The ventral
dendrites on both sides of the brain contained less MAP2
immunoreactivity than the dorsal dendrites. Similar to the
cases where one cochlea was ablated, this difference was
most apparent in the caudal half of the nucleus. We did not

Fig. 5. Percent difference of the average optical density of MAP2 immunostaining between the dorsal and ventral neuropil domains as a function of
the survival time following cochlea removal in the ipsilateral (A, B) and contralateral (C, D) NL. (A, C) Measured from the caudal NL. (B, D) Measured
from the rostral NL. The percent difference was calculated as the change in density of the deafferented (ventral in the contralateral side and dorsal
in the ipsilateral side) neuropil domain relative to the intact (dorsal in the contralateral side and ventral in the ipsilateral side) domain. Bar graphs are
the average percent difference from all animals in individual survival time group. Error bars are standard deviation. Each “"” indicates individual case
data. The deafferented neuropil domains exhibited a notable decrease in MAP2 immunoreactivity compared with the intact domain in the caudal NL
(A, C). This decrease was much less pronounced in the rostral NL (B, D).
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perform statistical analyses on the data from animals with
XDCT transection because the n’s were too small. These
experiments were included only to determine if the
changes in MAP2 antibody reacted dendrites following this
manipulation are similar to our previous data using a vari-
ety of other techniques for measuring dendritic change
(Benes et al., 1977; Deitch and Rubel, 1984, 1989; So-
rensen and Rubel, 2006). Clearly the results are similar.

DISCUSSION

Our results show that MAP2 immunoreactivity decreases
rapidly and dramatically in deafferented dendrites of NL
neurons, particularly in the caudal portion of the nucleus.
We used two different methods to deprive one set of NL
dendrites of its excitatory input: cochlea removal and
XDCT transection. Both manipulations cause an immedi-
ate cessation of action potentials of excitatory NM affer-
ents to affected NL dendrites (Born et al., 1991) and both
appear to produce similar changes in MAP2 immunoreac-
tivity in NL dendrites, as shown in the current study. Co-
chlea removal does not directly damage the NM axons that
innervate NL dendrites and deafferentation-induced cell
death in NM does not occur for 2 days (Born and Rubel,
1985). Therefore, the changes in MAP2 immunoreactivity
in NL dendrites are likely to be a result of the elimination of
presynaptic action potentials rather than frank degenera-
tive changes or the release of degeneration-related cyto-
kines from the presynaptic endings. However, we cannot
rule out release of degradative products from silenced
endings.

We failed to detect comparable decreases in MAP2
immunoreactivity in rostral NL neurons. One possible ex-

planation is that neurons in rostral NL have thinner den-
drites and/or contain less MAP2 than caudal NL neurons.
We observed lighter staining density of MAP2 in the rostral
portion than in the caudal portion of the nucleus. Relative
changes in MAP2 immunoreactivity may be obscured by
low baseline levels of immunoreactivity. It is possible that
there is just a smaller change in rostral NL compared with
caudal NL. Dendritic MAP2 of NL neurons may be regu-
lated to a varying degree, or by different mechanisms
along the rostrocaudal axis. Further examination of MAP2
expression at an individual cell level may be necessary.

Decreases in the average density of MAP2 immunore-
activity may be partially due to the retraction of deaffer-
ented NL dendrites, which occurs as early as 1 h following
XDCT transection (Deitch and Rubel, 1984). Whether co-
chlea removal produces similar retraction of deafferented
NL dendrites has not been studied within the survival time
period examined in the current report. A previous study on
the long-term regulation of deafferentation on dendritic
structure reported a substantial preservation of the deaf-
ferented NL dendrites 4 weeks following cochlea removal
(Rubel et al., 1981). Thus, it remains possible that the
changes to dendritic structure and cytoskeleton following
XDCT transection and cochlea removal are regulated via
different mechanisms. On the other hand, this study also
documented sprouting of axonal arbors from the intact NM
to the ‘deprived’ dendritic region at these long survival
times. Regardless, the current study revealed that follow-
ing either manipulation, many individual dendritic branches
in the deafferented dendritic domains appeared to contain
less immunoreactivity than those in the intact dendritic
domain. These observations suggest that a major contri-
bution to the total decrease of MAP2 immunoreactivity
comes from the loss of MAP2 immunostaining in remaining
deafferented dendritic branches. This loss prior to struc-
tural changes of these dendrites suggests that changes in
MAP2 may be one of the first steps in deprivation-induced
dendritic atrophy. Given that dendritic retraction takes
place as early as 1 h following XDCT transection, yet
distinct changes in MAP2 immunoreactivity were found 3 h
after the surgery, MAP2 may play a more significant role in
the later retraction of dendritic branches, than the initial
disruption of the balance of growth and retraction (So-
rensen and Rubel, 2006).

The decrease observed in MAP2 immunostaining
could result from either the degradation of MAP2 protein or
the alternation of its structure and/or binding properties, as
previously suggested in deafferentation-induced MAP2
loss in NM somata (Kelley et al., 1997). Light microscopy
used in the current report does not allow us to determine
the nature of the changes in MAP2 immunoreactivity.
Among all post-translational modifications of MAP2, phos-
phorylation is probably the most relevant to extracellular
signals (for review, see Sánchez et al., 2000). MAP2 has
been found to be a substrate for many protein kinases and
phosphatases, including c-Jun N-terminal kinase 1 (JNK1)
and stathmin, whose phosphorylations of MAPs are impor-
tant in defining neuronal dendritic structure (Björkblom
et al., 2005; Ohkawa et al., 2007).

Fig. 6. Percent difference of the average optical density of MAP2
immunostaining between the dorsal and ventral neuropil domains as a
function of the survival time following XDCT transection in the caudal
NL. The percent difference was calculated as the change in density of
the deafferented (ventral) neuropil domain relative to the intact (dorsal)
domain. Data from the two sides of the brain were combined. Bar
graphs are the average percent difference from all animals in individ-
ual survival time group. Error bars are standard deviation. Each “"”
indicates individual case data. The deafferented ventral neuropil do-
mains exhibited a notable decrease in MAP2 immunoreactivity com-
pared with the intact dorsal domain.
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The decrease of MAP2 immunoreactivity, regardless of
the cause, could be an indicator of changes in the normal
function of MAP2. In support of this idea, changes in MAP2
immunoreactivity appear to be associated with changes in
microtubules in deafferented dendrites. A quantitative
analysis reported a 30–60% decrease in microtubules
density in the initial portion of the ventral dendritic between
4 and 48 h following XDCT transection (Deitch and Rubel,
1989). This time course is comparable to the changes in
MAP2 immunoreactivity reported by the current study (see
Fig. 5), giving rise to the assumption that MAP2 loss or
alternation may interrupt its function on microtubule as-
sembly and thus result in microtubule loss.

The rapid cellular events observed in NL dendrites
following deprivation of afferent activity (overall dendritic
retraction, interruption of the growth-retraction balance,
decrease in MAP2 immunoreactivity, and microtubule loss)
may be controlled by a single or separate mechanisms.
Among a number of regulatory mechanisms controlling
MAP2 function (see review, Sánchez et al., 2000),
changes in calcium signaling, especially rises in intracel-
lular calcium concentration ([Ca2!]i), have been most ex-
tensively studied following manipulations of synaptic in-
puts. Excessive glutamate receptor stimulation induced by
physiological stimulation or exposure of glutamate or ago-
nists of its receptors causes dendritic injury and/or MAP2
loss (Siman and Noszek, 1988; Bigot et al., 1991; Felipo et
al., 1993; Arias et al., 1997; Faddis et al., 1997; Steward
and Halpain, 1999; Swann et al., 2000; Vaillant et al.,
2002). Recent studies in hippocampal slices further dem-
onstrated that these changes are calcium-dependent
(Hoskison and Shuttleworth, 2006; Hoskison et al., 2007).
Here we demonstrated that loss of excitatory synaptic
input, which might be assumed to cause a decrease in
[Ca2!]i, also produces MAP2 loss or alternation. This ob-
servation is consistent with a previous report in the visual
cortex following injections of tetrodotoxin into one eye
(Hendry and Bhandari, 1992). To our knowledge, a direct
link between decreases in [Ca2!]i and MAP2 loss or alter-
nation has not been reported. Another possibility is that the
chronic decrease in synaptic activity could lead to an in-
crease in [Ca2!]i. This possibility is supported by the dra-
matic increase of [Ca2!]i in deafferented NM neurons (Zir-
pel et al., 1995; Zirpel and Rubel, 1996). In NL dendrites,
this switch may result from a slowdown of the calcium
efflux induced by downregulation of plasma membrane
calcium ATPase isoform 2, one of the critical calcium efflux
system, following deafferentation (Y. Wang, unpublished
observations). Investigation on changes in NL dendritic
[Ca2!]i following deafferentation is required to confirm cal-
cium signaling as one of the mechanisms by which deaf-
ferentation induces the observed change in NL dendritic
MAP2, and previously described changes to NL dendrite
structure.
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a b s t r a c t

The complex anatomy of the mammalian cochlea is most readily understood by representation in three-
dimensions. However, the cochlea is often sectioned to minimize the effects of its anatomic complexity
and optical properties on image acquisition by light microscopy. We have found that optical aberrations
present in the decalcified cochlea can be greatly reduced by dehydration through graded ethanols fol-
lowed by clearing with a mixture of five parts methyl salicylate and three parts benzyl benzoate (MSBB).
Clearing the cochlea with MSBB enables acquisition of high-resolution images with multiple fluorescent
labels, through the full volume of the cochlea by laser scanning confocal microscopy. The resulting
images are readily applicable to three-dimensional morphometric analysis and volumetric visualizations.
This method promises to be particularly useful for three-dimensional characterization of anatomy, inner-
vation and expression of genes or proteins in the many new animal models of hearing and balance gen-
erated by genetic manipulation. Furthermore, the MSBB is compatible with most non-protein
fluorophores used for histological labeling, and may be removed with traditional transitional solvents
to allow subsequent epoxy embedding for sectioning.

! 2008 Elsevier B.V. All rights reserved.

1. Introduction

The use of light microscopy for imaging the auditory and vestib-
ular tissues in the mammalian inner ear faces several challenges.
The cochlear shell is among the densest bones in the body, highly
scattering to visible light, even after decalcification, and composed
of complex spiraling and overlapping structures. The multiple tis-
sue types and fluid-filled spaces within the cochlea combine with
its structural complexity to create multiple refractive index (RI)
transitions that lead to spherical aberrations.

Serial sections have been traditionally used for high-resolution
light microscopy in order to minimize optical aberrations by divid-
ing the organ into a series of essentially two-dimensional (2D)
structures. Sections mounted on slides may be imaged without
optical aberrations from adjacent tissue structures. However,
quantitative and qualitative interpretation of the cochlear anatomy
is difficult from 2D images, as is an appreciation of its three-dimen-
sional (3D) structure. Reconstructing the 3D cochlear anatomy
from serial sections requires a tedious process of lateral and
rotational alignment of images. Although time-consuming, recon-
struction of the cochlea from serial sections does allow using
high-resolution images acquired by light and electron microscopy
(Hashimoto et al., 1990; Liberman et al., 1990; Sato et al., 1999).

More recent approaches to 3D imaging of the cochlea involve
computed tomography, magnetic resonance imaging or orthogo-
nal-plane fluorescence optical sectioning (Voie et al., 1993; Voie,
2002). These methods offer benefits over microscopy such as min-
imal preparation, exceptional imaging depth and wide field of
view. However, computed tomography is capable of lateral resolu-
tion down to 5–10 lm, but is limited axially to 25 lm (Wang and
Vannier, 2001), while magnetic resonance imaging allows some-
what less resolution (Benveniste and Blackband, 2002) and neither
method appears optimal for cell-specific labeling. Orthogonal-
plane fluorescence optical sectioning has recently achieved a lat-
eral resolution of 5 lm and the ability to distinguish two channels
of fluorescence (Voie et al., 2007).

We previously described a novel means to obtain 3D images of
the mouse cochlea that employed Spurr’s low viscosity resin as a
clearing agent in conjunction with pre-embedding immunofluores-
cence and laser scanning confocal microscopy (Hardie et al., 2004).
The epoxy resin also immobilized the cochlear tissues to allow
their exposure by bisecting the cochlea along its modiolar axis.
This approach allowed images to be readily collected at depths
up to 300 lm with 4! objective and to 60 lm with an oil immer-
sion objective.

Here, we describe a simple modification of our prior method
that greatly extends the depth to which images may be collected
from the intact cochlea. Instead of epoxy resin, we used a mixture
of methyl salicylate and benzyl benzoate to render the cochlea
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exceptionally transparent (Fig. 1). This clearing agent was first em-
ployed to image the cochlea by orthogonal-plane fluorescence
optical sectioning (Voie et al., 1993). We have found that MSBB al-
lows collecting optical volumes through the entire extent of the co-
chlea, limited only by the working distance of the objective lens.

2. Methods

2.1. Animals

Cochleas were harvested from 129/CBA mice raised in the Uni-
versity of Washington vivarium in accordance with IACUC regula-
tions. The mice were killed by cervical dislocation at ages from
post-natal day 7 (P7) to 6 months and their cochleae exposed by
dissection of the temporal bone. After removal of the stapes and
opening the round window, a small hole was made in the apex
of the cochlea, over the helicotrema, for slow perfusion with 4%
paraformaldehyde in 0.1 M sodium–potassium phosphate buffer,
pH 7.4. The inner ears were post-fixed by submersion in 4% para-
formaldehyde and placed overnight on a rocker at 4 "C.

The specimens were washed with sodium–phosphate buffer
containing 0.9% saline, pH 7.4, (PBS) for three changes, 10 min.
each, with gentle rocking, at room temperature. A small hole in
the cochlear shell was carefully made over the scala vestibuli of
the basal turn to facilitate solution exchange during the immunola-
beling process. Decalcification was accomplished by submerging in
10% ethylenediamine tetraacetic acid-disodium salt (EDTA) in PBS,
pH 7.4, for 4 days at 4 "C, with rocking. The specimens were rinsed
free of EDTA with three changes of PBS, for 10 min each, after
decalcification.

2.2. Immunolabeling

All steps for immunolabeling were carried out at 4 "C, with
gentle agitation on a slow rotator unless noted otherwise. The
decalcified inner ears were incubated in Image-iT fx (Molecular
Probes, Eugene, OR) for 30 min. then transferred to blocking solu-
tion for 4 h at room temperature. Combinations of 2 or 3 primary
antibodies were applied as a cocktail diluted in blocking solution,
as described below, and incubated for 3 days. At the end of incu-
bation, the samples were washed three times for 2 h each with

PBS. The species-appropriate secondary antibodies were applied
as a cocktail diluted in blocking solution and incubated for 3 days
then washed three times with PBS for 2 h each. DAPI was in-
cluded in the secondary antibody cocktail at a concentration of
0.25 lg/ml to label DNA. The monomeric cyanine DNA label
To-Pro-3 was used on a few initial trial samples at 5 lM concen-
tration in PBS for 45 min. following the final PBS wash after sec-
ondary antibody labeling.

2.3. Reagents

PBS – 0.2 M Na2HPO4, 0.075 M KH2PO4, 0.9% NaCl, pH 7.4.
Blocking solution – PBS containing 10% normal serum, 0.5%
bovine serum albumin (A-7030, Sigma–Aldrich, St. Louis, MO),
0.1% Triton X-100 (Sigma–Aldrich).
Image-iT FX – Molecular Probes (Eugene, OR).
Normal goat serum – Vector Laboratories (Burlingame, CA).
Normal donkey serum – Jackson ImmunoResearch (West Grove,
PA).
Methyl salicylate – Polysciences (Warrington, PA).
Benzyl benzoate – Fisher Scientific (Pittsburgh, PA).

Immunoreagents, with dilutions:

Anti-Parvalbumin – guinea pig polyclonal, 1/500 (Chemicon).
Anti-Parvalbumin – mouse monoclonal, 1/500 (Chemicon).
Anti-200 kD Neurofilament – rabbit polyclonal, 1/500 (Sigma).
Anti-Acetylated tubulin – mouse monoclonal, 1/250 (Sigma).
Donkey anti-mouse-Alexa488, 1/500 (Molecular Probes).
Goat anti-rabbit-Alexa568, 1/500 (Molecular Probes).
Donkey anti-guinea pig-Cy5 (Jackson ImmunoResearch).
DAPI – 0.25 lg/ml, with secondary antibodies (Sigma).
To-Pro-3 – 5 lM, post staining (Molecular Probes).

2.4. Dehydration and clearing

The washed samples were transferred to 70% ethanol for a per-
iod ranging from 2 h to overnight. Dehydration continued through
95% ethanol for 30 min, followed by two changes of absolute
ethanol for 2 h each. The MSBB clearing agent was made by mixing

Fig. 1. The optical properties of the inner ear are dramatically altered by clearing in MSBB. (A) Shadows of the modiolus and pigmentation of the stria vascularis are the only
internal structures visible from a non-cleared cochlea lying in PBS. 129/CBA mouse at P7. (B) A decalcified cochlea cleared in MSBB and imaged by oblique lighting clearly
displays the modiolus, basilar lamina, spiral limbus and other structures. 129/CBA mouse, P33 days.
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five parts methyl salicylate with three parts benzyl benzoate. La-
beled inner ears were cleared in a 1:1 mixture of MSBB and abso-
lute ethanol for 4 h followed by three changes of 100% MSBB for
2 h, 4 h and overnight, respectively. All clearing steps were carried
at room temperature with gentle agitation on a platform rotator.

2.5. Epoxy embedding

A few labeled inner ears were examined on the confocal micro-
scope for presence of labeling then rinsed free of MSBB by several
changes of absolute ethanol over 24 h. MSBB was considered re-
moved when the cochlea resumed the standard translucent
appearance observed in absolute ethanol, prior to clearing. They
were transferred from ethanol through two changes of propylene
oxide for 60 min and 30 min, and then infiltrated overnight in a
1:1 mixture of propylene oxide and epoxy. After three changes of
100% epoxy for 30 min each, the samples were placed in a flat mold
(#10504, Ted Pella, Inc., Redding, CA) and cured in a 60 "C oven un-
til hardened (about 3 days). The epoxy was Spurr’s Low Viscosity
Embedding Resin using a modified formulation (Ellis, 2006) con-
sisting of 23.60 gm nonenyl succinic anhydride, 7.60 g DER 736,
16.40 gm ERL 4221 and 0.1 g 2-(dimethylamino)ethanol (Electron
Microscopy Sciences, Hatfield, PA). All steps were carried out at
room temperature with agitation on a slow rotator.

2.6. Mounting

A cleared cochlea was placed on a silicone plate (Sylgard 184, K.R.
Anderson Co., Morgan Hill, CA) and oriented on its medial side while
viewed with a dissecting microscope (MZ-8, Leica Microsystems,
Wetzlar, DE) using a combination of oblique illumination from a
150 W Techniquip fiberoptic illuminator (Livermore, CA) and dark-
field illumination from the Leica stage. Imaging the organ of Corti
by objectives with working distances over 500 lm only needed that
the attached bone matrix or protruding semi-circular canals be
trimmed so that the cochlea would lie flat and stable on the cover-
slip. Objectives with shorter working distances required that the
side of the cochlear capsule be removed in order to position the or-
gan of Corti within the objective’s working distance. In this case, the
cochlear shell was sliced in a paramodiolar plane, as shown in Fig. 2.

A specimen holder was created by using silicone aquarium seal-
ant (All-Glass Aquarium Co., Franklin, WI) to affix a 24 mm !
50 mm coverslip of 170–173 lm thickness to a 25 mm ! 75 mm !
1 mm aluminum frame that had supported PEN foils used for laser
microdissection samples (Leica). This frame is made to the dimen-
sions of a microscope slide and possesses a central opening of
15 mm by 40 mm. The specimen holder was used with the coverslip
as the lower surface, facing the objective lens of an inverted micro-

scope. The cochlea was placed on the coverslip so that it rested on
its trimmed surface and was wetted with a small quantity of MSBB
to prevent drying or entrapment of air bubbles within the sample or
reflections. The frame supported the coverslip in a manner that re-
duced flexure and formed a barrier to prevent the MSBB from drip-
ping onto the objective lens or other microscope components. No
other covering or coverslip was needed. Occasionally, a small
square cut from a coverglass was used as a shim under one side
of the cochlea to prevent it from rolling.

2.7. Sectioning

Epoxy embedded inner ears were bisected along the axis of the
modiolus, as previously described (Hardie et al., 2004). Cross-sec-
tions from the exposed turns were cut at 2 lm thickness using a
diamond Histoknife (Diatome AG, Biel, SW) and mounted on
microscope slides subbed with chrome alum-gelatin. Sections in-
tended for epi-fluorescent microscopy were coverslipped with Flu-
oromount G (Southern Biotech, Birmingham, AL). Adjacent sections
were stained with Richardson’s methylene blue and azure II (Rich-
ardson et al., 1960) then coverslipped with Fluoromount G.

2.8. Microscopy and image processing

Sections were imaged with an AxioPlan 2ie (Carl Zeiss)
equipped with a Coolsnap HQ monochrome digital camera (Prince-
ton Instruments, Trenton, NJ). The microscope and camera were
controlled by Slidebook (Intelligent Imaging Innovations, Denver,
CO), version 4.0.2.8, on a Macintosh G4 computer.

All confocal images were collected on a Fluoview-1000 laser
scanning confocal microscope equipped with an IX-81 inverted
microscope (Olympus America, Center Valley, PA). DAPI was ex-
cited by a 405 nm diode laser and its signal was detected through
a 490 nm longpass dichroic and a 425–475 nm diffraction filter.
Alexa 488 was excited by the 488 nm line from an argon ion laser,
with signal directed by a 560 nm longpass dichroic mirror into a
500–550 diffraction filter. Alexa 568 was excited with a 561 nm so-
lid state laser, separated by a 640 nm longpass dichroic mirror or
front surface mirror, using a 575–625 interference filter. Far red
fluorescent labels were excited with a 633 nm helium–neon laser,
directed to the detector with a front surface mirror and through a
655–755 nm barrier filter. This study used the 4X/NA .16, 10X/NA
.4 and 20X/NA .75 UPLSAPO dry objective lenses and a 40X/NA 1.3
UPLFL oil immersion objective lens.

Confocal images were acquired with 12-bit digitization and
saved as 16-bit TIFF. Deconvolution using a maximum likelihood
estimate algorithm was applied to all volumes using Huygens
Essential 3.0.0 (Scientific Volume Imaging, Hilversum, NL) on a
computer with two dual core Opteron processors (AMD, Sunny-
vale, CA) running 64-bit Enterprise Linux (Redhat, Raleigh, NC).
Maximum intensity projections (MIP) along the z-axis and MIP
rotations were created using Huygens Essential and by ImageJ, ver-
sion 1.38 (Rasband, W.S., ImageJ, US National Institutes of Health,
Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/, 1997–2006).
ImageJ was used on either a Macintosh dual G5, running OS
10.4.10 (Apple, Inc., Cupertino, CA) or on Enterprise Linux. Final fig-
ures were created with Adobe Photoshop version 9.0 on a Dual G5
Mac OS 10.4.10. All figures were subjected the minimum degree of
histogram stretch and gamma adjustment necessary to maintain
contrast during publication.

3. Results

A fixed, uncleared cochlea infiltrated with PBS and imaged
through a dissecting microscope using transmitted light is nearly

Fig. 2. The capsule may be trimmed to allow the cochlea to lie on the coverslip, or
sliced (e.g., along the dashed line) to open the capsule to allow the organ of Corti to
be viewed by high NA objectives with short working distances. The frame used to
support the coverslip is not shown.

G.H. MacDonald, E. W Rubel / Hearing Research 243 (2008) 1–10 3



Author's personal copy

opaque with shadows suggesting presence of internal structures
(Fig. 1A). In contrast, a cochlea cleared by MSBB is nearly transpar-
ent when viewed under the same dissecting microscope using dark-
field illumination from the Leica stereomicroscope stage. The
oblique illumination from this mode allowed otherwise transparent
internal structures to be clearly observed, such as the modiolus
spiral limbus and tectorial membrane (Fig. 1B). Although a decalci-
fied cochlea is quite soft, exposure to MSBB hardened the tissue suf-
ficiently that it could be trimmed with minimal distortion prior to
mounting on the sample holder coverslip, as demonstrated in Fig. 2.

Strong fluorescent signals were obtained throughout the full
thickness of the cochlea. This allowed use of very low laser inten-
sities to avoid photobleaching during the prolonged scanning re-
quired to acquire relatively deep image volumes and to minimize
tissue autofluorescence. The time to acquire a z-stack was largely
dependent upon the sampling density of the field and on the de-
gree of axial resolution. An image stack sequentially capturing
three channels with an 800 ! 800 sampling density, 2 ls dwell
time, without averaging, and incrementing focus at the Nyquist
interval required 45–60 min. Smaller fields and reduced axial
depths to view specific regions, such as the cochlear apex or a short
interval organ of Corti in cross-section, required 15–25 min.

The Alexafluor conjugates tended to stick to the inner and outer
surfaces of the cochlea and the tectorial membrane. This was
greatly reduced by pre-treatment with the Image-iT FX reagent.
Small, punctate, brightly fluorescent particles sometimes persisted
in a few samples. The source of this artifact has not yet been deter-
mined. A low intensity non-specific fluorescence arising from the

Alexafluor 568-conjugated antibody persisted in the tectorial
membrane, Reissner’s membrane and the basilar membrane within
brightest point projections. This became noticeable after contrast
enhancement to extract small features such as nerve fibers.

Each individual image plane displayed little background fluo-
rescence within the organ of Corti, possibly due to the inherent
high contrast from the dispersed arrangement of cell types. How-
ever, due to the depth of the optical volumes acquired, the cumu-
lative effect of a low amount of out of focus light due to residual
aberrations and scattering reduced overall contrast and masked
small structures, as described above for the Alexafluor 568. Decon-
volution proved to be essential to remove the out of focus light
from these thick optical volumes in order to improve contrast
and unmask details.

The organ of Corti could be imaged readily through the connec-
tive tissue of the decalcified shell and the stria vascularis by objec-
tive lenses with long working distance, as shown in Figs. 3 and 4,
which were collected from the same cochlea. The outer connective
tissue matrix of the cochlear capsule had little impact on the qual-
ity of images collected from deeper regions. However, it imparted a
subtle haze over interior structures when the surface was included
in maximum intensity projection (MIP) images (Fig. 3). In compar-
ison, the same specimen is presented in Fig. 4 with a MIP restricted
to the central 96 lm of the cochlea. The haze imparted by connec-
tive tissue of the bone is present only at the edges of the cochlear
duct due to curvature of the structure. High levels of fluorescence
in localized regions of the bone correspond to highly cellular mar-
row spaces.

Fig. 3. A maximum intensity projection (MIP) from an intact mature mouse cochlea imaged through its entire volume. The organ Corti (OC) appears as a red and green ribbon
(}) spiraling from the hook region (H) upwards to the apex. Nerve fibers (arrow) immunolabeled for 200 kD neurofilament (red) are present below the hair cells and traverse
radially through the modiolar shelf toward the modiolus (M). Sensory hair cells immunolabeled for parvalbumin (green) appear sandwiched between the nerve fibers and
non-specific red label in the tectorial membrane. The scala media (*) is outlined in first and second turns by Reissner’s membrane (R), also red from non-specific labeling. The
hook region may be observed curving around the round window. Image width is 1.988 mm, 856 lm volume thickness. 129/CBA mouse, P33 days, 4!/0.16 objective.
Supplemental Figure 1 shows another example of a complete cochlea.
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Opening the cochlea by trimming away the outer connective
tissue and stria vascularis, as shown in Fig. 2, reduced the distance
between the supporting coverslip and sensory epithelium. Fig. 5
presents the organ of Corti and modiolus collected from the upper
turn, after opening the cochlea of the same cochlea presented Figs.
3 and 4. When viewed as separate channels, fine details are visible
that are obscured when viewed as merged color images. Presump-
tive afferent nerve fibers labeled by 200 kD neurofilament (Bergl-
und and Ryugo, 1991) in Fig. 5A (200 kD NF, red in inset and D)
radiate from the modiolus while efferent fibers labeled for
200 kD NF (Maison et al., 2006) are visible in the intraganglionic
spiral bundle (IGSB). Both types of fibers densely innervate the re-
gion of the IHC and cross the tunnel of Corti to the OHC. Parvalbu-
min in Fig. 5B (PARV, green in inset and D) labeled neurons in the
spiral ganglion, the sensory hair cells, as well as thin, filamentous
nerve fibers in the outer spiral bundle below the OHC. The arrange-
ment and shape of nuclei in Fig. 5C, labeled by DAPI (blue in inset
and D), may be used as anatomical landmarks for structures such
as the elliptical nuclei in tympanic border cells of the basilar mem-
brane (BM) and rows of inner dentate cells in the spiral limbus
(SpL). The merged image in Fig. 5D shows the relative positions
of the most prominently labeled structures. The inset was created
by a MIP of a 3 lm thick ‘‘vertical slice” extracted in the YZ dimen-
sion from the center of the volume.

Another example of the impact of the dense connective tissue of
the bone is shown in Fig. 6, which contains the same cochlea is
shown in Figs. 3–5, but rolled 90" onto its lateral side with its apex
pointed towards the objective lens. A large piece of cochlear shell
removed from the apex during the initial dissection allowed an
unobstructed view along the modiolar axis. Nuclear staining and
background fluorescence of the stria vascularis and connective tis-
sues of the lateral wall did not obscure a view of the spiraling co-
chlear duct. However, portions of dense connective tissue of the
bone along the top of the image and the lower left corner (*) reduce

contrast in the underlying tissues. Spiral ganglion neurons were in-
tensely labeled for parvalbumin at the very tip of the modiolus and
the opening at the base of the modiolus, where the cells were
accessible to the antibodies.

The paths taken by afferent fibers are shown in Fig. 7, a volume
collected from an opened cochlea taken from a littermate to the
previous figures. The apparent shapes of the IHC and OHC differ be-
tween Figs. 5 and 7 due to orientation of the cochlea on the sup-
porting coverslip. A mix of nerve fibers, predominately labeled
for 200 kD neurofilament (red), with some fibers labeled for par-
valbumin (green), constrict to pass through the habenula perforata
then spread out. Some neurofilament labeled fibers emerge from
the habenula and appeared to travel laterally for varying distances
in the inner spiral bundle before crossing the tunnel (arrowheads).

The image volume presented in Fig. 7 was cropped to remove
the basilar membrane and the supra-nuclear portions of the OHC.
This OHC basal region is presented in Fig. 8 with each panel repre-
senting the MIP of six consecutive image planes acquired at 0.5 lm
intervals. Stepping through this sub-volume allowed close obser-
vation of the arrangement of nerve fibers and synapses as individ-
ual OHCs came into focus. The OHCs and nerve fibers in the outer
spiral bundle were labeled for parvalbumin (green) while 200 kD
neurofilament (red) labeled possible efferent fibers. Fig. 8A is be-
low the bases of the OHC and as each subsequent panel advances
3 lm towards the cuticular plate additional OHCs and innervations
came into focus. The outer spiral fibers display periodic swellings
that may indicate the proximity of synapses and with some syn-
apses visible on OHCs (arrowheads). The putative efferent fibers
were also observed to form synapses (arrows) on the OHCs, with
cells possessing synapses from both types of fibers in Fig. 8C and D.

Use of an antibody against acetylated tubulin presented a strik-
ing image of its distribution within pillar cells and Deiters’ cells
(Fig. 9B and D). The inner and outer pillar cells were filled with la-
beled microtubules from the footplate structure to the reticular

Fig. 4. A view near the center of the inner ear presented in Fig. 3, prior to slicing open the cochlear capsule. This volume began 400 lm from the coverglass. The IHCs and
OHCs, labeled for parvalbumin (green) appear in the upper turn with a stereotypical arrangement in cross-section (bracket) but appear merged in the lower turn due to
curvature of the organ of Corti. Nerve fibers labeled for 200 kD neurofilament (red) radiate from the modiolus (M) and emerge from the habenula perforata as a densely
labeled border below the IHC. A few tunnel crossing fibers continuing outwards to the OHC are observed at this magnification. The tectorial membrane is identified by non-
specific label from the Alexafluor 568 (arrowheads). Reissner’s membrane (R) is clearly visible demarcating the scala media (*) in the lower turn. MIP from 96 lm volume
thickness, 129/CBA mouse, P33 days, 10!/0.40 objective.
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lamina (Angelborg and Engstrom, 1972; Slepecky et al., 1995).
However, each Deiters’ cell was identified by a pair of dense bun-
dles of microtubules originating at a bifurcation (lower arrows,
Fig. 9B) above the footplate process. One bundle led to the base
of an OHC and the other bundle, the phalangeal process, rose to
the reticular lamina, as described in gerbil and guinea pig (Angel-
borg and Engstrom, 1972; Slepecky et al., 1995). The phalangeal
processes also bifurcated as they approached the reticular lamina
(upper arrow, Fig. 9B). The presence of acetylated tubulin in outer
spiral fibers (Hallworth and Ludeuna, 2000) is barely visible
through the large structures of the tubulin bundles in the pillar
cells and phalangeal processes of the Deiter’s cells (arrowheads).
Nerve fibers labeled with 200 kD neurofilament are observed form-
ing synapses on the bases of hair cells (arrows, Fig. 9A), correlating
with the images in Fig. 8. Parvalbumin stained the OHC and syn-
apses (arrowheads, Fig. 9C) from longitudinal fibers in the outer
spiral bundle, resembling the synapses in Fig. 8. The anti-parvalbu-
min antibody was labeled with a far red fluorophore which was
pseudocolored in the blue channel of the color merge panel (Fig.
9D). The blue channel displays parvalbumin with low intensity in
order to maintain the visibility of the 200 kD neurofilament (red)
and acetylated tubulin (green).

Semi-thin sections were collected from an inner ear that had
been processed for immunolabeling, cleared in MSBB and then
embedded in Spurs’ low viscosity resin. These sections presented

typical cross-sectional views of the organ of Corti when viewed
by transmitted light DIC, Fig. 10A and C. Epi-fluorescence images
from adjacent sections, Fig. 10B and D, resembled conventional
fluorescent images obtained by methods such as frozen sections.
However, although the immunolabeling for parvalbumin (green)
clearly labeled IHC, OHC and nerve fibers, the regions of connective
tissue were of equal intensity. Similarly, regions of the spiral lim-
bus and areas such as the spiral ligament expressed a far red fluo-
rescence that obscured the nuclei labeled with To-Pro-3
(pseudocolored red) and the plastic itself displayed moderate lev-
els of autofluorescence.

4. Discussion

This report extends our prior work to obtain 3D images of the
intact mammalian inner ear that used embedding in Spurr’s low
viscosity resin (Hardie et al., 2004) as a clearing mechanism. The
confocal volumes in that report were limited by loss of signal
and resolution to focus depths that were much less than the work-
ing distance of our objective lenses. In addition, we recently
encountered several problems from changes in the available com-
ponents for Spurr’s resin, even when used in new formulations (El-
lis, 2006). Use of MSBB as a clearing agent to avoid embedding in
Spurr’s resin provided a dramatic improvement in image quality.

Fig. 5. The upper turn from the previous two figures was imaged after opening the cochlea and is displayed as separate channels. (A) Afferent fibers labeled for 200 kD
neurofilament (red, inset and D) travel from the spiral ganglion, at top, and pass below the spiral limbus (unlabeled) to aggregate below the IHC region. Labeled efferent fibers
travel longitudinally in the intraganglionic spiral bundle before turning towards the organ of Corti. The tunnel crossing fibers pass across the tunnel of Corti and form a
characteristic hook as they veer near the basilar membrane before turning upwards to the bases of the OHC (arrowheads). (B) Parvalbumin (green, inset and D) is observed in
hair cells, spiral ganglion neurons and some thin nerve fibers in the modiolus and outer spiral bundles (arrows). (C) Patterns of DAPI-labeled nuclei (blue, inset and D) indicate
the locations several landmark features such as the hair cells and rows of nuclei in the dentate cells of the spiral limbus (SpL). The elliptical nuclei in the tympanic border cells
in the basilar membrane (BM) are observed through the distal support cells. (D) The color merge of panels A, B and C. The inset is a MIP from the YZ plane to indicate the
orientation of the organ of Corti relative to the axis of focus (objective lens at lower edge). MIP from 231 lm thickness, 129/CBA mouse, P33 days, 20!/.75 objective.
Supplemental Fig. 2 further illustrates the curvature of the radial fibers as they approach the OHC.
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The cochlea contains many different structures ranging from
dense connective tissues to large open chambers, each with its
own refractive index (RI). The cochlear shell remains quite visible

in common mountants for fluorescent imaging, which have an RI
in the range of 1.44–1.49, and therefore is not matched by these
lower RI values. The improved depth of focus made possible by

Fig. 6. An oblique view from the same cochlea shown in Figs. 3–5, re-oriented onto its lateral side, with the apex angled towards the coverslip. The cochlear duct and sensory
cells (}) spiraling around the modiolar axis are readily visible through the constellation of nuclei in the stria vascularis (sv) and lateral wall tissue. Both IHC and OHC are
labeled for parvalbumin (green) and nerve fibers are labeled for 200 kD neurofilament (red). In contrast, the dense connective tissue of the bony shell (*) obscures underlying
tissues. The basal turn may be observed as it passes near the round window (arrow). Neurons of the spiral ganglion are labeled for parvalbumin (arrow heads) at both the
apex and base of the modiolus. MIP from 651 lm volume thickness, 129/CBA mouse, P33 days, 10!/0.40 objective. Supplemental Fig. 3 steps through the z-series to
demonstrate label penetration through the volume. Supplemental Fig. 4 presents a rotating MIP of this volume.

Fig. 7. Hair cells labeled for parvalbumin (green) appear in nearly opposite orientations, OHC are oriented nearly perpendicularly to the plane of focus, while the IHC are
nearly parallel. Bundles of nerve fibers labeled for 200 kD neurofilament (red) and for parvalbumin constrict to pass through the habenula perforata. Some fibers labeled for
200 kD neurofilament appear to follow the inner spiral bundle for short distances before crossing the tunnel of Corti (arrowheads) to innervate the OHC. 129/CBA mouse, P33
days, 40!/NA1.3 oil immersion objective.
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MSBB is most likely due to its RI of 1.556 being a closer match to
the RI of cochlear tissues than was the RI of epoxy resin. Mixtures
of benzyl benzoate, methyl salicylate and other organic reagents
have been used since at least the 19th century to create clearing
agents with RI matched to specific tissues in order to render them
transparent (Spalteholz, 1914). MSBB has been used previously to
render the mammalian inner ear optically transparent (Voie et al.,
1993) for macroscopic imaging utilizing a camera lens with rela-
tively low numerical aperture (NA).

Microscope objective lenses are designed for specific conditions,
including a uniform sample refractive index and a specific cover-
slip thickness (Keller, 2006). Deviations from these design condi-
tions produce degraded images by spherical aberration. Spherical
aberration occurs at each RI interface because high angle light rays
from the margins of a lens refract more than the paraxial rays at
the center of the lens (Born and Wolf, 2005). This causes the light
rays to be focused at multiple levels within the sample to create
images that suffer from reduced intensity and degraded resolution.

Fig. 9. A volume collected approximately 180" from the apical terminus of the organ of Corti is presented as separate channels (A–C) and as a merged image (D). (A) Possible
efferent tunnel crossing fibers labeled for 200 kD neurofilament form synapses on the OHC (arrows). (B) Acetylated tubulin labels large fiber bundles filling the pillar cells
from the basilar membrane to the reticular lamina. A thinner bundle in each Dieters cell bifurcates (lower arrows) above a footplate on the basilar lamina and again (upper
arrow) below the reticular lamina. Nerve fibers faintly labeled pass through the support cells (arrowheads). (C) Parvalbumin labels both OHC and nerve fibers in the outer
spiral bundle. Synapses (arrowheads) are indicated by strong staining at the base of each OHC. (C). (D) The color merge of all three channels obscures some details
(neurofilament = red, acetylated tubulin = green, parvalbumin = blue). Efferent fibers (large arrow) appear labeled for combinations of acetylated tubulin and neurofilament.
The square outline defines the region presented as separate channels in panels A–C. 129/CBA mouse, P28 days, 20!/.75 objective lens, 42 lm volume depth, 150 lm from the
coverslip.

Fig. 8. A series of maximum intensity projections (MIPs) in the basal OHC region cropped from the volume in Fig. 7. Each panel is a MIP from a 3 lm layer (six image planes)
progressing towards the cuticular plate. (A) The initial plane shows thin longitudinally arranged fibers labeled by parvalbumin (green) forming teardrop shaped swellings as
they approach the OHC bases to form synapses (arrowheads). Each fiber forms large synapses on multiple cells. (B) This MIP is 3 lm closer towards the cuticular plate and
synapses appear on the middle row of OHC. Possible efferent fibers labeled by neurofilament (red) appear to form synapses (arrows). Additional synapses of both types appear
on the same cells in C and D. 129/CBA mouse, P33 days, 40!/1.30 oil immersion.
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Spherical aberration increases commensurate with depth of focus
relative to the coverglass and becomes more significant with high
NA objectives (Carlsson, 1991; Hell et al., 1993; Torok et al., 1997;
Egner and Hell, 2006). Backscatter of excitation and fluorescent
emissions at these interfaces additionally contributes to loss of sig-
nal intensity and contrast. Deviation from the recommended cov-
erslip thickness also increases the spherical aberration. Use of a
coverslip close to the 170 lm required for our lenses and an
immersion oil matching the RI of MSBB further reduced RI varia-
tions and spherical aberration in our samples.

We removed the MSBB from cleared inner ears by absolute eth-
anol to test whether such specimens could be embedded in epoxy
resin to obtain correlative sections. We did not investigate whether
MSBB was sufficiently soluble with epoxy resin that it could be used
as a transitional solvent. Unfortunately, while standard brightfield
sections were possible (Fig. 10A and C), the current Spurr’s resin
formulation exhibited high autofluorescence when viewed by fluo-
rescent microscopy (Fig. 10B and D). Other resins, such as Araldite
and epon replacements may be compatible with pre-embedding
immunofluorescent labeling of the inner ear, although extended
infiltration times will be required due to higher viscosity.

The long incubations for antibody penetration and holes dis-
sected in the middle turns were essential to allow solution ex-
change. Without dissection, if labeling occurred, it was only near
the openings at the round window and the apex. Further refine-
ments should be explored to reduce the length of time required
to reduce preparation time and to improve antibody penetration.
Microwave processing during decalcification (Tinling et al., 2004)
or during the incubations with primary and secondary antibodies
(Munoz et al., 2004) may be useful.

The image volume sizes obtained by this method were con-
strained by the working distance of the objective rather than sec-
tion thickness or spherical aberration, as with most section-based
preparations. The interplay of axial and lateral sampling densities
and field size needed to be carefully balanced to provide the re-
quired degree of resolution while avoiding photobleaching and
overwhelming computational capabilities (Hibbs et al., 2006).
Attempting to collect multi-channel images at the full resolution
of any objective over its full field of view could easily generate im-
age files up to 3 gigabytes and require hours to acquire.

The antibodies used in this project were selected to provide an
overview of cochlear histology while exploring the limits of this
method. Although the calcium binding protein parvalbumin has
been demonstrated to be present within the neuronal somata of
both the spiral ganglion and the olivocochlear nuclei (Celio,
1990), it has not been previously shown in nerve fibers below
the OHC. This may be due to differences in the specificity of anti-
bodies employed, as has been discussed for other immunocyto-
chemical studies of the inner ear (Slepecky and Ulfendahl, 1992).

The parvalbumin-labeled nerve fibers described here resemble
afferent fibers by their shape and small size, as well as the shape
and arrangement of their synapses on the OHC (Sato et al., 1999;
Berglund and Ryugo, 1987). However, positive identification will
require further immunolabeling studies with combinations of spe-
cific antibodies, particularly those targeting pre- and post-synaptic
proteins. Afferent fibers from the Type I and Type II neurons in the
spiral ganglion in mice have been labeled by several antibodies
against 200 kD neurofilament (Berglund and Ryugo, 1991). Efferent
fibers innervating the mouse OHC also label for 200 kD neurofila-
ment (Maison et al., 2006). As with our labeling for parvalbumin
in longitudinally oriented fibers, confirming the identity of the fi-
bers forming synapses on the OHC will require additional immu-
nolabeling studies with multiple labels for 200 kD neurofilament,
neurotransmitters and pre-synaptic proteins (Maison et al., 2003,
2006) or peripherin (Huang et al., 2007).

5. Summary

The ability to generate 3D images from intact cochlea presents
many advantages over serial reconstruction. The time required for
hands-on attention to sample preparation, image acquisition and
image processing are greatly reduced. The process of aligning serial
sections and errors from lost or misplaced sections are avoided.
This method may allow spatial relations to be mapped, quantified
and related to volumetric images from other studies or from other
3D methods such as MRI. Mapping 3D distributions of markers or
gene expression as overlays promises to add multiple dimensions
to our understanding of the development and biology of the mam-
malian cochlea.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.heares.2008.05.009.

Fig. 10. Semi-thin sections, 2 lm thickness, from an inner ear embedded in Spurr’s resin after immunolabeling and clearing in MSBB. A typical transverse section through the
organ of Corti stained by Richardson’s stain at 20! (A) and 63! (C) with DIC optics. An adjacent section viewed by epi-fluorescence at 20! (B) and at 63! (D) displays high
levels of non-specific fluorescence in the spiral limbus (SpL), tectorial membrane (TM), spiral ligament (SpLig), basilar membrane (BM) and Reissner’s membrane (R) as well as
within the epoxy. Hair cells and nerves are labeled for parvalbumin (green) and for DNA by To-Pro-3 (red). 129/CBA mouse, P6 months. 20!/.75 Plan-Apochromat objective
lens (A–B), 63!/1.4 oil immersion Plan-Apochromat (C–D).
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Afferent Deprivation Elicits a Transcriptional Response
Associated with Neuronal Survival after a Critical Period in
the Mouse Cochlear Nucleus
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1Department of Otolaryngology, Head and Neck Surgery, Virginia Merrill Bloedel Hearing Research Center, and 2Graduate Program in Neurobiology and
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The mechanisms underlying enhanced plasticity of synaptic connections and susceptibilities to manipulations of afferent activity in
developing sensory systems are not well understood. One example is the rapid and dramatic neuron death that occurs after removal of
afferent input to the cochlear nucleus (CN) of young mammals and birds. The molecular basis of this critical period of neuronal vulner-
ability and the transition to survival independent of afferent input remains to be defined. Here we used microarray analyses, real-time
reverse transcription PCR, and immunohistochemistry of the mouse CN to show that deafferentation results in strikingly different sets of
regulated genes in vulnerable [postnatal day (P) 7] and invulnerable (P21) CN. An unexpectedly large set of immune-related genes was
induced by afferent deprivation after the critical period, which corresponded with glial proliferation over the same time frame. Apoptotic
gene expression was not highly regulated in the vulnerable CN after afferent deprivation but, surprisingly, did increase after deafferen-
tation at P21, when all neurons ultimately survive. Pharmacological activity blockade in the eighth nerve mimicked afferent deprivation
for only a subset of the afferent deprivation regulated genes, indicating the presence of an additional factor not dependent on action
potential-mediated signaling that is also responsible for transcriptional changes. Overall, our results suggest that the cell death machin-
ery during this critical period is mainly constitutive, whereas after the critical period neuronal survival could be actively promoted by
both constitutive and induced gene expression.

Key words: microarray; critical period; cochlear nucleus; activity-dependent; apoptosis; deafferentation; stability

Introduction
Afferent input is required for the normal development of synap-
tic connectivity and neuron number in most sensory systems,
including the auditory system (Levi-Montalcini, 1949; Wiesel
and Hubel, 1963; Van der Loos and Woolsey, 1973; Born and
Rubel, 1985; Brunjes, 1994). Eliminating afferent input to the
cochlear nucleus of birds and mammals by cochlear removal re-
sults in dramatic neuron death in the immature cochlear nucleus
(CN). In mammals this effect is confined to a short postnatal
critical period (Hashisaki and Rubel, 1989; Moore, 1990; Tierney
et al., 1997; Mostafapour et al., 2000). Specifically in mice, CN
neurons are highly vulnerable to cochlear removal at ages up to

postnatal day (P) 11, when 25– 66% neuron loss occurs, but not at
P14 or older (Mostafapour et al., 2000). Importantly, the end of
this critical period coincides with the onset of hearing in all mam-
malian species studied to date. The molecular basis of this rapid
developmental switch in neuronal vulnerability is still largely
unknown.

Susceptible CN neurons die by an apoptotic-like process after
cochlear removal (for review see Harris and Rubel, 2006).
Caspase 3 cleavage increases in P7 mouse CN neurons 12–24 h
after cochlear removal, followed by a peak in TUNEL at 48 h,
preceding maximal neuron loss at 96 h (Mostafapour et al., 2000;
Mostafapour et al., 2002). A pathway involving NFAT-dependent
transcription has also been recently implicated in apoptotic neu-
ronal death in the deafferented immature mouse CN (Luoma and
Zirpel, 2008). These results support the hypothesis that apoptotic
gene expression could be involved in defining this critical period
window. Indeed, genetic manipulation of bcl-2 alters the age-
dependent response to deafferentation in the CN (Mostafapour
et al., 2000; Mostafapour et al., 2002), and constitutive differ-
ences in apoptotic gene expression in the CN during compared
with after this critical period strongly correlate with neuronal fate
after cochlear removal (Harris et al., 2005).

Identifying the mechanisms of cell death after deafferentation
during this critical period has been a major focal point. However,
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the possibility that neuron survival after cochlear removal is also
an active process has not been explored. Therefore we used mi-
croarrays to assess the transcriptional response in the CN during
the first 48 h after cochlear removal at P7 and P21. Surprisingly,
we found a similar number of genes significantly regulated by
deafferentation at both ages, although only 10% were the same.
In addition, few apoptotic genes were upregulated by deafferen-
tation at P7, whereas a larger apoptotic gene response was de-
tected at P21. Most striking was the large immune response and
corresponding glial proliferation after cochlear removal at P21,
suggesting a possible neuroprotective role of glia in actively de-
fining this critical period window.

Finally, we analyzed whether these transcriptional changes
were caused by loss of electrical activity in the eighth nerve. Phar-
macological activity blockade of the auditory nerve for 6 or 24 h
resulted in similar expression changes for only a subset of genes.
Thus, an additional factor not dependent on action potential-
mediated signaling must also regulate transcriptional responses
to deafferentation in the CN.

Materials and Methods
Animals. Male and female C57BL/6J mice were used at postnatal days 7
(P7) and 21. Pups were considered 0 d (P0) on the day of birth. The
University of Washington Institutional Animal Care and Use Committee
approved all procedures.

Cochlear removals. Mice were anesthetized with inhaled isoflurane de-
livered from a gas vaporizer anesthesia machine. Hair inferior to the
pinna was removed when present and the area scrubbed with Betadine.
Lidocaine (1%) was injected below the skin in the area of the first inci-
sion. Cuts were made below the pinna to expose and open the ear canal.
The tympanic membrane was punctured, ossicles removed, and the basal
turn of the cochlea identified. A hole was made in the bone and the
contents of the cochlea aspirated through a fine glass pipette. The hole
was packed with sterile Gelfoam and the skin incision closed with cyano-
acrylic glue. Mice were kept warm until fully awake and returned to their
littermates and/or dams within 1–2 h.

Tetrodotoxin implants for 6 h treatment. Tetrodotoxin (TTX) (#T-550,
Alomone labs) was embedded in polyvinyl alcohol (PVA, DuPont) for
short-term slow release. PVA (16% w/v) was dissolved in distilled water
warmed to 85°C for 6 h. 7.5 (for P7) or 75 (for P21) !l of 3 mM TTX in
citrate buffer was added to 250 !l of the 16% PVA solution. The mixture
was poured into wells of a 24-well plate and subjected to two freeze-thaw
cycles (16 h at !20°C, 8 h at room temperature). Plugs of the TTX/PVA
mixture were cut to fit into the round window just before use. Unilateral
surgery proceeded as described above for cochlear removals except that a
small hole was made in the posterior edge of the tympanic membrane and
the ear canal was widened slightly by chipping away some of the auditory
bulla to expose the round window niche. The TTX implant was placed
through the hole near the round window without disturbing the ossicles.
Pups (n " 3/age group) were allowed to survive for 6 h, then CN tissue
was isolated from the ipsilateral and unmanipulated contralateral sides
for real-time reverse transcription (RT) PCR analyses.

TTX implants for 24 h treatment. Osmotic pumps (1003D, 1 !l/h;
Durect Corporation, Cupertino, CA) were filled with 100 !M TTX and
placed in a 38°C 0.9% saline bath for 12 h, which allowed the pump to be
operational immediately on implantation. A fine cannula was made for
cochlear infusion of TTX using a 7 mm piece of polyethylene tubing
(PE-90, 1.27 mm OD, 0.86 mm ID) inserted in the end of a second 7 mm
piece of polyethylene tubing (PE-50, 0.97 mm OD, 0.58 mm ID). These
tubes were then connected to a 4 cm piece of polyethylene tubing (PE-10,
0.61 mm OD, 0.28 mm ID). To implant the pumps and insert the cannula
into the cochlea, P21 mice were anesthetized with ketamine (100 mg/kg)
and xylazine (10 mg/kg). A retro-auricular incision was made and a small
hole (0.6 mm) was made in the bulla to expose the round window niche
and stapedial artery, which was cauterized. A subcutaneous pocket was
formed between the scapulae to accommodate the pump. The tip of the
prefilled cannula was inserted into the hole on the bulla until the tip was

seated in the round window niche. The cannula was glued to the bulla,
and TTX was infused at 1 !l/h. Mice were killed 24 h later and CN tissues
were collected from the ipsilateral and unmanipulated contralateral side
for RNA isolation and microarray hybridizations.

Auditory brainstem response recordings. Hearing thresholds before and
after TTX exposure were evaluated with auditory brainstem responses
(ABRs) recorded in response to clicks. Anesthetized mice were placed in
a sound-attenuating chamber. Body temperature was maintained at
#37°C by an isothermal heating pad (Braintree Scientific). Evoked re-
sponses were recorded via subdermal needle electrodes placed midline
above the frontal bone (positive) and behind the left pinna, with a
ground electrode in the left thigh. The system was calibrated on each day
of use (#2530; Larson-Davis) with the microphone tip placed at the lo-
cation of the mouse head. Click levels and hearing thresholds were de-
termined in dB peak equivalent sound pressure level (dB per SPL) refer-
enced to an 8 kHz tone. Click stimuli of alternating polarity were
repeated at 75 ms intervals in 10 dB increments starting at 92 dB and
decreasing to 32 dB. ABRs were recorded over 40 ms and averaged at each
intensity level for 1024 presentations. Potentials were amplified (1000$),
filtered (0.3–3 kHz) by a preamplifier (P55; Grass-Telefactor) and digi-
tized. Threshold was determined visually as the lowest SPL (in 5 dB
increments) in which a recognizable waveform was present and
repeatable.

CN tissue dissection and RNA isolation. Mice were decapitated 6, 12, 24,
and 48 h after unilateral cochlear removal (n " 24 –36/time point for
each age). Using a dissecting microscope, the cochlea was gently pulled
away from the brainstem and the eighth nerve cut. After removal of the
overlying cerebellar flocculus, the CN was dissected out bilaterally. Sep-
arate pools of CN tissue ipsilateral and contralateral to the lesion from 12
mice were used for each replicate array. Tissue was immediately frozen in
liquid N2 and stored at !80°C. Total RNA was isolated using the Qiagen
Lipid RNeasy Mini kit. RNA concentration and integrity were assessed
using an Agilent 2100 Bioanalyzer. Approximately 0.75 !g of total RNA
was obtained per CN.

Microarrays. Affymetrix Mouse Expression Set 430A GeneChips were
used to compare relative levels of mRNA expression between the ipsilat-
eral and contralateral CN at 6 h (n " 2 arrays), 12 h (n " 3), 24 h (n " 3),
and 48 h (n " 3) after surgery. Mouse Expression Set 430A 2.0 GeneChips
were used for the comparison between CN ipsilateral and contralateral to
TTX-treated ears (n " 3 arrays).

Preparation of labeled cRNA, hybridization, array scanning, and image
analysis. The Center for Array Technologies at the University of Wash-
ington performed the following procedures. Biotinylated labeled target
cRNA was prepared and hybridized to the Mouse 430A GeneChip with
minor modifications from the Affymetrix recommended procedures.
Briefly, 6.4 !g of total RNA was reverse transcribed into double-stranded
cDNA using a T7-(dT)24 primer in the presence of 10 mM dNTP mix and
poly-A spike in positive control RNAs during first strand synthesis (In-
vitrogen). Double-stranded cDNA was used as a template for synthesis of
biotin-labeled cRNA (Enzo Diagnostics). Labeled cRNA was cleaned up
to remove unincorporated NTPs and the concentration was determined
spectrophotometrically. According to Affymetrix protocols, 15 !g of
cRNA was then fragmented and transcript sizes were analyzed on the
Bioanalyzer to be between 50 and 200 bp. Spike-in eukaryotic hybridiza-
tion controls were added to the cRNA samples, and hybridization to the
GeneChips was performed for 16 h at 45°C. Using the Affymetrix Gene-
Chip System, arrays were then washed and stained with streptavidin-
phycoerythrin (Molecular Probes) before being scanned using a Gene-
Chip Scanner. The quality of hybridizations and overall chip
performance was determined by visual inspection of the raw scanned
data for artifacts, scratches, or bubbles. The Affymetrix Gene Chip Op-
erating System (GCOS) report file (*.RPT) was used to determine
whether the following statistics were within acceptable limits: 3%/5%
GAPDH and "-actin ratios did not exceed 1.5, chip background and
noise were below cutoff limits, and hybridization spike-in controls were
present and in increasing intensities. Background and noise were similar
across all arrays used for comparisons. Using the raw image file in GCOS
(.DAT), cell intensities were calculated and the resulting files (.CEL)
containing intensity information for all probes on the arrays were up-
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loaded into the software program Genesifter.
net (VizX Laboratories, Seattle, WA) for further
analyses.

Array data analysis. Normalization of the raw
microarray data and determination of differen-
tial expression was done with Genesifter soft-
ware. GC-robust multiarray average (RMA)
normalization was performed on the Af-
fymetrix GeneChips (Irizarry et al., 2003). At
each time point, fold changes were calculated
for the ipsilateral vs contralateral samples. Lists
of genes showing differential expression after
cochlear removal were generated using two fil-
tering criteria: a p-value cutoff of # 0.05 after a
Student’s t test and a fold change threshold of
$ 1.5. False discovery rate (FDR) analysis using
the Benjamini and Hochberg correction was
applied to this prefiltered list of genes. All genes
were accepted at a FDR of 5%. A comprehen-
sive list was compiled that included all of the
genes significantly altered in expression by co-
chlear removal in at least one of the time points
after surgery. The entire deafferentation and
TTX microarray datasets are available in the
Gene Expression Omnibus public repository
(http://www.ncbi.nlm.nih.gov, series number
GSE5394 and GSE11726).

Real-time RT PCR. Real-time RT PCR was performed on a Bio-Rad
iCycler System using SYBR Green detection (Bio-Rad). cDNA template
was made from 1 !g of total RNA using the Bio-Rad iScript cDNA
Synthesis kit. The PCRs contained 12.5 !l of SYBR green Supermix, 5 !l
of cDNA template, 0.375 !l each of the forward and reverse primers (800
nM), and 6.75 !l of water. The conditions were 95°C for 3 min followed
by 45 cycles of denaturing at 95°C for 30 s, and annealing and extension
at 54°C for 30 s. Melt curves were also analyzed to insure only one prod-
uct per well. Primer sequences were designed using Primer3 software
(http://frodo.wi.mit.edu) and ordered from Integrated DNA Technolo-
gies. Primer sequences and GenBank accession numbers for the genes
selected for PCR validation are listed in Table 1. Each reaction was done
in triplicate wells on one plate, and each plate was run in duplicate or
triplicate. Fold change between ipsilateral and contralateral CN was cal-
culated with the comparative CT method. Ribosomal protein L3 (RPL3)
was used as the control gene.

Immunohistochemistry for Iba1 and PCNA. Mice were overdosed with
sodium pentobarbital and perfused transcardially with saline followed by
4% paraformaldehyde. Brains were removed and postfixed for an addi-
tional 2 h at room temperature, serially dehydrated in ethanol, cleared in
methyl salicylate, embedded in paraffin and cut into 10 !m coronal
sections. After removing paraffin, antigen retrieval was performed for
Iba1 in 10 mM citric acid, pH 6.0, in a steamer for 25 min. Endogenous
peroxidases were quenched in 3% H2O2 for 10 min. Tissue sections were
blocked in normal serum, and incubated overnight at 4°C with the pri-
mary antibodies [rabbit anti-Iba1, 1:2000; Wako Chemicals USA; mouse
anti-proliferating cell nuclear antigen (PCNA) 1:4000, Oncogene Cat#
NA-03–200 mg]. Tissue was rinsed and incubated in biotinylated goat
anti-rabbit
(1:200) or horse anti-mouse (1:400) secondary antibody (Vector Labo-
ratories), then in Vector avidin-biotin complex solution and reacted with
diaminobenzidine (Sigma). Slides were washed, dehydrated, and cover-
slipped with DPX (BDH Laboratories). Sections for PCNA labeling were
also lightly counterstained in 0.7% Eosin.

Analysis of tissue labeled for Iba1. Photomicrographs were taken using
a CoolSnap HQ Digital Camera (Photometrics) under a 20$ objective
on a Zeiss Axioplan 2 microscope. Images were captured and analyzed
using Slidebook4.0 software (Intelligent Imaging Innovations). CN area
was calculated and a minimal intensity threshold was defined (2 SDs
away from background). The total stained area above threshold was di-
vided by total CN area to determine percentage of area covered by Iba1
label. Three sections were chosen through the extent of AVCN in two to

three mice for each age and time point (24 and 48 h). Photomicrograph
figures were prepared using Photoshop7.0 (Adobe Systems).

Analysis of tissue labeled for PCNA. Mice age P30 underwent unilateral
cochlear removals and survived for 24, 48, 96, or 192 h (n " 2–3 mice/
time point). Control mice at each time point did not undergo surgery and
were pooled together for the final analysis (n " 4). Anti-PCNA stained
tissue sections were viewed under a 20$ objective on a Nikon E-800
microscope. Positive cells were counted within AVCN bilaterally. A cell
was defined as PCNA positive if it met the following criteria: (1) PCNA
staining was darkly positive, (2) staining was nuclear, not in a blood
vessel or vacuole or damaged area of tissue, (3) nuclei were small (con-
sistent with the size of glial nuclei). Ten to 14 sections comprising the
rostrocaudal extent of the CN were counted per mouse. The total num-
ber of PCNA positive cells counted for each animal was multiplied by 6,
because slides were analyzed from a 1 in 6 series. Means and SEs were
calculated. No corrections were applied for double counting because all
comparisons were made between the two sides of the same brain.

Results
Gene expression profiling in the deafferented
cochlear nucleus
Microarrays were used to screen for transcriptional responses to
cochlear removal at both ages during and after this critical period of
afferent-dependent neuron survival. We compared the responsive
genes to identify key candidates that might define the critical period
and, importantly, the ability of more mature neurons to survive the
same deprivation conditions. The entire microarray datasets, both
raw and normalized, have been deposited in the Gene Expression
Omnibus public repository (http://www.ncbi.nlm.nih.gov/geo/;
series number GSE5394 and GSE11726).

Previous studies showed that deafferentation-induced neuron
death in neonatal animals occurs by 96 h after the surgery
(Mostafapour et al., 2000). Therefore, gene expression in the CN
was assessed at four key time points after cochlear removal pre-
ceding maximal neuron loss during the critical period: 6, 12, 24,
and 48 h. Identical time points were analyzed at P7 and P21. For
each age and time point, relative gene expression was compared
between the CN ipsilateral to cochlear removal with the con-
tralateral control CN. Scatterplots of the average intensity mea-
surements for all 22,624 gene probes on these arrays from the
ipsilateral and control CN are shown in Figure 1A. Genes were

Table 1. Primer sequences for real-time RT-PCR

Gene name Forward primer Reverse primer Accession no.

Bcl2-A1 atacggcagaatggaggttg ggagaaagagcatttcccaga L16462
Bcl-X cgtggaaagcgtagacaagg gctgcattgttcccgtagag NM_009743
BDNF atgggttacaccaaggaagg cttatgaatcgccagccaat NM_007540
Calpain 5 agggacctcgacaccagag gcccagaaattcatccttca BC014767
Caspase 3 tcggtcttacagaccagcaa ccaggaggaccgtcagatta U63720
Ccl12 gtccggaagctgaagagcta gggtcagcacagatctcctt U50712
CD44 ggctcatcatcttggcatct cactgggtttcctgtcttcc BC005676
c-Fos atccgaagggaacggaataa tgcaacgcagacttctcatc AV026617
c-Jun gggtgccaactcatgctaa tgtcgcaaccagtcaagttc NM_010591
m-CSF1 ccgggcatcatcctagtctt ccacctgtctgtcctcatcc NM_007778
CSF1R ggcatccatgtgaacaacaa gttggaaggtgggtcttctg AI323359
Mkp-1 aggacaaccacaaggcagac gaggtaagcaaggcagatgg NM_013642
Glutathione synthesis gcctcctacatcctcatgga tcaccagtgttgttccctgt NM_008131
HO1 caggtgatgctgacagagga tctgggatgagctagtgctg NM_010442
Hsp27 gaaatacacgctccctccag cgaaagtaaccggaatggtg NM_013560
ICAD ggtgcttgaccagagagagg actgagggcagctttggact BB446076
KLF4 gcgagtctgacatggctgt agagagttcctcacgccaac U20344
Nur77 agcttgggtgttgatgttcc gccatgtgctccttcagac NM_010444
p38dMAPK gcggccaaatcctatattca acatccagctccagcatctt NM_011950
PERP atcgtcgctttggtggag gaatgaagcagatgcacagg NM_022032
RPL3 tcattgacaccacctccaaa gcacaaagtggtcctggaat NM_013762
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identified as differentially expressed (regulated) if they met two
criteria: (1) $ 1.5-fold change up or down and (2) a p value # 0.05
after a t test. False discovery rate analysis using the Benjamini and
Hochberg correction was then applied to this prefiltered list of
genes. All genes were accepted at a FDR of 5%. Similar numbers
of genes were up- and downregulated at each time point and age,
with a particularly large number of upregulated genes observed
24 h after surgery in both P7 and P21 CN. These gene sets, col-
lapsed across time, were compared between P7 and P21 (Fig. 1B).
Surprisingly, although the totals for the two age groups were
similar, there was remarkably little overlap in the transcriptional
response to cochlear removal at P7 and P21. Only 10% of all
regulated genes appeared in both the critical period and postcriti-
cal period gene sets. Eight genes were regulated in opposite direc-
tions after cochlear removal at P7 vs P21 (data not shown).

Temporal patterns of changes in gene expression after co-
chlear removal in both age groups were also analyzed. Each reg-
ulated gene (identified in at least one time point as above) was
assigned one of 80 possible permutations of expression over time.
If a gene showed a trend toward up- or downregulation at other
time points (& 1.3-fold change, p # 0.05 or & 1.5-fold change,
p $ 0.05) it was included in the corresponding pattern. All tem-
poral expression patterns representative of at least one gene in
either age are shown in Figure 2. Most genes with significant
expression changes were uniquely regulated at one time point

only (Fig. 2A), compared with a sustained
response over time (Fig. 2B) or a “switch-
ing” pattern, from up- to down-, or down-
to upregulated over time (Fig. 2C). How-
ever, as shown in Figure 2B, more genes at
P21 were up- or downregulated in at least
two of the time points compared with P7
(76 vs 24 upregulated, 61 vs 15 downregu-
lated). In contrast, as shown in Figure 2C,
many more genes at P7 switched over time
from up- to downregulated or down- to
upregulated. Thus, mRNA levels appear to
be more dynamically regulated over time
after cochlear removal in the CN that un-
dergoes significant neuron loss, whereas
changes in mRNA levels were more sus-
tained after cochlear removal when all
neurons ultimately survive this challenge.
Correlation analyses between the fold
changes measured at all time points for the
groups of regulated genes gave a similar
result. At P21, fold change ratios for indi-
vidual genes were positively and signifi-
cantly correlated with each other at all
time points, with 24 and 48 h showing the
highest level of correlation (r " 0.507; p '
0.01, two-tailed t test). In contrast, there
were significant negative or no correla-
tions between time points at P7, with the
exception of a significant positive corre-
lation between fold changes measured at
6 and 48 h (r " 0.341, p ' 0.01). These
dynamic changes at P7 most likely have a
real biological basis and are not caused
by random noise in the microarray data.
Both P7 and P21 datasets were carefully
selected based on significance criteria
and showed repeatable changes across

biological replicates at each time point.

Biological functions of regulated genes
All of the genes identified as significantly changed in expression
after cochlear removal were assigned one of nineteen functional
categories (Fig. 3). Functional classifications were based on the
GeneOntology Consortium and published literature (Ashburner
et al., 2000). These data were collapsed across time, because we
found no evidence of any one function dominating at one time
point vs another. For each function, the number of genes down-
regulated by cochlear removal was subtracted from the number
of upregulated genes to measure the net, or preferred, direction of
change. Positive values indicate that more genes were upregu-
lated than downregulated, and vice versa for negative values. Ten
of these functional groups had the same preferred direction of
change after cochlear removal at P7 and P21. Eight of 10 showed
net upregulation; including cell cycle, immune, proteolysis, in-
hibitors of proteolysis, protein synthesis, transcription, trans-
port, and unknown categories. Cell adhesion and extracellular
matrix genes were downregulated at both ages. Seven of these 19
functions had a different preferred direction of change at P7 and
P21. Functions with more upregulated genes by cochlear removal
at P21 only included apoptosis, DNA repair, heat shock or stress,
and metabolism genes. The induction of more proapoptotic
genes at P21 compared with P7 was surprising. At P7, ion chan-

Figure 1. Number of genes regulated by cochlear removal in the CN during and after the critical period. A, The mean log
intensities in the CN ipsilateral to cochlear removal for all probes represented on the array are plotted against the contralateral side
for P7 and P21 at 6, 12, 24, and 48 h. Differential expression was defined as $ 1.5-fold change ratio and p value # 0.05 after a t
test. Genes meeting these criteria are shown in red (upregulation) and green (downregulation), whereas genes that did not
change significantly are shown in gray. The actual number of regulated genes at each time point is shown in the corners of each
graph. A similar number of genes were regulated by cochlear removal at both ages; the largest response occurred at 24 h for both
P7 and P21. B, Venn diagrams showing the number of genes either up- or downregulated collapsed over time for P7 and P21. The
overlapping areas show the number of genes that met the criteria for differential expression in both ages after cochlear removal.
Only 10% of the genes were shared, whereas the majority of genes responsive to cochlear removal were different during com-
pared with after the critical period.
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nels, signal transduction, and structural or cytoskeletal genes
were upregulated by cochlear removal. Signal transduction con-
tained the largest net number of upregulated genes at P7.

By far the largest effect was seen in the immune-related group
of genes, with the size of the group eight times larger at P21
compared with P7. These genes are listed in Figure 4A, and in-
clude typical markers of microglia and macrophages, such as
CD68, CD11b, and Iba1. Most of these changes occurred at the
later time points examined, but a few genes changed as early as
6 h. The relative changes in expression levels after cochlear re-
moval for 4 genes on this list were also measured using real-time
RT PCR (Fig. 4B). For the purposes of this study, we defined
validation as fold changes in the same direction measured by PCR
and microarray. Changes in these 4 genes after cochlear removal
were confirmed for the time points considered significant by mi-
croarray analyses. In addition, there were some differences noted
by PCR at time points that did not reach significance in the array
analyses. For example, PCR detected an increase in Ccl12 at all
time points after cochlear removal, not just 6 and 24 h.

Microglial activation following cochlear removal after the
critical period
These gene expression changes suggested the presence of an ac-
tive microglial response to cochlear removal after the critical pe-
riod that is absent during the critical period. To verify this, we
measured the percentage of CN area covered with Iba1 immuno-
reactivity, a marker of activated microglia, 24 and 48 h after co-
chlear removal at P7 and P21. As shown in Figure 4C, control
mice at both ages had approximately equal levels of Iba1 in the
ipsilateral and contralateral CN (ratio " 1). In agreement with
the microarray results for Iba1, we observed a 2.65 (( 0.166 SD)-
fold increase in the amount of Iba1 antibody label in the ipsilat-
eral CN 48 h after cochlear removal at P21. This value was signif-
icantly greater than that seen at 48 h in P7 mice (1.05 ( 0.130,
two-tailed t test: p ' 0.01). We found no indication of an increase
in Iba1 protein (or mRNA) levels over controls at these time
points in the P7 CN (Fig. 4C).

The upregulation of immune gene expression after cochlear
removal could be caused by activation or proliferation of endog-
enous glia, or recruitment of macrophages from peripheral
sources. We analyzed the cell cycle response in the CN over time
after deafferentation in postcritical period mice. AVCN was la-
beled for proliferating cell nuclear antigen, PCNA, which detects
cells that have exited G0. We did not validate the use of PCNA
with additional markers of cell proliferation in the current study,
but PCNA expression has previously been shown to strongly cor-
relate with the incorporation of BrdU (Valero et al., 2005). There
was a significant increase in PCNA labeling in the CN ipsilateral
to surgery between 24 and 48 h after cochlear removal compared
with controls (Fig. 4D, two tailed t test: p ' 0.02). Thus, endog-
enous glial proliferation occurring between 24 and 48 h after
cochlear removal likely contributes to the large changes in im-
mune gene expression seen here after the critical period.

Candidate gene selection
Single genes were identified as candidates for underlying either
the death or survival response at P7 and P21 based on functions
described in the literature. Twenty-seven candidate genes that
could theoretically promote neuronal death, either through up-
regulation of death-related genes or downregulation of survival-
related genes were selected at P7 (Fig. 5A). These critical period
candidates include genes with known apoptotic functions such as
caspase 12 (Momoi, 2004), and FLASH (Imai et al., 1999). The

identity of the bcl-x splice variants (either bcl-xL or bcl-xS) de-
tected by the Affymetrix probe set is unclear because it could
detect one or both isoforms. This could be determined by further
PCR analyses, but we did not differentiate between possible vari-
ants in validation experiments. Bcl-xL is anti-apoptotic, whereas
Bcl-xS is proapoptotic (Boise et al., 1993; Akgul et al., 2004).
Other candidates include DNA repair molecules, like topoisom-
erase II ", where decreased expression could further sensitize the
critical period neurons to DNA damage-induced death. Imma-
ture CN cells may also be made more vulnerable to oxidative
stress and apoptotic death by the depletion of glutathione syn-
thetase (Bains and Shaw, 1997). The decreased expression of
parathyroid hormone-related protein (PTHrP) may be an indi-
cation of activity deprivation, and is protective in cerebellar gran-
ule neurons against excitotoxicity (Ono et al., 1997; Brines et al.,

Figure 2. Temporal patterns of gene expression changes after cochlear removal during and
after the critical period. There are 80 possible patterns a single gene could exhibit over time after
cochlear removal. The numbers of genes at P7 and P21 exhibiting each expression pattern are
shown to the right in each panel. Only those patterns with at least one gene are illustrated here.
A, Patterns of genes upregulated or downregulated at one time point only. B, Patterns of genes
with sustained upregulation or downregulation at more than one time point. C, Patterns of
genes that switched in expression from up- to downregulated or down- to upregulated over
time. Note that most genes showed a change in expression at one time point only (A). Many
more P21 genes showed a sustained response compared with P7 (B), and more P7 genes
exhibited a switching pattern over time (C). For each time point, red " significantly up,
green " significantly down, gray " no change.
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1999). We also observed a significant increase in expression of the
Rho kinase Rock1, which plays an essential role in the fragmen-
tation and phagocytosis of apoptotic cells (Orlando et al., 2006).
Several candidate transcription factors were also downregulated,
including CREM, a cAMP responsive transcription factor similar
to CREB. A CREM splice variant, ICER, inhibits CREB/CREM
mediated gene transcription and may be important in regulating
neuron death (Mioduszewska et al., 2003). We focused on select-
ing pro-death responses at P7, but 16 genes were also identified
that could potentially promote survival of these neurons (data
not shown).

Although there is support for the critical period candidate
genes discussed above to have a permissive role in cell death after
afferent deprivation, the number of genes selected based on the
literature review was relatively small during the critical period
compared with after the critical period. At P21, 47 genes of 402
were selected that could theoretically promote CN neuronal sur-
vival, either through upregulation of survival or downregulation
of death-related genes (Fig. 5B). These candidates also displayed a
variety of functions, such as the induction of the anti-apoptotic
Bcl2 family member A1 and the downregulation of Perp, a p53-
inducible gene that mediates p53-dependent apoptosis (Ihrie et
al., 2003). Expression of multiple stress and heat shock-induced
genes with neuroprotective properties increased after cochlear
removal, including heme oxygenase (Panahian et al., 1999), heat
shock protein 22 (Morrow et al., 2004), heat shock protein 25
(hsp25) (Benn et al., 2002), and metallothionein 1 (Giralt et al.,
2002; Natale et al., 2004). Interestingly, multiple genes in Figure
5B are involved in regulating the expression and function of
hsp25, including c-Jun, ATF3, p38 MAPK, and Mkp1 (Benn et
al., 2002; Nakagomi et al., 2003). An intriguing pair of immune-
related genes induced by cochlear removal with known neuro-

protective properties were the
macrophage-colony stimulating factor
(Csf) and its receptor (CsfR) at 24 and
48 h, respectively (Mitrasinovic et al.,
2005). Finally, although we focused on
prosurvival responses at P21, 21 genes
were identified that could potentially pro-
mote death (data not shown).

Real-time RT PCR validation of selected
candidate genes
Real-time RT PCR was used as an alternate
method to measure fold change ratios be-
tween the deafferented and contralateral
cochlear nuclei for 42 genes selected pre-
dominantly from Figure 5, but also from
the general lists of regulated genes. Scatter-
plots in Figure 6A show the relationship
between PCR and array measurements for
all genes at the time point(s) they were
considered significantly regulated by mi-
croarray analyses, as well as the time points
that did not reach significance. For both
P7 and P21, there was a statistically signif-
icant positive correlation between PCR
and microarray results for the genes iden-
tified as significantly regulated by array
analysis (r " 0.613 at P7 and r " 0.725 at
P21; p ' 0.01, two-tailed t test). There
were weak (P21) or no (P7) correlations
between PCR and microarray results for

genes that did not pass the microarray selection criteria, as shown
in the open circles of Figure 6A. Previous studies have observed a
similar low concordance between these measures for genes with
low fold changes, even finding cases in which fold change appears
in opposite directions (Morey et al., 2006). Eleven of 23 genes at
P7, and 18 of 19 genes at P21 were validated by real-time RT PCR.
Bar plots in Figure 6, B and C, show validation of the direction
and magnitude of fold changes measured for six genes at P7 (Fig.
6B) and P21 (Fig. 6C), including the Hsp25 related genes men-
tioned above. Fold change ratios were measured at each of the
four time points, not just the time point(s) considered significant
for each gene. Note the good agreement between the microarray
and PCR results in both direction and magnitude of fold change
ratios at the time point considered significant using microarrays
(asterisks). Some differences were observed in the magnitude, but
not the direction of change for a few genes, e.g., HO1 and Hsp25.
Most of the other “nonsignificant” time points showed a PCR
fold change ' 1.5, also in agreement with the microarray results.
There were a few exceptions, including a sustained increase in
calpain 5 expression from 12 to 48 h, and more dynamic changes
in KLF4 expression at 24 and 48 h using PCR. Overall, fold
changes measured by PCR and microarray were highly and sig-
nificantly correlated, especially when genes were first filtered for
significance in the microarray data (Fig. 6A).

Activity-dependent changes in gene expression
The changes in gene expression after surgical removal of the co-
chlea could be predominantly caused by elimination of electrical
activity at the eighth nerve-CN synapses. Alternatively, a factor
that is not controlled by action potential-mediated signaling
could be differentially released from the eighth nerve under nor-
mal or damaged conditions and could elicit the transcriptional

Figure 3. Distribution of functional categories after cochlear removal during and after the critical period. Up- and downregu-
lated genes were categorized into one of 19 functional groups. To determine the net direction of change for each category the
number of downregulated genes was subtracted from the number of upregulated genes both during (black) and after (gray) the
critical period. Several functions showed net changes in different directions during and after the critical period. Apoptosis, cell
cycle, heat shock/stress, and metabolism showed more up- than downregulated genes at P21, whereas ion transport, signal
transduction, and structural/cytoskeletal genes showed more up- than downregulated genes at P7 compared with P21. The
majority of genes upregulated by cochlear removal had immune-related functions at P21. At P7, signal transduction genes
comprised the largest group, with the exception of unknowns. Note also that there was no net up or downregulation of the
apoptotic group during the critical period at P7.
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changes observed here in the CN. To begin to separate these
causes, we performed two different analyses. First, we electrically
silenced the eighth nerve unilaterally in both P7 and P21 mice
with tetrodotoxin (TTX) for 6 h and analyzed a subset of cochlear
removal-regulated genes by real-time RT PCR. Second, we
blocked eighth nerve activity with TTX in P21 mice for 24 h using
an osmotic pump, and screened for activity-dependent changes
in CN gene expression using microarrays. For both experiments,
relative gene expression was compared between the CN ipsilat-
eral to TTX with the contralateral unmanipulated CN. We were
limited to older mice for the longer-term TTX exposure experi-
ment because of the size of young postnatal mice relative to the

smallest osmotic pumps. TTX does not cause any overt damage to
cochlear structure (data not shown, but see Pasic and Rubel,
1989; Sie and Rubel, 1992). Mice are completely deafened by TTX
exposure in the eighth nerve as measured by auditory brainstem
responses (ABR), and this blockade is fully reversible (Fig. 7C)
(Pasic and Rubel, 1989). As an additional control for TTX effec-
tiveness, c-Fos expression was analyzed after 6 h by real-time RT
PCR at both ages. c-Fos levels were decreased in both P7 and P21
CN (Fig. 7). Although c-Fos was not downregulated at any time
by cochlear removal on the P7 microarrays, it was consistently
observed 6 h after cochlear removal using PCR.

For the first set of experiments using both P7 and P21 mice, we

Figure 4. Regulation of immune genes and glial cells after the critical period. A, All genes significantly up- and downregulated by cochlear removal with immune roles at P21 are listed by time
of appearance. B, Confirmation of microarray results for 4 of these immune-related genes. Fold change ratios measured using microarrays (black) and real-time RT PCR (gray) are shown at 6, 12, 24,
and 48 h after cochlear removal. The asterisk indicates the time points at which the microarray results were considered significant. All 4 of these genes showed a change using PCR in the same
direction and of similar magnitude as the significant time points for the microarray results. Error bars indicate 1 SD. C, Immunohistochemical analysis of microglial Iba1 immunoreactivity 24 and 48 h
after cochlear removal at P7 and P21. Representative examples of Iba1 labeling after 48 h of afferent deprivation in the P21 CN ipsilateral and contralateral to surgery. The percentage of total CN area
covered with Iba1) cells was significantly greater in the ipsilateral CN 48 h after surgery at P21, but not when surgery was done during the critical period at P7. Scale bar, 50 !m. D, The number
of cells that have left G0 as indicated by PCNA immunolabeling was quantified over time after cochlear removal in the postcritical period CN. Proliferation peaked at 48 h and returned to control levels
by 192 h after cochlear removal in the ipsilateral CN. Error bars indicate SEM.
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chose a subset of genes regulated 6 h after cochlear removal that
were also validated with real-time RT PCR. At P7, 3 of 7 genes
were downregulated after TTX to a similar degree seen after co-
chlear removal (Fig. 7D). These genes were c-Fos, caspase 3, and
the transcription factor Kruppel like factor 4 (KLF4). Sham sur-
gery did not result in any changes in gene expression (fold change

' 1.5). Three other genes analyzed at P7 (Bcl-x, ICAD, and lumi-
can) did not significantly change in expression after TTX (data
not shown). At P21, 5 of 6 genes downregulated 6 h after cochlear
removal surgery were also downregulated by TTX (Fig. 7E).
These genes included known activity-dependent genes, such as
c-Fos, BDNF, and Nur77, but also included two genes not previ-

Figure 5. Selected candidate genes. A, Genes with possible roles in promoting cell death that were regulated after cochlear removal during the critical period in the P7 CN. B, Genes with possible
roles in promoting cell survival that were regulated by cochlear removal after the critical period in the P21 CN. Differential expression was defined by $ 1.5-fold change and a p value # 0.05. Genes
are arranged by broad functional categories. The “V” marks genes also validated by real-time RT PCR.

Harris et al. • Transcriptional Changes in Afferent-Deprived CN J. Neurosci., October 22, 2008 • 28(43):10990 –11002 • 10997



ously well described as activity-dependent;
the MAPK dual specificity phosphatase 1
gene (Mkp-1) and a p53 induced mediator
of cell death, Perp. One gene analyzed at
P21 did not change in expression after
TTX; an immune-related gene upregu-
lated by cochlear removal (Ccl12).

We thought a more extensive compar-
ison between activity-deprivation and
deafferentation in this system would pro-
vide a clearer answer to the identity of the
signal eliciting transcriptional changes. So
we used microarrays to profile gene ex-
pression in the CN 24 h after implantation
of an osmotic pump delivering TTX into
the cochlea of P21 mice. As shown in Fig-
ure 8A, TTX delivered in this way com-
pletely eliminated the ABR for at least 24 h
after surgery. Utilizing the same selection
criteria as for the cochlear removal mi-
croarrays, we identified a surprisingly
small number of genes significantly regu-
lated by activity deprivation (Fig. 8B,C).
Therefore, for further analyses we relaxed
the selection criteria to include genes
showing trends toward up- or downregula-
tion as described previously for the time
course analyses. Activity deprivation elicited
expression changes in 176 genes, 37 of these
were also regulated after cochlear removal at
one of the four time points. This accounted
for 10.6–24.6% of deafferentation-induced
transcriptional changes at each time point.
The total list of genes regulated by both deaf-
ferentation and cochlear removal is shown in
Figure 8D. Many known activity-dependent
genes were identified, again including c-Fos,
BDNF, and Nur77. Interestingly, a large pro-
portion of these genes showed a pattern of
sustained regulation across time after co-
chlear removal (based on trends), suggesting
a diagnostic tool for identifying genes likely
to be regulated by activity vs another factor
resulting from cochlear removal. Several
candidates previously identified in Figures 4
and 5 were also regulated by activity depriva-
tion. Of particular interest was the upregula-
tion of the immune-related genes CSF-1 and
CD83, suggesting that alterations in action
potential-mediated signaling in the eighth
nerve can regulate expression of these pre-
dominantly microglial/macrophage gene
products, although the mechanisms by
which this might occur is unknown.

Discussion
Mechanisms defining developmental crit-
ical periods of enhanced synaptic plasticity
and age-dependent susceptibilities to manipulations of afferent
activity are not clearly understood, although progress has been
made in the visual system (for review, see Hensch, 2005). In the
auditory system, afferent input is required for the survival of
cochlear nucleus neurons during a critical period of postnatal

development (for review, see Harris et al., 2006). The molecular
basis of this period of neuronal vulnerability is not known. In an
earlier study we identified candidate genes with differences in
constitutive mRNA expression that could underlie the increased
susceptibility of immature CN neurons to deafferentation by

Figure 6. Validation of microarray results using-real time RT PCR. A, The relationship between PCR and microarray measure-
ments of fold change ratios for a subset of genes at the time point(s) they were considered significantly regulated by microarray
analyses. There was a significant positive correlation between PCR and microarray results for both ages ( p ' 0.01). B, C, Twelve
examples of genes identified by microarray analysis at P7 (B) and P21 (C) validated by PCR. The fold change ratios measured using
microarrays (black) and real-time RT PCR (gray) are shown at 6, 12, 24, and 48 h after cochlear removal for each gene. The asterisk
indicates the time point at which the microarray results were considered significant. Error bars indicate 1 SD.
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comparing baseline gene expression at ages during compared
with after this critical period (Harris et al., 2005). Here we used
microarrays to show that the transcriptional response to cochlear
removal is also very different in CN tissue in which neurons are
able to survive versus die after deafferentation. There was surpris-
ingly little overlap in genes regulated by cochlear removal in the
entire CN at P7 compared with P21, although these numbers
could have been underestimated by not sampling specific cell
types in the CN tissue. We further verified microarray estimates
of fold change for a subset of these genes with real-time RT PCR,
and demonstrated an increase in reactive microglia and cell pro-
liferation that could be the source of the large immune response
detected at P21. Finally, we found that although activity depriva-
tion contributes to the transcriptional regulation of genes iden-
tified after cochlear removal, it is not likely to be the sole signal.

The most striking result was the induction of a very large
group of immune-related genes in the more mature CN. Al-
though this response might be initially interpreted as direct dam-
age to the CN tissue after surgical removal of the cochlea, this is
highly unlikely for several reasons. We do not observe any evi-
dence of damage to the CN after cochlear aspiration (no broken
bone or blood spilled into the brain), and indeed degeneration of
eighth nerve axon terminals in the CN is not even apparent

within the first 48 h (unpublished electron
microscopy observations, E. Rubel and L.
Westrum). Therefore, the immune re-
sponse is most likely a result of the deaffer-
entation, and loss or gain of one or more
factors released from the eighth nerve ter-
minals damaged at a distal site. At both
ages, one of the earliest gene expression
changes was the upregulation of Ccl12, a
macrophage chemoattractant signal
(Sarafi et al., 1997). Ccl12 mRNA expres-
sion remained elevated through 48 h at
P21, but returned to control levels by the
same time at P7. This early induction of a
macrophage chemoattractant at P21 was
followed by evidence of a macrophage or
microglial presence, including increased
expression of CD68, CD14, CD11b,
m-CSF1, and Iba1 genes. The source of
these microglia/macrophages is currently
unknown, but could include newly prolif-
erated cells from endogenous precursors.
Our PCNA labeling would support this
hypothesis, but the contribution of pe-
ripheral macrophages or microglia from
outside the CN during and after the critical
period should also be investigated. Previ-
ous data also suggested appropriate glial
activation could contribute to CN neuron
survival after the critical period (Zhao and
Lurie, 2004).

A key developmental event defining the
end of this critical period could be glial
maturation enabling cells to respond
quickly and helpfully to a challenge. Re-
cently, astrocytes were shown to mediate
synapse elimination in retinal ganglion
cells by inducing classical complement
cascades in neurons during a critical pe-
riod of development (Stevens et al., 2007).

Notably, the time when retinogeniculate synaptic connections
are refined corresponds with the occurrence of immature astro-
cytes. In adult visual cortex of cats, transplantation of immature
astrocytes reinstated ocular dominance plasticity, supporting the
proposal that mature astrocytes limit plasticity (Müller and Best,
1989). It is intriguing to propose a related model in the CN based
on our data in which mature glial cells promote stability of the
neurons and their network connections.

Other neuronally expressed immune-related genes have been
implicated in activity-dependent refinement of synaptic connec-
tions during critical periods of visual system development (Huh et
al., 2000). For example, the MHC-I receptor PirB restricts neuronal
plasticity in the visual cortex (Syken et al., 2006). We also identified a
PirB family member, leukocyte immunoglobulin-like receptor B4,
induced by afferent deprivation after the critical period (Fig. 4A).
Classically defined immune genes, regardless of the cell type in which
they are expressed, may function broadly in the mature nervous
system to promote stability or refinement of synaptic connections
and neuron number.

One clear result from these profiling studies was that deaffer-
entation elicits an active transcriptional response after the critical
period. We were surprised to observe more genes with proapop-
totic functions induced by afferent deprivation in the P21 CN,

Figure 7. Effects of TTX embedded in PVA on hearing and gene expression. Auditory brainstem responses to 82 dB clicks in P21
mice are shown (A–C). In a subset of mice used only for ABR recordings, one cochlea was removed before recordings, so that
elimination of the evoked auditory potentials in the remaining ear results in total elimination of the ABR. A, Cochlear removal
results in the complete elimination of any recordable ABR compared with the same response recorded before surgery. B, Sham
surgery does not eliminate the ABR. C, TTX embedded in PVA eliminates the ABR within 15 min and remains effective 6 h later.
After 24 h the ABR appears similar to the pre-TTX recordings. Scale bars, 1 ms/!V. Only genes regulated 6 h after both cochlear
removal and TTX are shown of seven tested. D, Three genes downregulated by cochlear removal at P7 were also downregulated by
TTX placed in the ear. Note the microarrays did not detect a decrease in c-Fos mRNA expression at P7, whereas PCR did detect a
change after cochlear removal. E, At P21, five genes downregulated by cochlear removal were also decreased in expression by TTX.
Error bars indicate 1 SD.
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including caspases 1, 3, and 12, as well as
the bcl-2 family member, Bim. New tran-
scription of Bim is necessary for trophic
factor withdrawal-induced neuronal apo-
ptosis (Putcha et al., 2001), and is induced
by activity deprivation in cerebellar gran-
ule neurons undergoing apoptosis (Shi et
al., 2005). These results strongly indicate
that the P21 CN is actively responding to
this manipulation as if it were an apoptotic
challenge, even though the neurons ulti-
mately survive. Deafferentation did not
elicit a large apoptotic transcriptional re-
sponse in the P7 CN, despite the fact that
many neurons die an apoptotic-like death.
In fact, there were only 2 clear-cut exam-
ples of genes that could promote death
during the critical period: FLASH and
caspase 12. Of course, baseline levels of
proapoptotic gene expression are consti-
tutively higher in the P7 CN (Harris et al.,
2005), and CN neurons activate caspases
as part of the cell death process (Mosta-
fapour et al., 2000), so perhaps new tran-
scription of these apoptotic genes is not
necessary for cell death during the critical
period.

Many effects of cochlear removal in the
CN can be completely accounted for by
blocking action-potential mediated activ-
ity in the auditory nerve; including neuron
loss in chickens, and cell shrinkage and de-
creased protein synthesis in chickens and
gerbils (Born and Rubel, 1988; Pasic and
Rubel, 1989; Sie and Rubel, 1992). Because
synaptic activation controls neuronal gene
expression through several possible path-
ways (West et al., 2002), we predicted that
changes in gene expression after cochlear
removal were caused by the lack of action
potential-mediated signaling from eighth
nerve terminals. Unlike previously assayed
metabolic changes, the microarray and
PCR analyses conducted here indicated
that activity deprivation does not com-
pletely account for cochlear removal-
induced gene expression changes at either
P7 or P21. It should be noted that we could
have underestimated the extent to which
activity-deprivation and cochlear removal
overlap because of technical differences in
the magnitude and duration of the phar-
macological blockade. Regardless, factors
in addition to action potential-mediated signaling are very likely
involved in regulation of gene transcription after cochlear re-
moval. These could either be factors released into the CN after
injury to the cochlea, or a factor that is blocked from release or
transport down the axon by the injury to the cochlea. The identity
of these signals will require further exploration.

Gene expression profiling is emerging as an important tool for
generating hypotheses that encompass and recognize the multi-
component nature of plasticity or stability in the nervous system
(Harris et al., 2005; Majdan and Shatz, 2006; Tropea et al., 2006).

We previously proposed a model in which constitutive gene ex-
pression in the immature CN favors a default death response to
afferent deprivation, and maturation changes this to a default
survival program after the critical period (Harris et al., 2005). We
determined that caspase 3, caspase 7, BID, Bok, and p75 expres-
sion were all at significantly higher baseline levels during the
period of susceptibility to afferent deprivation. We can now ex-
tend this model to suggest that the core apoptotic machinery
during the critical period is already in place, so transcriptional
regulation of these genes is not necessary for cell death after deaf-

Figure 8. Effects of TTX delivered by osmotic pump on hearing and gene expression. A, Auditory brainstem responses are
shown as in Figure 7. Osmotic pumps filled with saline do not deafen mice as measured by ABR 24 h later. TTX does eliminate the
ABR for up to 24 h after osmotic pump implantation. B, The mean log intensities in the P21 CN after 24 h of TTX for all probes
represented on the array are plotted against the contralateral, control side. Differential expression was defined as $ 1.5-fold
change ratio and p value # 0.05 after a t test. Genes meeting these criteria are shown in red (upregulation) and green (down-
regulation), whereas genes that did not change significantly are shown in gray. C, Listed are the number of genes identified by
microarray analyses after 24 h of TTX or cochlear removal (CR) at 6, 12, 24, and 48 h. The first numbers are significant by the criteria
listed above. The numbers in parentheses refer to genes that have met relaxed selection criteria (FC & 1.3 with p # 0.05 or FC
& 1.5 with p $ 0.05). Even with the relaxed selection criteria, only 10 –25% of the genes regulated by cochlear removal at any
time point are also regulated by 24 h of TTX exposure. D, All genes up- and downregulated by both TTX and cochlear removal are
listed by broad functional categories. Genes that met the more strict selection criteria are shown in red or green, with the fold
change values listed in all boxes. Genes regulated by both TTX and cochlear removal included several already on the P21 candidate
list, and previously verified by real-time RT PCR.
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ferentation. Similar conclusions were drawn from a microarray
study of cerebellar granule neurons undergoing KCl deprivation-
induced apoptosis in vitro (Desagher et al., 2005). After the end of
the critical period, the death/survival balance under baseline con-
ditions seems tipped in favor of survival. A possible mechanism
could be that auditory neurons after the critical period experience
higher rates of synaptic activity, both evoked and spontaneous,
because of the onset of hearing (Lu et al., 2007). Bouts of synaptic
activity can have long-lasting protective effects on neurons
through CREB-mediated transcription of prosurvival gene ex-
pression (Soriano et al., 2006). Although afferent deprivation
elicited an apoptotic transcriptional response in the more mature
CN, there was further induction of neuroprotective genes, still
favoring survival in the overall balance. The mature nervous sys-
tem appears to have many active mechanisms in place, likely in
multiple cell types, to prevent inappropriate neuron loss and pro-
mote stability of network connections. Further studies of how
these mechanisms develop could help us understand both the
enhanced plasticity of the immature nervous system and the fail-
ure of these survival mechanisms in age-related neurodegenera-
tive diseases.
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Joubert syndrome and related disorders (JSRD) are primarily autosomal-recessive conditions characterized by hypotonia, ataxia, abnor-

mal eye movements, and intellectual disability with a distinctive mid-hindbrain malformation. Variable features include retinal dystro-

phy, cystic kidney disease, and liver fibrosis. JSRD are included in the rapidly expanding group of disorders called ciliopathies, because all

six gene products implicated in JSRD (NPHP1, AHI1, CEP290, RPGRIP1L, TMEM67, and ARL13B) function in the primary cilium/basal

body organelle. By using homozygosity mapping in consanguineous families, we identify loss-of-function mutations in CC2D2A in

JSRD patients with and without retinal, kidney, and liver disease. CC2D2A is expressed in all fetal and adult tissues tested. In ciliated

cells, we observe localization of recombinant CC2D2A at the basal body and colocalization with CEP290, whose cognate gene is mutated

in multiple hereditary ciliopathies. In addition, the proteins can physically interact in vitro, as shown by yeast two-hybrid and GST pull-

down experiments. A nonsense mutation in the zebrafish CC2D2A ortholog (sentinel) results in pronephric cysts, a hallmark of ciliary

dysfunction analogous to human cystic kidney disease. Knockdown of cep290 function in sentinel fish results in a synergistic pronephric

cyst phenotype, revealing a genetic interaction between CC2D2A and CEP290 and implicating CC2D2A in cilium/basal body function.

These observations extend the genetic spectrum of JSRD and provide a model system for studying extragenic modifiers in JSRD and other

ciliopathies.

Introduction

Joubert syndrome and related disorders (JSRD [MIM
213300]) encompass a group of conditions characterized
by hypotonia, ataxia, abnormal eye movements, and intel-
lectual disability with a mid-hindbrain brain malformation
giving the appearance of a molar tooth on brain imaging
(the molar tooth sign [MTS]).1 Other, more variable, clinical
features include retinal dystrophy, coloboma, polydactyly,
cystic renal disease, hepatic fibrosis, and other brain malfor-
mations that have been used to define clinical subtypes of
JSRD such as COACH (cerebellar vermis hypoplasia, oligo-
phrenia, ataxia, coloboma, and hepatic fibrosis [MIM
216360]).2 Thus far, mutations in six genes (NPHP1 [MIM

607100], AHI1 [MIM 608894], CEP290 [MIM 610142],
RPGRIP1L [MIM 610937], TMEM67 [MIM 609884], and
ARL13B [MIM 608922]) have been identified in patients
with JSRD and all of the gene products have been implicated
in the function of the primary cilium/basal body.1,3–13 JSRD
are therefore included in the expanding group of disorders
resulting from ciliary dysfunction, including Meckel syn-
drome (MKS [MIM 249000]), Bardet-Biedl syndrome (BBS
[MIM 209900]), nephronophthisis (MIM 256100), and
Leber congenital amaurosis (LCA [MIM 204000]). These
disorders, termed ciliopathies,14 share both phenotypic
features (retinal dystrophy, polydactyly, cystic renal disease,
and hepatic fibrosis) and molecular causes.14,15 For exam-
ple, mutations in the gene encoding the centrosomal and
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basal body protein CEP290 cause a spectrum of overlapping
phenotypes including JSRD, MKS, LCA, and BBS, and loss of
CEP290 function causes cilium defects in mammalian
cells.5,16–20 The human phenotypes, including kidney
cysts, are partially recapitulated in a zebrafish model for
loss of CEP290 function.5

In this work, we report mutations in the CC2D2A gene
(MIM 612013) as a cause of JSRD in a substantial subset of
a large, unselected JSRD cohort, including mutations
associated with the distinctive COACH subtype. CC2D2A
encodes a coiled-coil and C2 domain protein with predicted
structural similarity to RPGRIP1 (MIM 605446) and
RPGRIP1L, proteins known to be involved in LCA and
JSRD/MKS, respectively;3,4,21 however, little is known about
the function of these proteins. Recently, CC2D2A muta-
tions have been associated with autosomal-recessive men-
tal retardation with retinitis pigmentosa (now known to
be Joubert syndrome) and MKS.22,23 In addition, we show
that loss of CC2D2A function in the zebrafish mutant senti-
nel leads to the development of pronephric cysts, a hallmark
of cilium dysfunction. Further, we show that CC2D2A co-
localizes at the basal bodies of cilia and physically interacts
with CEP290. This interaction is likely to be physiologically
relevant, because suppression of cep290 function in zebra-
fish significantly enhances the pronephric cyst phenotype
of the sentinel mutant. This work extends the phenotypic
spectrum caused by CC2D2A mutations to include JSRD
and indicates that CC2D2A functions with CEP290 in the
primary cilium/basal body protein network.

Material and Methods

Subjects
Subjects were recruited worldwide and collected under the

approval of the Human Subjects Divisions at the University of

Washington, the University of Michigan, and Johns Hopkins

University. Characteristic brain-imaging findings, combined

with developmental delay and ataxia, were the minimal criteria

for JSRD, whereas subjects with BBS were ascertained as described

by Beales et al.24 Cerebellar vermis hypoplasia was a sufficient im-

aging criterion in subjects not evaluated by MRI. Known genes and

loci for JSRD (AHI1, CEP290, NPHP1, TMEM67, chromosomal loci

9q34, and 11p11.2–q12.1) were excluded in the consanguineous

families by either haplotype analysis for homozygosity via micro-

satellite markers or by direct sequencing. Nonconsanguineous

families with mutations in NPHP1 and AHI1 were also excluded

from the analysis.

SNP and Microsatellite Marker Genotyping
Single nucleotide polymorphisms (SNPs) were genotyped with the

GeneChip Human Mapping 50K Array Xba 240 (Affymetrix Inc.,

Santa Clara, CA) under standard conditions. The arrays were

scanned with a GeneChip Scanner 3000 and calls were assigned

with GeneChip Operating Software (GCOS) and Genotyping

Analysis Software. Overlapping homozygous intervals were identi-

fied with Excel (Microsoft Corporation, Redmond, WA) and shared

haplotypes were identified with Stata Corp. (College Station, TX;

code available on request). Microsatellite markers on chromosome

4p15 were genotyped with ABI primers and an ABI PRISM 3100

Genetic Analyzer (Applied Biosystems, Austin, TX).

DNA Sequencing
Sequencing was performed according to the manufacturer’s in-

structions with Big Dye terminator version 3.1 and an ABI PRISM

3100 Genetic Analyzer (Applied Biosystems). Forward and reverse

strands of all 38 CC2D2A exons were sequenced, as well as ~30 bp

of flanking intronic sequence. Primers and conditions used are

depicted in Table S1 available online.

Sequence Analysis
Alignments were performed with Clustal W2 and Boxshade 3.21.

Homology calculations were performed with Vector NTI10

(Invitrogen Corporation, Carlsbad, CA). Phylogenetic trees were

constructed with BLAST and TreeFam.

RT-PCR for Human Transcripts
Fetal eye and liver mRNA was isolated with the RNeasy Mini Kit

(QIAgen, Valencia, CA) and all other RNAs were purchased: adult

retina from Clontech (Mountain View, CA), adult brain, kidney,

liver, heart, lung, and skeletal muscle from Ambion (Austin, TX),

and fetal brain and kidney from Virogen (Watertown, MA).

RT-PCR analysis of CC2D2A, CC2D2B, RPGRIP1L, and HPRT (con-

trol) was performed on total RNA from adult brain, retina, heart,

kidney, liver, and skeletal muscle, as well as 12–16 week human

fetal brain, eye, kidney, and liver. The primers are depicted in Table

S1. Amplification was carried out in PCR buffer containing 2.5 mM

MgCl2 (32 cycles of denaturation for 30 s at 94!C, annealing for

30 s at 55!C [50!C for RPGRIP1L], and extension for 1 min at

72!C, with an initial denaturation step for 4 min at 94!C). The

number of cycles was titrated so that the amount of product was

not saturated in any tissue.

Immunocytochemistry
hTERT-RPE1 cells (kindly provided by Uwe Wolfrum) were cultured

as described previously19 and stained with anti-CEP290 (rabbit

polyclonal, kindly provided by Erich Nigg) 1:100 or GT-335 (mouse

monoclonal, kindly provided by Carsten Janke) 1:1000. hTERT-

RPE1 cells were seeded on glass slides, grown overnight, and then

transfected for 24 hr with eCFP-CC2D2A with Effectene (QIAgen),

according to manufacturer’s instructions. Primary cilium forma-

tion in hTERT-RPE1 cells was induced by serum starvation (0.2%

serum) for another 24 hr. Prior to fixation, ciliated hTERT-RPE1 cells

were washed briefly in PBS, fixed in ice-cold methanol for 10 min,

and blocked with 2% BSA in PBS for 20 min. Slides were incubated

with the primary antibodies for 1 hr at room temperature and

subsequently washed with PBS. Subsequently, slides were incu-

bated with secondary antibodies that were described previously.

Washing with PBS was repeated. Cells were then embedded in

Vectashield with DAPI (Vector Laboratories, Burlingame, CA) and

analyzed with a Zeiss Axio Imager Z1 fluorescence microscope

equipped with a 633 objective lens (Carl Zeiss, Sliedrecht, The

Netherlands). Optical sections were generated through structured

illumination by inserting an ApoTome slider into the illumination

path, followed by processing with AxioVision (Carl Zeiss) and

Photoshop CS2 software (Adobe Systems, San Jose, CA).

Yeast Two-Hybrid
Fragments of CC2D2A were tested for binding with proteins

associated with ciliary disorders or cilia function (Table S2). The
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N-terminal region until the C2 domain (1–998 aa), the C2 domain

with the remaining C-terminal part (992–1561 aa), and the C2

domain alone (992–1177 aa) were cloned in pAD as well as pBD

Gateway-adapted vectors. Yeast two-hybrid screening with ciliary

proteins was performed in both directions. The BD Yeastmaker kit

(Clontech) was used for transformation of yeast strains PJ69-4alpha

and PJ69-4A with pBD and pAD vectors, respectively, according to

the manufacturer’s protocol. Yeast strains were mated and cotrans-

formed yeast colonies were selected on plates lacking leucine (-L)

and tryptophan (-W). Activation of the reporter genes was detected

on selection plates lacking histidine (-LWH) and adenine (-LWHA).

In addition, X-b-gal colorimetric filter lift assays (LacZ reporter

gene) were performed to confirm the interaction as described.3

GST Pull-Down
We cloned the part of CEP290 (coiled-coil domain 4-6 encoded by

amino acid residues 703–1030) that interacts with CC2D2A by

yeast two-hybrid experiments with pDEST15, and we transformed

this plasmid in BL21-DE3 cells. IPTG (Sigma-Aldrich, St. Louis, MO)

was used to induce the expression of N-terminally GST-tagged

CEP290 or GST alone. Purification of GST-CEP290cc4-6 (~78 kDa)

or GST alone (~26 kDa) was performed as described.3 Bacterial ly-

sates were added to 50 ml of glutathione Sepharose 4B coupled beads

(Amersham Biosciences, Piscataway, NJ). Beads were washed twice

with 13 STE (10 mM Tris-HCl [pH 8.0]; 1 mM EDTA; 150 mM NaCl)

and incubated for 2 hr. Beads were again washed twice and incu-

bated for 2 hr with lysates of COS-1 cells expressing a Flag-tagged

fragment of CC2D2A (amino acids 1–998 encoding the N-terminal

part until the C2 domain), followed by five washes with Triton-X

buffer (50 mM Tris-HCl [pH 7.5]; 150 mM NaCl; 0.5% Triton

X-100). Finally, we added Laemmli Sample Buffer (Bio-Rad Labora-

tories, Hercules, CA) to the beads and performed western blotting

with mouse anti-Flag (1:1000, clone M2; Sigma-Aldrich), secondary

IRDye800 goat anti-mouse antibody (1:20,000; Rockland) and the

ODYSSEY system (Li-Cor, Lincoln, NE), as described.3

RT-PCR Methods for Zebrafish Transcripts
All zebrafish work was performed under an approved protocol at

the Fred Hutchinson Cancer Research Center. At 48 hpf, 40 snl/

snl zebrafish were identified by the sinusoidal tail phenotype. Like-

wise, 40 snl/þ andþ/þfish from the same cross were pooled. Whole

zebrafish embryos were homogenized by mortar and pestle and

passed through QIAshredder columns (QIAgen). Total RNA was iso-

lated from the homogenate with the RNeasy Mini Kit (QIAgen).

cDNA was reverse transcribed from total RNA with random primers

and reagents supplied in the RETROscript Kit (Ambion). Primers for

sentinel and the odc1 (ornithine decarboxylase 1) housekeeping

control gene are depicted in Table S1. Amplification was carried

out for 34 cycles.

Genotyping for ZF
dCAP primers at the site of the sentinel mutation were designed

to create an EcoRV restriction enzyme site in the PCR product

from wild-type fish. Zebrafish genomic DNA was isolated with

standard techniques. We used an annealing temperature of 64!C

for 35 amplification cycles. Digested fragments were analyzed on

2% agarose gels.

Antibody Staining
Zebrafish embryos were fixed in Dent’s fix (80% methanol/20%

DMSO) at 4!C overnight. After gradual rehydration, they were

washed several times in PBST (13 PBS with 0.5% Tween20) and

blocked in PBS-DBT (1% DMSO/1% BSA/0.5% Tween20) with

10% normal sheep serum (NSS) (Sigma-Aldrich) at room tempera-

ture for 2 hr. Primary antibody incubation in PBS-DBT 10% NSS

(1:2000 monoclonal anti-acetylated tubulin 6-11B-1 [Sigma-

Aldrich]) was at 4!C overnight. Embryos were washed in PBST

and blocked in PBS-DBT 10% NSS at RT for 1 hr and then incu-

bated in 1:1000 goat anti-mouse Alexa Fluor 488 (Invitrogen) in

PBS-DBT 10% NSS at 4!C overnight. After rinsing in PBS, the

embryos were washed with methanol and equilibrated in clearing

solution (1/3 benzoyl-alcohol and 2/3 benzoyl-benzoate) and

examined with a Zeiss LSM510 confocal microscope.

Morpholino Injections
Antisense morpholino oligonucleotides blocking the function of

CEP2905 were obtained from GeneTools (Corvalis, OR). Morpholi-

nos were diluted to a working concentration of 5 ng/nl in 0.2 M

KCl, and 4 nl were pressure-injected into one- or two-cell stage

zygotes.

Results

Homozygosity Mapping
To identify candidate loci for JSRD, we performed homozy-
gosity mapping in consanguineous families with JSRD as
described by Lander and Botstein.25 The JSRD diagnosis
was established by the presence of the MTS on brain MRI
(Figures 1A–1E) and/or vermis hypoplasia on CT scan
with supportive clinical findings: developmental delay/
intellectual disability, ataxia, and/or abnormal eye move-
ments. We genotyped affected and unaffected siblings in
28 consanguineous families with JSRD from multiple
ethnic groups, with a cutoff of 80 consecutive homozygous
SNPs to identify candidate regions of homozygosity in
affected offspring of parents separated by six to nine meio-
ses. Regions of homozygosity shared by affected and
unaffected siblings were excluded. To further narrow these
candidate regions, we also identified shared haplotypes
of homozygous SNPs within and across families (Figures
1F–1H).

In Levanten Arab family UW50, we identified a shared
haplotype of 252 consecutive homozygous SNPs spanning
7.6 Mb on chromosome 4p15 in two cousins, consistent
with inheritance from a common ancestor (Figure 1F).
These cousins shared no other regions of homozygosity
greater than 50 consecutive homozygous SNPs, and the
shared haplotype was heterozygous in available family
members predicted to be obligate carriers. In Saudi Arabian
families UW36 and UW48, the affected individuals shared
a distinct haplotype of 64 consecutive homozygous SNPs
at 4p15, providing additional evidence for a JSRD gene at
this locus and narrowing the interval to 2.3 Mb (Figure 1G).
The affected individuals did not share any other homozy-
gous haplotypes greater than 38 consecutive SNPs. A
fourth family (UW41) also had a large homozygous inter-
val at chromosome 4p15 (Figure 1H). Segregation of the
shared haplotype in each family was consistent with
autosomal-recessive inheritance.

The American Journal of Human Genetics 83, 559–571, November 7, 2008 561



Mutation Detection
The 2.3 Mb shared haplotype in families UW36 and UW48
encompasses 14 genes (Figure 2A). We sequenced the
coding regions and exon-intron boundaries of 13 of these
genes in all four families, detecting two homozygous mis-
sense mutations (c.3364C / T p.P1122S; c.4582C / T
p.R1528C) and one homozygous nonsense mutation
(c.2848C / T p.R950X) in CC2D2A (Table 1 and Figure 3).
As expected from the shared haplotype, we found that the
two affected individuals in families UW36 and UW48 carry
the same mutation (p.P1122S). P1122 is conserved across
all species with related genes encoding this C2 domain,
including all animals and protists, but not plants or fungi.
R1528 is conserved in all vertebrates except pufferfish.
Both missense mutations are predicted to be deleterious
by SIFT and PolyPhen.26,27 Sequence changes in the other

12 genes within the interval were either known SNPs or
noncoding (not shown).

We then sequenced all CC2D2A exons in families that
could not be excluded by segregation analysis by using
four microsatellite markers at 4p15 (Figure 4). We identified
compound heterozygous mutations in two families and
a single frameshift mutation in a third nonconsanguineous
family (Table 1 and Figure 3), yielding seven different
CC2D2A mutations in 6 out of 70 JSRD families ascertained
by the MTS 5 other findings. A second cohort of 40 consan-
guineous JSRD families with renal disease was similarly
evaluated, yielding one homozygous mutation (p.L1551P)
in family F871, for a total prevalence of 7/110 (6%). The
L1551P change is also predicted to be possibly damaging
by Polyphen and tolerated by SIFT; however, this leucine
is evolutionarily conserved as far as opossum, and proline

Figure 1. Homozygosity Mapping in Consanguineous Families with Joubert Syndrome
(A and B) Sagittal (A) and axial (B) MRI images of subject UW50 VI:3 revealing cerebellar vermis hypoplasia (arrowhead) and thick
horizontally oriented superior cerebellar peduncles (arrow). (A) T2-weighted image; (B) T1-weighted image.
(C–E) Sagittal (C) and axial (D, E) MRI images of subject UW50 VI:1 revealing findings similar to subject UW50 VI:3. The midline tissue on
the sagittal views (plus signs) is cerebellar hemisphere rather than vermis. Note the lack of corpus callosum (asterisk in [C]) and colpo-
cephalic configuration of the lateral ventricles (brackets in [E]). T1-weighted images.
(F and G) Haplotypes at chromosome 4p15 locus in families UW50, UW48, UW36, and UW41. Mutations in CC2D2A are indicated by
asterisks and known carriers are marked */þ.
(F) Affected cousins in family UW50 share a haplotype of 242 consecutive homozygous SNPs (boxes) between SNP_A-1651302 and
SNP_A-1718863 (9.6 Mb).
(G) Affected individuals in Saudi Arabian families UW36 and UW48 share a region of homozygosity (larger boxes) and a haplotype of
62 consecutive homozygous SNPs between SNP_A-1714400 and SNP_A-1738845 (2.3 Mb, smaller boxes). Unaffected siblings in UW48
are heterozygous in this region.
(H) The affected individual in family UW41 has a region of homozygosity between the 4p-terminus and D4S419. Note that only markers
demarcating the regions of homozygosity and/or shared haplotypes are shown.
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is not present in any species. All mutations segregated as
expected for autosomal-recessive inheritance, and the
missense mutations were absent from >210 control
chromosomes.

CC2D2A Mutations in Other Ciliopathies
We have shown recently that MKS genes contribute both
primary loci and second site modifying alleles to the path-
ogenicity of BBS.20 We therefore hypothesized that genes

Figure 2. CC2D2A Locus, Gene, Predicted Protein, and Expression
(A) Map of chromosome 4p15 locus with the regions of homozygosity in affected members of families UW36, UW48, and UW50 indicated
by horizontal lines. The genes within this interval are indicated by arrows.
(B) 37 predicted CC2D2A exons based on the UCSC genome browser. The position of the homozygous nonsense mutation in exon 23
(c.2848C / T p.R950X) is marked with an 3. Note that exon 29a (asterisk) is not included in the RefSeq gene sequence, but is found
in at least two spliced ESTs and is highly conserved.
(C) The CC2D2A gene encodes a protein with three predicted coiled-coil domains (cylinders), as well as a single C2 domain (pentagon).
Missense mutations (gray arrows) were present in the C2 domain and the highly conserved C-terminal region (broken bar), whereas
protein-truncating mutations (black arrows) precede the C2 domain.
(D) Phylogenetic tree of the CC2D2A C2 domain reveals orthologs in diverse species and a CC2D2B paralog that is restricted to mammals.
(E) RT-PCR analysis of CC2D2A, CC2D2B, and RPGRIP1L expression in adult and fetal tissues. The HPRT (hypoxanthine phosphoribosyl-
transferase) gene was used as a template control.
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contributing to JSRD may also be involved in the manifes-
tation of the BBS phenotype. To explore this possibility, we
sequenced CC2D2A in 96 BBS patients preselected for hav-
ing mutations in zero or one known causative ciliopathy
locus. We detected one novel sequence variant, encoding
a heterozygous K478E amino acid change in a European
BBS family. Importantly, this variant is highly conserved
as far as stickleback and predicted to be nontolerated by
SIFT. Consistent with a potential modifying, but not
causal, role in ciliary disease, we detected this variant in
one of 192 ethnically matched control chromosomes;
further investigations will be required to ascertain the
potential effect of this allele on CC2D2A function. Overall,
the paucity of novel variants identified in BBS patients sug-
gests that CC2D2A is not a major contributor to BBS; how-
ever, screening of a larger or more ethnically diverse cohort
will be necessary to test this possibility exhaustively.

In parallel, we also evaluated the potential role of
CC2D2A in isolated nephronophthisis. By using homozy-
gosity mapping, we excluded the 4p15 locus in 86 of 90
consanguineous families via a recessive model. In the
four families that could not be excluded, we did not iden-
tify any CC2D2A mutations. These results indicate that
CC2D2A mutations are not a major cause of isolated neph-
ronophthisis.

Gene/Protein Structure
The 38 exon CC2D2A gene encodes a predicted 1620 amino
acid product with coiled-coil and C2 domains (Figures 2B
and 2C) described by Noor et al. and Tallila et al.22,23 Tallila
et al.23 also reported an additional predicted exon between
exons 29 and 30 that is not in the reference sequence
(NM_001080522), whose presence we confirmed in multi-
ple tissues via RT-PCR (not shown). The nonsense and
frameshift mutations in JSRD patients precede the C2

domain and are likely to trigger nonsense-mediated decay,
whereas the missense mutations occur in the C2 domain
and C-terminal region, supporting a functional role for
these parts of the protein (Figure 2C).

A human paralog (CC2D2B) is present on chromosome
10q23.33. Ensembl predicts a 322 amino acid CC2D2B
product that corresponds to NP_001001732 and shares
homology with the C-terminal region of CC2D2A; how-
ever, ESTs mapping to chromosome 10q23.33, comparison
of the human genomic sequence to other mammals, and
gene-prediction programs (reviewed in Brent28) reveal
a 1341 amino acid predicted protein with 33% identity/
46% similarity to CC2D2A (Figure S1). The C2 domains of
CC2D2A and CC2D2B are 42% identical and 55% similar,
whereas the C-terminal regions are 45% identical and
60% similar. CC2D2A orthologs are found in all vertebrates
and in sea urchin, jellyfish, and insects, whereas CC2D2B
orthologs are found only in mammals, implicating
CC2D2B in processes restricted to this class (Figure 2D).
Interestingly, the C-terminal region of both proteins is
distantly related to the CEP76 protein, a component of
the centrosome (Figure S2).29

Human Phenotype
We observed a spectrum of phenotypes in our cohort (Table
1). Subject UW49-II:1 has chorioretinal coloboma, renal,
and liver disease (COACH phenotype). Liver biopsy dis-
played ‘‘chronic inflammation and fibrosis of the portal tri-
ads, intact sinuses, and central veins’’ and required living-
related donor liver transplantation at 10 years of age. Her
creatinine has been mildly elevated and her ‘‘renal echoge-
nicity was in the upper limitof normal’’ on renalultrasound,
but she has not had a renal biopsy. Subject UW48-IV:7 may
also have the COACH phenotype, but details of an abnor-
mal renal ultrasound and mild hepatosplenomegaly are

Table 1. Mutations and Phenotypes in Subjects with CC2D2A Mutations

Affected
Individual Mutation(s) Age (yr) MRI/CT

Abnormal Eye
Movements

Retinal
Dystrophy Coloboma

Renal
Disease

Liver
Fibrosis Polydactyly Encephalocele

UW36-IV:4 p.P1122S/p.P1122S 1 MTS - -a - - - - -
UW46-II:1 p.V1097FfsX1/unknown 14 MTS þ - - - - - -
UW46-II:2 p.V1097FfsX1/unknown 17 MTS þ - - - - - -
UW47-II:1 p.R1019X/p.Q1096H 14 MTS þ - - - - - -
UW41-IV:1 p.R950X/p.R950X 4 MTS þ þb - - - - -
F871-II:1 p.L1551P/p.L1551P 8 VH þ - - þ - - -
UW50-VI:1 p.R1528C/p.R1528C 4 MTS/ACC - - - - - - þ
UW50-VI:3 p.R1528C/p.R1528C 7 MTS - - - - - - þc

UW48-IV:7 p.P1122S/p.P1122S 2.5 MTS þ þ - Abnormal
RUS

Mild
HSM

- -

UW49-II:1 p.V1097FfsX1/p.R1528C 22 VH/ACC/HC þ - þ þd þe - -

Affected individuals exhibit a spectrum of phenoptypes from isolated Joubert syndrome to COACH syndrome. MRI, magnetic resonance imaging; CT, com-
puted tomography scan; MTS, molar tooth sign; VH, cerebellar vermis hypoplasia; ACC, agenesis of the corpus callosum; RUS, renal ultrasound; HSM, hep-
atosplenomegaly; HC, hydrocephalus. Minus sign indicates no overt signs of phenotype unless otherwise indicated.
a Normal electroretinogram (ERG).
b Flat ERG.
c In a fetal sibling.
d Mildly increased creatinine and upper normal renal echogenicity, no renal biopsy.
e Chronic inflammation and fibrosis of the portal triads, intact sinuses and central veins, required liver transplant at 10 years of age.
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not available. Subjects UW48-IV:7 and UW41-IV:1 also have
evidence of retinal dystrophy. Subjects UW50-VI:1 and
UW50-VI:3 have encephaloceles similar to patients with
MKS, whereas subjects UW50-VI:1 and UW49-II:1 have
agenesis of the corpus callosum seen in a subset of individ-
uals with JSRD. Affected individuals in UW36 and UW46
did not exhibit retinal, renal, or liver disease; however,
UW36 was only 1 year old at last follow-up, and we found
only a single CC2D2A mutation (p.V1097FfsX1) in UW46.
No affected individuals had polydactyly. Although olfactory
dysfunction has been observed in BBS,30 it was not noted
clinically in subjects with CC2D2A mutations, none of
whom were formally tested for anosmia. After identifying
CC2D2A mutations in subjects with JSRD, we reviewed
the brain MRI images from two of the affected individuals
with homozygous CC2D2A mutations described by Noor
et al.,22 and we identified the characteristic imaging features
of Joubert syndrome in both subjects (one shown in Figures
4E and 4E0). No overt findings of liver or kidney disease were
identified in this family.

Expression
CC2D2A transcript could not be detected via human mul-
tiple-tissue northern blots (not shown); however, we were

able to detect transcript in all adult and fetal tissues tested
via RT-PCR (Figure 2E). Interestingly, expression was
substantially higher in fetal brain than in adult brain,
which may indicate an increased requirement in this tissue
during development. High levels of expression were also
detected in retina and kidney, commonly affected in JSRD.

Colocalization of CC2D2A with CEP290
at the Basal Body
To investigate whether CC2D2A and CEP290 function in
the same location, we transfected hTert-RPE1 cells with
eCFP-tagged full-length CC2D2A. As described previously
in COS-7 cells,22 eCFP-CC2D2A is seen in the cytoplasm;
however, after inducing cilia formation by serum starva-
tion, eCFP-CC2D2A also localizes to the base of the cilia,
as indicated by costaining with the anti-polyglutaminated
tubulin antibody GT-335 (Figures 5A–5C). Costaining with
CEP290 antibody3 demonstrates that recombinant
CC2D2A at the basal body colocalizes with endogenous
CEP290 (Figures 5D–5F).

Physical Interaction between CC2D2A and CEP290
Based on the hypothesis that CC2D2A might function in
the primary cilium/basal body protein network,31 we

Figure 3. Sequence Tracings of CC2D2A Mutations
Numerical designations are based on NM_001080522.1 with the addition of exon 29a from genomic sequence (see Figure 2).
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assessed 23 ciliopathy-associated proteins (including
CEP290, RPGRIP1L, RPGRIP1, RPGR [MIM 312610], and
BBS1-12 [MIM 209900]) for interaction with CC2D2A via
a yeast two-hybrid mating assay (Table S2). These proteins
were chosen on the basis of their involvement in a ciliop-
athy-associated protein network.31 Of all combinations
tested, only CEP290 was found to interact with CC2D2A
(Figure 5G) and the interaction was confirmed by a GST
pull-down assay (Figures 5H–5J). The interaction is specific
for the N-terminal 998 amino acids of CC2D2A and an
internal fragment of CEP290 (amino acids 703–1130)
containing coiled-coil domains 4-6.

Modeling Loss of cc2d2a Function in Zebrafish
In a screen for mutations modifying aminoglycoside-
induced mechanosensory hair cell damage, Owens et al.
identified a nonsense mutation (sentinel [snl]) that lies
N-terminal to the C2 domain in the sole zebrafish ortholog
of CC2D2A (cc2d2a).32 The Cc2d2a protein is more closely
related to CC2D2A (60% identical, 74% similar) than

CC2D2B (34% identical, 48% similar; Figure S1), with
higher homology in the C2 domain and C-terminal
region. We found that cc2d2a transcript is reduced sub-
stantially in snl/snl fish versus their wild-type and hetero-
zygous siblings (Figure 6A), presumably because of
nonsense-mediated decay. To further explore CC2D2A
function and develop a zebrafish model for JSRD, we eval-
uated snl/snl fish for phenotypes reminiscent of JSRD and
ciliary dysfunction including pronephric cysts, laterality
defects, brain malformation, as well as defects in cilium
number and morphology.33 Although other obvious de-
fects were not observed, 33% of the snl/snl fish (confirmed
by genotyping) exhibited pronephric cysts by 6 days post-
fertilization (dpf) compared to 0% of their wild-type and
heterozygous siblings (Figures 6B and 6E). We used anti-
acetylated tubulin antibody34 to visualize motile cilia in
the lumen of pronephric tubule and caudal region of the
central canal. We were unable to discern any overt differ-
ences with respect to cilium number or morphology
between snl/snl fish and their wild-type and heterozygous

Figure 4. Segregation Analysis and MRI Images in Additional Families with CC2D2A Mutations
(A–E) Sagittal (A–E) and axial (A0–E0) MRI images of subjects UW46 II:1 (A, A0), UW46 II:2 (B, B0), UW47 II:1 (C, C0), UW41 II:1 (D, D0),
and Noor et al. subject 3622 (E, E0), revealing cerebellar vermis hypoplasia (arrowhead) and thick, horizontally oriented superior cerebellar
peduncles (arrows). Mildly prominent temporal horns are bracketed in several axial images, consistent with mild ventriculomegaly. The
cerebellar hemispheres in subject 36 appear atrophic (E0). (A–D, B0) T1-weighted images; (E) a T2/FLAIR-weighted image; (A0, C0–E0)
T2-weighted images.
(F–H) Chromosome 4p15 could not be excluded by segregation of microsatellite markers in families UW46, UW47, and UW49.
(I) Pedigree for consanguineous family F871.
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siblings at 48 hpf, although subtle differences could not be
excluded.

Functional Interaction with CEP290
To assess the functional significance of the CC2D2A-
CEP290 physical interaction, we evaluated the effects of
decreased cep290 function in the snl/snl background. Sayer
et al. found that knockdown of cep290 function in zebrafish
via cep290 morpholinos resulted in pronephric cyst forma-
tion,5 so we titrated splice blocking (cep290splMO) and
translation blocking (cep290atgMO) morpholinos to give
a low prevalence of pronephric cysts in wild-type fish. We
then injected offspring of a snl/þ_ 3 snl/þ\ cross and ob-

served a striking exacerbation of the cyst phenotype in in-
jected snl/snl fish compared to their injected siblings (snl/þ
and þ/þ) and uninjected snl/snl fish (Figures 6B–6E). The
cysts were larger, more prevalent, and evident 2 days earlier
in the injected snl/snl fish, suggesting the cooperative
action of CC2D2A and CEP290 in the pronephros. Cilia
in injected snl/snl fish also appeared similar in morphology
and number compared to wild-type.

Discussion

Coding mutations in CC2D2A account for 6/70 families
(9%) in a cohort of JSRD families with consanguinity or

Figure 5. CC2D2A and CEP290 Colocalize at the Basal Body and Interact in Yeast Two-Hybrid Assay and GST Pull-Down
(A–C) Colocalization of eCFP-tagged CC2D2A (green) and ciliary marker GT-335, a mouse monoclonal antibody against polyglutaminated
tubulin (red), in cultured retinal pigment epithelial cells (hTERT-RPE1). In addition to the specific localization to the basal body (arrows),
eCFP-CC2D2A is also in the cytoplasm, possibly because of overexpression ([A and C], green).
(D–F) Colocalization of eCFP-tagged CC2D2A (green) and CEP290 (red) to the basal bodies (arrows) of cultured hTERT-RPE1 cells.
(G) CC2D2A interaction with CEP290 in a yeast two-hybrid assay. Bait plasmids expressing different fragments of CC2D2A as binding do-
main (BD)-fusion proteins were cotransformed in the PJ69-4 alpha yeast strain together with prey plasmids expressing CEP290 fragment
CC4-6 (aa 703–1130) as activation domain (AD)-fusion proteins. Plates lacking the amino acids Leu and Trp (-LW, top) selected for
cotransformants, whereas additional omission of His and Ade from the plates (-LWHA, middle) selected for activation of the cognate
reporter genes. A blue color in the b-galactosidase filter lift assay (bottom) indicates activation of the LacZ reporter gene. All reporter
genes were only activated by the interaction of the CC2D2A fragment Nterm-C2 (aa 1–998). The rightmost column (þ) represents a
positive control of the wild-type AD and BD domains.
(H–J) GST pull-down analysis of recombinant CC2D2A and CEP290 fragments.
(H) Expression of GST-alone (~26 kDa, lane 1) and GST-CEP290CC4-6 (amino acids 703–1030, which encode coiled-coil domains 4-6,
~78 kDa, lane 2). The Simply Blue-stained gel shows 10% of the input that was used in the GST pull-down experiment.
(I) Expression of 3xFlag-tagged CC2D2ANterm-C2 (amino acids 1–998, which encode the N-terminal domain until the C2 domain; lanes 1 and
2). The blot shows 10% of the input that was used in the GST pull-down.
(J) GST-CEP290CC4-6 specifically pulls down 3xFlag-CC2D2ANterm-C2 (band at 150 kDa, lane 2), whereas GST alone does not (lane 1).
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more than one offspring, making CC2D2A a major contrib-
utor to JSRD, similar to AHI1 and CEP290.5,35 We observed
a broad spectrum of phenotypes in our subjects with
CC2D2A mutations, including uncomplicated Joubert syn-
drome, the COACH subtype of JSRD,2 and individuals with

features overlapping with MKS (encephalocele and liver
disease). Noor et al. reported a splice-site mutation segre-
gating in a family now shown to have JSRD rather than
autosomal-recessive mental retardation and retinitis pig-
mentosa.22 In fetuses with MKS from a Finnish cohort,

Figure 6. Zebrafish sentinel Phenotype and Synergistic Genetic Interaction with cep290
(A) cc2d2a expression is greatly reduced in snl/snl fish versus their snl/þ andþ/þ siblings. The odc1 gene was used as a template control.
(B and C) Tail and pronephros phenotype in snl/snl fish (B) and snl/snl fish injected with cep290splMO (C) at 4 dpf. snl/snl fish (B) have
a sinusoidal-shaped tail and develop pronephric cysts (arrows) starting at 4 dpf, whereas snl/snl fish injected with cep290splMO (C)
develop larger pronephric cysts starting at 2 dpf. Some of these fish also develop pericardial effusion (asterisk).
(D) AB wild-type fish for comparison.
(E) Frequency of pronephric cysts in snl/snl fish and their wild-type siblings (snl/þ and þ/þ) with and without cep290splMO. Brackets
indicate 95% confidence intervals (p< 0.0001 for comparison between snl/snl fish and their wild-type siblings [snl/þ andþ/þ] injected
with either CEP290 morpholino; chi-square test). dpf, days postfertilization; cep290splMO, cep290 splice-blocking morpholino.

568 The American Journal of Human Genetics 83, 559–571, November 7, 2008



Tallila et al. reported a single homozygous splice-site muta-
tion that affects splicing and truncates CC2D2A earlier in
the protein than any of the mutations in our series.23

This offers a suggestion of genotype-phenotype correla-
tion; however, the mutation predicted to be the most se-
vere in our cohort (p.R950X prior to the C2 domain in fam-
ily UW41) is associated with a relatively mild phenotype
(no renal or liver disease), indicating that other factors,
such as extragenic modifiers, are playing a role as they do
in other ciliopathies.36–38 In addition, subjects UW50-VI:1
and UW50-VI:3, despite having the same mutation, are
discordant for agenesis of the corpus callosum. Subjects
UW36-IV:4 and UW48-IV:7 also share the same mutation
(P1122S) but are discordant for retinal dystrophy and
potentially, for renal and liver disease. These observations
provide support for the idea that JSRD and MKS are allelic
disorders and that the liver fibrosis phenotype in COACH
syndrome represents the milder end of the spectrum from
the more severe ductal plate malformation seen in MKS.39

The pronephric cyst phenotype in sentinel fish is similar
to that seen in other zebrafish with cilium dysfunction33

and partially recapitulates the human JSRD phenotype.
In contrast to the absence of primary cilia in cultured fibro-
blasts from fetuses with MKS reported by Tallila et al.,23 we
did not observe defects in the pronephric cilia of homozy-
gous snl fish. It may be that the zebrafish mutation is less
severe than the human mutation; however, the two muta-
tions are both predicted to truncate the protein just after
the predicted coiled-coil domains and before the C2
domain. Alternatively, cc2d2a function may be required
for formation/maintenance of human fibroblast cilia but
not zebrafish pronephros cilia. The connection between
JSRD in humans and aminoglycoside resistance of mecha-
nosensory hair cells in zebrafish is mysterious. Hearing loss
is not a typical feature of JSRD and given the rarity of JSRD
patients, demonstrating resistance to aminoglycoside-
induced hearing loss in humans with JSRD is not feasable.
As yet, an in vitro assay for aminoglycoside resistance in
easily available human tissues has not been developed;
however, this could be the subject of future work to con-
nect the human and zebrafish phenotypes and explore
the mechanisms underlying JSRD and aminoglycoside
resistance. The relationship between ciliary dysfunction
and aminoglycoside resistance is also not obvious. Al-
though zebrafish hair cells possess a microtubule-based
kinocilium at their apical surface, this structure does not
appear to be disrupted and mechanotransduction appears
normal in sentinel mutants.32 The first detectable defect
in zebrafish hair cells exposed to neomycin is a loss of
mitochondrial potential and mitochondrial swelling.40 It
remains to be determined whether CC2D2A mutations
block the toxic effect of aminoglycosides on the mitochon-
dria, decrease the sensitivity of hair cells to mitochondrial
dysfunction/energy starvation, or prevent hair cell damage
by other mechanisms.

Our data suggest a functional role for CC2D2A at the
basal body, closely associated with CEP290. We show

that recombinant eCFP-CC2D2A colocalizes with CEP290
to the basal body in cultured ciliated cells, and the two pro-
teins may directly interact, because the recombinant pro-
teins are able to physically bind. Ideally, these experiments
will need to be confirmed on endogenous proteins via
antibodies to CC2D2A, especially because GST pull-down
assays showed affinity between recombinant CC2D2A
and other higher-molecular-weight proteins (results not
shown). A variety of evidence provides additional support
for the role of CC2D2A at the basal body. CC2D2A encodes
a coiled-coil and C2 calcium/lipid binding domain protein
included in the cilium/basal body proteome.41 Despite
a lack of direct sequence homology, CC2D2A has a strik-
ingly similar overall structure to RPGRIP1L and RPGRIP1,
two basal body proteins defective in JSRD/MKS and
LCA.3,4,21 The loss-of-function phenotype for CC2D2A
overlaps with other disorders of ciliary function in humans
and zebrafish. Tallila et al. found that cilia were absent
from fibroblasts cultured from fetuses with an early trun-
cating mutation in CC2D2A.23 The C. elegans (K07G5.3)
and D. melanogaster (CG18631) CC2D2A orthologs each
have an xbox sequence in their promoter region, predicted
to bind DAF-19, a transcription factor involved in regula-
tion of a broad spectrum of ciliary genes.42–44 The
CC2D2A C-terminal region is also similar to CEP76, an-
other widely conserved C2 domain protein that is present
in the centrosome and required in the cilium.19,29 Further-
more, CC2D2A was identified in a screen for proteins that
interact with calmodulin,45 raising the possibility that
CC2D2A participates in calcium-dependent signaling
pathways and the network of proteins required for retinal
photoreceptor development/function, including CEP290,
RPGR, RPGRIP1, RPGRIP1L, NPHP4 (MIM 607215), and
NPHP5 (MIM 609237).46

In conclusion, we demonstrate that CC2D2A is responsi-
ble for a substantive proportion of JSRD including cases
with the distinctive COACH subtype that likely represents
a transitional phenotype between JSRD and MKS. Further-
more, CC2D2A functions in close association with CEP290
and provides a model for studying the impact of an extra-
genic modifier (i.e., decreased CEP290 function) on the
phenotypes resulting from mutations in a causal gene
(CC2D2A).

Supplemental Data

Supplemental Data include two figures and two tables and can be

found with this article online at http://www.ajhg.org/.
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Cisplatin-Induced Hair Cell Death Requires STAT1 and Is
Attenuated by Epigallocatechin Gallate

Nicole C. Schmitt,1,2 Edwin W Rubel,1,2 and Neil M. Nathanson1,3

1Virginia Merrill Bloedel Hearing Research Center, 2Department of Otolaryngology, Head and Neck Surgery, and 3Department of Pharmacology, University
of Washington, Seattle, Washington 98195

Cisplatin is a chemotherapy drug that frequently causes auditory impairment due to the death of mechanosensory hair cells. Cisplatin
ototoxicity may result from oxidative stress, DNA damage, and inflammatory cytokines. The transcription factor STAT1, an important
mediator of cell death, can regulate all of these processes in other cell types. We used cultured utricles from mature Swiss Webster mice
to investigate the role of STAT1 in cisplatin-induced hair cell death. We show that STAT1 phosphorylation is an early event in both hair
cells and support cells after exposure of utricles to cisplatin. STAT1 phosphorylation peaked after 4 h of cisplatin exposure and returned
to control levels by 8 h of exposure. The STAT1 inhibitor epigallocatechin gallate (EGCG) attenuated STAT1 phosphorylation in cisplatin-
treated utricles and resulted in concentration-dependent increases in hair cell survival at 24 h postexposure. Furthermore, we show that
utricular hair cells from STAT1-deficient mice are resistant to cisplatin toxicity. EGCG failed to provide additional protection from
cisplatin in STAT1-deficient mice, further supporting the hypothesis that the protective effects of EGCG are due to its inhibition of STAT1.
Treatment with IFN-!, which also causes STAT1 activation, also induced hair cell death in wild-type but not STAT1-deficient mice. These
results show that STAT1 is required for maximal cisplatin-induced hair cell death in the mouse utricle and suggest that treatment with
EGCG may be a useful strategy for prevention of cisplatin ototoxicity.

Introduction
Cisplatin is a widely used chemotherapeutic agent with multiple
adverse effects including nephrotoxicity, neurotoxicity, and oto-
toxicity. Cisplatin-induced sensorineural hearing loss primarily
affects the hearing of high frequencies and corresponds to loss of
mechanosensory hair cells and spiral ganglion cells in the basal
turn of the cochlea. With higher doses or longer exposure, hear-
ing loss extends to lower frequencies and can cause cell loss
throughout most of the inner ear (Rybak et al., 2007).

Cisplatin induces death of malignant cells by creating inter-
and intrastrand DNA crosslinks (Woźniak and Blasiak, 2002) and
may also induce DNA damage in normal cells (Townsend et al.,
2004a; Youlyouz-Marfak et al., 2008). Exposure of hair cells to
cisplatin results in release of reactive oxygen species (ROS; Clerici
et al., 1996), and antioxidants have been found to attenuate cis-
platin ototoxicity, presumably by counteracting this response
(Rybak and Kelly, 2003). Multiple studies have demonstrated
secretion of inflammatory cytokines by auditory-like cell lines
after exposure to cisplatin (Previati et al., 2007; So et al., 2007).
Finally, a subset of cell signaling proteins appear to be involved in
cisplatin ototoxicity, including the tumor suppressor p53 (De-

varajan et al., 2002; Zhang et al., 2003), the MAP kinase protein
ERK (So et al., 2007), caspases, and cytochrome c (Liu et al., 1998;
Devarajan et al., 2002; Wang et al., 2004).

Signal transducers and activators of transcription (STAT) pro-
teins are ubiquitous transcription factors involved in a diverse set of
signaling cascades initiated by cytokines, growth factors, and cellular
stress (Simon et al., 1998; Kim and Lee, 2007). Seven STAT proteins
have been described. STAT1 has been recognized as an important
mediator of cell death after various types of cellular stress (Battle and
Frank, 2002). STAT1 activation occurs via phosphorylation at two
conserved residues (tyrosine 701 and serine 727). Tyrosine phos-
phorylation occurs via Janus kinase proteins and has been associated
with STAT1 dimerization and translocation to the nucleus in re-
sponse to specific cytokines (Kim and Lee, 2007). Serine phosphor-
ylation occurs via a diverse group of kinases and has been associated
with exposure to ROS, UV, lipopolysaccharide (LPS), tumor necro-
sis factor " (TNF-"), and DNA damage (Kovarik et al., 1999;
Stephanou et al., 2001, 2002; DeVries et al., 2004; Townsend et al.,
2004a; Zykova et al., 2005; Kim and Lee, 2007). Serine phosphoryla-
tion of STAT1 may be required for maximal transcription and pro-
motion of apoptosis after ischemia or other stress conditions
(Stephanou et al., 2001).

Several of the events regulated by STAT1 have also been im-
plicated in cisplatin ototoxicity, and STAT1 has been found to be
activated in some other cell types after exposure to DNA-
damaging chemotherapeutic drugs (DeVries et al., 2004;
Townsend et al., 2004a; Youlyouz-Marfak et al., 2008). However,
the role of STAT1 in cisplatin-induced death of hair cells has not
yet been investigated. In the present study, we show that serine
phosphorylation of STAT1 occurs after exposure of vestibular
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hair cells to cisplatin in vitro. We then show that pharmacologic
and genetic manipulations of this event attenuate cisplatin-
induced hair cell death.

Materials and Methods
Animals. Swiss Webster mice at 4 – 6 weeks of age were obtained from
Charles River. STAT1-deficient mice and wild-type mice of the same
genetic background (129S6/SvEv) at 4 weeks of age were obtained from
Taconic Farms. All animal procedures were approved by the Institutional
Animal Care and Use Committee at the University of Washington.

Reagents and antibodies. Cisplatin stock solution (1 mg/ml saline) was
obtained from Bedford Laboratories. This stock solution has an acid pH
(3.8 –5.9). When kept at room temperature and away from light, this type
of preparation is stable for months (Schuldes et al., 1997). (!)-
Epigallocatechin gallate (EGCG) was obtained from Sigma-Aldrich and
dissolved in sterile water to make a 5 mM stock solution. Recombinant
mouse interferon-! (IFN-!) was obtained from R&D Systems and was
dissolved in PBS with 0.1% bovine serum albumin (BSA).

Antibodies for labeling of mouse vestibular epithelium hair cells included
a monoclonal mouse antibody against calmodulin (Sigma; diluted 1/150)
and a polyclonal rabbit antibody against calbindin (Millipore; diluted
1/250). A polyclonal rabbit antibody against phospho-STAT1 (serine 727
residue) was obtained from Cell Signaling Technology (diluted 1/100). To
label support cells in the vestibular epithelium, a polyclonal goat antibody
against SOX2 was obtained from Santa Cruz Biotechnology (diluted 1/500).
Secondary antibodies included Alexa 488 goat-anti-mouse, donkey-anti-
mouse, and donkey-anti-goat; and Alexa 568 goat-anti-rabbit and donkey-
anti-goat (Invitrogen; all diluted 1/500). Hoechst 33258 nuclear stain was
obtained from Sigma.

Dissection and culture of mouse utricles. Mice were killed and their
temporal bones removed to expose the inner ear. Utricles were dissected
using aseptic technique as previously described (Yamashita and Oesterle,
1995; Cunningham, 2006). Otoconia were removed before culture of
utricles. Using a small syringe filled with DMEM (Sigma) and a 26 gauge
needle, a gentle stream of DMEM was directed toward the exposed utricle
until all otoconia were separated from the utricular epithelium. Utricles
were then cultured free-floating in 4-well, nontreated culture plates (1– 4
utricles per well) in DMEM supplemented with 1% fetal bovine serum
(Invitrogen) and the non-ototoxic antibiotic ofloxacin (0.12%; Sigma).
Utricles were cultured at 37°C and 5% CO2 for 1–24 h. Utricles were
cultured in control medium (DMEM only), IFN-! (125–10,000 interna-
tional units/ml), cisplatin (10 – 80 #g/ml), the STAT1 inhibitor EGCG
(10 –200 #M), or cisplatin plus EGCG at all concentration combinations.
All culture conditions and experimental manipulations were replicated
in at least three independent experiments.

Immunocytochemistry. At the end of each culture period, utricles were
fixed for one h at room temperature with 4% paraformaldehyde followed
by three rinses in PBS. Utricles were then incubated for 30 min at room
temperature in blocking solution consisting of PBS, 10% normal goat or
donkey serum, 2% BSA, 0.03% saponin, and 0.3% Triton X-100. Utricles
were then incubated overnight (12–16 h) at 4°C in primary antibody
diluted in solution consisting of PBS, 1% normal goat or donkey serum,
and 0.1% Triton X-100. Tissue was then rinsed four times in PBS and
then incubated in Alexa fluorophore-conjugated secondary antibodies
(diluted in the same solution as primary antibodies) at room tempera-
ture for 2 h. For experiments investigating STAT1 phosphorylation,
utricles were then incubated in 2 #M Hoechst 33258 for 20 min to label
nuclei. All utricles were rinsed four additional times with PBS and whole-
mounted in Fluoromount-G (Electron Microscopy Sciences).

Microscopy and photomicrograph analysis. For STAT1 phosphorylation
studies, utricles were labeled with an antibody against phospho-STAT1-
serine (pSTAT1Ser) and an antibody against calmodulin to label hair
cells. Utricles were then examined in their entirety at low power with an
Olympus FluoView-1000 confocal microscope. A confocal z-axis series
of randomly selected representative areas was then taken at high power
with identical microscopy settings across all experimental and control
tissue samples for the channel used to detect pSTAT1Ser.

For hair cell counts, utricles were double-labeled to distinguish two

distinct populations of hair cells, extrastriolar and striolar, which show
differential sensitivity to some ototoxic drugs (Yan et al., 1991; Cunning-
ham and Brandon, 2006; Chiu et al., 2008). An antibody against calmod-
ulin was used to label all hair cells, and a second antibody against calbi-
ndin was used to label only the striolar hair cells (Cunningham et al.,
2002). Utricles were then imaged with a Zeiss Axioplan 2ie fluorescence
microscope. Using ImageJ software, a 30 #m " 30 #m box was placed in
eight different locations within the utricle: two in the medial extrastriolar
region, two in the lateral extrastriolar region, and four evenly spaced
across the striolar region. The hair cells within each box were counted,
and the average number of hair cells per 900 #m 2 box was calculated for
the extrastriolar and striolar regions of each utricle, as previously de-
scribed (Cunningham et al., 2002; Cunningham and Brandon, 2006). All
resulting numbers were then multiplied by a factor of 1.111 to obtain the
average number of hair cells per 1000 #m 2.

SOX2 labels support cell nuclei as well as a small subset of hair cell
nuclei (Oesterle et al., 2008). The few labeled hair cells were easily distin-
guished from the solid support cell nuclear layer. However, to avoid
mistakenly counting hair cells as support cells, the microscope was ad-
vanced in the z-axis until all hair cells disappeared from view before
obtaining photomicrographs of the support cell nuclear layer. Support
cells were then counted in a similar manner to hair cells: four 30 #m " 30
#m boxes were evenly spaced across the utricle (two medially and two
laterally) and support cells were counted in each box. The average num-
ber of support cells per 900 #m 2 box was then calculated for each utricle.
All resulting numbers were then multiplied by a factor of 1.111 to obtain
the average number of support cells per 1000 #m 2.

Statistical analysis. Data were analyzed with Student’s t test or with one-
or two-way ANOVA and post hoc Tukey–Kramer or Bonferroni multiple
comparison tests. GraphPad Prism Software was used for all statistical anal-
yses. Results were considered significant for p values of #0.05.

Results
Utricular hair cells are lost in a concentration-dependent
manner after 24 h treatment with cisplatin
Utricles were cultured in increasing concentrations of cisplatin
for 24 h to determine the concentration–response relationships

Figure 1. Cisplatin treatment resulted in concentration-dependent decreases in hair cell
survival (mean$1 SEM, p#0.001). The concentration–response relationships of extrastriolar
hair cells (solid line, squares) and striolar hair cells (dashed line, triangles) were determined in
utricles treated for 24 h with increasing concentrations of cisplatin. Equivalent concentrations of
cisplatin in #M are given in parentheses for comparison. Hair cell density was determined as the
average number of hair cells per 1000 #m 2 area. ***p # 0.001 compared with control.
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for its effects on extrastriolar and striolar hair cells (Fig. 1). Cis-
platin treatment resulted in a concentration-dependent decrease
in hair cell survival ( p # 0.001 for both extrastriolar and striolar
hair cells by one-way ANOVA). For both extrastriolar and strio-
lar groups, post hoc tests showed that hair cell density decreased
significantly vs control for all cisplatin concentrations at or %20
#g/ml ( p # 0.001, Tukey–Kramer multiple comparison).

STAT1 phosphorylation at Ser727 is an early event after
exposure to cisplatin and is attenuated by EGCG
Immunocytochemistry was used to investigate whether STAT1 is
phosphorylated at Ser727 after exposure of utricular hair cells to
cisplatin and whether epigallocatechin gallate (EGCG) inhibits
this event. Epigallocatechin gallate (EGCG) is one of several poly-
phenol catechins isolated from green tea extract and has been
reported to inhibit phosphorylation and upregulation of STAT1
after a variety of cellular stress events (Menegazzi et al., 2001;
Tedeschi et al., 2002; Townsend et al., 2004a; de Prati et al., 2005;
Zykova et al., 2005).

Control cultures were maintained in culture medium only.
Positive control cultures were treated with IFN-!, a cytokine

known to cause robust phosphorylation of STAT1, at a concen-
tration of 250 international units (IU)/ml. Additional groups of
cultures were treated with cisplatin at a concentration of 40 #g/
ml, with or without 50 #M EGCG (after a 1 h pretreatment with
EGCG alone). Utricles were cultured in these four treatment con-
ditions for 1, 4, or 8 h, based on previous studies of STAT1 phos-
phorylation after cisplatin exposure in other cell types
(Townsend et al., 2004a; Youlyouz-Marfak et al., 2008). Confocal
photomicrographs of cultured utricles are shown in Figure 2. The
results shown in this figure are representative examples from
three to five independent experiments. Hair cells from untreated
control cultures showed either undetectable or very faint nuclear
labeling for pSTAT1Ser (e.g., Fig. 2A). Cultures treated with
IFN-! exhibited more robust nuclear labeling of pSTAT1Ser at
1 h and strikingly increased labeling at 4 h (Figs. 2B,F). Hair cells
from cultures treated with cisplatin showed a similarly strong
nuclear pattern for pSTAT1Ser at these time points (Figs. 2C,G).
In hair cells from utricles treated with cisplatin and the STAT1
inhibitor EGCG, a nuclear label for pSTAT1Ser was detected but
appeared consistently weaker than in cultures treated with cispla-
tin alone (Figs. 2D,H). By 8 h, pSTAT1Ser labeling was markedly

Figure 2. Serine phosphorylation of STAT1 is an early event after IFN-! and cisplatin exposure. Mouse utricles were cultured for 1, 4, or 8 h in control medium (A, E, I ), with IFN-! as a positive
control (B, F, J ), with cisplatin at 40 #g/ml (133 #M; C, G, K ), or with cisplatin at 40 #g/ml plus the STAT1 inhibitor EGCG at 50 #M (D, H, L). Hair cells were labeled with an antibody against
calmodulin (green) and an antibody against pSTAT1Ser (red). Nuclei were counterstained with Hoechst 33258 (blue). Each inset shows an enlargement of one hair cell with its nucleus outlined (white
dotted line). Very little pSTAT1Ser was noted in hair cells from control utricles (A, E, I ). A faint pSTAT1Ser label was noted in the IFN-! and cisplatin-treated utricles at 1 h (B, C), which peaked at 4 h
(F, G) and was diminished by 8 h (J, K ). In utricles treated with cisplatin plus EGCG, the pSTAT1Ser label consistently appeared diminished compared with utricles treated with cisplatin alone at 1 and
4 h (D, H ). Examples shown are most representative of 6 – 8 utricles in each group from three to five independent experiments. Scale bars represent 10 #m.
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diminished in all treatment groups (Figs.
2 J–L). Negative control cultures from all
time points showed no detectable nuclear
pSTAT1Ser pattern (data not shown).

We consistently saw a punctate labeling
pattern for pSTAT1Ser. This was seen out-
side of the hair cell boundaries (presum-
ably in the nuclei and apical processes of
support cells) and to a lesser degree in the
cytoplasm of hair cells. This pattern was
seen in the majority of utricles treated with
IFN-! or cisplatin, and to a much lesser
degree in untreated utricles or those
treated with both cisplatin and EGCG.
This was not seen in negative controls
where the primary antibody was omitted
but was seen when a different Alexa flu-
orophore or diaminobenzidine chroma-
gen (DAB) were used (data not shown).
This pattern may be consistent with local-
ization of pSTAT1Ser to membrane-
bound organelles known as signaling en-
dosomes (Claudinon et al., 2007).

Pharmacologic inhibition of STAT1
attenuates cisplatin-induced death of
utricular hair cells
We next asked whether pharmacologic in-
hibition of STAT1 could attenuate
cisplatin-induced hair cell death. Utricles
were cultured with a range of EGCG con-
centrations (10 –200 #M) for one h, fol-
lowed by continuous treatment with both
EGCG and a moderate concentration of
cisplatin (40 #g/ml) for 24 h. Figure 3
shows representative utricles after treat-
ment with control medium, cisplatin plus
EGCG, and cisplatin or EGCG alone. Cis-
platin treatment resulted in loss of hair
cells and morphologic changes suggestive
of hair cell damage, including misshapen,
swollen or shrunken cells. These changes
were highly attenuated by the addition of
EGCG.

The effects of EGCG on hair cell survival
are shown in more detail in Figure 4. EGCG
treatment resulted in a significant
concentration-dependent increase in sur-
vival of extrastriolar and striolar hair cells
when exposed to 40 #g/ml cisplatin (Fig. 4A;
p # 0.001 and p # 0.01, respectively, one-
way ANOVA). At concentrations of 10 #M

and above, EGCG increased the survival of
extrastriolar hair cells vs cisplatin alone ( p #
0.05 and p#0.001, Tukey–Kramer). Striolar
hair cells were significantly protected from
cisplatin at EGCG concentrations of 50 and
100 #M ( p # 0.05). Treatment with EGCG
alone did not result in a loss of hair cells at any of the concentrations
used (data not shown).

Based on these results, we pretreated utricles with 50 #M

EGCG for one h followed by treatment with both EGCG and
escalating concentrations of cisplatin for 24 h. This concentration

of EGCG significantly attenuated hair cell death induced by a
wide range of cisplatin concentrations (Fig. 4B; p # 0.001 for
both extrastriolar and striolar hair cells by two-way ANOVA).
Post hoc Bonferroni comparison tests showed that extrastriolar
hair cells treated with EGCG were highly protected from all con-

Figure 3. EGCG reduces hair cell loss and morphologic damage after cisplatin treatment. Utricles were cultured in control
medium or a moderate concentration of cisplatin for 24 h with or without the STAT1 inhibitor EGCG. Confocal photomicrographs
were taken at the junction of extrastriolar hair cells (green, labeled for calmodulin) and striolar hair cells (red and green, labeled
for calbindin and calmodulin, respectively). Treatment with cisplatin alone resulted in hair cell loss and morphologic damage,
including cellular shrinkage or swelling. When treated with cisplatin plus EGCG, utricular hair cells demonstrated near-normal
density and morphology. Examples shown are representative utricles from at least three independent experiments. Scale bar
represents 10 #m.

Figure 4. EGGC protects utricular hair cells from cisplatin. A, Utricles were treated for 24 h with or without a moderate
concentration of cisplatin (40 #g/ml) and increasing concentrations of EGCG, which resulted in concentration-dependent in-
creases in hair cell survival up to the optimal concentration of 50 #M EGCG (mean & 1 SEM, p # 0.001 for extrastriolar, p # 0.01
for striolar, n ' 7–10 utricles per group). B, Utricles were treated for 24 h with increasing concentrations of cisplatin with or
without the optimal concentration of EGCG (50 #M, based on results in A). Density of both extrastriolar hair cells (solid lines) and
striolar hair cells (dashed lines) was increased by EGCG (mean $ 1 SEM, p # 0.001, n ' 7–10 utricles per group). *p # 0.05,
**p # 0.01, and ***p # 0.001 versus same dose of cisplatin without EGCG. Equivalent #M concentrations of cisplatin are shown
in Figure 1.
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centrations of cisplatin ( p # 0.001). EGCG also protected striolar
hair cells from cisplatin at concentrations of 40 #g/ml ( p # 0.01)
and 80 #g/ml ( p # 0.001).

Interferon-! results in a concentration-dependent loss of
utricular hair cells
Because cisplatin-induced STAT1 phosphorylation appears to
play a role in hair cell death, it is also possible that the classic
STAT1-activating cytokine, IFN-!, also induces hair cell death.
IFN-! has been reported to cause upregulation of the apoptosis-
inducing protein Fas ligand in cochlear tissue from postnatal
mice (Bodmer et al., 2003). However, to our knowledge the ques-
tion of whether exposure to IFN-! ultimately results in hair cell
death has not been investigated.

Utricles from wild-type Swiss Webster mice were cultured
with increasing concentrations of IFN-! for 24 h, which resulted
in loss of both extrastriolar and striolar hair cells in a
concentration-dependent manner (Fig. 5; p # 0.001 and p #
0.05, respectively, by one-way ANOVA). For extrastriolar hair
cells, a significant hair cell loss vs control was seen with concen-
trations at or %250 IU/ml ( p # 0.001, Tukey–Kramer compari-
son). For striolar hair cells, a significant decrease in hair cell den-
sity vs control was seen with a concentration of 500 IU/ml ( p #
0.05, Tukey–Kramer comparison). No additional loss of hair cells
was noted with concentrations %500 IU/ml (data not shown).

Utricular hair cells from STAT1" /" mice are highly resistant
to cisplatin toxicity and appear unaffected by EGCG
We have demonstrated that EGCG attenuates cisplatin-induced
hair cell death in the adult mouse utricle. We hypothesized that
this result is due to the inhibition of STAT1. However, EGCG is
also a powerful antioxidant (Tedeschi et al., 2002). This property
alone could provide substantial protection of hair cells from cis-
platin, as has been demonstrated in multiple previous studies
using different antioxidants (Rybak and Kelly, 2003).

To further examine the hypothesis that STAT1 is necessary for
cisplatin-induced hair cell death, we next cultured utricles from
STAT1!/! and wild-type mice of the same genetic background
with increasing concentrations of cisplatin for 24 h. Figure 6
shows photomicrographs from representative utricles of
STAT1&/& and STAT1!/! mice treated with control medium
or the same medium with 40 #g/ml cisplatin. In utricles from
STAT1&/& mice treated with cisplatin, the majority of hair cells
were misshapen, swollen, shrunken, or missing. Utricles from
STAT1!/! mice treated with the same concentration of cispla-
tin demonstrated remarkable morphologic similarity to control
utricles from mice of both genotypes. Quantitatively, utricular
hair cells from STAT1!/! mice were found to be highly resistant
to cisplatin (Fig. 7A; p # 0.001 for both extrastriolar and striolar
hair cells by two-way ANOVA). Extrastriolar hair cells from
STAT1!/! mice showed resistance to all concentrations of cis-
platin ( p # 0.05 for 20 #g/ml and p # 0.001 for 40 and 80 #g/ml,
Bonferroni comparison). Striolar hair cells from STAT1!/!
mice also demonstrated highly significant resistance to a high
concentration of cisplatin (80 #g/ml; p # 0.001). These results
strongly suggest that STAT1 is indeed required for cisplatin-
induced vestibular hair cell death under these in vitro conditions.

We next asked whether EGCG could provide additional hair
cell protection in utricles from STAT1!/! mice treated with a
high concentration of cisplatin. Utricles were pretreated with
EGCG at 50 #M for one h, followed by incubation for 24 h with
this concentration of EGCG and cisplatin (80 #g/ml). There was
no significant difference between hair cell densities in
STAT1!/! utricles treated with cisplatin plus EGCG vs cisplatin
alone (Fig. 7B; p % 0.9 for both extrastriolar and striolar hair cells
by two-tailed t test). The observation that this powerful antioxi-
dant failed to provide additional protection from cisplatin toxic-
ity in utricular hair cells from STAT1!/! mice further suggests
that the primary mechanism of protection by EGCG is its inhibi-
tion of STAT1 phosphorylation.

Next, utricles from STAT1!/! mice were treated with a high
concentration of IFN-! (500 IU/ml), and there was no significant
difference in hair cell density between control and IFN-!-treated
utricles (Fig. 7C; for both extrastriolar and striolar hair cell den-
sity, p % 0.4 by two-tailed t test). This result is consistent with
other studies demonstrating that cells from these mice are insen-
sitive to interferons (Kim and Lee, 2007). The cytotoxic effects of
IFN-! in general are primarily due to its activation of STAT1. The
observation that this cytokine can induce hair cell death in wild-
type but not STAT1!/! mice strongly suggests that STAT1 ac-
tivation is required for inducing hair cell death in vitro after
IFN-! exposure.

Support cells from utricles exposed to cisplatin demonstrate
STAT1 serine phosphorylation but are not lost within 24 h
Throughout our experiments, we noted significant pSTAT1Ser in
Hoechst-labeled areas near the basement membrane, presumably
in the nuclear layer of support cells. To confirm this, additional
utricles from wild-type Swiss Webster mice were treated with
control medium or a moderate concentration of cisplatin (40
#g/ml) for 4 h and labeled for pSTAT1Ser and with an antibody
against SOX2 (to label support cell nuclei). Confocal microscopy
demonstrated scant, punctate pSTAT1Ser in the nuclei of sup-
port cells treated in control medium, but a marked increase in
utricles treated with cisplatin (Fig. 8A).

Given the parallel increase in serine-phosphorylated STAT1
after cisplatin exposure in support cells, we next cultured addi-
tional utricles in control medium or cisplatin for 24 h to deter-

Figure 5. Effects of IFN-! on hair cell survival. Utricles from wild-type Swiss Webster mice
were treated with increasing concentrations of IFN-! (0 – 500 IU/ml) for 24 h, which resulted in
a concentration-dependent decrease in survival of both extrastriolar hair cells (solid line) and
striolar hair cells (dashed line) (mean $ 1 SEM, p # 0.001 and p # 0.05 for extrastriolar and
striolar, respectively; n ' 7–9 utricles per group). *p # 0.05, ***p # 0.001 compared with
control.
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mine whether the cisplatin-induced in-
crease in STAT1 phosphorylation is
sufficient to induce death of support cells
in addition to hair cells. Confocal micros-
copy showed normal morphology but
mild disorganization of the support cell
nuclear layer after treatment with cisplatin
(Fig. 8B). This was not surprising, given
that approximately half of the hair cells are
lost and the overall utricular architecture is
severely disrupted with a high concentra-
tion of cisplatin. However, the density of
support cells did not change significantly
after 24 h of continuous cisplatin exposure
(Fig. 8C; p % 0.2, one-way ANOVA).

Discussion
We show that treatment of vestibular hair
cells with cisplatin results in serine-
phosphorylation of STAT1, and that phar-
macological or genetic inhibition of STAT1
attenuates cisplatin-induced hair cell death.
STAT1 has increasingly been recognized as
an important mediator of cell death. A vari-
ety of cell signaling cascades involved in cell
death converge on this transcription factor
(Kim and Lee, 2007).

STAT1 as a mediator of cisplatin-
induced hair cell loss
Pathways implicated in cisplatin-induced
hair cell death
Cisplatin is known to be genotoxic, and
previous studies of cisplatin ototoxicity
have implied the involvement of reactive
oxygen species (ROS) and inflammatory
cytokines. STAT1 is likely to be directly
involved in the response to DNA damage,
which has been reported in studies of other
cell types and may involve p53 (Townsend
et al., 2004a; Youlyouz-Marfak et al.,
2008). STAT1 could also be involved in
cisplatin-induced oxidative stress. Work
by So et al. (2007) suggests that the release
of ROS by a cisplatin-treated auditory-like
cell line is downstream of inflammatory
cytokines, which frequently activate
STAT1. STAT1 may then participate in
this release of ROS by regulating inducible
nitric oxide synthase and other ROS-
producing enzymes (Moriwaki et al., 2006;
Kim and Lee, 2007; Lee et al., 2007; Stem-
pelj et al., 2007). STAT1 can also be acti-
vated in response to ischemia/reperfusion
injury and exogenous ROS such as H2O2

(Simon et al., 1998; Takagi et al., 2002; Te-
rui et al., 2004; Townsend et al., 2004b),
which can lead to a positive feedback loop
of oxidative stress and cell damage. Finally,
STAT1 induces constitutive expression of caspases and interacts
directly with p53, both of which have been implicated in
cisplatin-induced death of hair cells or auditory-like cells
(Devarajan et al., 2002; Wang et al., 2004).

Other STAT1-related pathways that may be involved in
cisplatin ototoxicity
We have not yet investigated which kinase(s) and downstream
pathways are involved in the effects of pSTAT1Ser on cisplatin-
treated utricular hair cells. It is possible that robust release of

Figure 7. Utricles from STAT1!/!mice are protected from cisplatin- and IFN-!-induced hair cell death and are unaffected by EGCG.
A, Utricles from STAT1&/& and STAT1!/! mice were treated with increasing concentrations of cisplatin for 24 h. Death of both
extrastriolar hair cells (solid lines) and striolar hair cells (dashed lines) was significantly decreased in utricles from STAT1!/! mice
compared with utricles from STAT1&/& mice treated with the same concentrations of cisplatin (mean $ 1 SEM, p # 0.001, n ' 5– 6
utricles per group). *p # 0.05, ***p # 0.001 vs same dose of cisplatin in utricles from STAT1&/& mice. Equivalent #M concentrations
of cisplatin are shown in Figure 1. B, Utricles from STAT1!/! mice were treated with a high concentration of cisplatin alone or cisplatin
plus EGCG for 24 h. The addition of EGCG failed to increase hair cell survival (mean & 1 SEM, p % 0.9, n ' 5– 6 utricles per group). C,
Utricles from STAT1!/!mice were cultured in control medium or a high concentration of IFN-! (500 IU/ml) for 24 h. IFN-!did not affect
hair cell survival versus utricles treated with control medium (mean & 1 SEM, p % 0.4, n ' 5– 6 utricles per group).

Figure 6. Utricles from STAT1!/!miceareresistanttohaircell lossandmorphologicdamageaftercisplatintreatment.Utricles from
STAT1&/& and STAT1!/! mice were cultured in control medium or with a moderate concentration of cisplatin for 24 h. Confocal
photomicrographs were taken at the junction of extrastriolar hair cells (green, labeled for calmodulin) and striolar hair cells (red and green,
labeled for calbindin and calmodulin, respectively). Treatment of utricles from STAT1&/& mice with cisplatin resulted in decreased hair
cell density and substantial morphologic damage, including hair cell swelling or shrinkage. Utricles from STAT1!/! mice treated with
cisplatin demonstrated near-normal density and morphology. Examples shown are representative utricles from three independent exper-
iments. Scale bar represents 10 #m.
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TNF-" (as noted in cisplatin-treated auditory-like cell lines by
Previati et al., 2007, and So et al., 2007) is primarily responsible
for STAT1 serine phosphorylation via its actions on p38 MAP
kinase (Kim and Lee, 2007). STAT1 can also be serine-
phosphorylated by protein kinase C$, which was observed in a
study of HeLa cells treated with the genotoxic chemotherapy
drug etoposide (DeVries et al., 2004). Finally, STAT1 can also be
phosphorylated by the MAP kinase protein ERK (Haq et al.,

2002), which was shown to be activated in
an auditory cell line after cisplatin expo-
sure (So et al., 2007).

Resistance of STAT1" /" hair cells
to cisplatin
Cells from STAT1 gene-targeted mice have
been found to be resistant to oxidative
stress and a variety of other insults (Meraz
et al., 1996; Kim and Lee, 2007). In the
present study we demonstrate that utricu-
lar hair cells from these mice are highly
resistant to cisplatin toxicity. STAT1!/!
mice are homozygous viable and exquis-
itely sensitive to microbial infections due
to a lack of sensitivity to interferons, which
require STAT1 for their function (Meraz
et al., 1996). These mice are also reported
to have mildly increased bone density
(Xiao et al., 2004), although this was not
apparent in the otic capsule during micro-
dissection of utricles. We also found these
mice to have auditory brainstem response
thresholds similar to wild-type mice of the
same genetic background (data not
shown). These mice do have low levels of
STAT1, with a truncation of the N termi-
nus that renders the protein dysfunctional
(Meraz et al., 1996). The truncation does
not affect the C-terminal domain that con-
tains the phosphorylation sites (Kim and
Lee, 2007), and a serine-phosphorylated,
truncated form of STAT1 has been re-
ported in stimulated cells from these mice
(Stephanou et al., 2002). This observation
suggests that either the N terminus or the
total protein level of STAT1 may be im-
portant for in vitro cisplatin-induced hair
cell death.

Prevention of cisplatin-induced hair cell
death using green tea polyphenols
To our knowledge the effects of EGCG on
hair cell injury have not been previously
studied, but EGCG has been demonstrated
to protect spiral ganglion neurons from
exogenous H2O2 (Xie et al., 2004). A re-
cent study also suggested protection from
cisplatin toxicity in an auditory-like cell
line and zebrafish lateral line hair cells by
another green tea polyphenol, epigallocat-
echin (EC), presumably via its antioxidant
effects (Kim et al., 2008). Of the several
green tea polyphenols, only EGCG has
been demonstrated to inhibit STAT1 ac-

tivity and the expression of STAT1-inducible genes (Tedeschi et
al., 2002). EGCG has also been specifically recognized as the poly-
phenol primarily responsible for the chemotherapeutic effects of
green tea extract (Chen et al., 2008). Although it is possible that
the protection of hair cells by EGCG in the present study is due in
part to its antioxidant effects, the failure of EGCG to provide
additional protection of cisplatin-treated hair cells from

Figure 8. Effect of cisplatin on support cells. A, Utricles were treated with control medium or a moderate concentration of
cisplatin for 4 h and labeled with pSTAT1Ser (red) and SOX2 (green) to visualize support cell nuclei. Support cells from control
utricles demonstrated scant, punctate pSTAT1Ser (left), whereas pSTAT1Ser was abundant in nuclei of support cells from cisplatin-
treated utricles (right). B, Utricles were treated with control medium or a high concentration of cisplatin for 24 h and labeled with
SOX2 to visualize support cells. Cisplatin treatment resulted in mild disorganization but similar overall density of support cells
(right). Scale bar corresponds to all panels and represents 10 #m. C, Utricles were treated with control medium or cisplatin for 24 h
and support cell density was quantified. Cisplatin treatment did not result in a loss of support cells within 24 h (mean & 1 SEM,
p % 0.2, n ' 7– 8 utricles per group). Equivalent #M concentrations of cisplatin are shown in Figure 1.
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STAT1!/! mice strongly suggests that EGCG prevents
cisplatin-induced hair cell death primarily by inhibiting STAT1.

Potential advantages of STAT1 inhibition over other
proposed protective strategies
Prior animal studies have shown substantial protection from cis-
platin using antioxidants (Rybak and Kelly, 2003). However,
some antioxidants may hinder the chemotherapeutic effect of
cisplatin (Reser et al., 1999). Clinical studies using antioxidants
have been disappointing, and use of caspase or p53 inhibitors
could have considerable side effects including enhanced tumor
proliferation (Rybak et al., 2007). STAT1 inhibition may be more
clinically acceptable, because some tumors demonstrate aberrant
or constitutive activation of STAT1 (Klampfer, 2006). EGCG in
particular has long been recognized as a chemopreventive and
chemotherapeutic agent (Chen et al., 2008). Multiple studies
have demonstrated that EGCG can protect normal cells from
toxicity while enhancing the effect of chemotherapy drugs on
malignant cells (Hsu et al., 2002; Yamamoto et al., 2004; Chen et
al., 2008).

Limitations of STAT1 inhibition
Although inhibition of STAT1 appears to be a promising strategy
for prevention of cisplatin ototoxicity, our results cannot be ex-
trapolated to in vivo or clinical situations without further study.
One group of investigators studying the role of STAT1 in cardiac
ischemia/reperfusion injury noted that EGCG provided protec-
tion but STAT1!/! mice were more susceptible (Stephanou et
al., 2002; Townsend et al., 2004b). This example and others in the
literature demonstrate that manipulations of STAT1 can have
dramatically different results depending on the cell type, species,
and method of STAT1 manipulation.

Effects of cisplatin on support cells
We noted that cisplatin also induced serine phosphorylation of
STAT1 in support cells of the utricular epithelium. However,
unlike hair cells, the support cells were not lost within 24 h of
continuous cisplatin exposure. The repeated observation that
support cells exhibit several of the same responses as hair cells on
exposure to toxic agents but do not die as readily is a prominent
quandary in the research fields of hair cell death and regenera-
tion. It may be that in support cells, phosphorylated STAT1 dis-
proportionately activates downstream mediators that are protec-
tive, such as NF-%B or heat shock proteins. Heat shock can
protect hair cells from cisplatin toxicity (Cunningham and Bran-
don, 2006), and STAT1 has been reported to play an anti-
apoptotic role after exposure to oxidative stress via induction of
HSP70 in hepatic cells (Terui et al., 2004). This is yet another
example of the specificity of STAT1 signaling and function de-
pendent on the cellular context.

Implications of the ototoxic effects of IFN-!
Our results indicate that like other inflammatory cytokines,
IFN-! can also induce hair cell death. The observation that cis-
platin and IFN-! induce substantial hair cell death in wild-type
but not in STAT1!/! mice strongly suggests that STAT1 is nec-
essary for hair cell death induced by both agents. It is possible that
IFN-! is responsible for the cisplatin-induced STAT1 phosphor-
ylation that we observed in hair cells, although one study of cis-
platin nephrotoxicity showed that IFN-! levels were not in-
creased (Ramesh and Reeves, 2002). Given the observation that
cisplatin can enhance IFN-! induced apoptosis of cancer cells

(Barton et al., 2005), it is more likely that these two agents con-
verge on STAT1 or other common mediators.
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The frequency organization of neurons in the forebrain Field L complex (FLC) of adult starlings was investigated to determine the effects
of hair cell (HC) destruction in the basal portion of the basilar papilla (BP) and of subsequent HC regeneration. Conventional microelec-
trode mapping techniques were used in normal starlings and in lesioned starlings either 2 d or 6 –10 weeks after aminoglycoside
treatment. Histological examination of the BP and recordings of auditory brainstem evoked responses confirmed massive loss of HCs in
the basal portion of the BP and hearing losses at frequencies !2 kHz in starlings tested 2 d after aminoglycoside treatment. In these birds,
all neurons in the region of the FLC in which characteristic frequencies (CFs) normally increase from 2 to 6 kHz had CF in the range of 2– 4
kHz. The significantly elevated thresholds of responses in this region of altered tonotopic organization indicated that they were the
residue of prelesion responses and did not reflect CNS plasticity. In the long-term recovery birds, there was histological evidence of
substantial HC regeneration. The tonotopic organization of the high-frequency region of the FLC did not differ from that in normal
starlings, but the mean threshold at CF in this frequency range was intermediate between the values in the normal and lesioned short-
recovery groups. The recovery of normal tonotopicity indicates considerable stability of the topography of neuronal connections in the
avian auditory system, but the residual loss of sensitivity suggests deficiencies in high-frequency HC function.

Introduction
Birds, unlike mammals, have the ability to regenerate hair cells
(HCs) after damage to the peripheral auditory organ, the basilar
papilla (BP) (for review, see Cotanche, 1999 and Bermingham-
McDonogh and Rubel, 2003). Aminoglycoside antibiotics cause
damage to both short and tall HCs over a region of the papilla
extending from the base for a distance that depends on the dose
administered and the duration of administration. Recovery of
neural and behavioral thresholds after aminoglycoside treatment
is correlated with HC regeneration. Although there are differ-
ences in the detailed results of different studies, there is general
agreement that although auditory nerve, brainstem, and behav-
ioral thresholds show substantial recovery, they can remain ele-
vated by up to 25 dB at high frequencies 20 weeks or more after
the time of the ototoxic treatment (for review, see Smolders,
1999, and Bermingham-McDonogh and Rubel, 2003).

Whether the residual high-frequency hearing loss in these an-
imals is entirely attributable to the peripheral changes or reflects
changes in the CNS that are a consequence of the period of greatly
reduced sensory input is unclear. The changes that could poten-
tially occur in central auditory neurons as a consequence of pe-
ripheral damage range from direct consequences of the reduced
input to dynamic processes of central reorganization triggered by
the altered input. The latter possibility is suggested by studies
showing dynamic reorganization of topographic representations
of receptor surfaces in sensory cortices of adult mammals when
input from part of the receptor surface is eliminated by a re-
stricted lesion of that surface (for review, see Kaas and Florence,
2001). In the case of the auditory system, a restricted cochlear
lesion in adult mammals that eliminates input to the CNS over a
limited frequency range results in a change in the frequency or-
ganization of primary auditory cortex, such that the region de-
prived of its normal input by the lesion is occupied by expanded
representations of perilesion frequencies (for review, see Irvine
and Wright, 2005). These changes are not explicable as passive
consequences of the lesion; they are assumed to reflect changes in
neural connectivity and are thus considered to be manifestations
of CNS plasticity.

The effects of HC loss and regeneration in birds have not been
examined using physiological measures at levels above the brain-
stem, and it is not known whether reorganization of the type seen
in mammalian sensory cortices occurs in the homologous areas
of the avian forebrain. If it does, then the properties of forebrain
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auditory responses after HC regeneration would depend in part
on the extent to which plastic changes driven by the peripheral
lesion are reversed when normal input is restored. The aim of this
study was, therefore, to investigate the changes in the frequency
organization of the auditory forebrain in birds produced by a
restricted aminoglycoside-induced lesion of the BP and the ex-
tent to which these changes are reversed after HC regeneration. A
preliminary report of some of these data has appeared previously
(Irvine et al., 2000).

Materials and Methods
Experiments were performed on mature European starlings (Sturnus
vulgaris; weight range at beginning of experiment, 69 – 85 g), wild caught
in either Seattle, WA, or Melbourne, Australia. All procedures were ap-
proved by the University of Washington Institutional Animal Care and
Use Committee and by the Monash University Department of Psychol-
ogy Animal Ethics Committee. The frequency organization of the Field L
complex (FLC; the avian homolog of the mammalian auditory cortex)
was examined by conventional microelectrode mapping techniques in
three groups of birds: normal starlings (identified by prefix SN); starlings
in which restricted BP lesions were produced by a 2 or 3 week regimen of
daily injections of the ototoxic agent kanamycin sulfate, and the FLC was
examined 2 d after the last injection (identified by the prefix SLSR; i.e.,
lesion, short recovery), and starlings that were allowed a long recovery
period of 6 –10 weeks after the injection regimen (identified by the prefix
SLLR; i.e., lesion, long recovery).

Ototoxic injections and recovery procedures. The kanamycin injection
regimen was based on that developed by Marean et al. (1993) and found
to result in highly reproducible damage to the basal third of the BP. The
major departure from their procedures was that injections were given
intraperitoneally rather than subcutaneously. Each bird was given intra-
peritoneal injections of kanamycin dissolved in normal saline at a dose
rate of 100 mg/kg/d for 2 d and 200 mg/kg/d for a further 11 or 19 d (13
and 21 d injection regimes, respectively). Each animal was weighed every
2 d during the injection regimen to ensure that the systemic effects of the
injections did not result in excessive weight loss. Because of the possibil-
ity that these systemic effects might compromise the birds’ ability to
survive the long period of anesthesia required for electrophysiological
recording, short-recovery animals (SLSR group) were tested neurophysi-
ologically 2 d after the last injection. Long-recovery animals (SLLR
group) were allowed periods of 6 –10 weeks after the last injection for HC
regeneration before testing.

Surgical, stimulus generation, and electrophysiological recording proce-
dures. The anesthetic regimen was based on that described by Capsius
and Leppelsack (1996). Surgical anesthesia was induced by a series (usu-
ally 5– 6) of intramuscular injections of 100 !l of a 20% solution of
urethane at 15 min intervals and was maintained during surgery and
electrophysiological recording by additional intramuscular injections at
the same dose rate, usually at approximately hourly intervals. Through-
out the recording sessions, each starling was given subcutaneous injec-
tions of saline– glucose (5% solution) to maintain fluid balance. The
bird’s core temperature was measured by means of a cloacal thermistor
and maintained at "40°C by means of a thermostatically controlled
heating blanket.

After induction of anesthesia, the skull and neck were cleared of feath-
ers, and a tracheal cannula was inserted. The bird’s beak was then fixed
with superglue into a hypodermic needle cover (“beak extension”), and
the head was then supported by holding the beak extension in a clamp
while the skull was cleared of overlying tissue. A stainless-steel rod, one
end of which was flattened to form an attachment plate, was than fixed to
the rostral portion of the skull with a small screw and dental acrylic. This
rod was held in a clamp to provide a stronger support for the bird’s head,
and the caudal portion of the skull was removed to expose the caudal pole
of the neostriatum and the rostral portion of the cerebellum on the left
side. The tympanic membrane on the left side was inspected using a
surgical microscope, and in some cases, the flap of skin partially overlying
the external meatus was resected to allow insertion of the sound delivery
speculum.

All electrophysiological recordings were made with the animal en-
closed in a double-walled, sound-attenuated booth. Shaped tone pulses
(see details of parameters below) were generated digitally and were pre-
sented monaurally to the left ear via a transducer in a special coupler
[Seattle laboratory, Etymotic Research ER3A; Melbourne laboratory,
Stax SRS-MK3 (Sokolich, 1981)], which terminated in a speculum that
fitted snugly into the bird’s external meatus. Calibration procedures in
the two laboratories were similar, except that in the Seattle laboratory,
stimuli were calibrated on-line for each animal using a low-noise micro-
phone (Etymotic Research ER-10B), whereas the Melbourne laboratory
used an acoustic coupler calibrated off-line (Heil et al., 1992). All sound
pressure levels (SPLs) are expressed in dB re 20 !P.

Normal hearing in controls and the extent of threshold shift in le-
sioned birds were established by recording tone-evoked auditory brain-
stem evoked responses (ABERs) and determining threshold as a function
of frequency to generate an ABER audiogram. A bipolar electrode was
lowered into the brainstem on the left side, "1.5 mm from the midline
and at the level of the rostral edge of the cerebellum. The depth profile of
averaged ABERs to a standard intensity click stimulus was determined,
and the electrode was positioned at the site at which the largest click-
evoked responses was obtained to record tone-evoked responses. ABER
thresholds were determined (using a 6 # 1 !v peak-to-peak amplitude
criterion) at frequencies from 0.5 to 6 or 7 kHz on the basis of averaged
responses (200 sweeps) to short tone bursts (10 ms duration; 1 ms rise $
fall time).

Multiunit (“cluster”) recordings were made from the FLC using glass-
insulated microelectrodes (impedance, 0.8 –1.3 M% at 1 kHz). A series of
penetrations into the right forebrain were made at locations based on the
descriptions of the frequency organization of the FLC provided by Rüb-
samen and Dörrscheidt (1986) and Capsius and Leppelsack (1996). The
first penetration was usually made at a location 0.6 mm from the midline
and "3 mm rostral of the caudal pole of the hemisphere. The locations of
subsequent penetrations were based on the responses encountered in
that penetration but generally formed a grid comprising a line of entry
points in that lateral plane separated by 400 !m in the rostrocaudal plane
and a second line 300 – 400 !m more lateral. All penetrations were angled
"10° from dorsocaudal to rostroventral in an attempt to pass through
the FLC approximately orthogonal to the orientation of iso-frequency
contours (Rübsamen and Dörrscheidt, 1986).

In each penetration, the electrode was advanced rapidly until the first
acoustically evoked multiunit activity was encountered, and recordings
were then made at that site and at a series of more ventral sites separated
by 100 or 200 !m. Neural activity was amplified (&1000), filtered (300
Hz–3 kHz bandwidth), and monitored on an oscilloscope and audiom-
onitor. At each recording site, the approximate characteristic frequency
(CF; frequency at which threshold is lowest) and threshold at CF were
first determined audiovisually. Quantitative data on the frequency re-
sponse area were then obtained using a Schmitt trigger with level set well
above the noise to isolate only larger action potentials of the cluster.
Rectangular pulses generated by the Schmitt trigger were sent to a unit-
event timer, and event (stimulus and spike) times were then fed to the
computer.

As described previously (Kamke et al., 2003), the response area pro-
gram presented tone bursts (100 ms duration; 4 ms rise $ fall time)
whose frequency and intensity were varied in accordance with a frequen-
cy–intensity matrix defined on the basis of the audiovisual determination
of CF and of the suprathreshold frequency response range. In each of the
repetitions (normally 5) of the frequency–intensity combinations in the
matrix, the stimuli were presented (at a rate of 2 Hz) in a different
pseudorandom order. At each frequency–intensity combination, the
number of spikes occurring in specified count windows was summed
over the five stimulus presentations. The response area for each count
window was displayed as a matrix in which the size of a vertical bar at
each frequency–intensity point was scaled to the number of spikes, and
the spike count data were stored for off-line analysis. Trials on which no
stimulus was presented were interspersed regularly throughout the data
collection period (usually every 20th stimulus presentation) to obtain a
reliable estimate of the level of spontaneous activity. The number of
spontaneous spikes occurring in blocks containing a number of trials
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equal to the number of repetitions of the matrix (i.e., usually 5) were
summed, and the mean and SD were calculated over the total number of
blocks. Responses that were '1.64 SDs above the mean spontaneous
activity were eliminated in a “clipped” version of the response area ma-
trix. A frequency tuning curve was derived from the clipped version of
the matrix, and quantitative data on the CF and threshold at CF were
derived from this tuning curve. A peristimulus time histogram was also
obtained for each cluster at a level "25 dB above threshold at its CF.

All statistical analyses of the group data were performed using SPSS
(SPSS 16.0 for Mac). The data were examined for outliers and points of
high influence using studentized deleted residuals, centered leverage val-
ues, and Cook’s distance.

Histology. At the end of the recording session, the bird was killed with
an anesthetic overdose, the left cochlea was perfused via the round win-
dow with 2.5% glutaraldehyde and 2.5% paraformaldehyde in 0.1 M PBS,
and the brain was removed and placed in paraformaldehyde. Histological
procedures for scanning electron microscopic examination of the BP in
lesioned birds were based on those described by Marean et al. (1993). The
temporal bone was removed, and the BP exposed using standard micro-
dissection techniques. The specimens were then placed in 1% osmium

tetroxide for 1 h, followed by several washes in
PBS. Specimens were then dehydrated in a
graded ethanol series before final dissection.
The tectorial membrane was removed under
70% ethanol. After critical point drying, speci-
mens were mounted on aluminum stubs and
coated with gold palladium before examination
with either a JEOL JSM 6300F or JEOL JSM
840A scanning electron microscope to docu-
ment the extent and location of HC damage,
loss, and regeneration in each animal. Blocks
containing the right forebrain were sectioned
(50 !m) on a freezing microtome, and
mounted sections were stained for Nissl. Sec-
tions were viewed on a profile projector, and
recording sites were identified on the basis of
recorded depth measurements and marking le-
sions made at the end of the recording session.

Results
ABERs and frequency organization of
the FLC in normal starlings
In Figure 1F, the mean ABER audio-
gram # 1 SD (shaded region) for a large
sample of normal starlings is shown to-
gether with the audiogram for an individ-
ual normal starling (SN97-4), for which
representative data are presented in Figure
1A–E. The mean ABER function indicates
a hearing range extending to 6 –7 kHz,
with lowest thresholds in the region of 3
kHz.

Although the frequency organization
of the FLC in normal starlings has been
described by others, it was important to
obtain control data in these experiments
using the procedures to be used with the
lesioned animals. Capsius and Leppelsack
(1996) distinguished a number of subdivi-
sions of the FLC, defined on the basis of
response patterns and latency. The central
area, designated NA-L, was characterized
by short-latency, strong, sustained re-
sponses to tone burst stimuli, whereas re-
sponses in the surrounding areas tended to
be either onset or long-latency and very
diffuse. In agreement with these observa-

tions, some penetrations yielded responses comprising a strong,
short-latency ("10 ms) onset burst followed by a lower level of
discharge sustained for the duration of the tone burst. The peri-
stimulus time histograms of these multiunit clusters were similar
to those of mammalian auditory nerve fibers, i.e., were primary-
like (Pfeiffer, 1966) in form, as described previously in unanaes-
thetized starlings (Nieder and Klump, 1999). In other penetra-
tions, the majority of clusters exhibited either onset responses or
diffuse long-latency responses, which commonly extended well
beyond the stimulus duration.

Mapping data from a series of penetrations in normal starling
SN97-4 are shown in Figure 1A–E. In Figure 1A, each line shows
the variation in CF as a function of depth in a single penetration,
and all functions have been normalized to the depth at which
multiunit activity with CF closest to 2.5 kHz was encountered. In
all four penetrations, there is a similar increase in CF with depth,
to a maximum in the range 4 – 6 kHz, and in three penetrations

Figure 1. Frequency mapping data for an individual normal starling (SN97-4). A, B, CF and BF, respectively, as a function of
recording depth in multiple penetrations through the FLC. Data for four penetrations are indicated by different lines. Relative
depth is normalized to that at which the CF closest to 2.5 kHz was encountered. C, D, CF and BF data, respectively, from all points
in the four penetrations, up to that at which the frequency reversal occurred in each penetration. Solid lines are linear regression
functions fitted to points with CF " 2 kHz and CF !2 kHz (see Results). E, Threshold at CF as a function of CF for multiunit clusters
in starling SN97-4; solid line is fitted polynomial function. F, ABER audiogram for starling SN97-4 (filled circles); the solid black line
shows the mean normal starling ABER audiogram based on a large sample (N ( 10) of normal starlings, and the shaded region
shows #1 SD range around the mean.
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there is a frequency reversal at greater depths. The low-to-high
frequency dorsal to ventral tonotopic organization revealed here
is in accord with the earlier reports of Rübsamen and Dörrscheidt
(1986) and Capsius and Leppelsack (1996). The curves all show a
very similar frequency gradient, although the penetrations dif-

fered in the range over which they remained in the core zone of
short-latency sustained responses, suggesting that a single tono-
topic gradient extends through the major divisions of the FLC.
The frequency reversal ventral to the core zone was also reported
by Capsius and Leppelsack (1996) and marks the transition be-
tween the regions they identified as NA-L and NA2a. The CF
threshold data for this starling are shown in Figure 1E, and a
polynomial function is fitted to the data.

Because of the possibility that the effects of cochlear lesions
and regeneration on frequency organization might differ for re-
sponses at low and high SPLs, frequency organization was also
examined in terms of the BF (the frequency evoking the strongest
response) of multiunit clusters. These data for SN97-4 are plotted
in Figure 1B and show a tonotopy very similar to that for CF,
except for the fact that BF in three of the four penetrations ex-
tends to higher frequencies than CF.

In Figure 1, C and D, respectively, the CF and BF data are
shown for all recording sites in the four penetrations in SN97-4

Figure 2. Group frequency mapping data for normal starlings. A, B, Pooled CF and BF data,
respectively, for five normal starlings and linear regression functions [r 2 values: CF " 2 kHz,
0.26; CF !2 kHz, 0.69; BF (for CF " 2 kHz), 0.38; BF (for CF !2 kHz), 0.68]. C, Thresholds for all
multiunit clusters in normal animals as a function of CF; solid line is fitted polynomial function.

Figure 3. Hearing losses in lesioned starlings. A, B, ABER audiograms for individual starlings
in the lesion–short recovery (SLSR) and lesion–long recovery (SLLR) groups, respectively, plot-
ted relative to mean normal threshold # 1 SD (shaded region). NR, No response; dashed
portions of lines, therefore, denote frequency regions at which thresholds were higher than the
maximum SPLs produced by our equipment (in all cases !110 dB). Duration of injection regi-
men is indicated for each starling. Recordings were made immediately before recordings from
the FLC.
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up to the points at which the frequency reversals occurred. For
reasons elaborated below in presentation of the data from the
lesioned starlings, separate linear regression functions have
been fitted to the data for frequencies " 2 kHz and !2 kHz
(solid black lines).

The pooled data for all normal starlings and the linear regres-
sion functions in the two frequency ranges are shown in Figure 2,
A and B; the fits are better in the high-frequency range, as would
be expected from the greater frequency range involved and the
larger number of data points. Finally, the thresholds at CF of all
multiunit clusters recorded in the FLC in the normal starlings are
shown in Figure 2C, and a polynomial function is fitted to the
data. In contrast to the ABER function, multiunit thresholds are
similar from "1.5 to 4 kHz. The discrepancy in the slopes of the
ABER mean curve and the threshold function reflects the fact that
the ABER reflects synchronous activation of a number of neu-
rons. The multiunit data in Figure 2C indicate that in the FLC
(and presumably, therefore, at the lower levels of the pathway at
which the ABER is generated) there are relatively few units with
CF !5 kHz. Generation of a detectable ABER at frequencies !5
kHz, therefore, likely depends on the recruitment at higher SPLs
of units with lower CF.

Effects of lesions in starlings with short recovery periods
(SLSR group)
ABER audiograms for four starlings in the lesion–short recovery
group, which were examined physiologically 2 d after the com-
pletion of a 13 or 21 d ototoxic injection regimen, are plotted
relative to the mean normal ABER audiogram in Figure 3A. The

thresholds for all animals are normal or
near-normal at frequencies up to 1.5–2
kHz but increase steeply at frequencies !2
kHz. Broken lines indicate that no ABER
could be recorded at frequencies !4 kHz
in two cases (one with 13 d and the other
with 21 d injection regimes) or !5 and 6
kHz in the other two cases (one with each
injection regimen). As the ABER data in-
dicated no systematic relationship be-
tween the nature of the loss and the dura-
tion of the injection regimen, the data for
these four starlings will be combined in
subsequent group analyses.

Scanning electron microscopic exami-
nation of the BP in the four starlings in the
short-recovery group showed patterns of
damage very similar to those described by
Marean et al. (1993) after 11 d subcutane-
ous injection regimes at the same dose
rates. As described by them, the injection
regimen resulted in damage to approxi-
mately the basal third of the papilla, with
the damaged region comprising a zone
that was devoid of mature HCs and a tran-
sition zone in which a few abnormal HCs
remained. A low-power scanning electron
micrograph of the basal half of the BP in
starling SLSR97-1, for which physiological
data are presented in Figure 6, is shown in
Figure 4B. Compared with the normal pa-
pilla in Figure 4A, it reveals an area of
damage extending for "820 !m from the
basal end of the papilla (38% of the total

papilla length of 2160 !m in this starling). Higher power SEM
photomicrographs from this animal are shown in Figure 5D–F.
As described by Marean et al. (1993) for the starling and by Duck-
ert and Rubel (1990, 1993) for the chicken, some newly regener-
ated HCs with tiny stereocilia bundles are observed in the most
basal regions and the transition region (Fig. 5E, arrows) by the
termination of a multiday course of aminoglycoside, such as used
in these experiments. This was observed in all papillae from the
SLSR group.

The frequency mapping data for starling SLSR97-1 are pre-
sented in Figure 6. The CF plots (Fig. 6A) show a progressive
increase with relative depth up to a frequency of 2.5–3.0 kHz, but
CF then varies in a restricted range of 2.5–3.5 kHz over a distance
of !1 mm (relative depths of 0 to 1200 !m), in the region in
which CF in normal starlings increases to 5– 6 kHz. The BF data
(Fig. 6B) show a similar pattern of variation with relative depth:
BF increases progressively to "3.5 kHz but then remains rela-
tively stable at "3– 4 kHz over the range of relative depths for
which BF in normal animals increases to "6 kHz. The CF
threshold data for this starling are shown in Figure 6 E, to-
gether with the polynomial function fitted to the normal star-
ling threshold data (from Fig. 2C). In agreement with the
ABER data, thresholds are close to the normal function at
frequencies up to "2 kHz but increase steeply from "30 to 90
dB SPL at progressively higher CFs.

Because ABER and cluster thresholds in this and the other
lesioned starlings indicate a hearing loss starting in the region of 2
kHz, separate linear regression functions were fitted to the CF
and BF data (up to the point of frequency reversal) for the points

Figure 4. Low-power scanning electron micrographs showing BP in representative normal, lesion–short recovery, and lesion–
long recovery starlings. Each panel shows a low-power scanning electron microscope image of the basal half of the BP. Scale bar:
(in C), 100 !m. A, Normal BP (from the work of Marean et al., 1993). B, BP from lesion–short recovery starling SLSR97-1, for which
data are presented in Figures 3A and 6. C, BP from lesion–long recovery starling SLLR97-5, for which data are presented in Figures
3B and 8; note that the density of hair cells in the basal papilla appears normal, but the mosaic is abnormal.
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with CF above and '2 kHz, as shown for starling SLSR97-1 in
Figure 6, C and D. The pooled data for the four SLSR starlings and
the fitted functions are plotted in Figure 7, A and B, together with
the normal functions over the two frequency ranges. For the
frequency range !2 kHz, the SLSR functions are much shallower
than those of the SN functions, and the SLSR slope coefficients
for both measures (Table 1) are significantly smaller than the

mean SN coefficients ( p ' 0.01 in each case; these and all subse-
quent significance values are based on two-tailed t tests with Bon-
ferroni correction for multiple comparisons). In contrast, for
both the CF and BF data, the SLSR and SN functions for frequen-
cies " 2 kHz have near-identical slopes, and the slope coefficients
for these two groups (Table 1) are very similar and not signifi-
cantly different for either measure ( p ! 0.05). In this context, it

Figure 5. Higher-magnification scanning electron micrographs of normal (A–C), lesion–short recovery (D–F ), and lesion–long recovery (G–I ) starling basilar papillae shown in Figure 4. The
low-frequency (apical) region in the short- and long-recovery starlings is unaffected by the kanamycin paradigm (A, D, G). E, F, Immature, regenerating hair cells (arrows) can be seen adjacent to
remaining, damaged hair cells (arrowheads) in the region 750 !m from the basal tip (E) and in the basal end (F ) of the BP from the short-recovery starling. This morphology is in stark contrast to
that seen in the normal starling in the same regions (B, C). H, I, At longer survival times, regenerated hair cells attain a more normal appearance, although stereocilia bundles are not uniformly
oriented and may display abnormal bundle morphology. The schematic representation of the entire starling basilar papilla at the bottom shows the regions from which the higher-magnification
photomicrographs were taken. Scale bar: (in I for A–I ), 10 !m.
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should be noted that the SLSR BF regression coefficient for the
" 2 kHz range was strongly influenced by one outlier point
(Cook’s distance ( 0.633; centered leverage ( 0.206), which was
removed from the analysis. Thus, the frequency organization of
the FLC in the lesioned starlings is characterized by a larger than
normal area in which neurons have CF in a limited frequency
range (2– 4 kHz) above the lesion-edge frequency.

This change in frequency organization is qualitatively similar
to the enlarged representation of perilesion frequencies that is
seen in auditory cortex and in subcortical structures after re-
stricted cochlear lesions in mammals (for review, see Irvine and
Wright, 2005). As discussed in detail previously (Rajan et al.,
1993; Rajan and Irvine, 1998a), such changes in frequency orga-
nization can reflect neural plasticity but can also occur as a pas-
sive consequence of cochlear lesions. Most neurons at all levels of
the mammalian auditory system respond over a relatively wide
frequency range at suprathreshold SPLs. At levels above the au-
ditory nerve, these responses at higher SPLs reflect convergent
input derived from regions of the cochlea other than that from

which the neurons’ CF input is derived
(Snyder and Sinex, 2002). For neurons
with CF at and above the lesion-edge fre-
quencies, elimination of input over the
frequency range affected by the cochlear
lesion would, therefore, be expected to
leave intact input derived from lower-
frequency channels. If the changed fre-
quency organization in a given central au-
ditory structure reflected a passive process
of this sort, it would be associated with a
progressive increase in threshold at CF
across the region deprived of its normal
input by the peripheral lesion (for de-
tailed discussion, see Rajan et al. 1993).
In the auditory cortex and thalamus of
mammals with restricted cochlear le-
sions, the thresholds of neurons in the
area of reorganization at their new CFs
are normal or near-normal (Rajan et al.,
1993; Kamke et al., 2003), indicating that
the changes are not simply passive con-
sequences of the cochlear lesion but re-
flect a dynamic process of reorganiza-
tion (i.e., plasticity). In some subcortical
structures [viz., the dorsal cochlear nu-
cleus (Rajan and Irvine, 1998b) and
most regions of the central nucleus of the
inferior colliculus (Irvine et al., 2003)],
however, the change in frequency orga-
nization is associated with an increase in
thresholds across the area of changed
frequency organization, indicating that
the change is explicable as a passive con-
sequence of the lesion.

These arguments are also applicable to
the avian auditory system, in which the re-
sponses of central neurons across broad
frequency ranges at higher SPLs similarly
reflect convergent input across multiple
frequency channels. In starling SLSR97-1
(Fig. 6E), thresholds increased massively
across the area of changed frequency orga-
nization, and increases in threshold of

similar magnitude were seen in the other starlings in the lesion–
short recovery group (Fig. 7C). The smallest increase in multiunit
threshold is apparent in starling SLSR97-4, in which the lesion-
induced elevation in ABER thresholds was also the smallest (Fig.
3A). The mean threshold data for the SN and SLSR groups are
presented in Table 2. The thresholds in the two groups for CF
" 2 kHz were almost identical and not significantly different,
but for CFs in the 2.1– 4.2 kHz range, the SLSR threshold was
significantly elevated (by 31 dB; p ' 0.01). The high-frequency
comparison was restricted to this range because there were no
multiunit responses with CF !4.2 kHz in the SLSR birds,
whereas CFs as high as 6 kHz were encountered in normal
starlings. This pattern of results indicates that the changed
frequency organization seen in the FLC of the SLSR birds is
associated with greatly elevated thresholds in the high-
frequency range and is, therefore, explicable as a passive con-
sequence of the peripheral lesion rather than as a dynamic
change reflecting changes in CNS connectivity.

Figure 6. Frequency mapping data for an individual starling (SLSR97-1) in the lesion–short recovery (SLSR) group. A, B,
Tonotopicity data for individual penetrations (details as in Fig. 1 A, B). C, D, Pooled data from all points up to frequency reversals
in the penetrations shown in A and B. As explained in the text, separate linear regression lines have been fitted for points with CF
above and less than 2 kHz. In D, these points are distinguished by different symbols, because CF and BF might not fall within the
same frequency ranges, although in this case all points with CF in one frequency range had BF in the same range. E, Threshold as
a function of CF for all recording sites plotted in C; broken line is polynomial fitted to these data; solid black line is polynomial fitted
to normal threshold data (from Fig. 2C).
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Effects of lesions in starlings with long recovery periods
(SLLR group)
Six starlings were allowed to recover for 6 –10 weeks after the final
kanamycin injection (SLLR group), a period sufficient for HC

regeneration. The ABER audiograms for these starlings are plot-
ted relative to the mean normal ABER audiogram in Figure 3B.
Compared with the SLSR audiograms in Figure 3A, the SLLR
functions are much more similar to the normal function: for
many birds, and at many frequencies, the thresholds fall within
the #1 SD range around the mean audiogram. For three of the six
birds, thresholds remained slightly elevated in the 2– 4 kHz range
and (for different birds) at higher frequencies. The largest thresh-
old elevations were seen in SLLR97-2, in which no response could
be recorded at frequencies !5 kHz. The recovery period in this
bird was one of the longest (67 d), and in general, there was no
correlation between recovery time within the 6 –10 week period
and ABER threshold recovery.

Scanning electron microscopic examination of the BP in the
starlings in the long-recovery group showed patterns of recovery
similar to those described in previous studies. Micrographs of the
BP in starling SLLR97-5, for which physiological data are pre-
sented in Figure 8, are shown in Figures 4C and 5G–I. Both the
basal portion of the papilla, which in the SLSR starlings was de-
void of mature HCs, and the transition zone are repopulated by
mature appearing stereocilia bundles in what appear to be nor-
mal numbers and with a normal density. However, this previ-
ously damaged portion is easily identified by abnormal orienta-
tion of stereociliary bundle orientation pattern and occasional
abnormal bundle morphology. These abnormalities are similar
to those reported by Marean et al. (1993) and are consistent with
qualitative and quantitative data reported by a number of authors
working on chicken and quail (Duckert and Rubel, 1990, 1993;
Cotanche and Corwin, 1991; Niemiec et al., 1994; Janas et al.,
1995; Komeda and Raphael, 1996).

The frequency mapping data for starling SLLR97-5 are pre-
sented in Figure 8. The CF plot (Fig. 8A) shows a progressive
increase with relative depth up to a frequency of 4 – 4.3 kHz. In
some penetrations, there is a slight tendency for the functions to
plateau at this level before the region of declining CF, but this
tendency is comparable with that seen in normal starlings (Fig.
1A). The BF data (Fig. 8B) show a near-linear increase up to
values in the range 5– 6 kHz, comparable with that seen in normal
starlings (Fig. 1B). To facilitate comparison with the data from
the SLSR starlings, separate linear regression functions were fit-
ted to the CF and BF data for points with CF above and less than

Figure 7. Group frequency mapping data for lesion–short recovery (SLSR) starlings. A, B,
Pooled CF and BF data, respectively, for the four SLSR starlings; broken lines are regression
functions for the SLSR data; solid lines are functions for the SN group (from Fig. 2) [r 2 values for
the SLSR regressions: CF " 2 kHz, 0.47; CF!2 kHz, 0.37; BF (for CF " 2 kHz), 0.58; BF (for CF!2
kHz), 0.55]. C, Individual polynomial functions fitted to CF threshold data for the four SLSR
starlings (see key), plotted with mean normal threshold function (Fig. 2C, heavy black line).

Table 1. Slope coefficients for frequency mapping data in normal and lesioned
starlings

Slope coefficient (#SE) for CF
(&104)

Slope coefficient (#SE) for BF
(&104)

CF " 2 kHz CF ! 2 kHz CF " 2 kHz CF ! 2 kHz

SN 7.27 (2.07) 16.98 (1.12)& 10.86 (2.23) 24.01 (1.53)&

SLSR 7.64 (1.27) 6.57 (1.03)&† 13.48 (1.82) 10.71 (1.15)&†

SLLR 8.63 (1.30) 13.65 (1.01)† 17.56 (1.36) 22.21 (1.66)†

Symbols indicate a significant difference (two-tailed t test) between the pair of slopes identified by the same
symbols for that CF range (p ' 0.01; Bonferroni corrected for multiple comparisons).

Table 2. Cluster thresholds for normal and lesioned starlings

Mean (#SE) threshold at CF (dB SPL)

CF " 2 kHz
CF 2.1– 4.2
kHz

CF ! 4.2
kHz

SN 34.8 (1.4) 29.9 (1.1)&† 42.7 (2.3)&

SLSR 37.9 (1.4) 60.9 (2.0)&)

SLLR 35.5 (1.2) 44.4 (1.0)†) 56.7 (2.6)&

Symbols indicate a significant difference (two-tailed t test) between the pair of thresholds identified by the same
symbol for that CF range (p ' 0.01; Bonferroni corrected for multiple comparisons).
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2 kHz, as shown for SLLR 97-5 in Figure 8, C and D. Finally, the
CF threshold data for this starling are shown in Figure 8E, to-
gether with the polynomial functions fitted to its data (broken
line) and to the normal starling threshold data (Fig. 2C, heavy
line): comparison of the functions indicates that thresholds are
close to normal at frequencies up to "2.4 kHz but are elevated by
10 to 20 dB at frequencies !3 kHz.

The group data for the six SLLR starlings are presented in
Figure 9. The pooled CF and BF data and functions over the two
frequency ranges are plotted in Figure 9, A and B, respectively,
together with the mean SN functions. The SLLR mean CF and BF
functions in the !2 kHz frequency range (broken lines) are sim-
ilar to, but slightly shallower than, the mean normal functions
(solid lines). In the " 2 kHz range, the CF functions for the two
groups have very similar slopes, but the BF function for the SLLR
group is steeper than that for the SN group.

The CF-depth and BF-depth functions for all three groups are
plotted together in Figure 10, A and B, respectively. In the !2 kHz
frequency range affected by the BP lesions, it is apparent that the
slopes of the mean SLLR function for both CF and BF are very
similar to those for the SN group and substantially steeper than
those for the SLSR group. This is supported by the mean slope

coefficients in Table 1: for both measures,
the SLLR coefficient is not significantly
different from that of the SN group and
both are significantly larger than that of
the SLSR group. In the " 2 kHz frequency
range, the CF functions for all three groups
have very similar slopes (Fig. 10A), and the
slope coefficients are not significantly dif-
ferent (Table 1). The BF functions in this
frequency range (Fig. 10B) show more
variability, but statistical comparison of
the slope coefficients indicated that the
differences failed to reach significance.

In Figure 9C, the polynomial functions
fitted to the threshold data for the individ-
ual SLLR starlings are plotted together
with the polynomial fitted to the normal
data. For most of the group, thresholds are
similar to normal CFs below "2 kHz and
elevated by 10 –20 dB at higher frequen-
cies. The major exception is starling
SLLR97-2, for which the threshold eleva-
tion at frequencies !2 kHz is "30 dB and
in which no clusters were recorded with
CF above "4 kHz. As noted above, the
ABER threshold elevation in this starling
was also greater than that of other animals
in the group. The horizontal linear fit to
the threshold data for SLLR 97-6 reflects the
fact that in this animal thresholds at all but
three points were in the range 36–49 dB
SPL, with no systematic dependence on CF.

The mean threshold data for the three
groups are summarized in Table 2. In the
" 2 kHz frequency range, the mean thresh-
olds for the three groups are very similar,
and there were no significant differences
between the groups. In the 2.1– 4.2 kHz
frequency range, to which SLSR responses
were restricted, the mean SLSR threshold
was significantly elevated relative to that

for the normal (SN) group. The mean SLLR threshold was inter-
mediate between those of the SN and SLSR groups and signifi-
cantly different from both of them. In the frequency range 4.2– 6
kHz, in which there were no CFs in the SLSR group (i.e., if there
were neurons with CF at these frequencies their thresholds ex-
ceeded the maximum available SPL of "100 dB), mean threshold
in the SLLR group was also significantly elevated relative to that
in normals. These two sets of comparisons indicate that at the
frequencies !2 kHz (i.e., those affected by the BP lesions),
thresholds in the long-recovery group had recovered significantly
but had not achieved normal levels. The residual threshold eleva-
tions in the two high-frequency ranges [viz., mean elevations of
14.5 dB (2.1– 4.2 kHz range) and 14 dB (4.2– 6 kHz range)] are
very similar to those in the mean ABER thresholds in those fre-
quency ranges (viz., 15.6 and 12.5 dB, respectively). This corre-
spondence suggests that the residual threshold elevations in FLC
neurons simply reflect those in the periphery.

Discussion
This study of the effects of partial BP lesions and of subsequent
HC regeneration on the frequency organization of the starling
auditory forebrain had two major aims. The first was to deter-

Figure 8. Frequency mapping data for an individual starling (SLLR97-5) in the lesion–long recovery group. A, B, Tonotopicity
data for individual penetrations (details as in Fig. 1 A, B). C, D, Pooled data from all points up to frequency reversals in the
penetrations shown in A and B; details as in Figure 6. Note (in D) that one point with BF " 2 kHz had CF !2 kHz, and two points
with BF !2 kHz had CF " 2 kHz. E, Threshold as a function of CF for all recording sites plotted in C (details as in Fig. 6 E).
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mine whether such lesions resulted in a dynamic reorganization
of the FLC analogous to that seen in mammalian auditory fore-
brain after partial cochlear lesions and, if it did, to determine
whether those changes were reversed by the restoration of affer-

ent input consequent on HC regeneration. The second aim, re-
gardless of whether or not plastic reorganization occurred, was to
determine the extent to which HC regeneration resulted in the
restoration of normal tonotopicity and thresholds in the fore-
brain. The implications of the results with respect to these two
aims are discussed below.

Nature of reorganization of forebrain tonotopy
Lesions restricted to the basal (high-frequency) portion of the BP
resulted in profound changes in the frequency organization of the
FLC. The general form of this reorganization was that the regions
of the FLC that contain neurons tuned to the high frequencies in
this species’ hearing range (viz., 3.5– 6 kHz) now had CFs in the
2– 4 kHz range. As a consequence, the slopes of frequency– dis-
tance functions in the frequency range !2 kHz were significantly
less steep in the SLSR group than in normal starlings (Fig. 10A,B,
Table 1). The effect of the lesion on BF-depth functions was
almost identical to that on CF-depth functions, indicating that
this effect was independent of sound pressure level. This change
in tonotopic organization is qualitatively similar to that observed
in mammalian primary auditory cortex after lesions restricted to
the basal high-frequency end of the cochlea, where neurons in the
area deprived of its normal high-frequency input by the lesion are
tuned to lower frequencies represented at the edge of the cochlear
lesion (for review, see Irvine and Wright, 2005).

As noted above, a change in frequency organization of this
sort can occur either as a passive consequence of the peripheral
lesion or as a manifestation of CNS plasticity. Information on the
thresholds of neurons in the region of altered frequency selectiv-
ity has been used to distinguish between these alternatives. As
discussed in detail by Rajan et al. (1993), if the change in fre-
quency organization is a passive consequence of the lesion (i.e., if
it simply reflects the residue of prelesion responses), thresholds
will increase progressively across the region in which CFs are
constant or near-constant. As shown in Figure 7C, the thresholds
of neuronal clusters in the area of changed frequency organiza-
tion in the FLC of starlings in the SLSR group (i.e., 2 d after a
series of aminoglycoside injections) increased systematically
across the area of changed organization. The mean threshold in
the 2.1– 4.0 kHz range was significantly elevated (by !30 dB)
(Table 2), and no clusters with CF above this range could be
recorded. These threshold data indicate that the changes in FLC
frequency organization observed in these starlings is explicable as
a passive consequence of the peripheral lesion.

It should be emphasized that the failure to find evidence of
plasticity in the FLC under the conditions of this study does not
mean that plasticity might not occur as a consequence of periph-
eral damage under different conditions (e.g., with more steeply
sloping losses or longer periods of hearing loss) or as a conse-
quence of other manipulations of auditory experience that have
been reported to produce plasticity in mammalian cortex (for
review, see Irvine and Wright, 2005).

Effects of hair cell regeneration on forebrain tonotopicity
and thresholds
The second aim of the study was to determine the extent to which
HC regeneration resulted in the restoration of normal tonotopic-
ity and thresholds in the FLC. The CF-depth and BF-depth plots
in the !2 kHz range for the long-recovery (SLLR) starlings had
slopes slightly shallower than, but not significantly different
from, those for the normal (SN) starlings (Fig. 10A,B, Table 1),
indicating that tonotopicity had recovered completely. However,
the threshold data showed only a partial return to normal levels,

Figure 9. Group frequency mapping data for lesion–long recovery (SLLR) starlings. A, B,
Pooled CF and BF data, respectively, for the six lesion–long recovery starlings; broken lines are
regression functions for the SLLR data; solid lines are functions for the SN group (from Fig. 2) [r 2

values: CF " 2 kHz, 0.38; CF !2 kHz, 0.57; BF (for CF " 2 kHz), 0.70; BF (for CF !2 kHz), 0.57].
C, Individual polynomial functions fitted to CF threshold data for the six SLLR starlings (see key),
plotted with mean normal threshold function (Fig. 2C, heavy black line).
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with mean thresholds in the long-recovery group being signifi-
cantly lower than those in the short-recovery group, but signifi-
cantly higher than those in normals (Table 2).

It should be noted that the recovery of tonotopicity and partial
recovery of thresholds observed in this study cannot unequivo-
cally be attributed to HC regeneration. The recovery data were
obtained at a single time point after cessation of ototoxic injec-
tions, and although HC regeneration also occurred during this
period, the relationship between the two changes remains corre-
lational. Nevertheless, the similarity between the electrophysio-
logical data reported here and behavioral data from starlings with
similar BP lesions obtained at multiple time points during recov-
ery (Marean et al., 1993) is compelling. They found that recovery
of detection thresholds for pure tones began soon after the cessa-
tion of ototoxic injections and continued for "50 d. This behav-
ioral study also showed that the degree of permanent threshold
shift increased with increasing frequency !3 kHz, a finding in
good agreement with our data.

There do not appear to have been any previous studies that
bear directly on the effects of HC loss and regeneration on central
auditory system tonotopy. Cohen and Saunders (1994) reported
that tonotopy in the nucleus magnocellularis (NM; homolog of
the mammalian anteroventral cochlear nucleus) returned to nor-
mal 12 d after sound trauma in 1-d-old chickens, but it is likely
that the recovery in this case reflected the rapid regeneration of
supporting structures (tectorial membrane and tegmentum vas-
culosum) that is seen after mild noise-trauma damage. Park et al.
(1999) used 2-deoxyglucose labeling to measure activity evoked
in the NM by a broadband signal (recorded music) at various
intervals after gentamicin poisoning in 11-d-old chicks. Damage
to HCs in the basal region of the BP was associated with reduced
labeling in the rostral, high-frequency region of the nucleus, a
result in agreement with our finding of massively elevated thresh-
olds at new CFs in the high-frequency region of the FLC of the
short-recovery starlings. They also reported that HC regenera-
tion was associated with a return to normal levels of labeling in
that region of the nucleus, whereas we found that although tono-
topy was restored in the high-frequency region of the FLC in the
long-recovery starlings, thresholds remained elevated relative to
normal. Park et al.’s (1999) use of a broad-band acoustic stimulus
to evoke activity in the NM means that although the recovery they
observed was in the cochleotopically appropriate region of the
nucleus, their data do not bear on the recovery of tonotopic or-
ganization within that region. Moreover, their stimulus was pre-
sented at a single moderate SPL, and the 2-deoxyglucose tech-
nique is highly nonlinear. It is, therefore, unlikely that they would

have detected a residual threshold eleva-
tion of the type we observed.

Although the normal tonotopy in the
long-recovery starlings indicates that the
regenerated hair calls in the basal papilla
are functional, the elevated thresholds in
the high-frequency region indicate that
they are not functioning normally. A re-
sidual hearing loss that becomes progres-
sively greater with increasing frequency is
a ubiquitous finding in studies of func-
tional recovery after HC regeneration after
ototoxic damage (Tucci and Rubel, 1990;
Smolders, 1999; Bermingham-McDonogh
and Rubel, 2003). The results presented
above make it tempting to attribute the re-
sidual high-frequency deficit seen in the

long-recovery starlings to the abnormal pattern of stereocilia
bundle alignment apparent in our observations and those of
many previous authors (Duckert and Rubel, 1993; Janas et al.,
1995; Komeda and Raphael, 1996). However, a number of factors
could be responsible in addition to or instead of bundle orienta-
tion. In this respect, it should be kept in mind that threshold is
determined by the sensitivity of the most sensitive elements in the
system, not the average sensitivity. Hence, with a few hair cells
working at maximum efficiency, one might expect thresholds to
return to normal. Some other attributes to consider are the pat-
tern of the afferent and efferent innervation of the tall HCs, the
possibility of ganglion cell degeneration, and changes in the teg-
mentum vasculosum (Ryals et al., 1989, 1995; Ryals and Dooling,
1996). However, none of these factors, nor the stereocilia mis-
alignment, explain why the degree of threshold shift seen periph-
erally, centrally, and behaviorally is progressively greater with
progressively higher frequencies. One hypothesis that would ac-
count for this result is that it reflects incomplete recovery of the
specialized channel properties of high-frequency hair cells that
normally populate the proximal portion of the avian BP and that
vary systematically with CF (Pantelias et al., 2001; Bermingham-
McDonogh and Rubel, 2003).

The recovery of normal tonotopicity in the FLC after a period
of deafness and subsequent HC regeneration indicates consider-
able stability of the topography of neuronal connections in the
avian auditory system. Furthermore, the fact that the residual
increase in FLC neuron thresholds appears to reflect the periph-
eral threshold changes indicates that deafness and HC regenera-
tion did not result in major changes in forebrain neuron response
characteristics.
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ABSTRACT

The hair cells of the larval zebrafish lateral line provide a
useful preparation in which to study hair cell death and to
screen for genes and small molecules that modulate hair cell
toxicity. We recently reported preliminary results from
screeninga small-molecule library for compounds that inhibit
aminoglycoside-inducedhair cell death.Topotentially reduce
the time required for development of drugs and drug
combinations that can be clinically useful, we screened a
library of 1,040 FDA-approved drugs and bioactive com-
pounds (NINDS Custom Collection II). Seven compounds
that protect against neomycin-induced hair cell death were
identified. Four of the seven drugs inhibited aminoglycoside
uptake, based on Texas-Red-conjugated gentamicin uptake.
The activities of two of the remaining three drugs were
evaluated using an in vitro adult mouse utricle preparation.
One drug, 9-amino-1,2,3,4-tetrahydroacridine (tacrine) dem-
onstrated conserved protective effects in the mouse utricle.
These results demonstrate that the zebrafish lateral line can
be used to screen successfully for drugs within a library of
FDA-approved drugs and bioactives that inhibit hair cell
death in the mammalian inner ear and identify tacrine as a
promising protective drug for future studies.

Keywords: FDA library, zebrafish, hair cell,
protection, ototoxicity, aminoglycoside

INTRODUCTION

Prevention of hair cell death is an important target
for the prevention of hearing loss. Aminoglycoside
ototoxicity due to hair cell death is clinically important
and useful for studying hair cell loss (Forge and Li 2000;
Forge and Schacht 2000; Schacht 1998). Many agents
have been investigated as protective agents against
aminoglycoside ototoxicity, but only a few, such as D-
methionine and aspirin (Campbell et al. 2007; Sha et al.
2006) have reached the point of clinical trials, with
mixed results (Rizzi and Hirose 2007). Since clinical
trials are costly, time-intensive, and highly regulated, it is
helpful to focus efforts on protective drugs that have
certain beneficial characteristics and thus have a
relatively high probability of reaching clinical trials.

Previous studies have demonstrated the utility of the
zebrafish for studying aminoglycoside and cisplatin-
induced hair cell death (Harris et al. 2003; Ou et al.
2007; Ton and Parng 2005; Williams andHolder 2000) as
well as screening for protective (Owens et al. 2008) and
ototoxic drugs (Chiu et al. 2008). This report describes
the use of a library composed of FDA-approved drugs
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and bioactive compounds (NINDSCustomCollection II)
to screen for candidate protective drugs. While this
library has been used previously in other systems for the
identification of promising compounds with neuropro-
tective capacity (Wang et al. 2005; Rothstein et al. 2005),
this is the first reported use of this library to screen for
drugs that protect against hair cell loss. This library has
several advantages. The process of taking a new drug
from preclinical validation to FDA approval is known to
be long, arduous, and expensive. If an effective drug can
be found among drugs that have been used in humans
for other conditions, it may be possible to shorten this
process considerably and reduce costs. In addition, a
great deal of background information, including drug
targets, is available for commercially approved drugs.

For drugs that protect against aminoglycoside-
induced hair cell death to be candidates for clinical
trials, we propose that a number of characteristics are
desirable. (1) Drugs must be safe for administration in
humans, preferably systemically rather than requiring
local application, and with an acceptable toxicity
profile; (2) they must cross the blood–brain barrier;
(3) they must protect over a wide range of amino-
glycoside doses; (4) they must not inhibit aminoglyco-
side uptake (i.e. inhibition of downstream cell death
pathways); (5) they must not affect the bactericidal
capacity of aminoglycosides; and (6) they must offer
protection of mammalian hair cells.

This report describes the results of the screen of
the NINDS Custom Collection library as well as
further evaluation of the candidate drugs in the
lateral line and mouse utricle with regards to the
“ideal” drug characteristics described previously.
Through these evaluations, tacrine (5-amino-1,2,3,4-
tetrahydroacridine) was identified as a particularly
promising drug for further in vivo studies in mammals
and potentially for clinical trials.

MATERIALS AND METHODS

All zebrafish procedures described have been approved
by the University of Washington Animal Care and Use
Committee. All mouse procedures described have been
approved by the University of Washington Animal Care
and Use Committee and the Medical University of
South Carolina Animal Care and Use Committee.

Animals

Zebrafish. Zebrafish (Danio rerio) embryos of the AB wild-
type strain were produced by paired matings of adult fish
maintained at 28.5°C in the University of Washington
zebrafish facility (Westerfield 2000). Embryos were
maintained at a density of 50 embryos per 100 mm2

petri dish in embryo media (1 mM MgSO4, 120 μM

KH2PO4, 74 μM Na2HPO4, 1 mM CaCl2, 500 μM KCl,
15 μMNaCl, and 500 μMNaHCO3 in dH2O). At 4 days
post-fertilization (dpf), larvae were fed live Paramecia.

Mice. Three- to six-week-old CBA/J male mice
were obtained from Harlan Sprague Dawley, Inc.
(Indianapolis, IN, USA) and maintained in the
University of Washington Animal Care Facility or the
MedicalUniversity of SouthCarolina Animal Care Facility.

Labeling protocols

For screening, live 5 dpf zebrafish larvae were immersed
in 2 μM YO-PRO1 (Invitrogen, Carlsbad, CA, USA;
Y3603) in embryo medium for 30 min then rinsed three
times in embryo medium. YO-PRO1 used in this fashion
selectively labels hair cell nuclei of the lateral line
(Santos et al. 2006; Ou et al. 2007; Fig. 1A, B).

For quantification of hair cell loss, live 5 dpf zebrafish
larvae were exposed to 3 μM fixable FM1-43FX (Invi-
trogen, Carlsbad, CA, USA; F-35355) for 30 s followed by
three rinses in embryo medium. After euthanasia and
fixation in 4%paraformaldehyde overnight 4°C, labeled
fish were then mounted in Fluoromount-G (South-
ernBiotech, Birmingham, AL, USA; 0100-01) for fluo-
rescence microscopy (Fig. 1C, D).

Library

The NINDS Custom Collection II (Microsource, Gay-
lordsville, CT, USA) library consists of 1,040 drugs and
bioactive compounds, divided into 13 plates of 80 drugs
each. All drugs are dissolved in DMSO at 10 mM
concentration and are unlabeled. We note that not all
drugs in this library are FDA-approved, but all have
known biological activity. In addition to the US FDA-
approved compounds,many are approved for clinical use
in other countries but have not received FDA approval.

Screening protocol

Five days post-fertilization zebrafish larvae were first
labeled with YO-PRO1 as described above. One fish in
150 μL of embryo medium was transferred into each well
of a 96-well optical base plate (Nunc, Rochester, NY,
USA) with 12 columns numbered 1 to 12, and eight rows
labeled A to H. A multichannel pipettor was used to
transfer 1.5 μL of each drug into each well in columns 2
through 11 for a 1:100 dilution and a final concentration
of 100 μM with 1% DMSO. After pretreatment with the
library drug for 1 h, 1.8 μL of neomycin (Sigma, St. Louis,
MO, USA) was added to each well for a final concentra-
tion of 200 μM neomycin. Previous studies from our
group have shown that this exposure condition leads to
almost complete loss of hair cells in every neuromast
(Harris et al. 2003; Murakami et al. 2003; Santos et al.
2006). After 1 h of neomycin exposure, the plate was
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placed directly on the automated stage of an inverted
epifluorescent Zeiss Axiovert 200M microscope and hair
cell survival was rapidly assessed. Hair cell protection was
graded on a scale of 0 (no protection) to 4 (complete
protection) as has been described previously (Chiu et al.
2008). Approximately five to seven neuromasts were
examined per fish at ×20 to ×40 magnifications. Wells in
the first column of the 96-well plate contained a negative
control (pretreatment with 1% DMSO followed by
200 μM neomycin). Wells in the last column of the plate
contained a positive control (pretreatment with 1%
DMSO, no neomycin added). Screening of one 96-well
plate typically required approximately 30 min, meaning
that the last well examined had approximately 30
additional minutes of exposure to neomycin.

Dose–response testing

Dose–response functions were performed to determine
the effective dose range for each protective compound
and to determine the efficacy of an optimal dose of drug
against a range of neomycin concentrations.

Five days post-fertilization zebrafish larvae in groups
ranging from 10–15 fish were prelabeled with the
fixable dye FM1-43FX. To test optimal concentrations

of drug, larvae were treated for 1 h with the candidate
drug at 0, 10, 50, 100, and 200 μM concentrations,
followed by 200 μMneomycin for 1 h with the candidate
drug still present. To test the efficacy against a range of
neomycin, larvae were treated with the optimal concen-
tration (greatest protection with least toxicity) of
protective drug for 1 h followed by treatment with 0,
100, 200, and 400 μM neomycin for 1 h with the
candidate drug still present. Fish were then euthanized
and immediately fixed overnight at 4°C in 4% parafor-
maldehyde, rinsed in phosphate-buffered solution
(PBS), and mounted in Fluoromount-G on 25×60 mm
coverslips for imaging and counting. Hair cell counts
were determined using fluorescence microscopy using a
Zeiss Axioplan II microscope to count intact FM1-43FX
labeled hair cells from the SO1, SO2, O1, and OC1
(Raible and Kruse 2000) neuromasts on one side of
each fish. Typical hair cell counts for these four neuro-
masts are 8(±2), 12(±2), 10(±3), and 7(±3), respectively
(Harris et al. 2003; Ou et al. 2007). Previous work has
demonstrated that there is no significant differential
sensitivity to aminoglycosides among neuromasts
(Harris et al. 2003). Total hair cell counts were deter-
mined by adding the hair cell counts from the four
neuromasts. Hair cell survival as a percentage of the

FIG. 1. Examples of normal and damaged fluorescently labeled hair
cells of the zebrafish lateral line. YO-PRO1 selectively labels hair cell
nuclei in normal (A) and neomycin-damaged (B) neuromasts. Hair cell
protection can thus be easily assessed during screening. For quantitative

hair cell counts, FM1-43FX is used to count normal (C) and neomycin-
damaged (B) hair cells. In the undamaged neuromast (C) there are
approximately 12 visible hair cells. In the damaged neuromast (D), there
are two surviving hair cells. Scale bar inD=10μMandapplies to all panels.
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control was calculated by dividing the total number of
hair cells of each fish in the experimental group by the
mean total number of hair cells in an undamaged
control group (1%DMSOpretreatment, no neomycin).
Up to 2% DMSO does not protect against neomycin-
induced hair cell death in the zebrafish lateral line. In
addition, 2% DMSO does not independently cause hair
cell death (unpublished observations).

Twenty-four-hour survival counts

Five days post-fertilization zebrafish were prelabeled with
FM1-43, pretreated with the candidate drug for 1 h,
followed by 1 h of 200 μM neomycin with the candidate
drug still present. Both drugs were then washed out and
zebrafish were allowed to recover for 24 h. Zebrafish were
then euthanized and fixed in 4% paraformaldehyde,
mounted, and imaged.Hair cell survival in treated groups
was compared to undamaged controls treated with only
1% DMSO for 1 h followed by 24 h of “recovery”, as well
as damaged controls treated with 1% DMSO followed by
1 h of 200 μM neomycin and a 24-h recovery.

Washout studies

Five days post-fertilization zebrafish were prelabeled
with FMI-43FX, pretreated with protective drug for 1 h
then washed five times in embryo medium. Fish were
then exposed to neomycin for 1 h and fixed and
mounted. Hair cell survival in treated groups was
compared to undamaged controls treated only with
1%DMSO, as well as damaged controls treated with 1%
DMSO followed by an identical neomycin exposure.

Aminoglycoside uptake

After pretreatment with the candidate drug for 1 h,
5 dpf zebrafish were exposed to 200 μM Texas-Red
conjugated gentamicin (TR-Gent; Steyger et al. 2003)
while still in the presence of the candidate drug.
Zebrafish were washed and then examined in vivo using
fluorescence microscopy at 3 and 10 min after addition
of the TR-Gent to assess uptake. Neuromasts were
imaged with a Zeiss Axioplan II microscope using a
Texas-Red filter set at ×40 magnification. These experi-
ments were repeated in triplicate for each drug. Control
neuromasts exposed to unconjugated Texas Red alone
did not demonstrate any uptake.

Transduction channel integrity

After pretreatment with the candidate drug for 1 h,
5 dpf zebrafish were exposed to 4 μM FM1-43 for 45 s
and washed in embryo medium. Neuromasts were
then imaged in vivo using fluorescence microscopy at
3 min after addition of FM1-43 to assess uptake.
Neuromasts were imaged using a FITC filter set at ×40

magnification. These experiments were repeated in
triplicate for each drug. Only short duration FM1-43
exposures were tested because FM1-43 is known to be
taken up by endocytotic pathways with longer expo-
sures (Gale et al. 2001; Seiler and Nicolson 1999).

Mouse utricle experiments

Protective effects for cepharanthine and tacrine were
examined in the mouse utricle. Mature mice (3 to
6 weeks of age) were sacrificed by overdose of nembutal.
Utricles were then removed from the temporal bones
using sterile technique and cultured in tissue culture
plates (Cunningham et al. 2002) with a 2:1 mixture of
basal medium Eagle and Earle’s balanced salt solution,
with 5% fetal bovine serum (Invitrogen, Carlsbad, CA,
USA). Utricles were cultured for 24 h with cepharan-
thine or tacrine at 0, 1, 10, 50, and 100 μM concen-
trations to determine if there was any hair cell toxicity.
Once the highest nontoxic dose was determined,
utricles were treated with 4 h of pretreatment with the
candidate drug, followed by 24 h with 2 mM neomycin.

After treatment, otoconia were removed by a steady
stream of phosphate-buffered solution. The utricles
were then fixed overnight in 4% paraformaldehyde at
4°C. After rinsing in PBS, utricles were placed in
blocking solution (2% bovine serum albumin, 0.4%
normal goat serum, 0.4% normal horse serum, 0.4%
Triton X-100 in PBS) for 3 h at room temperature.
Utricles were then double labeled with a monoclonal
antibody against calmodulin (1:200; Sigma, St. Louis,
MO, USA) and a polyclonal antibody against calbindin
(1:250; Chemicon, Billerica, MA, USA) overnight at 4°C.
Calmodulin is present in the cytoplasm of all hair cells of
the mouse utricle sensory epithelium, while calbindin
labels only Type I hair cells that reside predominantly in
the striola (Dechesne et al. 1988). After additional PBS
washes, the utricles were then incubated with secondary
antibody (Alexa 594 goat anti-rabbit IgG 1:500 and Alexa
488 horse anti-mouse IgG 1:500; Invitrogen, Carlsbad,
CA, USA) for 2 h at room temperature. Utricles were
then washed in PBS and mounted in Fluoromount-G
(Southern Biotech, Birmingham, AL, USA).

Utricles were examined using a Zeiss Axioplan II
fluorescence microscope with FITC (green) and
Texas Red (red) filter sets at ×40 magnification. Hair
cell counts from four randomly selected 900 μm2

areas from the striolar and extrastriolar regions were
determined (Cunningham et al. 2002). Sample sizes
were 11–15 utricles per condition.

Minimum inhibitory concentration and minimum
bactericidal concentration testing

All candidate drugs were tested at 200 μM concentra-
tion to determine whether they interfered with the
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known bactericidal activity of neomycin. Escherichia coli
ATCC 25922 was used to inoculate the antibiotic
dilutions. The MIC was tested in accordance with
the National Clinical and Laboratory Standards Insti-
tute (Wikler 2006; Wikler 2007).

Statistics

All values were calculated and presented as the mean
value+1 SD or the mean value+1 SEM. Statistical
analyses were performed using one-way ANOVA, two-
way ANOVA, and student t-test (VassarStats: faculty.
Vassar.edu/lowry/VassarStats.html). Significant ANOVA
main effects and interactions were followed by appro-
priate pairwise comparisons using Tukey’s HSD test.
Results were considered statistically significant if pG0.05.

RESULTS

Initial screen

The NINDS Custom Collection II (Microsource, Gay-
lordsville, CT, USA) was screened to identify compounds
that protect against neomycin-induced hair cell damage.
The library was developed to screen for drugs that have
the potential to treat neurodegenerative diseases and has
been used to study Huntington’s disease (Wang et al.

2005) and amyotrophic lateral sclerosis (Rothstein et al.
2005). The 1,040 drugs represent a significant fraction of
the total number of FDA-approved chemical entities.
After a single pass through the 1,040 drug library, 20
drugs demonstrated high levels of protection (grade 3 to
4), for a “hit” rate of ~2%. Although the screen has a high
rate of false positives, these were easily eliminated due to
the ease of re-testing; all drugs found to demonstrate a
high level of protection (grade 3 or 4) were retested in
triplicate under identical experimental conditions. Pro-
tective effects in any of the three retests led to more
thorough dose–response testing. Of these 20 drugs,
seven demonstrated reproducible protection (Table 1).
Of the seven drugs, carvedilol, 9-amino-1,2,3,4-tetrahy-
droacridine (tacrine), and phenoxybenzamine are FDA-
approved. Amsacrine, drofenine, and cepharanthine
have been used clinically in other countries, but are not
yet FDA-approved. Hexamethyleneamiloride is a deriva-
tive of FDA-approved amiloride.

Dose–response testing

Dose–response relationships were determined for drugs
found to be protective upon the confirmatory testing. We
refer to this group as candidate drugs. Two sets of dose–
response relationships were determined for each candi-
date drug. In the first set of dose–response experiments,

TABLE 1

Candidate drugs identified by initial screen for protection and confirmed on retesting

Candidate drug Known activity Crosses blood/brain barrier

Amsacrine Topoisomerase 2 poison; used as
chemotherapeutic agent. Used
clinically in other countries,
not yet FDA-approved

Yes (Cornford et al. 1992)

Carvedilol Beta-2 adrenergic blocker; used
for treatment of hypertension,
heartfailure. FDA-approved

Yes (Elsinga et al. 2004)

Cepharanthine Plasma membrane stabilizer; used
for the treatment of nasal allergy,
snake venom hemolysis; possible
chemotherapeutic adjunct. Used
clinically in other countries, not yet
FDA-approved

Yes (Okamoto et al. 2001)

Drofenine Acetylcholinesterase inhibitor; used as
antispasmodic. Used clinically in
other countries, not yet
FDA-approved

Yes (Kunysz et al. 1988)

Hexamethyleneamiloride Diuretic, Na/H exchange inhibitor.
Derivative of amiloride,
FDA-approved diuretic

Yes (Ferimer et al. 1995)

Phenoxybenzamine Alpha-1 adrenergic blocker;
used as Antihypertensive.
FDA-approved

Yes (Diop and Dausse 1986)

9-amino-1,2,3,4-tetrahydroacridine (tacrine) Anticholinergic; acetylcholinesterase
inhibitor, used for treatment
of Alzheimer’s dementia.
FDA-approved

Yes (McNally et al. 1996)
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5 dpf zebrafish larvae were pretreated for 1 h with each
candidate drug at 0, 10, 50, 100, and 200 μM concen-
trations and then treated with 200 μM neomycin for 1 h
with the candidate drug still present. Hair cell survival was
calculated as a percentage of the hair cell counts from
control animals treated identically, with pretreatment with
1% DMSO but no neomycin exposure. These experi-
ments established dose-dependency and also assessed
toxicity in the candidate drug's interactionwith neomycin.

For each of the seven protective drugs, there was
dose-dependent protection against neomycin-induced
hair cell death in the zebrafish lateral line (Fig. 2A,
Table 2). As noted in Table 2, hexamethyleneamilor-
ide, cepharanthine , amsacrine, phenoxybenzamine,
and tacrine demonstrated significant protection at
10 μM and higher pretreatment concentrations.
Carvedilol and drofenine demonstrated significant
protection at all concentrations except the 200 μM
pretreatment concentration. At this concentration the
compounds were toxic to fish, which may be indica-
tive only of excessive dosing of the fish, rather than
overall toxicity of these drugs to humans.

The lowest nontoxic pretreatment dose affording
maximal protection against neomycin was determined
for each drug and found to be as follows: 100 μM
cepharanthine, 50 μM drofenine, 50 μM tacrine,
50 μM carvedilol, 50 μM amsacrine, 50 μM hexame-
thyleneamiloride, and 50 μM phenoxybenzamine.

Protection against variable doses of neomycin

In the second set of dose–response experiments, the
lowest nontoxic pretreatment dose affording maximal
protection (greatest protection with least toxicity) for
each drug was tested against different concentrations of
neomycin. These experiments determined whether
protection was maintained across a wide range of
neomycin concentrations. In Figure 2B and Table 3, hair
cell survival in fish pretreated with candidate drugs and
then exposed to 0, 100, 200, or 400 μM neomycin (with
candidate drug still present) are compared with fish that
had no pretreatment with a candidate drug. Values
represent the mean percentage hair cell survival com-
pared to normal control animals without pretreatment
and without exposure to neomycin. All seven drugs
demonstrated significant protection over increasing
doses of neomycin when compared to untreated controls
(two-way ANOVA, pG0.0001, Table 3). These results
suggest that the protective effects of all seven drugs are
preserved at both higher and lower doses of neomycin.

Twenty-four-hour survival

To determine if hair cell loss was simply delayed by
candidate drug treatment, we assessed hair cell survival
after 24 h. For all seven candidate drugs, hair cell survival

24 h after treatment was significantly increased relative to
unprotected, neomycin-treated controls (pG0.001, stu-
dent t-test) and was not significantly different from
survival 1 h after neomycin (Fig. 3). This suggests that
hair cell death was not simply delayed by treatment with
protective compounds and that hair cells alive after 1 h of
neomycin remained alive thereafter.

Washout studies

To determine whether pretreatment protective effects
persist after washout and removal of the protective drug
prior to exposure to neomycin, larvae were pretreated
with protective drug and then washed extensively before
exposure to neomycin. When the protective drug was
washed out prior to treatment with neomycin, cepharan-

FIG. 2. Cepharanthine demonstrates significant protection against
neomycin-induced hair cell loss. A Five days post-fertilization zebrafish
pre-exposed to cepharanthine for 1 h and then treated with 200 μM
neomycin demonstrate significant dose-dependent protection by ceph-
aranthine (**pG0.01, one-way ANOVA). B Five days post-fertilization
zebrafish pre-exposed to 100 μM cepharanthine and then treated with
0, 100, 200, or 400 μM neomycin. Solid line Zebrafish pretreated with
cepharanthine prior to neomycin. Dotted line Zebrafish with no
pretreatment prior to neomycin. Cepharanthine pretreatment led to
significant protection against all doses of neomycin (pG0.0001, two-
way ANOVA). For both graphs, data points represent mean hair cell
survival of 10–15 fish. Error bars=±1 SD from the mean. Data for
remaining six protective drugs are presented in Tables 2 and 3.
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thine (pG0.05, student t-test), phenoxybenzamine (pG
0.0001, student t-test), drofenine (pG0.0001, student
t-test), and carvedilol (pG0.0001, student t-test) demon-
strated significant hair cell protection relative to neomy-
cin-treated control (Fig. 4). These results suggest that
once these compounds are taken up by cells or bound to
their targets, they are not effluxed or inactivated at a
significant rate.

Texas-Red conjugated gentamicin and FM1-43
uptake studies

It is well known in both the zebrafish lateral line and the
mammalian inner ear that drugs and genes that interfere
with the integrity of the transduction channel reduce or
eliminate aminoglycoside ototoxicity (Richardson et al.
1997; Gale et al. 2001; Seiler and Nicolson 1999; Zheng
and Gao 1999). To determine if our candidate drugs
reduce neuromast hair cell sensitivity to neomycin by
interfering with transduction, we tested the integrity of
transduction by examining FM1-43 uptake. To determine
if candidate drugs block aminoglycoside uptake, we used
TR-Gent (Steyger et al. 2003). Uptake of TR-Gent and

FM1-43 were judged as either normal, reduced, or
blocked in neuromasts of at least three fish with each
candidate drug at a concentration of 100 μM. Uptake of
TR-Gent was completely blocked by carvedilol and
phenoxybenzamine (Fig. 5), with no labeled hair cells
at 3 and 10 min. Hexamethyleneamiloride and amsa-
crine pretreatment demonstrated no uptake of TR-Gent
at 3 min, but full uptake at 10 min. Cepharanthine,
drofenine, and tacrine did not impact TR-Gent uptake
with full uptake at 3 and 10 min (Table 4).

Uptake of FM1-43 after a short, 45 s, exposure was
blocked only by phenoxybenzamine. All other drugs
tested demonstrated no impact on the rapid uptake of
FM1-43 (Table 4). These results demonstrate that the
screen identified some drugs that protect against amino-
glycoside-induced hair cell death at the level of drug
uptake and others that may affect intracellular pathways.

Inhibition of bactericidal activity

To be therapeutically effective, candidate drugs
should not interfere with the bactericidal activity of
aminoglycosides. None of the seven drugs significantly

TABLE 3

Hair cell survival (percent of control) in the zebrafish lateral line after pretreatment with protective drug followed by variable
doses of neomycin

Candidate drug

Neomycin dose given after pretreatment

0 100 200 400

No pretreatment 100±10 37±20 20±10 13±7
Amsacrine 100±15 83±13* 93±10* 77±17*
Carvedilol 100±10 110±17* 90±13* 80±20*
Cepharanthine 100±11 100±27* 87±30* 97±13*
Drofenine 100±13 67±20* 70±13* 60±13*
Hexamethyleneamiloride 100±11 90±30* 80±20* 73±20*
Phenoxybenzamine 100±10 63±7* 67±10* 60±13*
Tacrine 100±12 80±20* 87±13* 67±13*

Zebrafish were pretreated with highest nontoxic dose of protective drug (100 μM cepharanthine, 50 μM drofenine, 50 μM tacrine, 50 μM carvedilol, 50 μM
amsacrine, 50 μM hexamethyleneamiloride, and 50 μM phenoxybenzamine)

*pG0.01 denotes statistically significant difference compared to control, two-way ANOVA

TABLE 2

Hair cell survival (percent of control) after pretreatment with increasing doses of candidate protective drugs followed by 200 μM
neomycin

Candidate drug 0 μM 10 μM 50 μM 100 μM 200 μM

Amsacrine 28±14 50±11* 89±19** 83±19** 92±11**
Carvedilol 22±6 72±8** 92±28** 97±17** Dead
Cepharanthine 28±14 50±22** 67±19** 100±22** 108±17**
Drofenine 17±11 39±14* 75±11** 83±17** Dead
Hexamethyleneamiloride 22±6 39±17** 86±19** 89±22** 100±17**
Phenoxybenzamine 17±11 39±11* 72±14** 86±19** 89±19**
Tacrine 17±11 31±11** 61±14** 64±17** 83±19**

“Dead” indicates cases in which the pretreatment was toxic to the fish

*pG0.05; **pG0.01 (indicate statistically significant difference from control group treated with DMSO alone followed by neomycin, one-way ANOVA)
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increased the minimum inhibitory concentration
(MIC) or the minimum bactericidal concentration
(MBC) of neomycin. All seven drugs demonstrated no
greater than a twofold change in the minimum
inhibitory concentration (2.0 μg/ml) and minimum
bactericidal concentration (2.0 μg/ml) of neomycin.
Up to a twofold increase is considered within the
normal variation of the test (Wikler 2006; Wikler
2007). This indicates that co-administration of these
protective drugs would not be expected to interfere
with the desired antibacterial properties of neomycin.

Mouse utricle studies

To begin determining whether the intracellular
protective effects revealed by our screening proce-
dures are conserved in the mammalian inner ear,
cepharanthine and tacrine were tested for their ability
to protect mature mammalian inner ear hair cells
from neomycin-induced hair cell death. Explants of
mature mouse utricles were pretreated with these
drugs with or without subsequent neomycin exposure.

Cepharanthine was found to be toxic tomouse utricle
hair cells at all of the tested concentrations (1, 10, 50,
and 100 μM). While it is possible that cepharanthine
may have protective effects below 1 μM, no protective
trials for cepharanthine against neomycin were per-
formed on mouse utricles. In contrast, tacrine demon-
strated protective effects against neomycin in the mouse
utricle. When pretreated with 10 μM tacrine, both

striolar and extrastriolar hair cells were protected against
2 mM neomycin-induced cell death (pG0.01, one-way
ANOVA; Fig. 6). These results demonstrate that the
zebrafish lateral line can be used to successfully identify
drugs that inhibit hair cell death in the mammalian
inner ear.

DISCUSSION

Previously, our laboratory used the zebrafish lateral line
to screen a small molecule library for protective agents
(Owens et al. 2008). That study identified two chemicals
(PROTO1 and 2) with protective effects against hair cell
death. While PROTO1 and 2 are candidates for drug
development, FDA approval of new drugs requires an
average of 12 years and the odds of a new drug
becoming approved are approximately one out of
5,000 (Wierenga and Eaton 1993). Applying the same
screen to the NINDS Custom Collection is potentially
more efficient. Compounds in this library have proven
drug-like properties such as solubility and cell perme-
ability in contrast to the less well-characterized small
molecule libraries. Use of this library bypasses certain
aspects of drug development and moves more rapidly
towards identifying an “ideal” candidate protective drug
as defined above. By evaluating the seven candidate
protective drugs identified in the screen with regards to

FIG. 4. Protection after pre-neomycin washout. Fluorescently
labeled 5 dpf zebrafish were pretreated with each protective drug
for 1 h. The protective drug was then washed out with multiple rinses
in embryo media. Fish were then treated with 200 μM neomycin for
1 h and then fixed for hair cell counts. Only phenoxybenzamine,
drofenine, and carvedilol demonstrated significant protection relative
to control + neomycin (*pG0.05; **pG0.01, student t-test). Bars
represent mean hair cell survival of 10–15 fish. Error bars=±SD from
the mean.

FIG. 3. Twenty-four hour hair cell survival after neomycin.
Fluorescently labeled 5 dpf zebrafish were pretreated with each
protective drug for 1 h, followed by treatment with 200 μM
neomycin for 1 h. Zebrafish then recovered for 24 h, and then were
fixed for hair cell counts. All seven drugs demonstrated significant
protection 24 h after the neomycin exposure relative to control +
neomycin (**pG0.01, student t-test). Bars represent mean hair cell
survival of 10–15 fish. Error bars=±1 SD from the mean.
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these six characteristics, tacrine was identified as a
protective drug worthy of future study.

Safety of administration

In searching for a protective compound for the inner
ear, ease of administration is an important factor. Some
compounds are not practical for systemic administra-
tion or may only be effective when delivered directly to
the inner ear (e.g. JNK inhibitors and caspase inhib-
itors; Wang et al. 2003; Zine and van de Water 2004).
Systemic administration avoids the need for invasive
intracochlear or transtympanic drug applications. All
seven of the candidate drugs have been used systemi-
cally in humans, although only carvedilol, tacrine, and
phenoxybenzamine are currently FDA-approved. The
others have been used in experimental protocols or
countries outside of the USA.

The clinical uses for these drugs provide insight into
their potential as protective drugs. Amsacrine is a
topoisomerase II poison and is generally cytotoxic
(Rowe et al. 1986) and thus impractical for systemic
use as an inner ear protectant. Hexamethyleneamilor-
ide is a Na/H-exchange blocker used as a diuretic
(Davies and Solioz 1992). Phenoxybenzamine (alpha-

adrenergic blocker) and carvedilol (beta-adrenergic
blocker) are both used to treat hypertension (Osnes et
al. 2000). Cepharanthine has membrane-stabilizing
activity and is used for treatment of nasal allergy and
snake venom hemolysis (Furusawa andWu 2007; Kohno
et al. 1987). Drofenine and tacrine are acetylcholines-
terase inhibitors used for muscle relaxation and Alz-
heimer’s dementia, respectively (Bodur et al. 2001;
Drukarch et al. 1987).

Blood–brain barrier penetration

All seven drugs cross the blood–brain barrier (Table 1).
The kinetics of inner ear penetration for these drugs is
unknown. It is also unknown whether crossing the
blood–brain barrier is critical for a potential inner ear
protectant, however this would seem to improve the odds
of diffusion into the perilymph and possibly endolymph.

Protection against a wide-range
of aminoglycoside doses

The ideal protective drug would protect hair cells over a
wide range of aminoglycoside dosages. The efficiency of
testing in the zebrafish permits thorough investigation

TABLE 4

Uptake of Texas Red-conjugated gentamicin and FM1-43 after pretreatment with candidate drugs

Drug Texas Red–conjugated gentamicin uptake Rapid FM1-43 uptake

Amsacrine Reduced Normal
Carvedilol Blocked Normal
Cepharanthine Normal Normal
Drofenine Normal Normal
Hexamethyleneamiloride Reduced Normal
Phenoxybenzamine Blocked Blocked
Tacrine Normal Normal

FIG. 5. Examples of normal and blocked uptake of Texas-Red
conjugated gentamicin (TR-Gent) in the zebrafish lateral line. Hair
cells are labeled with YO-PRO1 (green) to label hair cell nuclei,
and TR-Gent (red). A Normal uptake of TR-Gent demonstrates
multiple double-labeled hair cells. B Uptake of TR-Gent is

blocked by pretreatment with the candidate protective drug,
phenoxybenzamine. No double-labeled hair cells are seen.
Similar findings were seen with carvedilol, hexamethyleneamilor-
ide, and amsacrine. Scale bar in B=10 μM and applies to both
panels.
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of hair cell protection. We tested a range of concen-
trations of each protectant and tested each protectant
against a range of neomycin concentrations. Testing a
range of protectant concentrations is important
because some protectants have been found to be
toxic at higher concentrations. In addition, protective

compounds effective against a narrow range of
aminoglycoside concentrations may have limited clin-
ical utility (Sugahara et al. 2006). In this study, all
candidate drugs were protective against a wide range
of neomycin doses in the zebrafish lateral line,
preserving a range of 60% to 100% of the hair cells.

FIG. 6. Tacrine (THA) protects against neomycin-induced hair cell
death in mouse utricle explants. Utricles were pretreated with 10 μM
tacrine for 4 h, followed by 2 mM neomycin and THA for 24 h. Utricles
were then fixed and labeled with antibodies against calmodulin (green)
and calbindin (red).AControl utricle not treated with neomycin or THA.
B Utricle pretreated with THA without neomycin exposure. Ten
micromolar THA did not cause any hair cell loss. C Utricle without
THA pretreatment, but treated with 2 mM neomycin demonstrates
marked striolar and extrastriolar hair cell loss with a decrease in

calmodulin and calbindin labeling. There is also an increase in cellular
debris from dying hair cells.D Utricle pretreated with THA then treated
with 2 mM neomycin demonstrates protection against hair cell loss.
Scale bar in D=20 μM and applies to all panels. E Hair cell survival is
significantly increased (pG0.01, one-way ANOVA) in both extrastriolar
and striolar hair cells when utricles were pretreated with THA prior to
neomycin (Neo+/THA+) compared to control utricles without THA
pretreatment (Neo+/THA−). Bars represent the mean hair cell survival
(% control) + 1 SEM (n=11–15 utricles per group).
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We hypothesize that the variability in the magnitude
of protective effects is due to differential effects on the
multiple death pathways activated by aminoglycoside
exposure. The mechanisms underlying aminoglycoside-
induced hair cell death remain controversial, with both
caspase-dependent and caspase-independent pathways
implicated (Cunningham et al. 2002; Matsui et al. 2003;
Jiang et al. 2006). Inhibition of one death pathway likely
still allows (or possibly even facilitates) death through
alternate pathways (Lin et al. 1999; Yu et al. 2004).
Although some of the drugs identified in this study
achieved complete protection in the lateral line, ulti-
mately, a protective “cocktail” composed of multiple
drugsmay be amore effective regimen for prevention of
hair cell death.

Effects on aminoglycoside uptake

Three candidate drugs, drofenine, tacrine, and ceph-
aranthine, did not affect TR-Gent uptake. Ideally, a
protective drug identified in this neomycin-driven
screen would inhibit intracellular death pathways
triggered by an aminoglycoside rather than inhibiting
aminoglycoside uptake. This drug would have more
potential applications against a wider variety of causes
of hair cell death.

While our tendency is to focus on drugs that affect
cell death pathways, it is important to recognize that
drugs that blocked aminoglycoside uptake may also
have clinical relevance. These drugs could be admin-
istered systemically or locally to block ototoxicity of
the aminoglycoside without affecting its bactericidal
capacity or perturbing intracellular pathways. Hexam-
ethyleneamiloride, amsacrine, carvedilol, and phe-
noxybenzamine blocked the uptake of TR-Gent.
Hexamethyleneamiloride, as an amiloride derivative,
is likely to block the mechanotransduction channel.
The mechanisms of blockade by carvedilol, amsa-
crine, and phenoxybenzamine are unknown. Of these
drugs, only phenoxybenzamine also affected FM1-43
uptake. This differential blockade between FM1-43
and TR-Gent suggests either different mechanisms of
uptake, differing sensitivity to channel blockade, or
different sensitivities of our detection methods.

Effects on bactericidal activity of aminoglycoside

None of the seven drugs affected the bactericidal activity
of neomycin. This has obvious importance for potential
use as an aminoglycoside-specific protective drug.

Protection in mammalian tissue

Hair cell protection in the zebrafish lateral line does
not assure protection in mammalian hair cells, and
thus testing was performed in the mouse utricle.

Due to the more time-consuming nature of mamma-
lian testing, only two of the seven drugs were tested in the
utricle, cepharanthine and tacrine. These two drugs were
chosen because they were effective protective drugs that
did not inhibit aminoglycoside uptake. Tacrine demon-
strated significant protection against neomycin-induced
hair cell death in mouse utricle explants. In contrast,
cepharanthine was found to cause hair cell death at
moderate concentrations, and thus further experiments
examining its protective effects were not conducted.
Tacrine is particularly interesting because its derivative,
bis(7)-tetrahydroacridine, stabilizes the mitochondrial
membrane potential and has been used experimentally
as a neuroprotectant (Fu et al. 2006; Fu et al. 2007).

The lack of hair cell protection by cepharanthine in
the mouse utricle demonstrates the importance of
confirming findings from zebrafish in mammalian
systems. However, there are critical differences between
the exposure conditions of lateral line hair cells and free-
floating utricle hair cells. Free-floating utricles have been
removed from the organism, and thus any neural input
has been removed. Secondly, lateral line hair cells are
exposed to drugs predominantly at their apices, while
free-floating utricles are bathed circumferentially. Lastly,
one can hypothesize that hair cells in vitro may be more
fragile and susceptible to cell death than hair cells in vivo.

Conclusions

This study represents the first screen of a library of
compounds with known bioactivity for drugs that protect
against aminoglycoside-induced hair cell death. Further
evaluation of the screen identified tacrine as a particu-
larly promising drug. Tacrine demonstrates protection
against a wide range of neomycin doses, can be
administered systemically, crosses the blood–brain barri-
er, does not inhibit aminoglycoside uptake, does not
interfere with the bactericidal activity of neomycin, and is
effective in mammalian utricle explants. Tacrine also has
known targets as an acetylcholinesterase inhibitor and
stabilizer of mitochondrial membrane potential. Tacrine
is thus an excellent candidate for further investigation
through in vivo testing, evaluation of its mechanism of
action (cholinergic versus off-target effects), and evalua-
tion of its potential as a protective drug against other
challenges such as cisplatin, noise, and even aging.

Caveats

The results of this screen are not meant to suggest that
none of the other compounds in the library have
protective effects. In particular, many antioxidants are
known to protect against hair cell death and were not
detected in the screen. Varying the screening conditions
would likely identify additional protective drugs and is
worthy of future study. For example, protection against
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hair cell death in the zebrafish lateral line has been
shown to require a 24-h exposure to antioxidants such as
D-methionine and glutathione (Ton and Parng 2005).

Some protection may be due to global effects on the
organism (e.g. increasing renal clearance of neomycin)
rather than specific effects on the hair cell. We think this
is unlikely since aminoglycosides appear to enter lateral
line hair cells directly from the medium rather than
depending on circulation or tissue accumulation.

It is important to note that tacrine has known
hepatotoxicity that has hindered its use for the treat-
ment of Alzheimer’s dementia. In a multicenter clinical
trial of tacrine, 49% of patients demonstrated an
elevation of liver transaminases at a mean of 50 days
after initiation of therapy (Watkins et al. 1994). Most of
these patients were asymptomatic and had a return to
normal liver function levels after withdrawal of the drug.
Of the patients that had tacrine therapy resumed, 88%
were able to resume long-term use of the drug. A
number of possible mechanisms for this hepatotoxicity
have been implicated, including poisoning of topoiso-
merases (Mansouri et al. 2003). It is likely that this
toxicity occurs via a separate mechanism from its
protective effect seen in hair cells. It may be possible to
decrease the tacrine dose to minimize toxicity while
maintaining its protective effects in hair cells. In
addition, it is likely that for hair cell protection
protocols, tacrine would be administered for days to
weeks, rather than the months to years required for
treatment of Alzheimer’s dementia. Tacrine hybrid
compounds are currently being developed (Fang et al.
2008) with potent activity but reduced hepatotoxicity. It
remains to be seen whether these modifications would
also reduce the protective effects seen in hair cells.

Limited mammalian data are presented due to the
time-consuming nature of mammalian experiments.
Additional studies are imperative for further progress.
Lateral line hair cells have important differences from
inner ear hair cells. There is no separation of fluid spaces
in the lateral line so the apical surfaces of hair cells extend
into the surrounding water. In addition, since there is no
stria vascularis, drugs that act through strial mechanisms
will not be identified. We view the screen as an efficient
method for rapidly identifying candidate drugs that must
then be confirmed in the mammalian inner ear.
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Compartment-Specific Regulation of Plasma Membrane
Calcium ATPase Type 2 in the Chick Auditory Brainstem

YUAN WANG, DALE E. CUNNINGHAM, BRUCE L TEMPEL, AND EDWIN W RUBEL*
Virginia Merrill Bloedel Hearing Research Center, Department of Otolaryngology-Head and Neck Surgery, University of
Washington School of Medicine, Seattle, Washington 98195

ABSTRACT
Calcium signaling plays a role in synaptic regulation of den-
dritic structure, usually on the time scale of hours or days.
Here we use immunocytochemistry to examine changes in
expression of plasma membrane calcium ATPase type 2
(PMCA2), a high-affinity calcium efflux protein, in the chick
nucleus laminaris (NL) following manipulations of synaptic
inputs. Dendrites of NL neurons segregate into dorsal and
ventral domains, receiving excitatory input from the ipsilat-
eral and contralateral ears, respectively, via nucleus mag-
nocellularis (NM). Deprivation of the contralateral projection
from NM to NL leads to rapid retraction of ventral, but not
the dorsal, dendrites of NL neurons. Immunocytochemistry
revealed symmetric distribution of PMCA2 in two neuropil
regions of normally innervated NL. Electron microscopy
confirmed that PMCA2 localizes in both NM terminals and

NL dendrites. As early as 30 minutes after transection of the
contralateral projection from NM to NL or unilateral cochlea
removal, significant decreases in PMCA2 immunoreactivity
were seen in the deprived neuropil of NL compared with the
other neuropil that continued to receive normal input. The
rapid decrease correlated with reductions in the immunore-
activity for microtubule-associated protein 2, which affects
cytoskeleton stabilization. These results suggest that
PMCA2 is regulated independently in ventral and dorsal NL
dendrites and/or their inputs from NM in a way that is cor-
related with presynaptic activity. This provides a potential
mechanism by which deprivation can change calcium trans-
port that, in turn, may be important for rapid, compartment-
specific dendritic remodeling. J. Comp. Neurol. 514:
624–640, 2009. © 2009 Wiley-Liss, Inc.

Indexing terms: calcium homeostasis; afferent regulation; dendritic remodeling; activity
dependence; nucleus laminaris

The development and maintenance of neuronal dendritic
structure are greatly influenced by synaptic input. In a variety
of neuronal systems, manipulations of excitatory inputs lead
to changes in the overall orientation of dendritic trees (Harris
and Woolsey, 1981), the specific pattern of dendritic branch-
ing (Deitch and Rubel, 1984; Cline, 2001; Wong and Ghosh,
2002; Sorensen and Rubel, 2006), as well as the density and
distribution of dendritic spines (Yuste and Bonhoeffer, 2001,
2004; Van Aelst and Cline, 2004). Although the cellular pro-
cesses underlying this influence are still relatively unknown,
elevations in intracellular calcium concentration ([Ca2!]i) re-
sulting from manipulations of synaptic inputs have been as-
sociated with changes in dendritic morphology (Chen and
Ghosh, 2005; Lohmann and Wong, 2005; Redmond and
Ghosh, 2005). Potential roles of calcium influx, either via
neurotransmitter-mediated receptors and voltage-gated cal-
cium channels or via release of calcium from intracellular
organelles, have been investigated following manipulations of
synaptic inputs (Hille, 1994; Lohmann et al., 2002; Nimchinsky
et al., 2002; Chen et al., 2005). However, little is known about
how the various systems that normally regulate [Ca2!]i , par-
ticularly calcium efflux pathways, contribute to dendritic
changes in response to changes in synaptic inputs.

One useful experimental model for studying afferent regu-
lation of dendritic structure is the third-order auditory neurons
of the nucleus laminaris (NL) in the avian brainstem (Benes et
al., 1977; Deitch and Rubel, 1984; Sorensen and Rubel, 2006;
Wang and Rubel, 2008). NL appears to function as a coinci-
dence detector system for binaural hearing (Young and Rubel,
1983, 1986; Carr and Konishi, 1988, 1990; Overholt et al., 1992;
Joseph and Hyson, 1993) and is thought to function analo-
gously to the medial superior olivary nucleus of mammals
(Burger and Rubel, 2008). Dendrites of each NL neuron seg-
regate into dorsal and ventral domains, receiving excitatory

Grant sponsor: National Institute on Deafness and Other Communication
Disorders; Grant number: DC-03829; Grant number: DC-02739; Grant num-
ber: DC-04661; Grant number: DC-00018.

*Correspondence to: Edwin W Rubel, Virginia Merrill Bloedel Hearing
Research Center, Mail Stop 357923, University of Washington, Seattle, WA
98195. E-mail: rubel@u.washington.edu

Received 31 December 2008; Revised 18 February 2009; Accepted 24
February 2009

DOI 10.1002/cne.22045
Published online March 18, 2009 in Wiley InterScience (www.interscience.

wiley.com).

The Journal of Comparative Neurology 514:624–640 (2009)

Research in Systems Neuroscience

© 2009 Wiley-Liss, Inc.



input almost exclusively from the ipsilateral and contralateral
ears, respectively, via the nucleus magnocellularis (NM) on
each side of the brain (Parks and Rubel, 1975). Consequently,
excitatory inputs to one set of NL dendrites can be altered by
manipulating the ipsilateral or contralateral projection of NM
neurons, while leaving the input to the other dendritic domain
structurally and functionally intact (Born et al., 1991). Previous
studies in chicks have demonstrated rapid retraction of the
ventral NL dendrites within hours after transection of the con-
tralateral NM projection, whereas the dorsal NL dendrites,
receiving intact input, appear largely unaffected (Benes et al.,
1977; Deitch and Rubel, 1984, 1989; Sorensen and Rubel,
2006). These studies demonstrated the NL as a suitable model
with unique benefits in studying local dendritic reorganization
with a matched intracellular control. However, in contrast to
systematic studies on the structural changes of NL dendrites
following manipulations of synaptic input, molecular mecha-
nisms underlying these changes have not been investigated.

NL neurons in chicks exhibit high spontaneous and
acoustic-driven discharge rates (Born et al., 1991), suggesting
that NL neurons require a highly efficient calcium-regulatory
system to maintain normal [Ca2!]i. Multiple calcium efflux
systems may coexist within NL dendrites, including the intra-
cellular organelle storage system, the Na!/Ca2! exchanger,
the plasma membrane calcium ATPase (PMCA), and calcium
binding proteins. Among these, the PMCA family is a group of
transmembrane proteins expelling calcium out of the cell.
PMCA has a high affinity for calcium and is a major calcium
efflux system that sets the resting calcium concentration (Ca-
rafoli, 1987; Thayer et al., 2002; Duman et al., 2008). Among
four types of PMCA, PMCA2 is the most active pump (Elwess
et al., 1997; Brini et al., 2003). Mutations in the PMCA2 gene
lead to hearing loss and vestibulomotor deficits in mice (Street
et al., 1998; McCullough and Tempel, 2004; Tempel and Shil-
ling, 2007). With the use of immunocytochemistry, the present
study demonstrates remarkably dense expression of PMCA2
in NL neuropil regions and rapid decreases in PMCA2 immu-
noreactivity following afferent deprivation. The current paper,
along with our recent study on microtubule-associated pro-
tein 2 (MAP2) in NL dendrites (Wang and Rubel, 2008), is our
first effort to explore the molecular substrates underlying den-
dritic regulation in NL neurons.

MATERIALS AND METHODS
White leghorn chick hatchlings (Gallus domesticus) 4–11

days of age were used. In addition, 6-week-old CBA/CaJ
deafwaddler (dfw2J) mice (Street et al., 1998) and their wild-
type littermates were used for comparison in Western blot
analysis. All procedures were approved by the University of
Washington Institutional Animal Care and Use Committee and
conformed to NIH guidelines. All efforts were made to mini-
mize pain or discomfort of the animals and to minimize the
number of the animals used.

Transection of the crossed dorsal cochlear tract
(XDCT)

Animals were anesthetized with a mixture of 40 mg/kg ket-
amine and 12 mg/kg xylazine. The animals were placed in a
head holder, and surgery was conducted by using the method
of Deitch and Rubel (1984). Briefly, the neck muscles were
resected to expose the dura covering the cerebellomedullary

cistern. An ophthalmic knife was inserted through the dura
and the fourth ventricle and into the brainstem to transect the
XDCT at the midline. The wound was packed with gelfoam
and sealed with a tissue adhesive, LiquiVet (Oasis Medical,
Mettawa, IL). The location and extent of the transection were
examined after further tissue processing (see below). In total,
23 animals received a complete transection of XDCT. Four
were allowed to survive for 0 hours, six for 0.5 hours, five for
3 hours, three for 6 hours, and five for 14 hours. The 0-hour
survival time refers to an immediate perfusion (less than 5
minutes) after the surgery. These cases served as a second
set of controls, in addition to unoperated animals (n " 6). In
addition, five animals received midline incisions that were
either caudal or rostral to the XDCT, without damaging NM
neurons or their axons, and survived for 0.5–12 hours. These
cases served as sham-operated controls.

Cochlea removal
The procedure described by Born and Rubel (1985) was

used. Animals were anesthetized as described above. A small
incision was made to widen the external auditory meatus of
the ear, and the tympanic membrane and columella were
removed to expose the oval window. The basilar papilla, in-
cluding the lagena macula, was removed via the oval window
using fine forceps, floated on water, and examined with a
surgical microscope to verify complete removal. Only animals
with a complete removal of the basilar papilla, including the
lagena, were used for further tissue processing and data
analysis. The cochlear duct was packed with a small piece of
gelfoam. The incision was sealed with LiquiVet adhesive. This
procedure results in complete removal of the basilar papilla
but spares the ganglion cells, which subsequently die over the
next few weeks (Born and Rubel, 1985). In total, 38 animals
received a unilateral cochlea removal (right ear). Four were
allowed to survive for 0 hours, four for 0.5 hours, 12 for 3
hours, nine for 6 hours, and nine for 14 hours. In addition, five
animals received bilateral cochlea removal and survived for 3
hours.

Immunocytochemistry
The animals were anesthetized and transcardially perfused

with 0.9% saline, followed by 4% paraformaldehyde in 0.1 M
phosphate buffer. The brains were removed from the skull and
postfixed overnight in the same fixative. Completeness of the
XDCT transection was verified under a microscope after re-
moval of the cerebellum, and incomplete cases were dis-
carded. The brains were then either transferred to 30% su-
crose in phosphate-buffered saline (PBS; pH 7.4) until they
sank and cut coronally at 30 #m on a freezing sliding mic-
rotome or washed in PBS and cut coronally at 40 #m on a
vibratome. Sections were collected in PBS into four alternate
series, each containing eight or nine sections through NL.
Alternate sets of one in four sections were stained for Nissl
substance or immunocytochemically for PMCA2, SNAP-25,
and MAP2 by peroxidase or fluorescent immunocytochemical
methods. Briefly, free-floating sections were incubated with
primary antibody solutions diluted 1:1,000 in PBS with 0.3%
Triton X-100 overnight at 4°C, followed by biotinylated anti-
IgG antibodies (1:200; Vector Laboratories, Burlingame, CA) or
AlexaFluor secondary antibodies (1:200; Molecular Probes,
Eugene, OR) for 2 hours at room temperature.
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For peroxidase immunocytochemical staining, sections
were incubated in avidin-biotin-peroxidase complex solution
(ABC Elite kit; Vector Laboratories) diluted 1:100 in PBS with
0.3% Triton X-100 for 1 hour at room temperature. Sections
were incubated for 3–7 minutes in 0.015% 3,3!-
diaminobenzidine (Sigma, St. Louis, MO), either with 0.01%
hydrogen peroxide in PBS or with 0.03% hydrogen peroxide,
125 mM sodium acetate, 10 mM imidazole, and 100 mM nickel
ammonium sulfate. Sections were mounted on gelatin-coated
slides and then dehydrated, cleared, and coverslipped with
DPX mounting medium (EMS, Hatfield, PA). For fluorescent
immunocytochemical staining, sections were mounted and
coverslipped with Fluoromount-G (Southern Biotechnology,
Birmingham, AL).

Primary antibodies
Polyclonal anti-PMCA2 (catalog No. PA1-915) made in rab-

bit was purchased from Affinity Bioreagents (Golden, CO). The
immunogen is a synthetic peptide corresponding to amino
acid residues 5–19 of human PMCA2 protein. The sequence of
the immunogen is TNSDFYSKNQRNESS. This sequence is
completely conserved between human and rat PMCA2. Ac-
cording to the data sheet provided by the manufacturer, this
antibody detects an !127-kDa protein and an !133-kDa pro-
tein in Western blot analysis that corresponds to PMCA2a and
PMCA2b, respectively, from rat brain microsomal fractions.
The corresponding sequence in the chick PMCA2, TNSD-
FYSKNQRNEAN, varies from the human sequence only at the
last two amino acids. The specificity of the antibody for de-
tecting the chick PMCA2 was tested by Western blot analysis
in the cerebellum (Sepúlueda et al., 2007) and in the dorso-
caudal brainstem in the current study (see below).

Monoclonal anti-SNAP-25 (catalog No. MAB331) made in
mouse was purchased from Chemicon International (Te-
mecula, CA). The immunogen is human crude synaptic immu-
noprecipitate. The antibody recognizes a band of 26–27 kDa
in Western blot analysis. Monoclonal anti-MAP2 (catalog No.
MAB3418) made in mouse was purchased from Chemicon
International. The immunogen is bovine brain microtubule
protein. The antibody binds specifically to MAP2a and MAP2b
and is detected as a 300-kDa band in Western blot analysis.
This antibody has been used in the chick auditory brainstem in
a previous study from our laboratory (Wang and Rubel, 2008).

Western blotting
Western blot immunoassay was conducted to confirm that

the anti-PMCA2 antibody used in the present study recog-
nizes similar proteins in chicks compared with mammals. Pro-
tein samples were harvested from the NL/NM and the sur-
rounding region in the dorsocaudal brainstem of chicks and
the whole brain of mice. An additional whole-brain sample
from the dfw2J homozygous mutant mouse that is known to
lack PMCA2 immunoreactivity (McCullough and Tempel,
2004) was used as a negative control. All samples were ho-
mogenized in lysis buffer (20 mM NaF, 1 mM Na vanadate,
0.5% Triton X-100, 0.1% SDS, 10 mM Tris, and 150 mM NaCl)
with protease inhibitor cocktail (catalog No. P8340; Sigma).
Protein concentrations were determined by using BCA Protein
Assay (Pierce, Rockford, IL). Each sample (5 #g or 12.5 #g
protein) was boiled for 5 minutes to denature protein and
loaded onto a 4–20% SDS-polyacrylamide gel (Bio-Rad, Her-
cules, CA). The gel was run for 100 minutes at 100 V. Protein

was then electroblotted to a PVDF membrane (Bio-Rad).
Membranes were blocked in 5% nonfat milk in TBS (10 mM
Tris and 150 mM NaCl) and probed with the PMCA2 antibody
(1:1,000). Horseradish peroxidase (HRP)-conjugated second-
ary antibodies (1:3,000; Bio-Rad) were used for detection with
enhanced chemiluminescent reagents (ECL; Amersham, Little
Chalfont, Buckinghamshire, England). An antibody against
$-actin (Abcam Inc, Cambridge, MA) was used as a protein
loading control.

Transmission electron microscopy
Two chicks were anesthetized and transcardially perfused

with 0.9% saline followed by 2% paraformaldehyde and
0.05% glutaraldehyde in 0.1 M acetate buffer (pH 6.0) for 5
minutes and then by the same concentration of aldehydes in
0.06 M borate buffer (pH 8.5) for 20 minutes (Berod et al., 1981;
Bodor et al., 2005). Brains were dissected and then immersed
in the latter fixative for 40 minutes. Brains were washed in 0.1
M phosphate buffer (PB), and coronal sections of the brain-
stem containing NM and NL were cut on a vibratome at 50 #m.
Sections were cryoprotected in 10%, 20%, and 30% sucrose
in PB prior to three freeze-thaw cycles in liquid nitrogen.
Sections were treated with 0.5% sodium borohydride for 15
minutes and returned to 0.1 M PB.

Blocking was performed in a solution containing 5% normal
goat serum, 0.8% BSA, 0.1% cold water fish skin gelatin,
0.05% sodium azide in 50 mM Tris buffer (pH 7.4) for 1 hour.
This solution was replaced with a 1:1,000 dilution of rabbit
anti-PMCA2 in the same buffer overnight at 4°C with gentle
agitation. Several sections were maintained in the blocking
buffer as a no-primary control. After washes, sections were
incubated in a 1:50 dilution of goat anti-rabbit ultrasmall (0.6
nm) gold (No. 25101; EMS) for 2 hours. Additional washes
were performed prior to incubation in a 1:10 dilution of En-
hancement Conditioning Solution (No. 25830; EMS) and sub-
sequent silver enhancement. After washes, the sections were
treated with 1% OsO4 for 2 minutes, followed by 0.5% OsO4

for 20 minutes, both in 0.1 M PB. Sections were washed,
dehydrated, and embedded in Eponate 12 resin (Ted Pella,
Inc., Redding, CA) prior to obtaining ultrathin sections. After
remounting of the vibratome sections on blank resin stubs,
100-nm ultrathin sections were made from the surface (1–2
#m) of the immunoreacted sections. Ultrathin sections were
mounted on 200-mesh, Athene thin bar grids (Ted Pella, Inc.),
contrasted with uranyl acetate and lead citrate, and viewed in
a JEOL 1200 EX transmission electron microscope.

Data analysis in NL
Both XDCT transection and unilateral cochlea removal com-

promise the excitatory activity to one dendritic domain of NL
(referred to here as the deprived domain) and leave the affer-
ent activity to another domain uncompromised (referred to
here as the intact domain). The structure and function of the
intact domain of NL are largely unchanged following the ma-
nipulations used here (Lippe et al., 1980; Deitch and Rubel,
1984, 1989; Born et al., 1991), so the change in the density of
PMCA2 immunoreactivity in the deprived domain was esti-
mated by the difference between two neuropil domains. This
method was adopted to avoid potential inconsistencies
caused by variations in immunostaining between cases (Lippe
et al., 1980; Durham and Rubel, 1985; Born et al., 1991; Wang
and Rubel, 2008). In our preparations, the staining intensity of
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PMCA2 in the intact domain of NL neuropil was qualitatively
similar before and after the manipulations (see Figs. 6, 9).
Thus, we assume that the differences of PMCA2 immunore-
activity between two neuropil domains were due largely to the
changes in the deprived neuropil. However, the methods used
in the current study could not determine the subcellular com-
partment(s) in which PMCA2 changes occurred in response to
our manipulations. In addition, PMCA2 immunoreactivity
within the cell body layer, which contains NL neuronal somata
and laterally oriented, short dendritic branches (Smith, 1981),
was excluded from the analyses described below.

Two types of analyses were conducted to quantify relative
differences between the dorsal and the ventral neuropil do-
mains of NL with respect to PMCA2 immunoreactivity within
the first 14 hours following the manipulations. First we mea-
sured and compared the average density of the immunostain-
ing between the deprived and the intact domains in the same
region of NL. At least three cases were chosen for this anal-
ysis from each survival time and manipulation group. For each
case, sections 2, 4, and 6, (counting from caudal to rostral)
from those sets of sections stained with peroxidase were
chosen as representative of the caudal, intermediate, and
rostral portion of NL, respectively. The levels of these sections
are comparable to those illustrated in Figure 1 of Wang and
Rubel (2008). For each section, three or four photomicro-
graphs were taken of NL with a % 63 oil-immersion objective
(NA 1.40) at a total magnification of % 756. The boundaries of
the NL neuropil were evident in PMCA2 staining and were
further verified by adjacent sections stained for Nissl. Average
optical density of the dorsal and ventral NL neuropil domains
was measured in Image J software (version 1.38X; National
Institutes of Health). In all cases, the comparison of the aver-
age density between the dorsal and the ventral neuropil do-
mains was made within the same photomicrograph from the
same tissue section to avoid any possible inconsistencies
caused by variations in immunostaining between cases and
sections and variations in brightness across photomicro-
graphs. We defined D and V as the average density of staining
in the dorsal and ventral neuropil domains, respectively. The
percentage difference (PD) was calculated as the change in
the density of deprived neuropil domain relative to the intact
domain, which is (V – D)/D % 100 for both sides following
XDCT transection and the contralateral side following unilat-
eral cochlea removal and (D – V)/V % 100 for the ipsilateral
side following unilateral cochlea removal. The PDs from a
single animal (or in the case of unilateral cochlea removal from
each side of the brain) were averaged, and this mean PD
represented a single data point for statistical analyses. These
mean PDs from all animals of the same group were averaged
and plotted as a function of survival time. Error bars are
conservatively based on all of the data from each animal.

Correlation between changes in PMCA2 and dendritic
structure following deprivation was estimated by plotting the
PDs of PMCA2 immunoreactivity against the PDs of MAP2
immunoreactivity from nine animals that received unilateral
cochlea removal. Average density of the immunoreactivities
was measured as described above from sections double la-
beled for both PMCA2 and MAP2 with fluorescent immuno-
cytochemical staining. These sections were chosen from the
caudal portion of the nucleus at the level comparable to Fig-
ure 1A of Wang and Rubel (2008), because significant changes

in MAP2 immunoreactivity were detected in the caudal NL
(Wang and Rubel, 2008). Two channels were imaged sequen-
tially with an Olympus FV-1000 confocal microscope to avoid
bleed-through between channels.

A second type of analysis was conducted to evaluate the
overall change in the density of PMCA2 staining as a function
of dendritic position (proximal vs. distal) from the NL neuron
soma. Representative sections with a PD value smaller than
–20 were chosen for this analysis from the cases that survived
0.5–6 hours following XDCT transection. Each neuropil do-
main was divided into subzones from proximal (adjacent to
the soma) to distal dendrites at intervals of 5 #m. The PD
between the deprived and the control domains was calculated
between comparable subzones at the same distance from the
same NL neuron somata.

Significance was determined by using one-way ANOVA fol-
lowed by Tukey’s multiple-comparisons test or two-way
ANOVA followed by Bonferroni posttest, in the Prism v. 5
software package (GraphPad Software, Inc., San Diego, CA).
P < 0.05 was considered statistically significant. All data are
shown as mean & 1 SD in the text and figures.

Data analysis in NM
In the group that received unilateral cochlea removal,

changes in the density of PMCA2 immunostaining were quan-
tified between the ipsilateral and the contralateral NM from
individual tissue sections. For each case, three images were
taken from each side of NM with a % 20 air objective (NA 0.75)
at a total magnification of % 240. Average optical density was
measured within a square placed in the middle of the nucleus.
The diameter of the square is 100 #m when measuring from
the sections through the caudal and intermediate NM and 60
#m when measuring from the sections through the rostral NM.
The PD was calculated as the change in staining density of the
ipsilateral deprived NM relative to the contralateral intact NM.
The PDs from all three samples from the same animal were
averaged, and then these means from all animals of the same
group were averaged and plotted as a function of survival
time.

Digital imaging. Digital images of selected sections with
peroxidase staining were captured with a Zeiss AxioPlan 2ie
equipped with a CoolSnap HQ monochrome digital camera
(Princeton Instruments, Trenton, NJ) and collected in Slide-
book (version 4.0.2.8; Intelligent Imaging Innovations, Denver,
CO). Fluorescent images were collected on a Fluoview-1000
laser scanning confocal microscope equipped with an IX-81
inverted microscope (Olympus America, Center Valley, PA).
Image contrast and brightness adjustments and photomon-
tages were made in Adobe Photoshop (Adobe Systems Inc.,
Mountain View, CA).

RESULTS
Western blotting

Western blot immunoassay was conducted to confirm that
the anti-PMCA2 antibody used in the current study recognizes
similar proteins in chickens compared with mammals. The
results shown in Figure 1 illustrate nearly identical band (!130
kDa) recognition between chick and wild-type mouse. This
band corresponds to the PMCA2 previously identified in the
mouse (McCullough and Tempel, 2004). This band was absent
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in the dfw2J mutant mice, which are known to lack PMCA2
immunoreactivity and have hearing and balance deficits.

Distribution and localization of PMCA2 in the
normal NL and NM

In chicks, NL neurons are arranged in a single layer, except
in the most caudolateral region of the nucleus, where multiple
layers of neurons are present. Dendrites of NL neurons are
segregated into dorsal and ventral domains that are bordered
by two glial-rich layers. Immunocytochemistry revealed that
PMCA2 is expressed at high levels throughout the NL neuropil
region and around cell bodies, where NM terminals form syn-
apses with NL neurons. Symmetric distribution of PMCA2 in
the dorsal and ventral neuropil of NL formed two dense bands
separated by a lightly stained cell body layer where the im-
munoreactivity was found mostly around the somata (Fig.
2A,B,D,G). The major immunoreactivity in the neuropil region
overlapped with the immunoreactivity for MAP2, a neuronal
somatodendritic marker (Fig. 2D–F), and was confined be-
tween the two glial layers (Fig. 2G–I). The average densities of
PMCA2 immunoreactivity in the ventral and dorsal neuropil
regions were not qualitatively different, and quantitative mea-
surements did not reveal any statistically significant differ-
ences. Within NM, most neurons are adendritic or have only a
single, short primary dendrite in P4–P10 chicks (Conlee and
Parks, 1983). Immunoreactivity for PMCA2 was located peri-
somatically in NM neurons (Fig. 2C). In addition, immunoreac-
tivity was also observed surrounding a number of smaller
nuclei in NL neuropil regions and the adjacent glial layers
(inset of Fig. 2B) as well as in NM (Fig. 2C). These nuclei are
5–8 #m in diameter, suggesting that PMCA2 immunoreactiv-
ity is present on some glial cells. This suggestion is supported
by the presence of PMCA2 in the mammalian astrocytes

(Fresu et al., 1999; Blaustein et al., 2002). Regions surrounding
NL and NM are rich in axons and glial processes and did not
contain distinct PMCA2 immunoreactivity.

Double labeling of PMCA2 and a presynaptic marker
SNAP-25 demonstrated a certain degree of colocalization of
the two antigens within NM and NL (white arrows, Fig. 3).
However, cellular structures labeled with PMCA2 but lacking
SNAP-25 were also widely detected (white arrowheads, Fig.
3). TEM observation confirmed that PMCA2 is localized in
both pre- and postsynaptic compartments in the neuropil
region of NL (Fig. 4), consistent with observations in mammals
(Stauffer et al., 1997; DeMarco and Strehler, 2001; Burette and
Weinberg, 2007; Jensen et al., 2007; Burette et al., 2009).

PMCA2 immunoreactivity in NL following XDCT
transection

The XDCT contains the decussating NM axons that project
to the ventral NL on both sides of the brain. A complete
transection of XDCT at the midline eliminates the excitatory
input to the ventral dendrites of NL neurons, while leaving the
input to the dorsal dendrites intact (Fig. 5A,C). After XDCT
transection, the afferent terminals from NM on the ventral NL
dendrites do not show significant atrophic changes at the
electron microscopic level during the first 4 hours (Deitch and
Rubel, 1989).

The relative change in PMCA2 immunoreactivity in the de-
prived ventral neuropil compared with the intact dorsal neu-
ropil exhibited a time-dependent pattern (Figs. 6, 7). Immedi-
ately after the surgery (0 hours), no reliable difference in the
density of staining was observed between the two neuropil
domains (Fig. 6B), and quantitative analyses supported this
observation. The percentage difference (PD) of the staining
density in the ventral neuropil compared with the dorsal neu-
ropil (0.0 & 8.5) was not significantly different from that of the
unoperated control (–2.8 & 1.3; Fig. 7A). Thirty minutes later,
however, the ventral neuropil exhibited notably lower density
of PMCA2 immunoreactivity compared with the dorsal neuro-
pil in all but one case (Fig. 6C). The average PD across all six
cases was –25.6 & 23.9. At 3–14 hours following the transec-
tion, a relatively lower density of staining in the ventral neu-
ropil was detected consistently with the average PD of
–32.0 & 3.9 at 3 hours, –26.9 & 5.2 at 6 hours, and –23.7 & 8.0
at 14 hours (Figs. 6D–F, 7A). These PD values were signifi-
cantly smaller than the unoperated controls at all four survival
periods (Ps < 0.001).

Changes in the density of PMCA2 immunoreactivity in the
ventral neuropil occurred symmetrically on both sides of the
brain (Fig. 5C). On each side, the change was detected
throughout the rostrocaudal and lateromedial extent of the
nucleus (Fig. 7B). A two-way ANOVA (survival time by position)
did not yield significant interaction between these two param-
eters, indicating the overall effect of the manipulation on the
staining density does not vary with the position of the den-
drites along the rostrocaudal axis of the nucleus. A slightly
smaller mean of PD in the caudal NL than in the intermediate
and rostral NL may be due to differential neuronal arrange-
ments between the caudal and the other regions of NL. At any
given location of the NL, the difference in the density of
PMCA2 staining between the two neuropil domains was dis-
tributed throughout its proximal and distal extent (Fig. 8). Each
subzone of the ventral neuropil exhibited a dramatic decrease
of staining in comparison with the analogous subzone in the

Figure 1.
Western blot assay of anti-PMCA2 in tissues from chicks, wild-type
(WT) mice, and dfw2J mice. Molecular weight standards (left) were
used to determine relative sizes of labeled protein. Lanes 1 and 2 were
loaded with approximate 5 #g of total protein. Chicken reactivity is
nearly identical to that in the wild-type mouse with respect to the
molecular weights at !130 kDa. The dfw2J lane was loaded with 12.5
#g of total protein and showed no evidence of PMCA2 protein of the
correct molecular weight.
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dorsal neuropil, although the PDs calculated from individual
subzones varied across cases.

In the sham-operated subjects that received midline inci-
sions that were either caudal or rostral to the XDCT without
damaging NM neurons or their axons, there was no reliable
difference in the density of PMCA2 immunostaining between
the dorsal and the ventral NL neuropil domains at any survival
times (Fig. 7A,B). The PDs (–3.6 & 2.1) were not significantly
different from those of the unoperated control subjects, indi-
cating that the observed decreases in PMCA2 immunoreac-
tivity in the ventral NL neuropil following transection of XDCT
were not caused by lesion-related cytotoxic events.

PMCA2 immunoreactivity in NL following
unilateral cochlea removal

The eighth nerve is the only excitatory input to NM neurons.
Unilateral cochlea removal eliminates excitatory action poten-

tials in both the eighth nerve and the ipsilateral NM and thus
eliminates spike generation in the excitatory axons to the
dorsal dendrites of the ipsilateral NL and the ventral dendrites
of the contralateral NL (Fig. 5B; Born et al., 1991). Cochlear
ganglion cells and NM neurons begin to die about 12–24 hours
after cochlea removal, and by 48 hours about 30% NM neu-
rons have degenerated (Rubel et al., 1990).

Immediately after the unilateral cochlea removal (0 hours),
the density of PMCA2 staining showed no reliable qualitative
or quantitative differences between the dorsal and the ventral
neuropil domains on either side of the brain (Fig. 7A). The PD
values were not significantly different from those of the unop-
erated control group on the ipsilateral side (–2.1 & 9.7) or on
the contralateral side (–6.1 & 9.7). On the other hand, from 30
minutes to 14 hours following cochlea removal, the ventral
neuropil contralateral to the cochlea removal exhibited a
readily apparent and statistically significant decrease in

Figure 2.
PMCA2 immunoreactivity in the NL and NM under control conditions. A: A low-magnification photomicrograph showing the overall pattern of
PMCA2 immunoreactivity in NM and NL. B,C: High-magnification photomicrographs showing the perisomatic staining of PMCA2 in the caudal
NL (B) and NM (C). Sections were doubly labeled with PMCA2 (green) and a nuclear marker DAPI (blue). Red and white arrows indicate unstained
and stained glial cells, respectively. The inset in B was taken from the ventral glial layer of NL. D–F: Double labeling of PMCA2 (green) and a
somatodendritic marker MAP2 (magenta) in NL. Merged image in F. G–I: Double labeling of PMCA2 (green) and DAPI (blue) in NL. Merged image
in I. White dashed lines in H,I indicate the borders between NL neuropil region and the adjacent glial layers. Scale bars " 200 #m in A; 20 #m
in B,C; 10 #m in inset; 50 #m in I (applies to D–I).
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PMCA2 immunoreactivity compared with the adjacent dorsal
neuropil of the same neurons (Figs. 7A, 9A,C,E), with a time
course comparable to that following XDCT transection. The
relative PD in the staining density was –17.6 & 15.7 at 30
minutes, –31.1 & 10.2 at 3 hours, –19.7 & 5.8 at 6 hours, and
–26.0 & 9.1 at 14 hours. These PD values were all significantly
less than those of the unoperated control group (Ps < 0.001).

Unexpectedly, changes in PMCA2 immunoreactivity in the
dorsal neuropil of the ipsilateral NL appeared smaller and less

reliable than in the ventral neuropil of the contralateral NL
(Figs. 7A, 9B,D,F). Qualitative examination of the tissue did not
reveal a reliable difference in the staining density between the
two neuropil domains of the ipsilateral NL until 3 hours after
the manipulation. Quantification and statistical analysis
across all cases within individual survival groups revealed a
significantly smaller PD value at 3 hours (–12.6 & 8.2; P < 0.01)
and 6 hours (–15.3 & 10.8; P < 0.01), but not at 0.5 hours
(–3.1 & 12.9) or 14 hours (–4.5 & 3.8), compared with the

Figure 3.
Low-magnification (A,B) and high-magnification (C–H) photomicrographs of sections doubly labeled with PMCA2 (green) and the presynaptic
maker SNAP-25 (magenta) in NL (A,F–H) and NM (B–E). E and H are merged images of NM neuron soma and NL neuopil region, respectively.
Arrows and arrowheads indicate the subcellular components with double labeling or with single labeling for PMCA2, respectively. Scale bars "
50 #m in B (applies to A,B); 5 #m in E (applies to C–E); 7.5 #m in H (applies to F–H).
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unoperated control group (–2.1 & 9.7). The results of two-way
ANOVA for the survival time following unilateral cochlea re-
moval and the domain of the deprived neuropil (dorsal vs.
ventral) indicated that the effect of cochlea removal on
PMCA2 immunoreactivity depended on the domain of the
deprived neuropil (P < 0.0001; Fig. 7A). A significantly greater
change occurred in the deprived ventral neuropil than in the
deprived dorsal neuropil within the first 14 hours following
unilateral cochlea removal.

PMCA2 immunoreactivity in NL following
bilateral cochlea removal

The asymmetry of the effect of unilateral cochlea removal
on the deprived dorsal and ventral neuropil of NL provides a
means to examine whether the elimination of activity in one
neuropil domain or the loss of the balance of the activity
between the two neuropil domains is responsible for the ob-
served changes in PMCA2 immunoreactivity. If the balance of
the activity is sufficient to maintain the PMCA2 immunoreac-
tivity in NL neuropil, bilateral cochlea removal should produce
no change in staining density in either domain and thus no
difference between two domains. Otherwise, because of the
differential effects of unilateral cochlea removal on the de-

prived dorsal and ventral neuropil, we should detect a differ-
ence of staining density between two neuropil domains fol-
lowing bilateral cochlea removal.

Five animals received bilateral cochlea removal and sur-
vived for 3 hours, the time point at which the most dramatic
changes were found following a single operation of either
XDCT transection or unilateral cochlea removal. For all five
cases, the density of PMCA2 immunoreactivity in the ventral
neuropil was significantly smaller than the dorsal neuropil (P <
0.001; Fig. 10). The PD of staining density between the ventral
and the dorsal neuropil domains (–24.4 & 3.4) was significantly
smaller than that of the unoperated control group (P < 0.001).
This difference may result, at least partially, from different
levels of response of each neuropil domain to the deprivation
of presynaptic activity. However, whether the breakdown of
the balance of activity between two neuropil domains also
contributed to the changes in PMCA2 immunoreactivity could
not be determined by this comparison.

Correlation of changes in PMCA2
immunoreactivity with MAP2 immunoreactivity
To explore whether the changes in PMCA2 immunoreactiv-

ity are associated with structural changes of NL dendrites,

Figure 4.
Transmission electron micrograph of PMCA2 immunoreactivity in NL neuropil region. Gold particles are distributed in a membrane-associated
manner in both dendritic (d) and axonal (a) structures. Arrows and arrowheads point to the gold particles in a dendritic and an axonal structure,
respectively. Scale bar " 1 #m.
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changes in PMCA2 immunoreactivity were plotted as a func-
tion of changes in MAP2 immunoreactivity following unilateral
cochlea removal (Fig. 11). The average PD of PMCA2 immu-
noreactivity in the contralateral NL (–16.9 & 7.7) was signifi-
cantly greater than that in the ipsilateral NL (–4.2 & 6.1),
consistent with the quantification analyses described above,
although the absolute values of the PDs measured from sec-
tions with fluorescent immunocytochemical staining (Fig. 11)
are smaller than those measured from sections with peroxi-
dase staining (Fig. 7). On the other hand, the average PD of
MAP2 immunoreactivity was not significantly different be-
tween the contralateral (–30.3 & 9.9) and the ipsilateral
(–35.2 & 12.8) sides, consistent with our previous report
(Wang and Rubel, 2008). Although the PDs in immunoreactiv-
ity varied among cases, those with a larger change in PMCA2
immunoreactivity tended to have a larger change in MAP2
immunoreactivity. This correlation was evident on both con-
tralateral (Fig. 11A) and ipsilateral (Fig. 11B) sides. Post hoc
linear trend analysis reveals a highly significant trend toward

increasing changes in MAP2 as a function of changes in
PMCA2 (P < 0.001).

PMCA2 immunoreactivity in NM following
unilateral cochlea removal

PMCA2 immunoreactivity in the deprived ipsilateral NM was
examined following unilateral cochlea removal and compared
with that in the intact contralateral NM. During the entire
14-hour observation period following the manipulation, no
distinct difference between the ipsilateral and the contralat-
eral NM was detected in either the staining pattern or the
average density of the immunoreactivity (Fig. 12). Almost ev-
ery neuron in NM displayed a perisomatic staining of PMCA2
before and after the manipulation. One-way ANOVA followed
by post hoc comparisons revealed no significant difference in
the average density of staining between the two sides mea-
sured from the middle portion of the nucleus at all survival
times.

Figure 5.
Differential innervation of NL dendrites and the consequences of the surgeries. A,B: Schematic drawings of the chick brainstem in the coronal
plane illustrate the affected dendritic fields following XDCT transection (A) and unilateral cochlea removal (B). Red indicates the surgical site for
each manipulation and deafferented axons and dendrites influenced by each manipulation. C: Low-magnification photomicrograph illustrating
a complete XDCT transection (black arrow). Note the significant difference in PMCA2 staining intensity between the dorsal and ventral neuropil
regions of NL, bilaterally, 3 hours after the transection. Photomontages were constructed in C using Adobe Photoshop (Adobe Systems Inc.,
Mountain View, CA). NA, nucleus angularis. Scale bar " 500 #m.
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DISCUSSION
In this study, we demonstrate that the calcium efflux protein

PMCA2 is regulated independently and/or differentially in sub-
cellular compartments of individual neurons in a way that is
correlated with presynaptic activity. In the chick auditory
brainstem, PMCA2 immunoreactivity is rapidly and differen-

tially down-regulated in NL dendrites and/or presynaptic ter-
minals from NM where presynaptic action potentials have
been eliminated, but not in corresponding elements on the
other side of the same neurons that are receiving inputs show-
ing normal action potential rates. In addition, PMCA2 immu-
noreactivity in the somata of NM neurons does not appear to

Figure 6.
PMCA2 immunoreactivity in NL following XDCT transection. A was taken from an unoperated case and B–F from the animals that survived 0,
0.5, 3, 6, and 14 hours following the surgery, respectively. Note that staining intensities between the dorsal and the ventral neuropil domains
appear similar in A and B and different in C–F. The ventral neuropil exhibited a lower density of staining compared with the dorsal neuropil 0.5–14
hours following the surgery. Scale bar " 50 #m.
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be sensitive to changes in presynaptic activity induced by our
manipulations. The significance of the compartmental specificity
of PMCA2 regulation is discussed below in terms of its potential
involvement in rapid structural changes in neuronal dendrites.

One important caveat of this study is that we cannot deter-
mine with the present analyses whether the deprivation-
induced changes in PMCA2 immunoreactivity are presynaptic
or postsynaptic or both. Our results and other TEM localiza-

Figure 7.
Time course of the average density of PMCA2 immunoreactivity in the deprived NL neuropil following manipulations. A: The average percentage
difference (PD) across the whole NL following XDCT transection or unilateral cochlea removal. PDs were averaged from two sides of the brain
following XDCT transection. B: PDs were measured from the caudal, intermediate, and rostral portions of the nucleus following XDCT
transection. All error bars indicate SD. The asterisk and n.s. below individual bars indicate that the PD of a specific survival group or position
is significantly smaller (P < 0.05) than or nonsignificant (P > 0.05) compared with the corresponding unoperated control, respectively.
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(Cochran et al., 1999). TrKB is activated by brain-derived
neurotrophic factor (BDNF) and neurotrophin-4/5 (NT-4/5) as
well as by zinc, which is coreleased with glutamate (Huang et
al., 2008). BNDF/TrKB signaling and other neurotrophin path-
ways can react rapidly to synaptic transmission and calcium
signaling of postsynaptic targets and regulate postsynaptic

dendritic structure with compartmental specificity (Jiang and
Guroff, 1997; Tao et al., 1998; Meyer-Franke et al., 1998; Kafitz
et al., 1999; Finkbeiner, 2000; Xu et al., 2000; McAllister, 2000,
2001). It will be important to investigate whether the differen-
tial response of PMCA2 in NL is associated with activation of
TrKB pathway in the ventral, but not the dorsal, dendrites.

Figure 9.
PMCA2 immunoreactivity in NL at 3 hours (A–D) and 14 hours (E,F) following unilateral cochlea removal. A, C, and E were taken from the side
contralateral to the operated ear and B, D, and F from the side ipsilateral to the operated ear. Staining intensities between the dorsal and the
ventral neuropil domains are clearly different on the contralateral side and appear comparable on the ipsilateral side. Scale bars " 200 #m in
A (applies to A,B); 50 #m in F (applies to C–F).
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tion studies (Stauffer et al., 1997; Burette and Weinberg, 2007;
Burette et al., 2009) clearly indicate that PMCA2 is expressed
in both presynaptic and postsynaptic structures in the brain
and peripheral sensory systems. However, three lines of evi-
dence suggest that changes in PMCA2 immunoreactivity oc-
curred at least partially in NL dendrites. First, following co-
chlea removal, PMCA2 immunoreactivity in NM did not show
a hint of change up to 14 hours (the present study) even
though the axons of the eighth nerve are beginning to degen-
erate by about 14 hours (Rubel et al., 1990). Second, after
XDCT transection, a significant reduction of neurofilaments
and microtubules was seen in the ventral NL dendrites by 4
hours, but, at that time and for several hours thereafter, no
changes were noted in the ultrastructure of the NM synapses
on these dendrites (Deitch and Rubel, 1989). Third, PMCA2
immunoreactivity in the dorsal and ventral NL neuropil do-
mains showed different sensitivities to the manipulations of
presynaptic activity (the present study). These observations
do not prove that the observed changes in PMCA2 immuno-
reactivity do not take place in presynaptic structures in NL
neuropil. However, they certainly suggest that the most sig-
nificant changes following our manipulations, particularly at
the short intervals, are taking place in the dendrites.

Time course of PMCA2 changes in NL
Loss of PMCA2 immunoreactivity does not appear to be a

direct consequence of accompanying reductions in the mem-
brane surface of NL dendrites. A significant decrease of
PMCA2 immunoreactivity by 18–26% at 0.5 hours indicates a
decrease in the density of the immunoreactivity on the den-
dritic surface. At this early time point, changes in the total
dendritic branch length and area of NL neurons are not de-
tectable (Deitch and Rubel, 1984; Sorensen and Rubel, 2006).
At later time periods (3–14 hours), reduction in the membrane
surface of NL dendrites, and presumably of NM terminals,
increases over the survival time following the manipulations

(Deitch and Rubel, 1984), although little further loss of PMCA2
immunoreactivity was detected during this time period, indi-
cating that the density of PMCA2 immunoreactivity reaches
the greatest loss between 0.5 hours and 3 hours and then
slowly recovers or increases by 14 hours. The initial decrease
could result from degradation of PMCA2 protein, alternation
of its structure and/or binding properties, or decreases in
availability of the protein coupled with rapid normal turnover
(Grati et al., 2006). This rapid and transient loss of a fraction of
PMCA2 immunoreactivity suggests multiple pools of PMCA2
with distinct mobilities in NL or NM neurons, a pattern that has
been observed in the stereocilia of hair cells (Grati et al., 2006).
The later recovery of PMCA2 may be a result of up-regulation
of PMCA2 by increased [Ca2!]i (Guerini et al., 1999, 2005). An
additional line of evidence that PMCA2 changes are not a
result of structural changes comes from the occurrence of
PMCA2 changes throughout the proximal-distal neuropil do-
main. On the other hand, dendritic branches in NL shrink
preferentially in the distal portion and slightly gain length
proximally (Sorensen and Rubel, 2006).

Synaptic regulation of PMCA2
The immediate loss of PMCA2 immunoreactivity is one of

the earliest cellular processes in NL neuropil following depri-
vation of excitatory inputs, along with changes in
2-deoxyglucose uptake (Lippe et al., 1980), and occurs well
before detectable structural changes (Deitch and Rubel, 1984,
1989; Wang and Rubel, 2008) and metabolism alterations
(Durham and Rubel, 1985). The rapidity of changes in PMCA2
immunoreactivity, consistent with its occurrence throughout
the neuropil domain, places major constraints on the cellular
processes that might mediate these changes. Sham opera-
tions showed that these PMCA2 changes were not caused by
lesion-related cytotoxic events to the surrounding tissue. In-
stead, decreases in PMCA2 immunoreactivity are likely to be
activity dependent, insofar as both XDCT transection and
cochlea removal cause an immediate cessation of action po-
tentials of excitatory NM afferents to affected NL dendrites
(Born et al., 1991). Possible changes in presynaptically local-
ized PMCA2 could be a direct consequence of changes in
calcium influx through voltage-gated calcium channels. Den-
dritic PMCA2, on the other hand, may respond to the inter-
ruption of neurotransmission and concomitant cessation of
glutamate release. Glutamate receptors that may regulate
PMCA2 through a calcium-dependent mechanism include
calcium-permeable AMPA and NMDA receptors and metabo-
tropic glutamate receptors that mediate [Ca2!]i through their
inhibition on voltage-gated calcium channels and release from
intracellular calcium stores (Zirpel and Rubel, 1996; Lu and
Rubel, 2005).

In addition to glutamate receptors, activation of neurotro-
phin receptors may also regulate PMCA2 in NL dendrites. One
unexpected observation in the current study is that changes in
the density of PMCA2 immunoreactivity in deprived dorsal
neuropil were significantly smaller than those in deprived ven-
tral neuropil, indicating that PMCA2 immunoreactivity is reg-
ulated somewhat differentially in the two NL neuropil domains.
These differential responses imply that other cellular path-
ways with varied expression and/or function between two
domains may modulate the activity-dependent PMCA2 ex-
pression. Of most interest is the restricted distribution of the
TrKB receptor in the ventral, but not the dorsal, NL dendrites

Figure 8.
Four individual examples demonstrating changes in PMCA2 immuno-
reactivity as a function of the distance from the NL cell bodies.
Animals survived for 6 hours following XDCT transection. PD values
were calculated from a single section selected from the intermediate
portion of NL where the dendrites extend about 35 #m dorsally and
ventrally to the neuronal cell bodies. Decreases in PMCA2 immuno-
reactivity were detected in both the proximal and the distal portions of
NL neuropil.

Research in Systems NeuroscienceThe Journal of Comparative Neurology

635SYNAPTIC REGULATION OF PMCA2



PMCA2 in dendritic regulation
The temporal properties of PMCA2 changes in NL neuropil

following deprivation suggest a basis for the participation of
PMCA2 in subsequent subcellular and structural changes in
NL dendrites. The hypothesis of structural regulation by den-
dritic PMCA2 is particularly attractive because of the pivotal
role of intradendritic calcium signals in activity-dependent
dendritic regulation, which has been proposed in a variety of
neuronal systems (Lohmann et al., 2002; Wong and Ghosh,
2002; Chen and Ghosh, 2005; Lohmann and Wong, 2005;
Redmond and Ghosh, 2005). For NL neurons, rapid atrophy
and retraction of activity-deprived dendritic branches but not
matching dendrites of the same neurons with normal inputs
are likely to be a result of dynamics of local calcium signals,
but not global calcium signaling that produces a delayed
effect on dendritic development through gene transcription
and presumably affects all dendritic branches of individual
neurons (Wong and Ghosh, 2002; Redmond and Ghosh,
2005). In chick retina, blockage of calcium-induced calcium
release from the endoplasmic reticulum appears to inhibit
local calcium signaling, which results in dendritic retraction of
ganglion neurons (Lohmann et al., 2002). NL dendrites are rich
in endoplasmic reticulum (Deitch and Rubel, 1989). Insofar as
local calcium signaling depends on calcium influx primarily
through transmitter-mediated receptors and voltage-gated
calcium channels (Redmond and Ghosh, 2005), deprivation of
presynaptic activity to NL neurons may regulate local den-
dritic structure by calcium signaling through GluR3 flop and
GluR4 flop channels, known to be the predominant AMPA
receptors on NL neurons (Raman et al., 1994; Ravindranathan
et al., 2000).

In cultured sympathetic neurons of the rat superior cervical
ganglion, calcium signaling mediates dendritic growth in re-
sponse to activity via phosphorylation of MAP2 (Vaillant et al.,
2002). Decreased MAP2 immunoreactivity and microtubule
loss concomitant with dendritic retraction lend some cre-
dence to the idea that calcium signaling regulates NL den-
drites by a similar mechanism (Deitch and Rubel, 1989; Wang

and Rubel, 2008). The correlation of MAP2 changes with
PMCA2 immunoreactivity loss in response to cochlea removal
might also suggest that they are regulated by the same up-
stream events, and the fact that the changes in PMCA2 pre-
cede detectable changes in MAP2 and dendritic structural
changes suggests an involvement of PMCA2 in regulating
dendritic cytoskeleton. Alternatively, the high level of [Ca2!]i
that can result from PMCA2 down-regulation may regulate
dendritic morphology by calcium-induced actin depolymer-
ization, a mechanism that has been found repeatedly in hip-
pocampal and retinal neurons (Bennett and Weeds, 1986;
Rosenmund and Westbrook, 1993; Halpain et al., 1998; Job
and Lagnado, 1998; Brünig et al., 2004; Cristofanilli and Ako-
pian, 2006).

Figure 10.
PMCA2 immunoreactivity in NL at 3 hours following bilateral cochlea
removal. Staining intensity in the ventral neuropil (V) is notably lower
than in the dorsal neuropil (D). Scale bar " 20 #m.

Figure 11.
Correlation of changes in PMCA2 and MAP2 following unilateral co-
chlea removal. The average percentage difference (PD) was calcu-
lated as the change in the density of the immunoreactivity in deprived
neuropil domain relative to the intact domain. CR 3h, CR 6h, and CR
14h represent 3, 6, or 14 hours following unilateral cochlea removal.
Note that the changes in PMCA2 immunoreactivity in deprived ventral
domain (A) are larger than those in deprived dorsal domain (B). Each
data point represents an individual case. The animal with a larger
change in PMCA2 immunoreactivity tended to have a larger change in
MAP2 immunoreactivity.

Research in Systems NeuroscienceThe Journal of Comparative Neurology

637SYNAPTIC REGULATION OF PMCA2



PMCA2 in presynaptic structures
As noted above, changes in PMCA2 immunoreactivity fol-

lowing our manipulation could occur presynaptically in NM
terminals as well as in NL dendrites. Several studies have
demonstrated the contribution of PMCAs in regulating pre-
synaptic [Ca2!]i (Morgans et al., 1998; Zenisek and Matthews,
2000; Kim et al., 2005; Lnenicka et al., 2006; Johnson et al.,
2007), and it is well documented that presynaptic [Ca2!]i flux
is critical for neurotransmitter release (Catterall and Few,
2008; Neher and Sakaba, 2008). Jensen et al. (2007) further
reported that PMCA regulates excitatory synaptic transmis-
sion by showing that PMCA inhibition enhanced the frequency
of the miniature excitatory postsynaptic currents in the rat
hippocampal neurons and argued that this regulation is
largely through PMCA2a, a fast splice variant of PMCA2. In rat
hippocampal neurons, PMCA2a is located presynaptically
(Jensen et al., 2007), whereas PMCA2b is postsynaptic and
colocalizes with postsynaptic proteins within dendritic spines
(DeMarco and Strehler, 2001). This could be the same case in
the chick NM-NL synapses, as NM and NL neurons exhibit

high spontaneous and acoustic-driven discharge rates (Born
et al., 1991) and presumably handle large calcium transients at
least partially through a fast calcium clearance system (von
Gersdorff and Borst, 2002). On the other hand, a recent im-
munocytochemical study in the rat brain concluded that
PMCA2a concentrates in inhibitory presynaptic terminals (Bu-
rette et al., 2009). Further TEM localization studies in the chick
auditory brainstem with antibodies specifically against
PMCA2a or PMCA2b will be required to clarify this issue.

PMCA2 regulation: cell-type specific
It is perhaps surprising that NM did not show a discernible

change in PMCA2 immunoreactivity following cochlea re-
moval, given the fact that cochlea removal deprives both NM
and NL of excitatory afferent input (Born et al., 1991). In
addition, cochlea removal results in a rapid increase of [Ca2!]i
in all deprived NM neurons that results in the death of approx-
imately 30% of these neurons within 2 days (Born and Rubel,
1985; Zirpel et al., 1995; Zirpel and Rubel, 1996). For a number
of cell systems, PMCA has been suggested to be an important

Figure 12.
PMCA2 immunoreactivity in NM at 3 hours (A,B) and 14 hours (C,D) following unilateral cochlea removal. A and C were taken from the side
contralateral to the operated ear and B and D from the side ipsilateral to the operated ear. Pattern and intensity of the staining in NM are similar
between two sides at both survival times. Scale bar " 50 #m.
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player in calcium-mediated cell death (Garcia and Strebler,
1999; Garcia et al., 2001; Kurnellas et al., 2005). In addition,
rapid decreases of PMCA message and/or protein within
hours after the onset of pathological conditions have been
reported from a variety of systems (Garcia et al., 1997;
Ximenes et al., 2003; Nicot et al., 2003, 2005; Kip and Strehler,
2007; Herchuelz et al., 2007). We have no explanation for the
failure to detect changes in PMCA2 immunoreactivity in de-
prived NM neurons except to suggest that presynaptic activity
regulates PMCA2 in a cell-type-specific manner.
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a b s t r a c t

Aminoglycoside antibiotics cause death of sensory hair cells. Research over the past decade has identified
several key players in the intracellular cascade. However, the role of the extracellular environment in
aminoglycoside ototoxicity has received comparatively little attention. The present study uses the zebra-
fish lateral line to demonstrate that extracellular calcium and magnesium ions modulate hair cell death
from neomycin and gentamicin in vivo, with high levels of either divalent cation providing significant
protection. Imaging experiments with fluorescently-tagged gentamicin show that drug uptake is reduced
under high calcium conditions. Treating fish with the hair cell transduction blocker amiloride also
reduces aminoglycoside uptake, preventing the toxicity, and experiments with variable calcium and
amiloride concentrations suggest complementary effects between the two protectants. Elevated magne-
sium, in contrast, does not appear to significantly attenuate drug uptake, suggesting that the two divalent
cations may protect hair cells from aminoglycoside damage through different mechanisms. These results
provide additional evidence for calcium- and transduction-dependent aminoglycoside uptake. Divalent
cations provided differential protection from neomycin and gentamicin, with high cation concentrations
almost completely protecting hair cells from neomycin and acute gentamicin toxicity, but offering
reduced protection from continuous (6 h) gentamicin exposure. These experiments lend further support
to the hypothesis that aminoglycoside toxicity occurs via multiple pathways in a both a drug and time
course-specific manner.

! 2009 Elsevier B.V. All rights reserved.

1. Introduction

Aminoglycosides are a clinically important group of antibiotics
despite their unwanted ototoxic and nephrotoxic side effects.
These drugs are cost-effective broad-spectrum antibiotics that
are effective in treating gram-negative bacterial infections. Several
lines of morphological and molecular evidence show that amino-
glycosides act directly on the inner ear by killing sensory hair cells
through stimulation of programmed cell death (apoptotic-like)
pathways (Li et al., 1995; Lang and Liu, 1997; Nakagawa et al.,
1998; Forge and Li, 2000; Cunningham et al., 2002; Hirose et al.,
2004; Jiang et al., 2006). In vitro and in vivo studies in birds and
mammals have uncovered some of the key molecular players in
these apoptotic cascades (reviewed in Van de Water et al., 2004;
Cheng et al., 2005). Aminoglycoside-induced cell death is thought
to act through the so-called ‘‘intrinsic mitochondrial cell death
pathway” although multiple overlapping death and protective

factors are probably involved including oxidative stress, JNK sig-
naling, and heat shock proteins (Hirose et al., 1997; Pirvola et al.,
2000; Sha and Schacht, 2000; Dehne et al., 2002; Wang et al.,
2003; Cunningham et al., 2004; Cunningham and Brandon, 2006;
Sugahara et al., 2006; Taleb et al., 2008). Mitochondrial swelling
and release of cytochrome c into the cytoplasm, hallmarks of clas-
sical apoptosis, are early signs of aminoglycoside ototoxicity (Hir-
ose et al., 1999; Mangiardi et al., 2004; Matsui et al., 2004;
Owens et al., 2007). Later events include activation of key caspases,
particularly caspases-3 and -9 (Cunningham et al., 2002; Matsui
et al., 2002; Cheng et al., 2003; Mangiardi et al., 2004). Some
in vivo studies, however, downplay the role of caspases and suggest
that aminoglycosides can trigger hair cell death in the absence of
caspase activation (Jiang et al., 2006).

Despite the growing body of literature on intracellular cell
death pathways and possible avenues of hair cell protection,
comparatively little attention has been paid to the role of the
extracellular environment on aminoglycoside ototoxicity. In vitro
experiments in neonatal mouse cochlear cultures demonstrate that
high levels of calcium or magnesium protect hair cells from
neomycin damage (Richardson and Russell, 1991), suggesting that
the external ionic environment may play a role in ototoxic
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responses. The present study examines the role of the external io-
nic environment in hair cell death and protection in the zebrafish
(Danio rerio) lateral line.

Our group has recently established the larval zebrafish lateral
line as an in vivo preparation to study the modulation of aminogly-
coside toxicity (Harris et al., 2003; Murakami et al., 2003; Santos
et al., 2006; Owens et al., 2007, 2008). The lateral line is a collection
of mechanosensory structures called neuromasts, each containing
several hair cells and associated supporting cells. The neuromasts
are arrayed in a stereotyped pattern along the head and body of
the animal (Metcalf et al., 1985; Coombs et al., 1989; Raible and
Kruse, 2000), and are used to detect near-field, low frequency
water movement important for many behaviors such as predator
avoidance, prey detection, and orientation within the water col-
umn (Dijkgraaf, 1963; Montgomery and MacDonald, 1987; Mont-
gomery et al., 1997; Coombs et al., 2001; New et al., 2001).
Lateral line hair cells share many structural and functional similar-
ities with vertebrate inner ear hair cells, including sensitivity to
aminoglycoside- and cisplatin-induced cell death (Song et al.,
1995; Williams and Holder, 2000; Harris et al., 2003; Murakami
et al., 2003; Ton and Parng, 2005; Ou et al., 2007; Owens et al.,
2007). Due to its external location, the relative ease of genetic
and pharmacological manipulations and visualization, the lateral
line provides a powerful model system for in vivo studies of hair
cell toxicity (Harris et al., 2003; Ton and Parng, 2005; Hernández
et al., 2006; Ou et al., 2007; Chiu et al., 2008; Owens et al., 2007,
2008).

In the present study, we examined the role of extracellular diva-
lent cations in aminoglycoside uptake and aminoglycoside-in-
duced hair cell death in the zebrafish lateral line. We found that
increasing extracellular calcium or magnesium protected hair cells
from neomycin in a dose-dependent manner while low concentra-
tions of these ions facilitated hair cell death. We found similar ionic
protection of hair cells from acute gentamicin damage, but dimin-
ished protection from continuous 6-hour gentamicin exposure.
Experiments with the transduction channel blocker amiloride sug-
gest that both aminoglycosides are taken up by similar transduc-
tion-dependent mechanisms. A separate set of experiments using
fluorescently labeled gentamicin shows that high calcium, and to
a lesser extent high magnesium, protects hair cells by preventing
drug entry. These findings indicate that calcium plays a similar role
in vivo in the zebrafish lateral line as it does in mammalian co-
chlear cultures, highlighting the similarities between these prepa-
rations and adding strength to the use of zebrafish as a rational
model for studies of hair cell death. The present study also provides
additional evidence for the hypothesis that neomycin and gentami-
cin damage lateral line hair cells by only partially overlapping
mechanisms. Finally, these results highlight the necessity of care-
fully controlling the external ionic environment during ototoxicity
studies and in considering differing ionic conditions when compar-
ing findings between studies.

2. Materials and methods

2.1. Animals

Adult stocks are maintained by the UW Zebrafish Facility
according to standard protocols (Westerfield, 2000). Embryos were
obtained from group matings of *AB wildtype adults and raised at
28.5 "C in embryo medium (EM, see below) at a density of 50 lar-
vae per 10 cm diameter Petri dish. Larvae were fed paramecia or
rotifers and dry plant food daily starting at 4 days post-fertilization
(dpf). All experiments were performed using larvae aged 5–6 dpf.
The University of Washington Animal Care and Use Committee ap-
proved all animal procedures.

2.2. Embryo medium composition

Baseline embryo medium contained 994 lM MgSO4, 150 lM
KH2PO4, 42 lM Na2HPO4, 986 lM CaCl2, 503 lM KCl, 14.9 mM
NaCl, and 714 lM NaHCO3, with the pH adjusted to 7.2. Ca2+ (as
CaCl2) or Mg2+ (as MgSO4) concentrations were adjusted as indi-
cated for each experiment while all other ion concentrations were
held constant. Osmolality was not substantially different between
solutions (110–113 mOsm/kg).

2.3. Aminoglycoside treatment

Neomycin (10 mg/ml stock) or gentamicin (50 mg/ml stock)
were obtained from Sigma (St. Louis, MO) and were diluted in
the appropriate embryo medium (see below) to final concentra-
tions of 50, 100, 200, or 400 lM. Larvae (8–16 fish per treatment
group) were distributed into transfer baskets (Harris et al., 2003)
and all treatments were performed in six-well tissue culture plates.
Two aminoglycoside exposure paradigms were used, based on
prior observations that in the zebrafish lateral line, neomycin and
gentamicin produce damage with differing time courses (Owens
et al., 2009). For acute exposure paradigms, fish were incubated
in the appropriate concentration of neomycin or gentamicin for
30 min, rinsed four times, and allowed to recover for one hour prior
to hair cell assessment. For continuous exposure experiments, fish
were incubated for six hours in neomycin or gentamicin and hair
cell damage was examined immediately after the exposure period.
Mock-treated controls, included in each experiment, were handled
identically, including all rinses, except that the aminoglycoside
was omitted. All rinses were performed in embryo medium with
the same ionic composition as that used for drug treatment. For
experiments with amiloride, fish were incubated in variable con-
centrations of amiloride for 15 min prior to addition of neomycin
or gentamicin, then treated with aminoglycosides as described
above. Amiloride treatment continued throughout each
experiment.

2.4. Vital dye labeling

Hair cells were labeled either pre-or post-treatment by two dis-
tinct labeling paradigms. For experiments where hair cells were la-
beled prior to drug treatment, free swimming larvae were
immersed in 3 lM YO-PRO-1 (Invitrogen, Eugene, OR) for 20 min,
rinsed 3X in EM, immersed in 3 lM FM 1-43 FX ((n-(3-triethylam-
moniumpropyl)-4-(dibutylamino)-styryl) pyridinium dibromide;
Invitrogen) for 45 s, then rinsed three times in EM. Standard EM
was used for pre-labeling experiments to eliminate the possibility
of differential dye uptake due to varying cation concentrations.
This combination of nuclear (YO-PRO-1) and cytoplasmic (FM 1-
43) label allows for clear visualization of multiple hair cell com-
partments and using this labeling scheme both dyes are specific
for hair cells within the lateral line (Santos et al., 2006; Owens
et al., 2008). The mitochondrial dye DASPEI ((2-{4-(dimethyl-
amino-) styryl}-1-ethylpyridinium iodide; Invitrogen) was used
for post-treatment hair cell labeling (Harris et al., 2003; Murakami
et al., 2003; Owens et al., 2007, 2008). DASPEI was added to the fi-
nal post-aminoglycoside rinse (for acute exposure) or directly to
the drug treatment (for continuous exposure) at a final concentra-
tion of 0.005% and fish were incubated for 15 min, then rinsed
twice in fresh EM.

2.5. Imaging and quantification

All imaging was performed in vivo on larvae anesthetized with
0.001% MS-222 (3-aminobenzoic acid ethyl ester methanesulfo-
nate; Sigma). For direct counts of YO-PRO-1/FM 1-43-labeled hair
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cells, anesthetized fish were mounted between bridged coverslips
and visualized on a Zeiss Axioplan 2ie epifluorescence microscope.
Labeled hair cells in each of four neuromasts (SO1, SO2, IO1, IO2;
Raible and Kruse, 2000) were counted (8–12 fish per treatment
group). Hair cell numbers were normalized to mock-treated con-
trols for each individual neuromast and are reported as % survival
based on this normalization. Images were collected with Slidebook
software v. 4 (Olympus, Center Valley, PA).

DASPEI-labeled, anesthetized fish were placed in depression
slides and observed with a Leica MZFLIII stereomicroscope
equipped for epifluorescence. Ten neuromasts on each larva (8–
16 fish/treatment) were each scored on a scale from 0 (no staining)
to 2 (normal staining), resulting in a score from 0 to 20 for each fish
(Harris et al, 2003; Owens et al., 2007, 2008). Average scores for
each group were normalized to mock-treated controls. All hair cell
quantification data (direct counts or DASPEI scores) are presented
as the mean ± one standard deviation in all figures.

2.6. Uptake studies

Texas Red-conjugated gentamicin (GTTR) was prepared as de-
scribed (Steyger et al., 2003; Dai et al., 2006). Hair cells were first
prelabeled in YO-PRO-1 diluted in standard EM. Larvae were ex-
posed to GTTR (45 lM total, including unconjugated gentamicin)
diluted in the appropriate embryo medium (see results) for
10 min at room temperature, anaesthetized in MS-222, and immo-
bilized either between bridged coverslips or in a drop of 1.5% low-
melt agarose. For uptake experiments involving amiloride, fish
were incubated in EM with amiloride (amiloride hydrochloride hy-
drate, Sigma; dissolved in 100% DMSO) for 15 min prior to the
addition of GTTR. Fish were imaged on an Olympus FV-1000 confo-
cal microscope with Fluoview software. All images were collected
using identical laser power and software settings. Confocal stacks
were transformed into brightest point projections with ImageJ (v.
1.40 g). While YO-PRO-1 fluoresces green, images were pseudocol-
ored blue in ImageJ to increase contrast with Texas Red.

2.7. Statistics

Statistical analyses were performed using Graphpad Prism v. 5.
Analysis of variance (ANOVA) was used to assess dose-response
curves with Bonferroni-corrected t-tests used for post-hoc compar-
isons between individual data points. For analyses comparing only
like data (direct hair cell counts or DASPEI scores), the raw data
was used for all analyses. For comparisons between the two scor-
ing measures, normalized scores were used in order to allow direct
comparison between data sets. In the case of direct hair cell counts,
raw counts were first normalized to the average control value for
each individual neuromast because different neuromasts normally
contain different numbers of hair cells. This generated four nor-
malized values for each fish (one per neuromast), which were then
averaged to arrive at one normalized hair cell survival score for
each animal. Results are presented as means ± 1 SD.

3. Results

3.1. Minimal calcium requirement

Lateral line hair cells require a minimum level of calcium in the
external medium. As shown in Fig. 1, bathing fish for 90 min in
medium containing no added calcium (nominal zero) resulted in
a significant loss of hair cells as compared to control fish held in
standard EM (unpaired t-test, p 6 0.01). Nuclear condensation, a
hallmark feature of cell death, was evident in fish incubated in
nominal zero calcium but not in fish held in EM (Fig. 1A). Magne-

sium could not substitute for calcium (data not shown), demon-
strating that hair cells specifically require extracellular calcium
for survival.

3.2. Divalent cations and aminoglycoside-induced hair cell death

Elevated external calcium protected hair cells from neomycin in
a dose-dependent manner (Fig. 2). The highest calcium level tested
(2100 lM) provided almost complete protection from acute
100 lM neomycin insult, as seen by both the retention in DASPEI
labeling (Fig. 2A and B) and counts of surviving hair cells after
30 min of neomycin exposure and 1 h of recovery (Fig. 2B). Hair
cell loss decreased monotonically with successively increasing lev-
els of external calcium concentrations, and both DASPEI scoring
and direct hair cell counts showed the same pattern of hair cell
loss. The two-way analysis of variance was significant (p < 0.001)
with differences in calcium concentration contributing most of
the variance, while the method of data collection (DASPEI scoring
or hair cell counts) made up only 4.6% of the total variation in hair
cell survival. Previous reports from our laboratory have also vali-
dated the use of the DASPEI scoring method against hair cell counts
(Harris et al., 2003; Santos et al., 2006). Experiments described be-
low use DASPEI scoring.

Fig. 1. Neuromast hair cells have a minimal calcium requirement. Fish were
incubated for 90 min in embryo medium with no added calcium or in embryo
medium with moderate (900 lM) calcium (standard embryo medium). (A) SO2
neuromast from a 5 dpf fish incubated in medium with no added calcium (nominal
Ca2+-free; left) or in normal embryo medium (right). Hair cell nuclei are labeled
with YO-PRO-1 (blue) and hair cell cytoplasm with FM 1-43 (red). Arrows in the left
panel point to condensed nuclei. Scale bar = 5 lm and applies to both panels. (B)
Hair cells were counted in four neuromasts per fish and hair cell numbers were
separately normalized to the number of hair cells in control neuromasts. The
normalized average for all four neuromasts is shown here. N = 9–10 fish/treatment,
bars are mean ± 1 SD. Hair cell number is significantly different between the two
conditions (unpaired t-test, p 6 0.01).
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Fig. 2. Calcium protects hair cells from neomycin in a dose-dependent manner. (A) Fish were acutely exposed to 100 lM neomycin in embryo medium with variable Ca2+

concentration and hair cell survival was assessed with the vital dye DASPEI. The arrow indicates the MI1 neuromast in each image as a reference, while the arrowhead points
to the olfactory epithelium, which serves as an internal labeling control. Numbers on each image indicate the Ca2+ concentration. The scale bar in the ‘‘control” image is
0.5 mm. (B) Mean hair cell survival following acute 100 lM neomycin exposure was assessed using DASPEI scoring (dashed line) from 10 neuromasts per fish or by direct
counts of YO-PRO-1-labeled hair cells (solid line) from four neuromasts per fish. Mock-treated controls are not shown but are represented by the 100% level. Increased
calcium shows significant protection against neomycin at this dose (two-way ANOVA, p < 0.001) (C and D). Dose-response curves for acute (C) and continuous (D) neomycin
exposure in embryo medium containing either 300, 900, 1500, or 2100 lM Ca2+. Mean hair cell survival significantly increases with increasing external Ca2+ for either
exposure time course (p < 0.001). The legend in panel C applies to both C and D. N = 9–16 fish/treatment, error bars are ±1 SD.

Fig. 3. High calcium protects hair cells from acute gentamicin (A and C) exposure but not from continuous gentamicin (B and D). Hair cell survival was assessed with DASPEI
scoring for all panels shown here. (A) Acute (30 min exposure, 1 h recovery) and (B) continuous (6 h exposure, no recovery) treatment with 100 lM gentamicin in medium
with variable Ca2+ concentration. (C and D) Dose-response relationships for hair cells exposed to variable gentamicin in medium containing either 300 or 2100 lM Ca2+. (C)
Increased calcium significantly protects against acute gentamicin exposure over a range of gentamicin concentrations (p < 0.001), except at the highest dose tested. (D) High
calcium significantly protects hair cells from continuous (6 h) exposure to 50 or 100 lM gentamicin (p < 0.001). The legend in (D) applies to panels C and D. N = 9–13 fish/
treatment, except for the ‘‘400 gentamicin, 300 calcium” group in panel D, as this combination appears toxic to fish. Here, n = 5. For all panels error bars are ±1 SD.
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Calcium modulation of neomycin-induced hair cell damage
across a range of neomycin concentrations is presented in Fig. 2C
and D. There is a robust relationship between calcium concentra-
tion and hair cell survival across all levels of aminoglycoside expo-
sure, with significant main effects for both neomycin and calcium
as well as the interaction term (p < 0.001). This effect is consistent
regardless of the drug exposure time course. While there is
increasing hair cell death with increasing neomycin dose regard-
less of the external calcium environment, 2100 lM calcium still
provided significant hair cell protection (p < 0.001) from 400 lM
neomycin, a dose sufficient to cause complete hair cell loss in med-
ium containing 61 mM calcium. High (2100 lM) calcium provided
equal protection from hair cells during acute or continuous expo-
sure (two-way ANOVA, p = 0.34). The combination of low
(300 lM) calcium and high (400 lM) neomycin was toxic to fish
in the continuous exposure experiment, suggesting that calcium
may also play a generally protective role during aminoglycoside
exposure in fish.

3.3. Calcium differentially protects against gentamicin exposure

Aminoglycoside antibiotics vary in their hair cell toxicity
depending on the relative time of exposure (Owens et al., 2009).
Acute gentamicin treatment (30 min exposure, 1 h recovery) in
standard EM does not cause greater than 40% hair cell loss over a
wide range of gentamicin concentrations (Owens et al., 2009). Sim-
ilarly, acute gentamicin treatment in the present experiments did
not result in greater than 50% hair cell loss, even under low
(300 lM) calcium conditions (Fig. 3A and C). The nearly complete
loss of DASPEI labeling in fish that were acutely treated with
100 lM gentamicin in ‘‘zero” calcium conditions (Fig. 3A) is most
likely a compound effect of hair cell loss due to gentamicin com-
bined with hair cell loss due to a lack of calcium (see Fig. 1). As
shown in Fig. 3C, high (2100 lM) calcium significantly protected
hair cells from acute gentamicin exposure when moderate genta-
micin concentrations were used (p < 0.001), but this protection
was not apparent when fish were treated with 400 lM gentamicin.

In contrast to neomycin exposure, continuous (6 h) gentamicin
treatment caused additional hair cell damage beyond that seen
with acute exposure at all calcium concentrations tested (Fig. 3B
and D). Two-way analysis of variance shows that there is a signif-
icant main effect of calcium (F1,1 = 147.3, p < 0.001), but this effect
is relatively small, accounting for only 3.23% of the variance, com-
pared to the main effect of gentamicin concentration (86.31%). This
effect of calcium may be due primarily to a residual protective ef-
fect from the acute phase of treatment, or calcium may play a mod-
erately protective role throughout all phases of gentamicin-
induced hair cell damage.

Magnesium modulates hair cell death in response to aminogly-
coside treatment in a similar manner to calcium (Fig. 4). In these
experiments only low (300 lM) and high (2100 lM) magnesium
concentrations were used. High magnesium protected hair cells
from both acute neomycin (Fig. 4A) and acute gentamicin
(Fig. 4B) exposure, but again, this protection was attenuated with
continuous gentamicin treatment (Fig. 4C). Both main effects of
drug and magnesium concentration, as well as the interaction
term, are significant for all experiments shown in Fig. 4
(p < 0.001). As with calcium, high magnesium does not protect hair
cells from 400 lM gentamicin under either exposure paradigm.
The experiments shown here were conducted by varying the con-
centration of MgSO4, but neomycin exposure experiments using
MgCl2 yielded results that were not significantly different from
those with MgSO4 (unpaired t-tests, p > 0.05, Supplemental
Fig. S1), demonstrating that it is the Mg2+ and not the anion con-
centration that is responsible for the protective effect.

For the experiments described above, fish were treated in the
designated embryo medium during all phases of the experiment.
In order to test when divalent cations are exerting their effect, fish
were pretreated in either low (300 lM) or high (2100 lM) calcium
medium for 30 min, then acutely exposed to neomycin in the
opposite calcium medium (Fig. 5). Pretreatment in high calcium
medium followed by 200 lM neomycin exposure in low calcium
medium resulted in a significant decrease in hair cell loss
compared to the same experiment run completely in low calcium

Fig. 4. External magnesium concentration affects aminoglycoside-induced hair cell
death. (A) Acute neomycin exposure in medium containing low (300 lM) or high
(2100 lM) Mg2+. (B and C) Dose-response relationship for acute gentamicin (B) and
continuous gentamicin (C) exposure in low or high Mg2+. In all cases there is a
significant effect of both aminoglycoside concentration and magnesium concen-
tration on hair cell survival (two-way ANOVA, p < 0.0001). The legend in (A) applies
to all panels. N = 9–13 fish/treatment, error bars are ±1 SD.
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(t-test, p = 0.02), but there was still considerably more hair cell loss
than in fish exposed to neomycin under high calcium conditions.
This marginal protection obtained from pretreatment is most likely
due to a partial block of the transduction channel during pretreat-
ment (see below) that was not completely washed out before neo-
mycin exposure.

In all of the above experiments, only one divalent cation was
varied while the other was held at moderate levels (!1 mM). It is
therefore possible that lowering both cations simultaneously, or
raising one while keeping the other low, would yield different re-
sults. We therefore examined the role of simultaneous manipula-
tion of both divalent cations on hair cell death following acute
exposure to 100 lM neomycin. The degree of hair cell loss differs
between experiments when either calcium or magnesium is varied
as compared to when both cations are varied together (one-way
ANOVA, p < 0.0001; Suppl. Fig. S2). However, lowering both cal-
cium and magnesium simultaneously does not further facilitate
hair cell loss as compared to experiments run in low calcium or
low magnesium medium (Suppl. Fig. S2A). Similarly, lowering
one cation while keeping the other high does not result in in-
creased hair cell loss relative to experiments where one cation is
high and the other is kept at moderate levels (Suppl. Fig. S2B).

3.4. Calcium modulates aminoglycoside uptake

Previous studies have implicated calcium in hair cell transduc-
tion channel opening in other vertebrates (reviewed in Eatock,
2000) and in gentamicin uptake in cultured kidney cells (Myrdal
and Steyger, 2005). In addition, changes in external calcium alter
the kinetics of aminoglycoside (dihydrostreptomycin) entry

through the transduction channel (Marcotti et al., 2005). To inves-
tigate possible mechanisms for the altered hair cell sensitivity un-
der changes in divalent cation concentrations, we directly
visualized aminoglycoside uptake in vivo using Texas-Red labeled
gentamicin (GTTR; Steyger et al., 2003). As exemplified in Fig. 6,
uptake of gentamicin is antagonized by calcium. On the other
hand, we observed only slight differences in GTTR fluorescence be-
tween hair cells incubated in medium containing differing concen-
trations of magnesium; GTTR enters hair cells under either of these
ionic conditions (Fig. 6C and D).

Aminoglycosides are hypothesized to enter hair cells in a trans-
duction-dependent manner, possibly through the open pore of the
mechanotransduction channel (Gale et al., 2001; Steyger et al.,
2003; Marcotti et al., 2005). We therefore used the transduction
channel blocker amiloride to further examine the role of calcium
in aminoglycoside uptake. Amiloride is a well-validated inhibitor
of many ion channels, including the hair cell transduction channel
(Jørgensen and Ohmori, 1988; Tang et al., 1988; Garcia et al., 1990;

Fig. 5. Pretreatment in reciprocal embryo medium does not alter the pattern of hair
cell loss following neomycin exposure. Gray bars indicate fish that were pretreated
for 1 h in 300 lM calcium, black bars are fish that were pretreated in 2100 lM
calcium. The calcium concentration during neomycin exposure and recovery is
indicated on the x-axis. There is a significant difference in hair cell survival between
the groups treated with neomycin in 300 lM calcium (t-test, p = 0.02) but not
between the groups treated in 2100 lM calcium (p = 0.64). N = 9–11 fish/treatment,
error bars are ±1 SD.

Fig. 6. GTTR uptake is substantially antagonized by external calcium and to a lesser degree by magnesium. Fish were incubated for 10 min in GTTR diluted in (A) 300 lM
calcium, (B) 2100 lM calcium, (C) 300 lM magnesium, or (D) 2100 lM magnesium. (E) Negative control neuromast from a fish incubated with Texas Red only. GTTR
fluorescence is red; nuclei are counter-stained blue with YO-PRO-1. GTTR fluorescence is greatly reduced in the presence of high calcium but there is little difference in
fluorescence between the low and high magnesium conditions. The arrow in A indicates a fragmented hair cell. The scale bar in E is 5 lm and applies to all panels.

Fig. 7. Amiloride blocks drug uptake and the resulting loss of hair cells. (A)
Amiloride attenuates short-term (10 min) GTTR uptake (right) as compared to GTTR
uptake without amiloride (left). Hair cell nuclei are labeled with YO-PRO-1 (blue),
scale bar = 5 lm and applies to both panels. (B) 1 mM amiloride prevents hair cell
loss from acute neomycin or gentamicin exposure (unpaired t-tests, p > 0.05 for
amiloride + aminoglycoside as compared to mock-treated controls). Black bars = no
amiloride, gray bars include 1 mM amiloride. Controls show that amiloride alone
does not alter DASPEI scores (unpaired t-test, p > 0.05). Error bars in (B) are ±1 SD.
All experiments shown here were conducted in standard EM (!1 mM Ca2+).

A.B. Coffin et al. / Hearing Research 253 (2009) 42–51 47



Manev et al., 1990; Rüsch et al., 1994), and 1 mM amiloride inhibits
uptake of the transduction marker FM 1-43 in the zebrafish lateral
line (Seiler and Nicolson, 1999). Similar to what we observed with
high calcium, 1 mM amiloride prevents both short-term GTTR up-
take and hair cell death following neomycin or gentamicin expo-
sure, suggesting similar transduction-dependent uptake of both
aminoglycosides (Fig. 7).

Given that either calcium or amiloride can inhibit GTTR uptake
and subsequent hair cell death, we then examined the complemen-
tary interaction between the two. We first established that a mod-
erate concentration of amiloride (50 lM) reduces GTTR uptake
under either low (300 lM) or moderate (1500 lM) calcium condi-
tions (Fig. 8A). Titration of amiloride and calcium against one an-
other shows additive effects, indicating that both substances may
operate on a similar uptake mechanism (Fig. 8B).

4. Discussion

4.1. Divalent cations modulate hair cell death

We have shown that extracellular calcium and magnesium ions
modulate aminoglycoside-induced hair cell death in the zebrafish
lateral line, with high concentrations offering protection and low
concentrations facilitating hair cell loss. These data are in agree-
ment with in vitro studies in the mammalian cochlea (Richardson
and Russell, 1991) and suggest that divalent cations act similarly
on all vertebrate hair cells. Richardson and Russell (1991) found
that removal of both calcium and magnesium from the culture

medium also caused hair bundle damage. Our data suggest that
it was probably the exclusion of calcium that caused the hair cell
damage in their preparation. Combined, these results indicate that
a minimal extracellular calcium requirement is a general feature of
vertebrate hair cells.

How removal of extracellular calcium triggers hair cell death re-
mains unresolved. It is well established that increasing intracellu-
lar free calcium is an important component of cell death in many
cell types, including neurons, and that this increase often results
from release of mitochondrial and endoplasmic reticulum calcium
stores (reviewed in McConkey and Orrenius, 1997; Smaili et al.,
2000; Arundine and Tymianski, 2003). In addition, previous studies
have found that removing extracellular calcium causes cell death
in multiple cell types including astrocytes, neuroblastoma cells,
and cardiac myocytes (Chiesa et al., 1998; Zhu et al., 2000), possi-
bly by triggering calcium release from mitochondria (Zhu et al.,
2000). This process may also occur in hair cells following calcium
removal. Future studies will examine changes in intracellular cal-
cium storage and release during hair cell incubation in calcium-
free medium.

The studies presented here conclusively demonstrate the mod-
ulatory effects of divalent cations on aminoglycoside-induced hair
cell death in vivo. Prior studies in zebrafish and other fishes provide
additional evidence for this phenomenon. For example, Kaus
(1992) showed that extracellular calcium altered the effects of
neomycin on a behavioral assay of putative lateral line function
in killifish (Aplocheilus lineatus). An additional study, while not de-
signed to address the influence of extracellular ions, further sup-
ports our finding that divalent cation concentration alters
zebrafish lateral line hair cell death in response to aminoglycosides
(Ton and Parng, 2005). This study found that low concentrations of
neomycin or gentamicin (5–10 lM) elicited significant damage,
and examination of the embryo medium used by this group reveals
that their experiments were performed under low calcium and low
magnesium conditions (300 lM CaCl2, 100 lM MgSO4). Low doses
of aminoglycoside antibiotic were also reported to cause damage of
zebrafish hair cells by Williams and Holder (2000), but the concen-
trations of divalent cations used in their media was not reported.

4.2. Calcium antagonizes transduction-dependent drug uptake

Extracellular calcium regulates mechanotransduction adapta-
tion (Corey and Hudspeth, 1983; Crawford et al., 1991; Ricci and
Fettiplace, 1998; Ricci et al., 1998). Adaptation is hypothesized to
occur by two mechanisms, termed fast and slow adaptation, and
both mechanisms may be regulated by calcium (Wu et al., 1999;
Holt and Corey, 2000). During fast adaptation this regulation is
thought to occur directly, by calcium entering through the open
transduction channel and binding to an intracellular portion of
the channel or nearby element, thereby inducing channel closure
(Crawford et al., 1991; Cheung and Corey, 2006; Beurg et al.,
2008). Transduction is dependent on tip links, extracellular fila-
ments that connect stereocilia and are hypothesized to act as part
of the gating spring apparatus that regulates opening of the trans-
duction channel (reviewed in Ricci et al., 2006). The working
hypothesis for slow adaptation posits that a molecular motor, most
likely myosin 1c, is connected in series to the tip links and that
during prolonged stimulation myosin 1c slides down individual
stereocilia, resetting the transduction channel in a closed state (re-
viewed in Gillespie and Cyr, 2004). The interaction of myosin 1c
with the actin core of the stereocilium is indirectly regulated by
calcium through a series of calmodulin binding sites in the neck re-
gion of the myosin protein (Cyr et al., 2002).

Several studies implicate the transduction channel as one site of
aminoglycoside uptake in hair cells (Gale et al., 2001; Steyger et al.,
2003; Marcotti et al., 2005). Tip link breakage by calcium chelation

Fig. 8. Interplay of amiloride and calcium in aminoglycoside uptake and hair cell
death. (A) 50 lM amiloride reduces GTTR uptake under low calcium (300 lM)
conditions (left) but does not completely prevent GTTR uptake even under higher
(1500 lM) calcium conditions (right). Hair cell nuclei are labeled with YO-PRO-1
(blue), scale bars are 5 lm. (B) Amiloride increases hair cell survival proportionally
regardless of calcium concentration. Black bars represent the effect of calcium only
on hair cell loss for two concentrations of calcium (300 or 1500 lM). Dark gray bars
depict hair cell survival in the indicated calcium concentration with 50 lM
amiloride added, while light gray bars represent hair cell survival with 500 lM
amiloride. Error bars are ±1 SD.
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appears to inhibit mechanotransduction and protect hair cells from
aminoglycoside damage (Assad et al., 1991; Zhao et al., 1996; Gale
et al., 2001). The shaker-1 mouse and mariner zebrafish mutant,
both transduction-deficient myosin VIIa mutants, show resistance
to aminoglycoside ototoxicity, further supporting a link between
mechanotransduction and aminoglycoside sensitivity (Richardson
et al., 1997, 1999; Seiler and Nicolson, 1999; Kros et al., 2002).
Extracellular calcium alters interactions of aminoglycosides with
the transduction channel and changes their entry into the channel
(Marcotti et al., 2005). Our findings provide additional support for
the hypothesis that aminoglycoside uptake is dependent on hair
cell transduction and that calcium can regulate the channel prop-
erties by modulating adaptation or in some other fashion. How-
ever, due to the time courses examined in the present study we
cannot differentiate the contributions of fast vs. slow adaptation
on aminoglycoside exclusion from hair cells.

While we think it likely that calcium reduces GTTR uptake by
regulating transduction channel adaptation, we cannot rule out a
direct extracellular interaction between calcium and gentamicin
that would reduce drug entry. It is also possible that calcium
antagonizes GTTR uptake by a charge screening mechanism,
whereby a change in the external ionic environment would alter
transduction channel gating via charge effects rather than protein
binding. Given that the transduction channel is mechanically
gated, however, we consider this scenario unlikely.

Experiments on isolated tectorial membrane preparations from
mouse and chick inner ear have demonstrated that the thickness of
this gelatinous structure may be modulated by extracellular cal-
cium concentration, with high calcium (2000 lM) causing a slight
shrinkage of the tectorial membrane (!1% in mouse, Shah et al.,
1995; up to 16% in chick, Freeman et al., 1994). Hair cells in the lat-
eral line are overlaid by a gelatinous cupula analogous to the tec-
torial membrane of the inner ear. While the response of the
cupula to changing ionic concentrations is unknown, it is possible
that our high calcium medium leads to shrinkage of the cupula.
Cupular contraction could inhibit aminoglycoside access to the hair
bundle, thereby reducing drug entry and subsequent toxicity.
However, cupular calcium concentration in the lateral line of Xeno-
pus laevis is directly proportional to the external calcium concen-
tration, suggesting that calcium passively diffuses through the
cupula (McGlone et al., 1979). While we cannot rule out an indirect
effect of calcium concentration on drug entry by modulating cupu-
lar mechanics, we consider it more likely that calcium directly
antagonizes aminoglycoside uptake by hair cells by regulating
mechanotransduction channel gating characteristics.

The protective effects of high calcium medium appear to stem
primarily from reduction of drug uptake, but our data do not rule
out an intracellular protective role for calcium. This is unlikely,
however, as mechanical and noise damage is correlated with
increasing intracellular calcium in the mammalian cochlea, sug-
gesting that increases in intracellular calcium may be toxic to hair
cells (Gale et al., 2004; Piazza et al., 2007). It is, of course, possible
that intracellular calcium acts differently in zebrafish hair cells or
that these cells have a different calcium threshold for cytotoxicity.
More likely, calcium influx during mechanotransduction is highly
regulated within the hair bundle, preventing a concomitant rise
in intracellular calcium with potentially damaging results. Studies
in amphibians and rodents have suggested that plasma membrane
calcium-ATPase (PMCA) isoforms in hair bundles play a pivotal role
in actively regulating local calcium homeostasis, effectively sepa-
rating the hair bundle and soma into distinct calcium compart-
ments (Crouch and Schulte, 1995; Street et al., 1998; Yamoah
et al., 1998; Dumont et al., 2001; Ficarella et al. 2007). Future stud-
ies will look at the influence of extracellular calcium on intracellu-
lar calcium dynamics and regulation in lateral line hair cells.

The present study clearly demonstrates a protective role for
high calcium in preventing aminoglycoside ototoxicity in the zeb-
rafish lateral line. However, it is possible that excess calcium alone
could also damage these cells. On the other hand, the range of cal-
cium concentrations used in our study are within the natural range
of calcium conditions found in worldwide waters (Hem, 1992), and
therefore within the physiologically relevant range for lateral line
hair cells. Furthermore, hair cells exposed to high calcium medium
for up to 6 h appeared morphologically healthy and showed nor-
mal uptake of both the vital dye DASPEI and the transduction-
dependent dye FM 1-43 (Coffin, unpublished data), suggesting that
2100 lM calcium is not harmful to these cells.

4.3. Magnesium and hair cell protection

The mechanism by which extracellular magnesium protects
hair cells is unknown. Magnesium is known to block NMDA recep-
tors, which are implicated in neuronal excitotoxicity in a variety of
human diseases (Mayer et al., 1984; Nowak et al., 1984; Wenk,
2006; Fan and Raymond, 2007). In addition, a previous study sug-
gested that there is an excitotoxic, NMDA-dependent component
to aminoglycoside-induced hair cell death in the guinea pig co-
chlea (Basile et al., 1996). High magnesium has been shown to pre-
vent noise-induced hearing loss in guinea pigs (Scheibe et al.,
2001; Haupt et al., 2003; Sendowski et al., 2006), suggesting that
excitotoxicity may play a role in different types of hair cell damage.
It is therefore possible that aminoglycoside-induced death of lat-
eral line hair cells also involves glutamate-driven excitotoxic re-
sponses. Detailed study of glutamate receptors in lateral line hair
cells and pharmacological inhibition of these receptors will be nec-
essary to test this hypothesis.

4.4. Differences between neomycin and gentamicin

We recently demonstrated that neomycin and gentamicin do
not have the same mode of action in the zebrafish lateral line
(Owens et al., 2009). High concentrations of neomycin (200 and
400 lM) kill virtually all hair cells within 90 min. Longer incuba-
tions in lower neomycin concentrations have little effect beyond
what is seen in the first 90 min. In contrast, 90 min of exposure
to gentamicin (within the broad range of concentrations tested)
leads to a maximum of 40% hair cell loss, while longer gentamicin
exposure (or longer recovery time after short exposure) causes
greater hair cell death, even at relatively low concentrations
(50–100 lM). These findings suggest that neomycin acts through
a ‘‘fast” death mechanism, while gentamicin kills hair cells by both
‘‘fast” and ‘‘slow” processes.

The present study used both acute (90 min) and continuous
(6 h) aminoglycoside exposure paradigms in order to understand
the role of external divalent cations on both the ‘‘fast” and ‘‘slow”
death mechanisms. High extracellular calcium is sufficient to pro-
tect hair cells from both acute and continuous neomycin exposure.
High extracellular calcium also protects hair cells from acute gen-
tamicin exposure but is less effective against continuous gentami-
cin treatment, suggesting that extracellular calcium provides
effective protection during the acute phase of damage, and is either
not protective, or less effective, toward inhibiting the longer
process(es). On the other hand, amiloride blocks hair cell death
during both short-term and long-term exposure to neomycin and
gentamicin, suggesting that both proposed mechanisms of amino-
glycoside-induced damage require mechanotransduction. We
think that the most parsimonious conclusion from these data is
that extracellular calcium blocks aminoglycoside entry, but must
do so only reversibly, since enough gentamicin can enter over
prolonged exposure to damage cells.
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4.5. Conclusion

In conclusion, we have shown that extracellular divalent cations
modulate aminoglycoside-induced hair cell death in the zebrafish
lateral line. Calcium appears to afford protection by inhibiting drug
uptake, while magnesium may protect hair cells by additional
mechanisms. These results demonstrate the importance of the
extracellular environment for hair cell survival and underscore
the necessity of precise characterization of this extracellular envi-
ronment. They also show that comparisons between studies must
take into account the ionic conditions used for each experiment,
the particular aminoglycoside under investigation, and the proto-
col of treatment. Finally, these experiments suggest that therapeu-
tic perturbations of the ionic microenvironment could protect hair
cells from aminoglycoside ototoxicity.
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a b s t r a c t

We report a series of experiments investigating the kinetics of hair cell loss in lateral line neuromasts of
zebrafish larvae following exposure to aminoglycoside antibiotics. Comparisons of the rate of hair cell
loss and the differential effects of acute versus chronic exposure to gentamicin and neomycin revealed
markedly different results. Neomycin induced rapid and dramatic concentration-dependent hair cell loss
that is essentially complete within 90 min, regardless of concentration or exposure time. Gentamicin-
induced loss of half of the hair cells within 90 min and substantial additional loss, which was prolonged
and cumulative over exposure times up to at least 24 h. Small molecules and genetic mutations that inhi-
bit neomycin-induced hair cell loss were ineffective against prolonged gentamicin exposure supporting
the hypothesis that these two drugs are revealing at least two cellular pathways. The mechanosensory
channel blocker amiloride blocked both neomycin and gentamicin-induced hair cell death acutely and
chronically indicating that these aminoglycosides share a common entry route. Further tests with addi-
tional aminoglycosides revealed a spectrum of differential responses to acute and chronic exposure. The
distinctions between the times of action of these aminoglycosides indicate that these drugs induce multi-
ple cell death pathways.

! 2009 Elsevier B.V. All rights reserved.

1. Introduction

Mechanosensory hair cells are the key sensory cells of the audi-
tory, vestibular and lateral line (in fish and amphibians) systems
responsible for hearing, balance and various aspects of swimming
behavior. Loss of mechanosensory hair cells is a leading cause of
hearing loss and balance deficits in humans. Aging, trauma, intense
or prolonged noise exposure, and certain therapeutic drugs are
thought to be the major causes of hair cell death, and thus result
in hearing and balance disorders (Saunders et al., 1991; Nakashima
et al., 2000; Rauch et al., 2001; Nelson and Hinojosa, 2006; Rybak
et al., 2007). Of these, we focus on aminoglycosides, a class of anti-
biotics long recognized to induce hair cell death (reviewed in Forge
and Schacht, 2000).

In bacteria, aminoglycosides bind rRNA subunits and interfere
with translation by affecting ribosome translocation, peptide re-
lease, mRNA coding and ribosome recycling (Magnet and Blan-
chard, 2005; Borovinskaya et al., 2007, 2008). Divergence of rRNA
sites in the eukaryotic ribosome may explain the relative insensi-
tivity of most eukaryotic cells to aminoglycosides. However, while
the ribosomal residues targeted by aminoglycosides in bacteria
have diverged in the eukaryotic cytoplasmic ribosome, the analo-
gous residues are present in the mitochondrial ribosome (Lynch
and Puglisi, 2001), leading to the proposal that the mitochondrial
ribosome may be an aminoglycoside target (Hutchin and Cortopas-
si, 1994). Furthermore, mutations of mitochondrial 12S rRNA and
tRNAs have been associated with aminoglycoside-associated hear-
ing loss in humans (Fischel-Ghodsian, 2003; Yan et al., 2005; Guan
et al., 2006). Production of reactive oxygen species (ROS) occurs
with aminoglycoside exposure and may thereby induce hair cell
damage (Hirose et al., 1997; Schacht, 1999; Rybak and Whitworth,
2005) and activation of caspase-dependent and caspase indepen-
dent cell death pathways (e.g., Cunningham et al., 2002; Cheng
et al., 2003; Mangiardi et al., 2004; Jiang et al., 2006). Gentamicin
can interact with iron to form complexes that may contribute to
hair cell toxicity (Schacht, 1993; Sha and Schacht, 2000).
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Membrane targets for aminoglycosides have also been proposed
(Au et al., 1987; Shakil et al., 2008). A better understanding of
the mechanisms involved in hair cell death may lead to methods
to prevent such loss.

Initial observation of ototoxicity and nephrotoxicity in humans
following streptomycin treatment prompted development of alter-
native aminoglycosides for clinical use (Hawkins and Lurie, 1952;
Rizzi and Hirose, 2007; Forge and Schacht, 2000). While some ami-
noglycosides show milder ototoxicity, all induce hair cell death al-
beit to differing degrees and with tissue-dependent distinctions
between cochlear and vestibular hair cells (e.g., Smith et al.,
1977; Wersall, 1980; Wanamaker et al., 1999). Current use of ami-
noglycosides in the US is primarily limited to particular patient
populations (e.g., neonates and patients with cystic fibrosis, tuber-
culosis or Meniere’s disease) but remains widespread globally as
an inexpensive antibiotic (Forge and Schacht, 2000).

Experimentally, numerous studies also use aminoglycoside-in-
duced hair cell death to study regeneration and the effects of hair
cell loss on spiral ganglion cell viability and CNS development and
integrity (e.g., Tucci and Rubel, 1990; Bermingham-McDonogh
et al., 2001; Parks et al., 2004; Matsui and Cotanche, 2004; Hernán-
dez et al., 2007; Ma et al., 2008; Izumikawa et al., 2008; Leake et al.,
2008). The majority of work in a given experimental system has
used a particular aminoglycoside (predominantly gentamicin in
chicken, kanamycin in guinea pig, amikacin or tobramycin in
mouse). This confounds interpretation between systems of
whether differences are either species- or drug-specific. There have
been relatively few studies comparing the impact of various ami-
noglycosides within a single experimental system (Dulon et al.,
1986; Nakashima et al., 2000; Selimoglu et al., 2003). Studies in
mammalian systems have often been limited to a single concentra-
tion or treatment paradigm (e.g., Aran et al., 1982; Day et al., 2007).
The zebrafish lateral line offers a useful model system to rapidly
evaluate hair cell death induced by different aminoglycosides
across a range of concentrations and times.

We have used the zebrafish lateral line as a model system for
studying hair cell death, protection and regeneration because of
the ease of visualizing hair cells in vivo and the utility of zebrafish
as a genetic system (Harris et al., 2003; Murakami et al., 2003; San-
tos et al., 2006; Ou et al., 2007; Chiu et al., 2008; Ma et al., 2008;
Owens et al., 2007, 2008). The lateral line is a mechanosensory or-
gan comprised of a series of clusters of hair cells and support cells
called neuromasts located on the outer surface of the head and
body that functions to detect perturbation in the surrounding
water current (Coombs and Montgomery, 1999; Dambly-Chau-
dière et al., 2003; Montgomery et al., 2000). Our prior work on
the earliest response to neomycin in the zebrafish lateral line indi-
cates that the mitochondrion is an early target (Owens et al., 2007).
Swelling of mitochondria and depolarization of mitochondrial
membrane potential was observed within 15–30 min of exposure
to neomycin in the zebrafish lateral line. In other work, we have
identified several genetic and small molecule modulators that pro-
tect against neomycin-induce hair cell death (Owens et al., 2008).
Here, we address how other aminoglycosides act in the zebrafish
lateral line and find evidence for at least two temporally distinct
mechanisms of hair cell loss.

2. Materials and methods

2.1. Animals

Larval zebrafish (Danio rerio) were produced through paired
mating of *AB wildtype fish unless otherwise noted. Animals were
tested at 5–6 days post-fertilization (dpf) and held in an incubator
at 28.5 "C during treatments. A 50 ml conical tube with one end cut
off and a mesh-covered bottom was used as a transfer device

(Harris et al., 2003). Larvae were immersed in 6–8 ml of embryo
medium (EM: 1 mM MgSO4, 0.15 mM KH2PO4, 1 mM CaCl2,
0.5 mM KCl, 15 mM NaCl, 0.05 mM Na2HPO4, and 0.7 mM NaHCO3

in dH2O, pH 7.2) in a six well culture plate. Larvae mutant for the
sentinel (snl) gene (Owens et al., 2008) and their wildtype siblings
(both snl/+ and +/+) were produced by crossing snl/+ parents het-
erozygous for the w38 allele. Sinusoidal body shape was used to
prospectively identify mutants.

Animal care and experimental procedures were reviewed and
approved by the University of Washington Institutional Animal
Care Committee.

2.2. Drug exposure

Stock solutions of aminoglycosides were diluted in EM to final
concentrations of 0.1–400 lM (neomycin, gentamicin, streptomy-
cin, Sigma; tobramycin, Fluka; amikacin, Bedford Laboratories;
kanamycin, Abraxis Pharmaceutical Products). For acute exposure,
larvae were mock-treated (embryo medium only) or drug treated
for 30 min, rinsed in fresh EM four times, then held in the final
wash for 1, 2.5, 5.5, and 23.5 h (total treatment times of 1.5, 3, 6,
and 24 h). For chronic treatments, larvae were treated with drug
or embryo media (mock-treated) for 1.5, 3, 6, or 24 h continuously,
rinsed rapidly four times in EM, anesthetized with buffered tricaine
(Westerfield, 2000) and examined live or euthanized for subse-
quent fixation. For analysis of kanamycin, streptomycin, amikacin,
and tobramycin, zebrafish larvae were treated either acutely for
30 min with 1 h recovery or chronically for 6 h continuously. For
experiments with the otoprotective agent PROTO1 (Owens et al.,
2008), larvae were pre-treated for 1 h in embryo medium supple-
mented with 10 lM PROTO1, then neomycin or gentamicin was
added and fish were treated acutely (30 min, followed by 1 h
recovery in fresh EM without PROTO1) or chronically (6 h continu-
ous treatment with aminoglycoside and PROTO1). Hair cell sur-
vival was assessed with DASPEI labeling. For experiments with
amiloride and acute aminoglycoside exposure, zebrafish larvae
were pre-treated for 15 min with 1 mM amiloride (Sigma) in em-
bryo medium, transferred to 200 lM neomycin or gentamicin plus
1 mM amiloride for 30 min, washed four times in embryo medium
and held in the final rinse for 1 h prior to evaluation of hair cells
with DASPEI. For chronic exposure in the presence of amiloride,
larvae were treated with 100–500 lM amiloride and either
100 lM neomycin or 50 lM gentamicin for 6 h prior to evaluation
of hair cells with DASPEI.

2.3. DASPEI labeling of hair cells

For rapid in vivo assessment, hair cells of larvae were labeled with
the vital dye DASPEI (0.005% in EM, 2-[4-(dimethylamino)-styryl]-1-
ethylpyridinium iodide, Sigma St. Louis, MO). As described previ-
ously (Harris et al., 2003), DASPEI was added to the embryo medium
for 15 min prior to anesthetization. DASPEI labeling was evaluated
on a Leica epifluorescent microscope equipped with a DASPEI filter
(Chroma Technologies, Brattleboro, VT) for 10 neuromasts (SO1,
SO2, IO1-4, M2, MI1, MI2 and O2; Raible and Kruse, 2000). Each neu-
romast was assigned a score of 0 (no/little staining), 1 (reduced
staining) or 2 (wildtype-like staining) for a composite score of 0–
20. For each treatment group, 5–12 fish (50–120 neuromasts) were
assessed. DASPEI scores were averaged for each group and normal-
ized as a percentage of mock-treated controls.

2.4. FM1-43 labeling of hair cells

For counts, hair cells were pre-labeled with the mechanotrans-
duction marker FM1-43 FX (3 lM in EM; Molecular Probes, Eu-
gene, OR) for 45–60 s. The larvae were then quickly rinsed four
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times with EM and held in the final rinse for 20 min prior to drug
treatment. Following drug treatment, animals were euthanized
and fixed in cold 4% paraformaldehyde for 1 h, fresh cold fixative
overnight, and then washed three times with 0.1 M PBS (pH 7.2).
For examination, larvae were mounted in Fluoromount-G on dou-
ble bridge coverslips (created by gluing two 22 ! 22 mm squares at
each end of a 24 ! 60 mm coverglass) to prevent the neuromast
from being crushed and to allow viewing of both sides of the ani-
mal. Hair cells of the SO2 and IO2 neuromasts were counted on
each side of the animal (i.e., 4 neuromasts/fish) using an epifluo-
rescent Zeiss AxioPlan microscope with a 40! objective. Ten to
thirty fish were evaluated per treatment per recovery time. Hair
cell survival was denoted by FM1-43 FX positive cytoplasm sur-
rounding the nucleus and intact cell morphology. Data were ana-
lyzed by 2-way or 1-way ANOVA, with Bonferroni corrected
post-hoc comparisons using Prism v5.0 (GraphPad Software, San
Diego, CA) and analysis is shown in Supplemental Fig. 1.

3. Results

3.1. Response of hair cells to gentamicin differs from neomycin

To evaluate the response of hair cells to different aminoglyco-
sides, we treated 5 dpf zebrafish larvae with neomycin or gentami-
cin at varying concentrations for 30 min followed by 1 h recovery
in normal embryo medium. We then labeled hair cells with the vi-
tal dye DASPEI. Groups of animals were evaluated for each condi-
tion and their average score was compared to that of mock-
treated control animals. The response to neomycin was rapid and
concentration-dependent (Fig. 1A, solid line). After exposure to
200–400 lM neomycin, there was little DASPEI labeling remaining
and few hair cells survived. These data replicate earlier results (e.g.,
Harris et al., 2003; Owens et al., 2008). In contrast, the response to
gentamicin was attenuated (Fig. 1A, dashed line). With 200–
400 lM gentamicin exposure, nearly 60% of the hair cell staining
was retained. This acute response of hair cells to gentamicin dif-
fered substantially from that of neomycin (2-way ANOVA revealed
significant main effects of both drug concentration and drug type
as well as a significant interaction term; p’s < 0.0001). Substantial
additional damage was observed after continuous treatment with
gentamicin for 6 h (Fig. 1B). This result was also supported by 2-
way ANOVA with significant main effects of drug, concentration
and an interaction (p’s < 0.0001). While neomycin elicited little
additional damage with prolonged treatment, prolonged gentami-
cin treatment resulted in significantly increased hair cell loss. Con-
centrations of gentamicin as low as 50 lM resulted in almost 80%
damage as evaluated by DASPEI staining.

This delayed response of hair cells to gentamicin in comparison
to neomycin might reflect either a difference in the speed of action
or cumulative effects. To test these hypotheses, we evaluated the
results with two additional experimental protocols. In the first pro-
tocol (hereafter called ‘‘chronic” exposure), zebrafish larvae were
exposed to aminoglycoside continually for 1.5–24 hours to detect
cumulative effects. In the second protocol (hereafter called ‘‘acute”
exposure), zebrafish larvae were exposed to aminoglycoside for
30 min, rinsed with fresh embryo medium and held for varying
lengths of time (1–24 h from onset of treatment). In each protocol,
animals were pre-labeled with a fixable mechanotransduction
marker, FM1-43FX (Gale et al., 2001; Marcotti et al., 2005; Santos
et al., 2006; Owens et al., 2008), treated with drug, euthanized
and fixed and the number of hair cells was counted in 4 neuro-
masts (see Materials and methods). By pre-labeling hair cells be-
fore treatment, we avoided counting regenerated hair cells,
which begin to arise by 24 h after damage (Ma et al., 2008).

Chronic exposure to neomycin and gentamicin again reflected
differences in response to the two antibiotics. The responses of hair

cells to 50 or 200 lM neomycin were essentially unchanged with
longer drug exposure. No significant additional hair cell death
was observed between 3 and 24 h (Fig. 2A and C, solid lines;
1-way ANOVA). Similarly, 100 lM and 400 lM neomycin show
no additional hair cell death between 1.5 and 24 h post-treatment
(not shown). By contrast, loss of hair cells increased with pro-
longed gentamicin exposure (Fig. 2A and C, dashed lines).
Gentamicin induced significant additional hair cell death from
1.5 to 24 h exposure time (1-way ANOVA, p < 0.0001). Hair cell loss
due to chronic gentamicin exposure was relatively concentration
independent. That is, chronic exposure to a modest, 50 lM
(Fig. 2A) concentration of gentamicin elicited levels of cell death
similar to concentrations 4 to 8-fold higher (200 lM, Fig. 2C;
400 lM, not shown; 2-way ANOVA, p > 0.05). Moreover, low and
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Fig. 1. Neomycin and gentamicin cause different amounts of damage dependent on
the time of exposure. Loss of DASPEI staining in neuromasts as a function
aminoglycoside concentration is shown by the lines and solid symbols as compared
to mock-treated controls: neomycin (solid line, squares); gentamicin (dashed line,
circles). For the 50 and 200 lM exposures, the corresponding hair cell counts (right
ordinate) are shown as open squares (neomycin) or open circles (gentamicin) and
are staggered slightly to the left on the X-axis for clarity. (A) Hair cell loss as
monitored by DASPEI staining after 30 min drug exposure followed by a 1 h
recovery period. Note that the hair cell damage and loss induced by gentamicin is
attenuated in comparison to that induced by neomycin. Counts of individual hair
cells confirm differences observed by DASPEI staining. (B) Hair cell loss as
monitored by DASPEI staining after 6 h continual drug exposure to either neomycin
or gentamicin. Gentamicin is just as effective as neomycin after chronic exposure.
Hair cell counts confirm DASPEI results. Error bars show one standard deviation. 2-
way ANOVA revealed significant main effects of drug and concentration and a
significant interaction (p’s < 0.0001).
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high concentrations affected hair cell loss on a similar time scale,
predominantly by 3 and 6 h.

To test whether the prolonged period of hair cell loss after
chronic gentamicin exposure was due to a prolonged cell death
process rather than to cumulative exposure, animals were exposed
acutely to 50 or 200 lM aminoglycoside for 30 min, rinsed and
then held in fresh embryo media for up to 24 h. Loss of hair cells
was unchanged with longer recovery time following exposure to
neomycin (Fig. 2B and D, solid lines, respectively). That is, maximal
hair cell loss was induced within 90 min of exposure to the drug
and little additional loss occurred afterwards. These data are sup-
ported by 2-way ANOVA. For 50 lM neomycin, there was no evi-
dence of increased loss at any time after 1.5 h (p > 0.05) and for
200 lM neomycin there was no significant difference after 3 h
(p > 0.5). In contrast, additional loss of hair cells occurred with time
following exposure to gentamicin (Fig. 2B and D, dashed lines,
respectively, 2-way ANOVA p < 0.0001 with a main effect of time
and concentration). These results demonstrate that additional
damage occurs after drug has been washed out.

Although these experiments demonstrate that there is some
gentamicin-induced damage that occurs from acute exposure, con-
siderably more damage occurs after chronic exposure. This point is

made most clearly when hair cell loss after both treatments is com-
pared for 50 lM gentamicin exposure. While hair cells continue to
be lost 6 h after acute exposure, a substantial number remain. In
comparison, almost all hair cells are lost after a 6-h chronic treat-
ment (compare Fig. 2B dashed line to Fig. 2A, dashed line).

These data lead us to suggest that there are at least two distinct
processes resulting in hair cell death: an early, rapid process
(<1.5 h) and a later, slower process (between 1.5 and 24 h). Neo-
mycin is very effective in triggering the rapid process, and is less
effective at triggering the second slow process. Gentamicin kills
hair cells via both processes.

3.2. Protective mutants and drugs block the initial rapid process of hair
cell death but not the slower second process

We next tested whether these proposed rapid and slow pro-
cesses of hair cell death could be distinguished with genetic and
small molecule tools. We previously identified mutants in zebra-
fish and small drug-like molecules that protect lateral line hair
cells against neomycin-induced hair cell death (Owens et al.,
2008). The mutant sentinel (snl) appears to block the action of neo-
mycin, although it is not known whether this effect is direct or
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Fig. 2. Changes in hair cell number differ after acute or chronic treatment to neomycin or gentamicin. Numbers of hair cells remaining after acute or chronic exposure to
neomycin (solid lines, squares), gentamicin (dashed lines, circles) or mock-treatment (dotted lines, triangles) are shown. Hair cells of 5 dpf zebrafish were pre-labeled with
FM1-43FX, exposed to drug acutely or chronically, euthanized, fixed and counted. (A and B) Aminoglycoside, 50 lM; (C and D) 200 lM aminoglycoside. Bars indicate one
standard deviation. (A and C) Chronic treatment. Animals were exposed to drug or mock-treated in embryo medium for 1.5, 3, 6, or 24 h. No significant hair cell loss was
observed with neomycin between 3 and 24 h while additional hair cell loss was observed with gentamicin from over this period (1-way ANOVA, p < 0.0001). (B and D) Acute
treatment. Animals were exposed to drug for 30 min, rinsed in embryo medium four times, and held in the last embryo medium rinse for 0.5–23.5 h for a total treatment time
of 1.5, 3, 6, or 24 h. No significant increase in hair cell loss was induced by neomycin after 1.5 h with 50 lM or after 3 h with 200 lM neomycin (2-way ANOVA, p > 0.05). In
contrast, additional loss of hair cells was induced by gentamicin (2-way ANOVA; main effect of time and concentration, p’s < 0.0001).
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indirect. To determine whether this mutation also protected
against gentamicin-induced hair cell death acutely, we exposed
snl homozygotes or their wildtype siblings to gentamicin for
30 min with a 1 h recovery and assessed the hair cell loss by DAS-
PEI staining (Fig. 3A). As with wildtype fish, wildtype siblings
showed partial hair cell loss, while homozygous snl mutants exhib-
ited complete protection against gentamicin under the acute expo-
sure protocol. This data is supported by 2-way ANOVA with a main
effect of genotype, gentamicin concentration and an interaction
(p < 0.0001). With chronic exposure to gentamicin for 6 h, snl mu-
tants responded similarly to their wildtype siblings (Fig. 3B), with
concentration-dependent loss of DASPEI labeling that was indistin-
guishable from that of wildtype animals. Analysis by 2-way ANO-
VA indicates there is a main effect of genotype, drug
concentration and a significant interaction between genotype and
drug concentration (p < 0.0001). Bonferroni post-hoc comparisons
indicate that the differences between mutants and siblings without
drug or treated chronically with 200 lM gentamicin are not signif-
icant (p > 0.05).

Pre-treatment with the small drug-like molecule PROTO1 pro-
tects against acute neomycin damage (Owens et al., 2008). We
tested whether PROTO1 offered protection against gentamicin un-
der acute or chronic exposure conditions (Fig. 4). Under an acute
exposure paradigm (30 min in drug and 1 h recovery), animals
treated with 10 lM PROTO1 showed protection, with retention of
hair cells as compared to those exposed only to gentamicin
(Fig. 4A, 2-way ANOVA with main effects of otoprotectant and ami-
noglycoside concentration and interaction, p < 0.0001). By contrast,
PROTO1 conferred only modest, if any, protection from chronic
exposure to gentamicin (Fig. 4B). These data are supported by 2-
way ANOVA with main effects of otoprotectant and aminoglyco-
side (p < 0.0001) and an interaction (p < 0.01). Bonferroni post-
hoc comparison indicate only 200 lM gentamicin (p < 0.001) is sig-
nificantly different between controls and animals treated with
PROTO1. Taken together, these results support the idea that there
are multiple cellular processes that cause aminoglycoside-induced
hair cell death, and neomycin elicits only early processes while
gentamicin elicits early and later processes.

3.3. The mechanotransduction channel blocker amiloride inhibits both
neomycin- and gentamicin-induced hair cell death

We considered whether differences in entry of aminoglycosides
could account for the differences in time course observed between
neomycin and gentamicin. Entry of aminoglycosides via the mech-
anotransduction channel is supported by work in bullfrog and
mammalian systems (Steyger et al., 2003; Dai and Steyger, 2008).
To test whether there is a distinction in mechanotransduction-
dependent entry of gentamicin versus neomycin, we used the
mechanosensory channel blocker amiloride. We treated zebrafish
larvae with amiloride 15 min prior to exposure to a combination
of aminoglycoside and amiloride. Loss of hair cells was reduced
in the presence of 1 mM amiloride when animals were treated
with either 200 lM neomycin or gentamicin acutely (Fig. 5A,
30 min exposure with washout and 1 h recovery time). These data
are supported by 2-way ANOVA with a main effect of amiloride
presence and aminoglycoside (p < 0.0001). Treatment with amilo-
ride alone versus mock-treated controls does not show a signifi-
cant effect on hair cell survival (Bonferroni post-hoc analysis,
p > 0.05).

Amiloride inhibited hair cell loss in a concentration-dependent
manner when zebrafish were treated chronically with neomycin or
gentamicin (Fig. 5B, 6 h continuous exposure). These data are sup-
ported by 2-way ANOVA with a main effect of amiloride concentra-
tion, aminoglycoside and an interaction term (p < 0.0001). These
data suggest that blocking the mechanotransduction channel is
sufficient to block slower process(es) of hair cell death induced
by chronic gentamicin treatment.

3.4. Response to other aminoglycosides

We next tested whether other aminoglycosides induce hair cell
death in the zebrafish lateral line. We evaluated the response of
hair cells to the aminoglycosides amikacin, kanamycin, streptomy-
cin, and tobramycin (Fig. 6A–D, respectively) by DASPEI labeling
following acute and chronic exposure. For acute exposure, animals
were exposed to drug for 30 min followed by a 1 h recovery. For
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Fig. 3. Sentinel mutants are resistant to acute gentamicin-induced hair cell loss but are not resistant to chronic gentamicin exposure. (A) Acute exposure to gentamicin (50
and 200 lM) for 30 min followed by a 1 h recovery in fresh embryo medium. A significant main effect of genotype and gentamicin concentration and a significant interaction
were observed (2-way ANOVA, p’s < 0.0001). (B) Chronic exposure to gentamicin for 6 h. Both snl+ siblings (solid line, squares) and snl homozygotes (dashed line, circles) are
sensitive to chronic gentamicin (p < 0.0001). There is no significant difference between mutants and siblings without drug or with chronic treatment with 200 lM gentamicin
(Bonferroni post-hoc comparisons, p > 0.05). Bars denote one standard deviation.
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chronic exposure, animals were exposed to drug continually for
6 h. Acute exposure to amikacin, kanamycin or streptomycin
caused only modest reduction in hair cell labeling relative to
mock-treated controls (Fig. 6A–C, dashed lines). There was no sta-
tistical difference between the hair cell response to acute amikacin,
kanamycin or streptomycin (2-way ANOVA, p > 0.05). On the other
hand, clear concentration-dependent loss of hair cell staining was
observed with acute exposure to tobramycin (Fig. 6D, dashed lines)
although the loss of hair cell staining was still significantly less
than that observed with neomycin (Fig. 1A). These data are sup-
ported by 2-way ANOVA with a main effect of drug, concentration
and interaction (p < 0.0001).

With chronic exposure to amikacin, kanamycin, streptomycin
or tobramycin, hair cell staining was reduced to a greater extent
than that observed with acute exposure (Fig. 6, solid lines versus
dashed lines). Notably, although acute exposure to kanamycin
led to only modest loss of hair cell staining, chronic exposure to
kanamycin resulted in markedly greater hair cell death as com-
pared to acute exposure (Fig. 6B, dashed and solid lines) indicating
that the hair cell death induced by this aminoglycoside may be
affecting predominantly the second slower process. These data
are supported by 2-way ANOVA with main effects of drug, concen-
tration and interaction (p < 0.0001). These results demonstrate that
different aminoglycosides show markedly different ranges of
effects to either acute or chronic exposure, with neomycin causing
damage predominantly during the first, rapid process, gentamicin
causing damage during both processes, and kanamycin effecting
mainly a later, slower process.

4. Discussion

4.1. Aminoglycosides differentially induce hair cell death

The experiments reported here suggest that aminoglycoside-in-
duced hair cell death in the zebrafish lateral line appears to occur
by at least two processes: first, a rapid process (or processes) in
which hair cells die within 30–90 min and, second, a slower pro-
cess (or processes) that kills most of the remaining hair cells if
exposure time is sufficient (3–6 h). Rapid hair cell death is ob-
served with all of the aminoglycosides tested, although the amount
of death induced by a particular aminoglycoside differs. Neomycin
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K.N. Owens et al. / Hearing Research 253 (2009) 32–41 37



shows little appreciable increase in hair cell death beyond the first
90 min, whereas the other aminoglycosides tested have significant
hair cell loss by this second process. The distinctions between
these processes and potential interpretations are discussed below.
It should be underscored at this time we do not know which cellu-
lar process or processes lead to these forms of aminoglycoside-in-
duced hair cell death. These processes will be a subject of
continued investigation.

We suggest that our observations are best explained by a model
where hair cell death occurs by two or more mechanisms; one
mechanism results in an early, rapid phase that occurs over 30–
90 min and a second mechanism that is first evident between 3–
6 h and continues for at least 24 h, perhaps much longer. Several
observations support this conclusion. First, we observe different
temporal kinetics in response to different aminoglycosides. Sec-
ond, mutations and hair cell protective drugs act differently on
these processes. The hair cell protectant PROTO1 and mutant snl
block the first process but neither blocks the second process. These
observations suggest that the first and second processes are sepa-
rable. Our results suggest that variations in response between ami-
noglycosides reflect both differences in the extent that a particular
aminoglycoside induces hair cell death but also the degree to
which it triggers different cell death processes. While we have evi-
dence for at least two processes impacting the route of hair cell
death, we cannot rule out that there may be more than two path-
ways involved. Whether the slow hair cell death induced by differ-
ent aminoglycosides (gentamicin, kanamycin, streptomycin) is due
to a common later cell death pathway or multiple pathways is not
known.

Our observation that amiloride blocks both neomycin- and gen-
tamicin-induced hair cell loss both acutely and chronically sug-
gests that there is a common, mechanotransduction-dependent
route of entry for both neomycin and gentamicin in the zebrafish
lateral line. Marcotti et al. (2005) demonstrated that dihydrostrep-

tomycin acted as a permeant blocker of the mouse transduction
channel. Furthermore, Gale et al. (2001) showed that the mechano-
transduction channel blocker FM1-43 reduces neomycin hair cell
toxicity in mouse. Previous observation that gentamicin tagged
with the fluorophore Texas Red enters hair cells in 30 min (Steyger
et al., 2003). Rapid entry of FM1-43 in murine hair cells occurs in
<1 min (Gale et al., 2001) indicating that entry via the mechano-
transduction channel is be rapid. Fluorescently-labeled gentamicin
also enters hair cells of the zebrafish lateral line within 1 min.
(Santos et al., 2006; Owens et al., 2008) perhaps consistent with
entry via the mechanotransduction channel. While multiple entry
routes of these drugs are possible, the observation that amiloride
can inhibit the second wave of hair cell loss induced by chronic
gentamicin treatment suggests that these aminoglycoside share a
common entry route. Our washout experiments further support
this hypothesis. Exposure of zebrafish hair cells to neomycin for
30 min followed by a washout period of 1–24 h led to no signifi-
cant additional hair cell death, whereas parallel exposure to genta-
micin led to a time-dependent increase in hair cell death. Thus, we
suggest that the distinctions between a rapid process and a second,
slower process or processes are dependent on differences in the
mode of action of neomycin and gentamicin intracellularly. Our
data do not directly address loading kinetics among the aminogly-
cosides. The ability of gentamicin to induce hair cell death in nearly
half of the hair cells acutely, in the same amount of time as neomy-
cin, suggests that there is sufficient drug present at short (90 min)
time periods to induce hair cell death. Differences in intracellular
sequestration of aminoglycosides or in the ability of the cell to
pump these drugs out of the cell could contribute to the response
of hair cells to each aminoglycoside. There is precedence for ami-
noglycosides targeting multiple cellular processes in bacteria and
different aminoglycosides impact these processes to different ex-
tents (Magnet and Blanchard, 2005; Borovinskaya et al., 2007,
2008).
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Fig. 6. Hair cell loss in the zebrafish lateral line induced by different aminoglycosides. Most aminoglycosides show differences between acute and chronic treatment. Graphs
show results of DASPEI staining analysis of hair cells following acute (dashed lines, circles) or chronic exposure (solid lines, squares) to: (A) amikacin; (B) kanamycin; (C)
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4.2. Hair cell death can be triggered rapidly with aminoglycosides

Rapid hair cell death after acute aminoglycoside exposure is
consistent with our prior observations following neomycin treat-
ment (Owens et al., 2007). Here, we show that gentamicin also in-
duces rapid cell death in a subset of lateral line hair cells. Arguably,
bath application of aminoglycosides during in vitro experiments in
other systems may be the most similar to the immersion exposure
of the fish lateral line to aminoglycosides. Studies with acute or
cultured explants revealed a hair cell response within 3–8 h of
aminoglycoside exposure in rat Organ of Corti (Wei et al., 2005;
Nagy et al., 2004; Lahne and Gale, 2008) and within 6 h of gentami-
cin exposure in guinea pig or gerbil utricle (Forge and Li, 2000).
Ototoxic damage to mouse cochlear cultures has been reported
with aminoglycosides following 1 h treatment (Kotecha and Rich-
ardson, 1994). With in vivo aminoglycoside exposure in mamma-
lian systems (introduced systemically or intratympanically), the
onset of hair cell death is often reported as taking 24 h or more.
Intracochlear perfusion of gentamicin in guinea pigs induced dam-
age to hair cells in a basal-to-apical gradient at 1 h post-treatment
and death of all hair cells by 3 days post-treatment (Dodson, 1997).
Recently, Taylor et al. (2008) observed loss of hair cells in the co-
chlea as soon as 18 h post-treatment using kanamycin and the loop
diuretic bumetanide. Suzuki et al. (2008) observed dying hair cells
in the cochlea of guinea pigs treated intratympanically with genta-
micin by 12 h post-treatment and subsequent shifts in hearing
thresholds by 18 h post-treatment. It is unclear whether the slower
onset of hair cell loss in these systems reflects species-specific dif-
ferences, organ-specific differences or differences in the aminogly-
cosides under investigation. Preliminary studies (Wang et al.,
2009), suggest that direct exposure of the guinea pig cochlea to
neomycin in vivo results in a large threshold shift and loss of hair
cells within 90 min.

We observe differences between aminoglycosides in the extent
to which they induce acute hair cell loss. Of the aminoglycosides
we tested, amikacin and kanamycin elicit only modest rapid hair
cell death ("80% hair cell survival with 400 lM), streptomycin,
gentamicin, and tobramycin have more intermediate impact
("50–60% hair cell survival with 400 lM), and neomycin elicits
dramatic rapid hair cell death ("0–20% survival with 400 lM).
The rank order of ototoxicity we observe following acute treatment
with different aminoglycosides (neomycin > gentamicin = tobra-
mycin > streptomycin = amikacin = kanamycin) agrees with the
rank order observed by Wang et al. (1984) with in vitro assays
looking at phospholipid binding. Kotecha and Richardson (1994)
reported a similar order of ototoxicity (neomycin > gentami-
cin > dihydrostreptomycin > amikacin > neamine > spectinomycin)
using in vitro murine cochlear cultures. However, our evidence
suggests that aminoglycosides cannot be simply ranked as more
or less ototoxic, and that time of exposure must be taken into ac-
count. Notably, kanamycin induced little hair cell loss with acute
treatment and induced substantial hair cell loss with chronic
treatment.

We cannot explain fully why some hair cells die and others sur-
vive acute aminoglycoside treatment. Earlier work (Murakami
et al., 2003) demonstrated that hair cells become more sensitive
to neomycin with developmental maturity (4 dpf versus older lar-
vae). Santos et al. (2006) demonstrated that hair cell immaturity
contributes to neomycin susceptibility with "0.5 hair cells/neuro-
mast showing resistance to neomycin. However, this is insufficient
to account for the amount of hair cell survival we observe with
other aminoglycosides. A plausible alternative explanation is that
there may be underlying difference between hair cells within a
neuromast that are not readily apparent but which contribute to
differences in aminoglycoside susceptibility. Heterogeneity among
hair cells in the zebrafish inner ear has been reported (Chang et al.,

1992; Platt, 1993; Bang et al., 2001). Similarly, in the oscar, there
are differences in response to gentamicin between superficial and
canal neuromasts (Song et al., 1995). We do not observe gross mor-
phological distinctions between the hair cells of the lateral line
neuromasts at the age studied here, although subtle differences
in cytoplasmic density between hair cells are observed (Owens
et al., 2007). We do not know whether this is correlated with a dif-
ferential drug response and, if so, how it might relate to molecular
distinctions related to differential susceptibilities.

One conundrum in the field has been why inhibiting cell death
pathways often provides only partial hair cell protection (Cheng
et al., 2005). Our work supports the idea that more than one cell
death pathway is triggered by aminoglycosides and that inhibition
of only one pathway would therefore be insufficient to confer com-
plete protection. Mitochondrial mutations and nuclear modifiers of
mitochondrial function have been demonstrated to account for al-
tered aminoglycoside susceptibility in some human families and in
mice (Prezant et al., 1993; Fischel-Ghodsian, 2003; Guan et al.,
2006). However, only a portion of the variation in aminoglycoside
susceptibility is explained by these mutations. The Ras/Rac/JUN ki-
nase (JNK) pathway has also been implicated in hair cell death
(Wang et al., 2007). JNK activation occurs following aminoglyco-
side exposure (Pirvola et al., 2000; Cheng et al., 2005). Inhibitors
of the JNK pathway (Pirvola et al., 2000; Bodmer et al., 2002; Wang
et al., 2003; Matsui et al., 2004; Sugahara et al., 2006) or inducers
of the heat shock pathway (Cunningham and Brandon, 2006; Taleb
et al., 2008) are partially protective against aminoglycoside-in-
duced hair cell death. Overexpression of the anti-apoptotic factor,
Bcl-2, and inhibition of intrinsic caspase cascades (cas9, cas3)
attenuates aminoglycoside-induced hair cell death in chick and ro-
dent (Cunningham et al., 2002; Cheng et al., 2003; Cunningham
et al., 2004), whereas inhibiting inhibitors of this path accentuates
hair cell death (Tabuchi et al., 2007). The MEK/ERK pathway has
been implicated to affect hair cell death in a Ras-dependent (Batta-
glia et al., 2003) and Ras-independent manner (Chung et al., 2006).
Furthermore, Lahne and Gale (2008) recently demonstrated that
the ERK1/2 pathway is important in mammalian support cells for
promoting cell death in damaged neighboring hair cells. It remains
to be seen which of these (or other) pathways are involved with
aminoglycoside-induced hair cell death in the zebrafish lateral line.

4.3. Hair cell death continues after aminoglycoside exposure ends

We found continued hair cell death after gentamicin washout,
but little after neomycin washout. Onset or increase in hearing loss
in human patients has been reported well beyond the end of ami-
noglycoside exposure (Moore et al., 1984; Lerner et al., 1986; Est-
erhai et al., 1986; Magnusson and Padoan, 1991). Similarly, in
other experimental animals there are numerous reports in the lit-
erature indicating that aminoglycosides may continue to induce
functional and structural hair cell damage for days or weeks after
the termination of treatment (e.g., Tucci and Rubel, 1990; Beaubien
et al., 1990; Shepherd and Martin, 1995).

In other systems, delayed onset of hair cell death has been
attributed in part to drug administration route and transit time (re-
viewed in Nakashima et al., 2000). However, in the lateral line sys-
tem, hair cells are immediately exposed to aminoglycosides added
to fish medium. Experiments with fluorescently tagged aminogly-
cosides revealed the presence of drug within hair cells after a 1 min
drug exposure (Santos et al., 2006). These observations suggest
that delays in damage are due to intrinsic properties of the cell
death process. Either hair cells have been damaged early and are
already destined to die, but are still present at the times examined,
or drugs like gentamicin (or its downstream toxic metabolites) are
still present intracellularly and continue to cause damage beyond
the time of washout. Aran et al. (1993) reported that gentamicin,
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given at a non-toxic concentration, remains in hair cells for up to
11 months after treatment. These alternatives are not mutually
exclusive or resolvable by the current studies.

4.4. Implications for clinical treatment

Clinical treatment of gram-negative infections with aminogly-
cosides has been largely curtailed in the United States except in re-
calcitrant cases, but remains prevalent worldwide. Historically,
aminoglycosides as a class were assessed for those that retained
bactericidal or bacteriostatic action and minimized oto- or nephro-
toxicity. Our observations that many of the aminoglycosides exhi-
bit a second wave of hair cell loss with prolonged administration in
the zebrafish is concordant with observations in other systems of
hearing loss occurring subsequent to the end of aminoglycoside
treatment (e.g., Beaubien et al., 1995; Taylor et al., 2008). The dif-
ference we see between aminoglycosides in zebrafish suggest that
some aminoglycosides, such as neomycin, may have little if any
hair cell loss after initial impact while others, such as gentamicin
and kanamycin, may have more of a biphasic impact. These results
may have important implications for treatments and protection of
the cochlea, and need to be carefully tested in the mammalian in-
ner ear.
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Some of the most fruitful avenues of research have aris-
en from new combinations of ideas and people. One 
such collaboration started in early 2001, when Edwin 
Rubel and two of his postdoctoral fellows, Lisa Cun-
ningham and Alan Cheng, ventured from their lab in 
the University of Washington’s Virginia Merrill Bloe-

del Hearing Research Center across the street to meet with David 
Raible, a neuroscience professor in the university’s Department of 
Biological Structure. Raible uses small zebrafi sh to study develop-
ment of the nervous system, while Rubel studies the auditory sys-
tem in birds and mammals, looking at how hearing damage occurs 
and how it might be prevented. Eight years later, a large group of 
researchers in both labs are still working together, trying to under-
stand – and someday prevent – human hearing loss.

Most hearing loss is due, at least in part, 
to loss of the sensory cells in the inner ear 
that are responsive to sound. Each human 
cochlea (the hearing organ in our ears) has 
only a few thousand of these tiny sensory 
hair cells, so-called because they have a little 
hair-like tuft sticking out of the top of each 
cell. These hair cells are exquisitely sensitive 
to sound and enable us to hear a huge range 
of sounds, from the whisper of the wind to 
the roar of a jet engine. Unfortunately, they 
are also extremely sensitive to damage from 
noise and some types of drugs and also are 
lost as we age. In humans, this is a perma-
nent condition; once hair cells die, we can’t 

grow more of them.
But some animals and some humans seem resistant to noise and 

drugs and some humans hear perfectly until old age. What grants 
this protection? Do some people have genetically “tough” ears and 
others have “weak” ears? If so, what are the genes responsible for 
this difference and can we use them to protect hearing? 

Like humans and other vertebrates, fi sh have ears, although you 
wouldn’t know it just by looking at one! There are no outer ears 
sticking out from the sides of their heads, but their inner ears are 
remarkably similar to our own, including the possession of a full 
complement of hair cells. Fish also have a second hair cell-bearing 
system called the lateral line, which is a series of hair cell clus-
ters  (and surrounding supporting cells) grouped in rows along the 
head and body of the fi sh, with the little hair-like tufts sticking out 
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Picture of a fi ve-day-old zebrafi sh with eye and tail indicated. The clusters of hair 
cells along the lateral line are labeled with a dye that shows up in the picture as a 
series of green dots on the head and body of the fi sh. 
Photo courtesy of David Raible Lab, Univ. of Washington 



into the water. 
Fish use their inner ears like we use ours, for hearing and bal-

ance, while they use the lateral line to detect water movement 
around their bodies. These hair cells are the same type of cells that 
detect sound and provide balance cues in our inner ear. Zebrafi sh, 
commonly found in pet stores, are particularly useful as a model 
system for research. These fi sh are small, inexpensive to keep and 
will reproduce year-round, making for a constant supply of larvae 
for study. And if that weren’t enough, the larvae are easy to geneti-
cally engineer  and are transparent, allowing researchers to watch 
events inside the fi sh as they happen.

Here was an animal that conveniently displays its hair cells ex-
ternally, getting around the problem of all that tough bone that en-
cases the hair cells in people and other mammals. Rubel wondered 
if the zebrafi sh lateral line system might provide a direct look at 
what happened to a hair cell when it was damaged and offer a way 
to screen for genes that might confer protection. After one short 
meeting and an evening experimenting with the hair cells of these 
fi sh, Rubel and Raible were convinced that they had found the 
system for a new approach toward research aimed at preventing 
hearing loss.

Enter Julie Harris, a Ph.D. student who joined the University 
of Washington’s neurobiology graduate training program just as 
the collaboration between the Rubel and Raible labs was estab-
lished. In a remarkably productive series of experiments, Harris 
confi rmed that lateral line hair cells of zebrafi sh were damaged by 
“ototoxic” drugs (drugs that damage the inner ear). This occurred 
in the zebrafi sh the same way as it does in people and other mam-
mals. Now one could test many zebrafi sh in a short time (needed 
for genetic screening) and carefully study how the hair cells die 
and how these lateral line hair cells regenerate. Zebrafi sh really 
were a good model for hair cell studies, opening up all kinds of 
new possibilities for research. 

Our approach, and that of many other research labs, is based on 
the idea that if we know the cellular details of why hair cells die 
with exposure to noise or ototoxic drugs, or as we age, we can pre-
vent it or slow it down in humans. Where the zebrafi sh model has 
made a huge difference is that it lets us approach the question of 
why some people are so sensitive and some so resistant to hearing 
loss. We can search for the genes involved in cell death responses; 
Brock Roberts and Kelly Owens of our group have used a genetic 
screen (a technique for randomly identifying mutations in genes) 
to search for genetic alterations that protect hair cells from damage 
by ototoxic drugs. So far we have identifi ed fi ve genetic mutations 
that potently protect hair cells from damaging drugs. One of these 
genes, which we call “sentinel,” encodes a novel protein whose 
function was previously not described. This is a good example of 
the ability of genetic screening to identify genes whose potential 
role in hair cell biology was previously unknown.

As more people joined this project at the University of 
Washington and as other centers became aware of it, new ideas 
emerged for using zebrafi sh lateral line hair cells to address hearing 
impairment issues. In parallel with our genetic screening, we have 
tested libraries of chemical compounds as well as libraries of 
approved drugs to determine whether they can prevent hair cell 
death, or in the case of approved drugs, whether they might actually 
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cause hair cell death. Felipe Santos, an otolaryngology fellow 
who joined our group, rapidly screened over 10,000 chemicals 
from a library of small drug-like compounds and identifi ed two 
promising chemicals that we call PROTO-1 and PROTO-2, 
which act to prevent hair cell loss in the zebrafi sh lateral line. But 
would these molecules protect mammalian hair cells? To test this 
idea, Santos, along with Lisa Cunningham, treated mouse inner ear 
hair cells with PROTO1 and 2 and the ototoxic drug neomycin. 
Most of the mammalian hair cells survived! While much additional 
research will be required before PROTO1 and 2 might be used 
as therapeutic drugs, these experiments demonstrate the potential 
power of this approach for therapeutic drug development. 

To potentially shorten the process between identifi cation of a 
protective treatment and its use in human patients, Henry Ou, 
another member of our group, tested drugs that already have 
FDA approval for use in humans for other medical treatments 
and found 10 FDA-approved drugs that prevented hair cell loss 
in zebrafi sh. These drugs are currently being tested in mammals. 
Allison Coffi n, Kelly Owens and others in our group are using 
protective drugs and protective genes to profi le pathways of hair 
cell death. That is, we want to determine distinctions between the 
cellular pathways and molecules that the hair cell uses in response 
to different ototoxic drugs. Our group and others have also used 
the screening methods to ask about other, unknown causes of 
hearing loss. For example, Miguel Allende and colleagues in Chile 
and John Incardona and colleagues at the National Oceanic and 
Atmospheric Administration have examined the effects of common 
environmental agents. Lynn Chiu and Henry Ou have begun 
testing common therapeutic drugs for previously unrecognized 
damage to hair cells and found over 20 with potentially dangerous 
levels of toxicity.

But what about in-
dividuals whose hair 
cells no longer func-
tion properly? Clearly, 
prevention is only half 
of the picture. Although 
many tissues in the hu-
man body can repair 
themselves, including 
replacing damaged cells, 
our inner ears do not 
produce new hair cells. 
In fact, hair cells are not 
regenerated in any mammal – but they are regenerated in fi sh, 
birds and amphibians. One aspect of our research is to under-
stand how hair cells are regenerated in the zebrafi sh so that we can 
someday stimulate replacement of hair cells in human ears. To this 
end, Eva Ma, a graduate student in the Raible lab, has determined 
that lateral line hair cells can regenerate within 48 hours and that 
these new hair cells appear to be generated from dividing cells that 
lie beneath them. Replacing hair cells in the ear is only useful if 
they are functional and can be connected to the rest of the nervous 
system. The labs of James Hudspeth of the Howard Hughs Medical 
Institute and Hernan Lopez-Schier from the Centre for Genomic 
Regulation in Barcelona are focused on understanding how newly 
made hair cells are connected to the nervous system. 

A lot has happened since that fateful meeting eight years ago. 
Many fi sh hair cells have been protected from drugs, and new hair 
cells have grown to replace damaged ones. But our real business is 
to come up with ways to protect human hair cells and regenerate 
those lost due to genetic anomalies, ototoxic drugs, noise or aging. 
Today, we cannot take drugs to protect our hair cells or to grow 
new ones but hopefully we will be able to do this in the future. 
We have entered a new and exciting era of biomedical research. 
The zebrafi sh has opened new and promising approaches toward 
prevention and treatment of hearing loss. With other approaches 
already underway and those not yet imagined, the next two de-
cades are likely to dramatically change the therapeutic options 
available.  ■

Allison Coffi n, Ph.D., is a senior fellow at the University of Washington. 
Outside the lab, Alli enjoys playing softball, home improvement and an 
occasional motorcycle ride with her husband, Cory.
Kelly Owens, Ph.D., is an instructor at the University of Washington and 
mother of an energetic teenage son. She is an avid reader, enthusiastic 
painter and perpetually hopeful gardener.
David Raible, Ph.D., has been a faculty member at the University of 
Washington since 1995. When not in the lab, he is riding his bike or 
watching his girls play soccer.
Edwin Rubel, Ph.D., has studied normal and abnormal development of 
the ear and auditory pathways of the brain since 1971. He has enjoyed 
Northwest living since 1986.  When not working, he plays with his wife of 
45 years, his adult children and his four grandchildren.

Members of “the fi sh group” from the Rubel and Raible 
labs, left to right: (front) David Raible, Edwin Rubel, (middle) 
Eva Ma, Heather Brignull, Allison Coffi n, Frederica Mackert, 
Arminda Suli, (back) Yoshinobu Hirose, Parhum Namdaran, 
Kelly Owens, Lauren Clancey, Dale Hailey, Nick Coley
Photo courtesy of Eva Ma

This photograph is a magnifi ed view of one volcano-shaped cluster of hair cells la-
beled with a yellow vital dye in a living zebrafi sh larvae. 
Photo by Glen MacDonald



A Simple Method for Multiday Imaging of Slice Cultures
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ABSTRACT The organotypic slice culture (Stoppini et al. A simple method for organotypic cul-
tures of nervous tissue. 1991;37:173-182) has become the method of choice to answer a variety of
questions in neuroscience. For many experiments, however, it would be beneficial to image or
manipulate a slice culture repeatedly, for example, over the course of many days. We prepared
organotypic slice cultures of the auditory brainstem of P3 and P4 mice and kept them in vitro for
up to 4 weeks. Single cells in the auditory brainstem were transfected with plasmids expressing
fluorescent proteins by way of electroporation (Haas et al. Single-cell electroporation for gene
transfer in vivo. 2001;29:583-591). The culture was then placed in a chamber perfused with oxy-
genated ACSF and the labeled cell imaged with an inverted wide-field microscope repeatedly for
multiple days, recording several time-points per day, before returning the slice to the incubator. We
describe a simple method to image a slice culture preparation during the course of multiple days
and over many continuous hours, without noticeable damage to the tissue or photobleaching. Our
method uses a simple, inexpensive custom-built insulator constructed around the microscope to
maintain controlled temperature and uses a perfusion chamber as used for in vitro slice recordings.
Microsc. Res. Tech. 73:37–44, 2010. VVC 2009 Wiley-Liss, Inc.

INTRODUCTION

The investigation of brain development poses one of
the great challenges of neuroscience. With the help of
fluorescent markers and microscopic imaging techni-
ques, manifold insights on how the brain develops are
being gained. Although in vivo models are the pre-
ferred choice, acute slice preparations and slice culture
systems are often of benefit to answer specific ques-
tions that cannot be addressed using an in vivo
preparation. Acute slices offer advantages for some
manipulations and can allow observation for many
hours (Dailey and Waite, 1999). However, acute slices
neither enable the scientist to modify preparations
over the course of many days or weeks nor do they
allow repeated observation over the same time span.
Slice culture systems do offer the possibility to manipu-
late organotypic neuronal connections and observe
them at the same time in three dimensional, during
the course of days or weeks. Questions that require
continuous imaging over long periods of time or
repeated observation over the course of several days,
even weeks can, thus, in principle be approached by
using slice culture systems.

The Stoppini organotypic slice culture method, also
called membrane or filter cultures, (Stoppini et al.,
1991) is used for a variety of studies (Li et al., 2007;
Mao et al., 2008; Panicker et al., 2008; Reid et al.,
2008) and provides a means to observe development of
neuronal systems in a slice over the course of weeks.
This slice culture system provides a relatively easy
access to an organotypic culture system because apart
from an incubator, no special rotating devices, such as
used for Gähwiler cultures (Gähwiler, 1981), are
needed. It appears that there have been few efforts to
use these preparations for repeated imaging over mul-
tiple days or weeks. Previous studies to observe slice

cultures repeatedly over the course of several days
involved special procedures, such as simulating incu-
bator conditions on top of the microscope (Yamamoto
et al., 1997).

Here, we present a simple approach for long-term
imaging of cultured brain slices that does not require a
specialized imaging environment and is easy to per-
form at low cost. Our method combines a standard slice
culture method (Stoppini et al., 1991) and a standard
in vitro perfusion chamber, identical to what is used for
electrophysiological recordings in acute brain slices.
Single cells in a slice cultures are transfected with
plasmids leading to the expression of a fluorescent pro-
tein. We successfully image transfected cells repeatedly
over the course of many days and over long continuous
time spans without noticeable degeneration or photo-
bleaching. We believe that this method can be benefi-
cial for a variety of experiments involving slice culture
systems where interneuronal connections can be main-
tained and time-lapse observation is wanted.

MATERIALS ANDMETHODS
Animals

Male and female C57Bl/6J mice and CMV-24 mice
(gift from Anthony van den Pool; van den Pol and
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Ghosh, 1998) were used. CMV-24 mice express the
green fluorescent protein (GFP) in neurons in the audi-
tory brainstem. Pups were considered 0 days (P0) on
the day of birth. The University of Washington Institu-
tional Animal Care and Use Committee approved all
procedures.

Slice cultures

We prepare organotypic slice cultures of the auditory
brainstem of P3 or P4 mice following procedures estab-
lished by Stoppini et al. (1991). Mice are decapitated
and the brain removed from the skull. Three hundred
micrometer-thick brain slices containing the auditory
brainstem are prepared with a vibratome (Vibratome
1000 Classic, Vibratome, St. Louis, MO) in ice-cold
ACSF. The ACSF contains (in mM) 130 NaCl, 3 KCl,
1.2 KH2PO4, 20 NaHCO3, 2.4 CaCl2, 1.3 MgSO4,
3 HEPES, 10 dextrose and is constantly gassed with
95% O2 to 5% CO2 (modified from Tzounopoulos et al.,
2004). After slicing, the sections in which auditory
brainstem nuclei can be identified, typically 2–3 per
brain, are immediately transferred under a sterile tis-
sue culture hood with the help of a glass pipette
(custom made from Pasteur pipettes) on Millicell-CM
cell culture inserts (PICMORG50, Millipore, Bedford,
MA) in a six-well plate (6 Well Cell Culture Cluster,
Corning Incorporated, Lowell, MA) containing 1 mL of
a standard culture medium with increased potassium
concentration. The medium consists of 48% advanced
minimum essential medium (with NEAA, with sodium
pyruvate at 110 mg/L, without L-glutamate, Gibco Invi-
trogen, Carlsbad, CA), 24% Earl’s balanced salt solu-
tion, 1% L-glutamine (200 mM), 24% horse serum (heat
inactivated, sterile filtered), 1% penicillin-streptomycin
optional (all Sigma, St. Louis, MO), 1.375% glucose
solution (200 g/L), and 25 mM K-gluconate, (Lohmann
et al., 1998). Cultures are incubated at 36.58C and 5%
CO2 in an incubator (Forma Scientific CO2 Water Jack-
eted Incubator, Marietta, OH). We use a maximum of
three membranes per six-well plate and change culture
medium three times per week under a hood. To this
end, the membrane inserts are taken out with a
forceps, and the old medium is sucked out with a sterile
1-mL pipette tip attached to a vacuum. Then 1 mL of
fresh medium is then transferred into the empty well,
and the membrane containing the slice cultures is put
back in the well. We do not preheat or preincubate the
culture medium we are about to use for changing the
medium in the 6 well plates.

Electroporation

After 2–4 days in vitro (DIV), we electroporate single
cells in the superior olivary complex with plasmids
leading to an expression of fluorescent proteins (proce-
dure modified from Haas et al., 2001; Sorensen and
Rubel, 2006). We use glass electrodes (Glass, Capillary,
Filament, 1.2 mm 3 0.68 mm, 4", A-M Systems, Carls-
borg, WA) with a tip diameter of 0.5–2 lm, filled with
1 lL of a 0.9% NaCl solution containing plasmid at a
concentration of 1–2 lg/lL. The glass electrode is filled
with the plasmid by a custom-made syringe pulled over
the flame of a Bunsen burner. We use a plasmid leading
to the expression of a red fluorescent protein through-
out the cell (td-Tomato) and plasmids that lead to an

expression of GFP- or CFP-tagged synaptophysin, a
presynaptic vesicle protein.

Immediately before electroporation, the six-well
plates containing the slice cultures are removed from
the incubator. The culture to be transfected is exposed
simply by removing the lid of the six-well plate. Then
single cells are targeted with the electrode tip guided
visually with the help of a stereo microscope allowing
epifluorescent illumination (Leica MZ 16 FA, Leica
Microsystems, Wetzlar, Germany) and the combination
of two micromanipulators, one manual for coarse elec-
trode adjustment, and one hydraulic for the fine x-, y-,
and z-axis positioning (M3301 Manual Micromanipula-
tor, World Precision Instruments, Sarasota, FL and
MX630R, Siskiyou, Grants Pass, OR). The plasmids
are electroporated with a current of 3–4 lA with 1 ms
square pulses at 200 Hz for several seconds. The cur-
rent pulse is delivered by a square pulse stimulator
(SD9 Square Pulse Stimulator, Grass Technologies,
West Warwick, RI) and monitored with a voltmeter
connected in series (24-Range Digital Multimeter,
RadioShack Corporation, Fort Worth, TX). After cells
in each slice culture are electroporated, the six-well
plate is put back in the incubator.

After 24 h, slice cultures are inspected under fluores-
cent illumination to identify transfected cells. If trans-
fection was successful, fluorescence could be detected
as early as 24 h after transfection, the earliest time
point checked.

Imaging

Once transfected cells are identified, a patch of the
Millicell membrane containing successfully transfected
slices is cut out with a scalpel (Fig. 1A). To this end, we
remove the complete membrane insert from the six-
well plate and put it onto a sterile Petri dish. The mem-
brane is held in place with a Dumont forceps while
the patch of membrane with the culture is cut out. The
resulting rectangular piece of membrane with the
transfected slice (Fig. 1B) is then put with the old
membrane on the lower side onto a new, second mem-
brane insert (i.e., the slice is sitting on a double layer of
insert membrane, Fig. 1C) and moved back into the
six-well plate. From this point on, the slice culture is
mobile and can be used for repeated high-resolution
imaging.

For imaging, the membrane with the cultured slice
is removed from the incubator and transferred to
the imaging microscope in fresh, sterile medium. The
membrane with the slice is then placed upside down in
an open perfusion chamber (brass, custom made, gift
from T. Bonhoeffer; Fig. 1D) on a coverslip, which is
attached to the perfusion chamber with dental wax
(Modern Materials, Wax Square Ropes, Heraeus
Kulzer, Dormagen, Germany). The slice with the mem-
brane, with the membrane now on the upper side
(Fig. 1D), is held in place by a titanium harp with three
single nylon fibers glued on (not shown). The harp pro-
vided enough pressure to hold the slice in place, and
the membrane on the slice’s back ensured that there
would be no tissue damage caused by the nylon fibers.
The perfusion chamber is perfused with oxygenated
ACSF through a gravity-pump and vacuum suction
system for about 10 min prior to introducing the slice
culture. The ACSF level in the perfusion chamber is
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determined by the tube connected to the vacuum suc-
tion system and is set so that the slice culture is fully
immersed in ACSF. The perfusate is running at all
times when the slice is placed in the chamber. The per-
fusion rate is around 2.5 mL/min, which is similar to
what has been described by others (Dailey and Smith,
1996). The outgoing ACSF-tube has a slit in its side
through which the ACSF is sucked out of the perfusion
chamber (Fig. 1D). The slit is only half covered by
ACSF. This ensures constant suction and avoids fluctu-
ation of the ACSF-level because the opening in the suc-
tion tube is never fully blocked by ACSF. Additionally,
the incoming ACSF is preheated to 358C with the

incoming ACSF-tube being wrapped around a heating
element and temperature controlled with a sensor
directly attached to the perfusion chamber (Fig. 1D).
For additional reading about live cell imaging see
Dailey et al. (2005).

The photomicrographs shown were imaged on a
Marianas imaging system from Intelligent Imaging
Innovations, (Denver, CO) incorporating a Zeiss Axio-
vert 200M microscope with an X, Y motorized stage
(ASI, Eugene, OR), shuttered 175 W xenon lamp
coupled with a liquid light guide (Sutter, Novato, CA)
and a CoolSnap HQ digital camera (Princeton Instru-
ments, Trenton, NJ) (Fig. 2). The microscope is housed

Fig. 1. Slice culture explant and imaging technique. (A) The cul-
ture membrane insert was put on a sterile surface, for example, Petri
dish, and the part of the membrane containing the slice culture was
cut out with a scalpel. (B, C) This explant was then transferred to an
intact, fresh membrane insert with a Dumont forceps. The slice cul-
ture is now mobile and can be used in an imaging chamber. (D) The
schematic shows a standard perfusion chamber, as used for in vitro
electrophysiology. The chamber is fitted with a coverslip at the bot-
tom, through which the specimen can be imaged with an inverted

microscope. The membrane with the attached slice culture is put onto
the coverslip with the slice facing down. The membrane and slice are
held in place with a platinum harp (not shown). Oxygenated ACSF is
flowing into the chamber through a metal tube and sucked out by
another metal tube attached to a vacuum. Notice the slit in the OUT-
tube to prevent fluctuations in the ACSF level in the chamber (see
‘‘Materials and Methods’’ section). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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in a rigid foam insulation-enclosure (Foamular 250,
Owens Corning, Toledo, OH) heated by a recirculating
warm air heating system controlled by a proportional
voltage thermostat (Omega Electronics, Knightdale,
NC) using a thermistor mounted on the microscope
stage (custom made by Glen MacDonald and CHHD
Instrument Development Laboratory, University of
Washington; Fig. 2). The temperature of the entire
chamber containing the microscope is controlled and
maintained at 358C to promote cell viability and optical
stability. Heating the entire setup makes sure that the
microscope has a uniform temperature, avoiding any
temperature gradient that might cause focal drift due
to small movements in the system caused by heat
expansion or retraction. It is beneficial to configure the
enclosure as close as possible to the microscope to avoid
creating unnecessary air space that has to be heated
(Fig. 2). The rigid foam insulation-enclosure is easy to
build, and it should not take more than half a day to
assemble such a heating-enclosure. To ensure thermal
stability, the enclosure is heated to 358C for 4 h before
the start of an imaging session.

Image acquisition is controlled and images are saved
by Slidebook software (Intelligent Imaging Innova-
tions, Santa Monica, CA). The Slidebook software pack-
age allows multichannel fluorescence and RGB DIC
image capture, time-lapse, 3D and 4D-imaging.

After a successful imaging session, the piece of mem-
brane with the attached slice culture is transferred
back onto the second, intact membrane insert and put
back to its original six-well plate with culture medium
(Fig. 1C). The same slice can be used for repeated imag-
ing sessions.

Image Processing

Some of the image stacks were deconvolved using
Huygens Essential (Scientific Volume Imaging, Hilver-
sum, The Netherlands) for better visibility of the syn-
aptophysin puncta and the fine structures of cells.
Three-dimensional-image stacks are converted to max-
imum intensity projection images and contrast en-
hanced using ImageJ (National Institutes of Health,
Bethesda, MD).

RESULTS

We imaged a total of 52 cells from 44 animals.
Twenty-eight cells were used in single session time-
lapse imaging and 24 cells were used in multiday imag-
ing. Cells that were imaged on multiple days were also
imaged in a time-lapse manner. We were able to repeat-
edly image slice cultures in a standard perfusion cham-
ber perfused with oxygenated ACSF. Individual cells
were imaged until they were no longer identifiable.

Time-Lapse Experiments

The cells in this group were imaged between 9 and
258 min (mean 47 min) with 63% of the cells imaged
for >30 min. We imaged the cells for 2–18 time-points
(TP, mean 6 TPs). The slice cultures, we used had not
previously been submerged in ACSF, yet they survived
well at 358C without noticeable decrease in viability,
that is, bloating of cells or cessation of synaptophysin
movement.

Figure 3 shows a cell transfected with a plasmid
expressing CFP-tagged synaptophysin that was 3D-
imaged 25 times in 44 min. The intervals between the
acquired z-stacks of images were 120 s for the first
10 TPs and 60 s for the next 15 TPs. The first 10 TPs
were imaged with a 203 lens and the next 15 TPs with
a 403 lens. Shown are TP 1 (0 min, Fig. 3A), 10
(18 min, Fig. 3B), (magnification/lens change), 11
(30 min, Fig. 3C), and 25 (44 min, Fig. 3D). At the be-
ginning of the imaging session, the cell body and sev-
eral dendrites can be identified (Fig. 3A). Images in
Figure 3 show deconvolved versions of maximum inten-
sity projections of the acquired 3D-images. Addition-
ally, in Figures 3A and 3B the inserts show a close-up
of the cell body. Bright synaptophysin puncta lighten
the cell body and a dendrite with puncta can be identi-
fied. Synaptophysin puncta can be seen at different
locations along the dendrite at the four time-points. No
change in tissue quality or photobleaching could
be detected. Two time-lapse movies (TPs 1-10 and TPs
11-25) are available as supplemental data (Supporting
Fig. 3).

Multiday Imaging

We imaged 24 cells from 23 animals repeatedly over
the course of multiple days. Fourteen cells were imaged
on 2 days, with the imaging sessions being at least 48 h
apart. We imaged one cell where the two imaging ses-
sion were only 7 h apart. Four cells were imaged for
three days, another four for 4 days, and one cell was
imaged on 5 days. For all cells, the first day of imaging
was between 8 and 19 DIV, and the last imaging day
was between 11 and 20 DIV. On individual days, the
cells were often time-lapse imaged. On the first imag-

Fig. 2. Marianas imaging system with heating enclosure. The pho-
tograph shows the Marianas imaging system microscope in the heat-
ing enclosure. The microscope is housed in a rigid foam insulation-en-
closure heated by a recirculating warm air heating system controlled
by a proportional voltage thermostat using a thermistor mounted on
the microscope stage. The temperature of the entire chamber contain-
ing the microscope is controlled and maintained at 358C to promote
physiological conditions and optical stability. The front part of the en-
closure is taken off for clarity. With the front removed, the slice cul-
ture can be inserted into the perfusion chamber and fluorescent cells
focused. The front cover is brought back into position for imaging to
ensure temperature stability and exclusion of ambient light. [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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ing day, cells were imaged over a period from 10 to
208 min, with a mean of 50 min.

Figure 4 shows a cell that was imaged repeatedly on
3 different days. The cell was transfected with a plas-
mid labeling a presynaptic protein, synaptophysin,
with CFP. The cell was transfected by electroporation
on DIV 8 and first imaged in 3D on DIV 12 (Figs. 4A,
4B). The next two imaging days were DIV 15 (Figs. 4C,
4D) and DIV 19 (Figs. 4E, 4F). The same cell could be
identified on the three imaging days, and CFP-tagged
synaptophysin can be seen being transported along the
projections of the cell (see supplemental data for mov-
ies of each of the imaging days). On DIV 12, the cell
was imaged for 30 TPs (48 min); on DIV 15, it was
imaged for 20 TPs (113 min); and for 25 TPs (124 min)
on DIV 19. Figure 4 shows deconvolved versions of the
maximum intensity projections of the first and the last
3D-image taken on the respective day. The inserts in
those figures show a close-up of the cell body with its
synaptophysin puncta. The inserts in Figure 4 show no
blebbing of the cell body, often a sign of an unhealthy

cell. Time-lapse movies of the three imaging days are
available as supplemental data (Supporting Fig. 4).

Another example is shown in Figure 5. A slice cul-
ture was electroporated with a GFP-plasmid after 4
DIV. After 8 DIV, 4 days later, a cell is clearly labeled
(maximum intensity projection of 3D-image, Fig. 5A).
Just 2 days later, after 10 DIV, the cell is still present
and an axon extending to the left of the transfected cell
can be seen (Fig. 5B). At the same day (DIV 10), the
axon was observed to be growing, and its extending
tips were imaged 86 times for almost 22 h (Figs. 5C,
5D). The intervals between acquisitions of the 3D-
images ranged from 10 to 30 min (5 min for one inter-
val). Images of the growing axon were taken with a
103, a 203, and a 403 dry lens. The images were
recorded in blocks of 30 and 60 min and in one case in a
block of 600 min. During those blocks, the lens was not
readjusted and the tissue remained in focus. Figure 5C
shows the tip of the axon at the beginning of the imag-
ing session (TP indicated earlier). Three processes can
be identified. Twenty-two hours and 51 min later, the

Fig. 3. Time-lapse imaging. Time-lapse images of a neuron trans-
fected with synaptophysin-CFP. A neuron in a cultured slice was
transfected with a plasmid causing the expression of CFP-tagged synap-
tophysin. The cell was imaged at 25 TPs over 44 min. (A) Maximum
intensity projections of the 3D-images at the beginning of the imaging

session. Synaptophysin puncta outline the cell body and dendrite. The
insert shows the cell body in detail. (B–D) TPs 10, 11, and 25. Not the
lens change after TP 10s. Puncta can be localized at different positions at
different time-points. No blebbing in the cell body is detectable. (See also
time-lapse movie of the 25 TPs in supporting data, Supporting Fig. 3).
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Fig. 4. Multiday imaging. A neuron transfected with a synapto-
physin-CFP plasmid was imaged on 3 different days. The cell was
transfected by electroporation on DIV 8. (A, B) The cell is shown at
the beginning (TP 1) and at the end (TP 30) of the first imaging ses-
sion on DIV 12. The two 3D-images are taken 48 min apart. Inserts
show the cell body containing synaptophysin puncta. The next two

imaging days were DIV 15 (C, D) and DIV 19 (E, F). The cell could be
identified by its three dendrites. The cell appears healthy, as the syn-
aptophysin puncta are moving about in the cell body and along the
dendrites (see movie in supporting data, Supporting Fig. 4). The
inserts show the cell bodies at the respective time points, which show
no sign of blebbing.
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axon has grown significantly (Fig. 5D, the white arrow-
heads indicate the extent of the axon in Fig. 5C). One
branch of the axon grew over 200 lm during the imag-
ing period. Figure 5E shows the cell and the axon at
the end of the imaging session. Over multiple days and
almost 23 h of continuous imaging, cell viability was
not impaired and no photobleaching was detectable. A
movie of 78 TPs covering 1302 min is available as sup-
plemental data (Supporting Fig. 5).

DISCUSSION

We present a simple method for multiday imaging of
cultured brainstem slices. To our knowledge, no such
method has been reported previously. We used slice
cultures containing cells expressing a fluorescent pro-
tein and time-lapse imaged the cells at each imaging
day over long time periods and over the course of sev-
eral days. Phototoxicity seemed to be reduced when
only certain parts of a labeled cell (e.g., growing axon)

were imaged and not the whole neuron including cell
body.

A total of 52 cells from 44 animals were imaged for
this report, either in a time-lapse fashion or on multi-
ple days. We found the fluorescent proteins, once a cell
was transfected, to be remarkably stable and slice cul-
ture viability was quite satisfactory.

For an efficient gene-electroporation, the exact place-
ment of the electroporation electrode close to the neu-
ron seems to be crucial for transfection (Rathenberg
et al., 2003). We tried a variety of different settings for
plasmid concentration, electrode tip size, and stimulus
parameters for electroporation but found no reliable
differences in transfection efficiency. We found effi-
ciency to be low (<5% of electroporation sites had
transfected cells). Because the electroporation success
rate was very low, we generally aimed to electroporate
at several spatially different sites in a slice culture to
increase the probability of a cell being transfected with
a plasmid. Others have reported low success rates with

Fig. 5. Multiday and time-lapse imaging combined. A neuron was
transfected with a GFP-plasmid after 4 DIV. (A) At 8 DIV, the neuron
was identified in the slice culture. (B) Two days later, at 10 DIV, the
neuron could be identified again and an growing axon lateral to the
cell body was detected (composite image). (C, D) The tip of the axon
was imaged over almost 22 h, whereas the axon was continuously

growing (see movie in supplemental data). Axon at the first of 78 TPs
(C) and the last TP (D). The two 3D-images are taken 1302 min apart.
The arrowheads in (D) indicate the position of the axon tips in (C). (E)
Composite image of the cell at the end of the imaging session. The cell
did no show any apparent change when compared with (B).
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single-cell gene transfer by electroporation as well
(Haas et al., 2001; Rathenberg et al., 2003), especially
for transfection in slice cultures (K. Haas, personal
communication). One group has achieved high trans-
fection efficacy by guiding the position of the electropo-
ration electrode with a multiphoton microscope
(Rathenberg et al., 2003).

For this study, we used a standard perfusion cham-
ber, similar to what is used for in vitro electrophysiol-
ogy. We used also standard oxygenated ACSF, which
was preheated to physiological conditions. We had two-
fold control of the temperature because the microscope
was housed in a heated enclosure. Having the whole
system at the same temperature avoided thermal drift.
Once held down by the harp, our samples stayed opti-
cally stable for many hours (Figs. 5C, 5D).

Of special interest is the fact that we were able to
repeatedly switch our slice cultures from Stoppini-type
incubator conditions (Stoppini et al., 1991) to being
submerged in oxygenated ACSF. We did not find this to
impair the viability of our slice cultures because plas-
mid expression remained strong; and in many case, we
could observe either synaptophysin being transported
along dendrites or axons growing (Figs. 3–5). We did
not use any antibiotic supplement to avoid the infection
or contamination problems once the cultures have been
taken out of the incubator. We assume that after a few
days in culture, our brainstem slice cultures have
become robust enough to survive the change between
incubator conditions and oxygenated ACSF.

Others have imaged organotypic cultures over sev-
eral days as well (Uesaka et al., 2005; Yasumatsu
et al., 2008). However, their methods sometimes
involve an elaborate setup to mimic incubator-like con-
ditions at the microscope (Yamamoto et al., 1997) or do
not observe the cultures for as long time-spans as we
did (Yasumatsu et al., 2008). A recent publication
presents a detailed protocol for long-term imaging of
hippocampus slice cultures (Gogolla et al., 2006). How-
ever, this protocol focuses on a singular observation at
each imaging session, rather than time-lapse imaging
at each imaging day as we describe it in this report.

The method presented here does not use any special
equipment other than the microscope housing but
rather used a conventional in vitro setup, available in
many laboratories. We were able to successfully image
labeled cells in slice cultures for up to 20 DIV. We
believe that this simple method to image a slice culture
repeatedly over the course of multiple days up to weeks
will be useful to many laboratories.
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Mechanisms for Adjusting Interaural Time Differences to
Achieve Binaural Coincidence Detection

Armin H. Seidl, Edwin W Rubel, and David M. Harris
Virginia Merrill Bloedel Hearing Research Center, Department of Otolaryngology–Head and Neck Surgery, University of Washington, Seattle, Washington
98195-7923

Understanding binaural perception requires detailed analyses of the neural circuitry responsible for the computation of interaural time
differences (ITDs). In the avian brainstem, this circuit consists of internal axonal delay lines innervating an array of coincidence detector
neurons that encode external ITDs. Nucleus magnocellularis (NM) neurons project to the dorsal dendritic field of the ipsilateral nucleus
laminaris (NL) and to the ventral field of the contralateral NL. Contralateral-projecting axons form a delay line system along a band of NL
neurons. Binaural acoustic signals in the form of phase-locked action potentials from NM cells arrive at NL and establish a topographic
map of sound source location along the azimuth. These pathways are assumed to represent a circuit similar to the Jeffress model of sound
localization, establishing a place code along an isofrequency contour of NL. Three-dimensional measurements of axon lengths reveal
major discrepancies with the current model; the temporal offset based on conduction length alone makes encoding of physiological ITDs
impossible. However, axon diameter and distances between Nodes of Ranvier also influence signal propagation times along an axon. Our
measurements of these parameters reveal that diameter and internode distance can compensate for the temporal offset inferred from
axon lengths alone. Together with other recent studies, these unexpected results should inspire new thinking on the cellular biology,
evolution, and plasticity of the circuitry underlying low-frequency sound localization in both birds and mammals.

Introduction
Binaural processing of acoustic signals is essential for localizing
sound and extracting signals in a noisy environment. Low-
frequency sounds are localized by interaural differences in the
arrival times of sound created by a spatial separation of the ears
[interaural time differences (ITDs)]. ITDs are thought to be com-
puted by a neural mechanism similar to that proposed by Jeffress
(1948), where external differences of sound arrival times at the
ears are represented along internal delay lines.

In the avian auditory brainstem, a modified Jeffress model is
represented by nucleus magnocellularis (NM) and nucleus lami-
naris (NL) (see Fig. 1A). Neurons in NM receive monaural input
from the ipsilateral acoustic sensory epithelium of birds via the
auditory nerve (AN). NM axons bifurcate and send bilateral pro-
jections to neurons in NL (see Fig. 1A). The ipsilateral NM axon
provides a simultaneous input to the dorsal dendrites of an isof-
requency array of NL neurons (Hyson et al., 1994) and by traveling
an extended looped trajectory putatively equalizes conduction
times with the contralateral pathway (Jhaveri and Morest, 1982;

Young and Rubel, 1983) (see Fig. 1B). Coincidence detection for
0 ITD in the NL has recently been shown in vivo (Köppl and Carr,
2008). The contralateral axons cross the midline and travel on the
ventral side along an isofrequency band of NL neurons. Terminal
arbors branch off the main axon in serial order, thereby creating
a physical delay line (Young and Rubel, 1983).

NL neurons function as an array of coincidence detectors
(Carr and Konishi, 1990; Joseph and Hyson, 1993; Hyson et al.,
1994; Reyes et al., 1996; Kuba et al., 2002). NL neurons distrib-
uted along the delay line respond maximally to particular ITDs,
thus establishing a neural map of sound source location in the
azimuth. When a stimulus comes from straight ahead (ITD ! 0),
the specific location on the map receiving equivalent delay from
each ear responds maximally. Sound source locations generating
ITDs different from 0 are encoded by an array of neurons along
internal delay lines that compensate for the different external
arrival times (see Fig. 1B).

We analyzed the anatomy of the NM-NL circuit to determine
what mechanisms are used to compensate for external delays and
its fit for the model described above. Our three-dimensional
(3-D) measurements of axon length do not comply with the pro-
posed model in its simple form (Overholt et al., 1992). The con-
tralateral axon is on average "1600 !m longer than its ipsilateral
counterpart, rendering encoding of physiological ITDs based on
conduction length alone impossible; coincident binaural inputs
at NL would only be created by ITDs larger than 180 !s, hence
outside the physiological range (Hyson et al., 1994; Hyson, 2005).
We also measured axon diameter and distances between Nodes of
Ranvier in different segments of the NM axon. These parameters
vary across the NM axonal arbor and act to slow transmission of
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the acoustically evoked signal in the ipsilateral branch of the NM
axon compared to the longer contralateral branch. It appears that
these determinates of conduction velocity are adjusted to compen-
sate for the axon length offset. Our results provide implications for
the ITD detection mechanism not only in birds, but also in mam-
mals, as recent studies have challenged the status quo of its proposed
mechanism, i.e., its fit for the Jeffress model (McAlpine et al., 2001;
Brand et al., 2002).

Materials and Methods
Animals. Over 50 white leghorn chickens (Gallus gallus) of varied post-
natal ages were studied. The day of hatching was considered to be post-

natal day 0 (P0). The University of Washington
Institutional Animal Care and Use Committee
approved all procedures.

3-D reconstruction of auditory brainstem nu-
clei. Chickens of different ages (P0, P1, P14,
P15, P27) were deeply anesthetized (urethane 1
mg/kg, ketamine 20 mg/kg) and perfused int-
racardially with 0.9% saline plus 0.4% heparin,
followed by 4% paraformaldehyde in phos-
phate buffer (PFA) plus 1% methylene blue.
Adequate perfusion was achieved when the
beak and feet turned dark blue. The entire head
was further fixed by immersion in 4% PFA for
24 h at room temperature (RT; 21°C) and then
decalcified in RDO (Apex Engineering Products
Cooperation) for 3–4 h. Specimens were passed
through a series of sucrose gradients over 48 h for
cryoprotection and then blocked in the desired
plane of sectioning. Then entire heads were put
into an embedding medium (Tissue-Tek O.C.T.
Compound, Sakura Finetek) under vacuum for
2–3 h to remove air from the middle ear cavities.

Digitized image stacks of aligned and stained
serial sections undistorted by histological
manipulation were made with a “photomic-
rotome” (Harris et al., 1990), a freezing mic-
rotome with a digital camera (Nikon D200,
10.5 Megapixels, Nikon) attached, focused on
the cutting plane. The embedded chicken head
was positioned on the stage of the microtome,
covered with embedding medium and packed in
dry ice. Frozen sections were serially cut at 22!m.
Before each frozen section was cut, an image of
the surface of the block was captured and saved
online. In this way, the whole brain was imaged in
situ along with the skull. The histological sections
containing the nucleus angularis (NA), AN, NM,
and NL were then stained with cresyl violet to aid
in identifying nuclear boundaries and structures
during subsequent digital segmentation.

The acquired image stacks were contrast-
enhanced in Photoshop (Adobe) and then
loaded into Amira software (Mercury Software)
for reconstruction of the three-dimensional
anatomy. The volume and length of the result-
ing Amira 3-D models were measured using
ImageJ (National Institute of Mental Health,
Bethesda, MD).

3-D tracing of individual NM-axons. Thick
slices (1000 !m) containing the auditory
brainstem of 12 newly hatched chickens (P0/1)
were prepared in ice-cold artificial CSF (ACSF)
(Sorensen and Rubel, 2006) using a Vibratome
(Vibratome Series 1000, The Vibratome Com-
pany) and a sapphire knife (Leica Microsys-
tems). One slice per animal was harvested and
immediately incubated in oxygenated ACSF at

RT for 45 min. With the caudal side of the slice facing upward, NM was
visualized and small clusters of NM cells were filled with Alexa Fluor568
dextran (20 mM in sterile 0.9% saline; Invitrogen) by electroporation
through a glass pipette positioned in NM [tip diameter 1–2 !m, adapted
from Haas et al. (2001), Burger et al. (2005), and Sorensen and Rubel
(2006)]. After electroporation, the slice was incubated for another 4 –5 h
at RT in oxygenated ACSF. The slices were subsequently fixed in 4% PFA
for 10 min, rinsed in phosphate buffered saline (PBS), dehydrated in a
series of ethanol steps and put into a clearing solution [3:5 mixture of
Benzyl benzoate and Methyl salicylate (MacDonald and Rubel, 2008)].
Filled cells and axons could be imaged in their entirety in these 1000 !m
tissue slabs using confocal microscopy (Fluoview 1000, Olympus). Brain

Figure 1. Chicken sound localization circuit. A, Anatomic diagram of the sound localization circuit in the chicken auditory
brainstem (coronal view). NM receives acoustic information via the auditory nerve alongside NA. NM projects to the ventral side of
the contralateral NL and the dorsal side of the ipsilateral NL. The contralateral NM axon forms a delay line parallel to an isofrequency
contour of NL, with increasing delays from medial to lateral. B, Schematic representation of the modified Jeffress model embodied
by the chicken auditory brainstem. Color-coded speakers represent different sound source positions along the azimuth. NL cells are
coincidence detectors and respond best to the sound source of the same color. The ipsilateral loop putatively equalizes conduction
times with the contralateral axon. The ipsilateral axon terminals provide an isochronic input to the dorsal dendrites of NL, while the
contralateral input is systematically delayed from medial to lateral. Note how sound from straight ahead is encoded by neurons
near the medial edge of NL and how most of the NL is tuned to contralateral leading sounds. BP, Branching point; BP-1, BP-2i, and
BP2c indicate the first and second branching points ipsilaterally and contralaterally, respectively.
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slices containing filled cells and axon exten-
sions to both ipsi- and contralateral NL were
imaged by recording several Z-stacks of tiff-
images. The resulting Z-stacks were loaded
into Neurolucida (MBF Bioscience, Willis-
ton, VT) and the cell and its projections
traced in 3-D over every Z-stack containing
labeled ipsi- and contralateral projections to
NL. The resulting 3-D trace was analyzed and
measured in Neurolucida Explorer (MBF
Bioscience).

Measurement of individual dorsal and ventral
NM terminal fields on NL. Individual dorsal
and ventral NM terminal fields were measured
in the 3-D tracings we described in the previous
paragraph. On the ipsilateral side, we measured
the axon length from the second branch point
of the ipsilateral axon (BP-2i) (Fig. 1B) to the
respective axon ending. On the contralateral
side, we measured axon length from the point
where the axon segment branched off the
main axon to the axonal ending, i.e., we did
not include the delay line in the measure-
ments. All measurements were done in Neu-
rolucida Explorer.

Additionally, previously published material
of Young and Rubel (1983, 1986) was used to
measure the axonal terminal trees of NM neu-
rons onto NL cells. Briefly, horseradish perox-
idase (HRP) tracer injections were made in the
crossed dorsal cochlear tract (XDCT) of chick
embryos at embryonic day 17 (E17). NM cells
and fibers were filled with HRP and both ipsi-
and contralateral terminal trees of NM axons
onto NL were identified. Camera lucida draw-
ings of HRP-labeled terminal fields of single
NM axons were scanned and saved as digital
files. All measurements were calibrated by
scale bars depicted in respective images. In-
dividual segments of axonal terminal trees to
the ventral and dorsal of NL were traced and
the lengths measured in ImageJ (NIH, Be-
thesda, Maryland). When fibers extended
over several histological sections (50 !m sec-
tion thickness), the Pythagorean theorem
was applied to adjust the measured length to
compensate for foreshortening.

In Figure 8 A a schematic of the terminal tree
demonstrates the pattern of terminal field
branching of NM terminates onto NL den-
drites. Branch Point 1 (BP-1) is the first bifur-
cation point. BP-2i is the second ipsilateral
bifurcation point; BP-2c is the second con-
tralateral bifurcation point (Fig. 1 B).

Plastic embedding for determination of axon
diameter. Electron microscopy of ultrathin (0.1
!m) and light microscopy of semithin (1–2
!m) sagittal sections of chicken brainstem
were used to measure axon diameter at the
midline of the XDCT and through areas lat-
eral of the midline that contain NM axons as
they approach the ipsi- and contralateral NL.
Chickens (P0/1) were deeply anesthetized with
an intraperitoneal injection of pentobarbital
and prepared for cardiac perfusion. Initial washout was made with 0.1 M

cacodylate buffer (CB, pH 7.4) containing 0.001% CaCl2 and 4U/ml
heparin. This was followed by perfusion with 2% PFA, 2.5% glutaralde-
hyde in CB. Chicks were decapitated, skulls opened and heads immersed
in the same fixative for 1 h on a platform rotator and then overnight in

fresh fixative at 4°C. Following 3 washes (10 min each) in CB, brains were
dissected out and 2 mm slabs containing NM and NL were obtained by
free-hand sectioning with a razor blade. Tissue was postfixed in 1% OsO4

in CB for 30 min, followed by 3 washes in CB, and embedded in Eponate.
Semithin sections (1–2 !m) were stained with 1% toluidine blue in 1%

Figure 2. 3-D reconstruction of the chicken auditory brainstem nuclei. A, 3-D reconstruction of AN, NA, NM, NL, and the XDCT in
the chicken auditory brainstem depicted in front of a corresponding coronal brainstem section stained with cresyl violet. The view
direction is from caudal to rostral. Note NM extends more caudally than NL. B, Close-up of the left side of the 3-D reconstruction
shown in A. NL lies underneath AN. AN fibers approach NM from dorsal and the contralateral projection of the XDCT continues the
trajectory established by AN. C, View from caudal to rostral of both NM-NL pairs, connected by XDCT. NM: orange, NL: red, NA:
yellow, fiber pathways: purple.
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sodium borate and trimmed to area of interest before ultrathin section-
ing at 90 nm.

Ultrathin sections were mounted on 200-mesh thin bar Athene grids,
stained with uranyl acetate and lead citrate and examined in a JEOL JEM
1200 EX II transmission electron microscope (JEOL). Digital images
were obtained and axon diameter measured with an Olympus Morada
camera (Olympus) and iTEM software (iTEM Software).

Semithin sections in the sagittal plane at the XDCT and NL were also
imaged with light microscopy at 100# with a Marianas imaging system
(Intelligent Imaging Innovations), incorporating a Zeiss Axiovert 200M
microscope with an X–Z motorized stage (ASI) and a CoolSnap HQ
digital camera (Princeton Instruments). We obtained high-power im-

Figure 3. Dimensions of NL. The high-frequency region (rostral end, top) is separated from
the middle and low-frequency regions (caudal end, bottom) by a slight constriction at a 70°–90°
bend. The width of NL is measured straight across from edge to edge (straight arrow) and also
along the curvature of NL (bent arrow). The total area of the unfolded NL of this 14-d-old animal
is 1.89 mm 2. In this diagram the tonotopic axis of NL is vertical and the delay line is horizontal
(measurements in mm).

Figure 4. 3-D tracing of cells filled with fluorescent dye in acute slices reveal exact axon
length at the single cell level. A, Serially aligned projection images of 3-D z-stacks of confocal
images in the coronal plane showing a discrete injection of Alexa Fluor 568 dextran into a cluster
of cells in the left NM, as well as both the contralateral and the ipsilateral projections to bilateral
NL. B, 3-D tracings of three individual cells identified. Note the cell body, the loop formed by the
ipsilateral axon branch and the delay line formed by the contralateral projection. Numbers
represent the distances in !m from soma to ipsilateral terminal endings (left) and from soma to
the medial edge of the contralateral NL (right).

Figure 5. Lengths of axonal compartments measured in 22 single cell reconstructions. For
each NM axon, the ipsilateral terminal lengths are given as an average of all the terminals. The
contralateral axon was measured to the most medial terminal identified. A, Comparison of fiber
lengths from soma to ipsilateral (white bars) and contralateral terminal (gray bars). B, Axon
lengths from soma to BP-1 (black bars), BP-1 to the ipsilateral terminal (white bars with black
lines) and BP-1 to the contralateral terminal (gray bars with white lines). C, Averaged data from
A and B. On average the contralateral branch length is 1636 !m longer than the ipsilateral
branch. The distance from BP-1 to the contralateral terminal is on average 1717 !m longer than
the segment of BP-1 to the ipsilateral terminals. Both soma to ipsilateral terminal versus soma
to contralateral terminal and BP-1 to ipsilateral terminal versus BP-1 to contralateral terminal
are statistically different ( p $ 0.0001, error bars show SD).
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ages of either NL and NM or XDCT using a
100# oil objective [numerical aperture (N.A.)
1.4] and Slidebook software with autofocus
function (Intelligent Imaging Innovations).
The resulting images were photomontaged in
Photoshop (Adobe). The axon diameter and
distance from the NL cell line were measured in
ImageJ.

To avoid axon diameter measurements of
fibers not cut exactly orthogonal to their long
axis and to be conservative, we chose only
fibers appearing round and measured diam-
eter at the smallest value when the axon was
slightly oval.

Internode distance. In 8 chickens (P1 and P3)
the distances between Nodes of Ranvier along
individual NM axons were determined using
an antibody against Caspr/paranodin/neur-
exin IV (NeuroMab clone K65/35, NeuroMab,
University of California, Davis, Davis CA) to
label paranodal proteins (Einheber et al.,
1997). NM axons were labeled as described in
the section above (“3-D tracing of individual
NM axons and terminal trees”). The slices were
then fixed in 4% PFA for 30 min at RT. After
rinsing in PBS, the slices were resectioned at 50
!m on a Vibratome (Leica VT 1000S, Leica
Microsystems). After further rinsing in PBS,
the sections were immunostained with 1:500
NeuroMab clone K65/35 antibody in PBS with
a standard block solution [0.3% Triton X-100
(Sigma), 5% normal goat serum] for at least 6 h
at RT or overnight at 4°C. The sections were
then rinsed in PBS (3#) and then exposed to
the secondary antibody (1:200, Alexa Fluor 488
goat anti-mouse, Invitrogen) overnight at 4°C
using the same block solution as with the pri-
mary antibody. After a final rinse in PBS (3#),
the sections were coverslipped with Glycergel
(Dako). Sections containing both labeled NM
axons and paranodal staining were imaged us-
ing a confocal microscope (Fluoview 1000,
Olympus) and the resulting 3-D images loaded
into Neurolucida. Nodes of Ranvier colocaliz-
ing with dye-filled axons were identified and
the internode distances measured in 3-D
images. If necessary, the 3-D images were
contrast-enhanced in ImageJ before the analy-
sis in Neurolucida. The image in Figure 10 B
was surface-rendered with Huygens Essential
(Scientific Volume Imaging).

Conduction time difference calculations. To
estimate actual conduction times between NM
neurons and NL on each side of the brain, we used the average axon
segment length data of each axon segment from our 3-D reconstruction
measurements and divided them by sample conduction velocities (CV).
Conduction times were then calculated as a function of each CV. Con-
duction time differences (NM to NL-ipsilateral vs NM to NL-contralateral)
were established for XDCT conduction velocities of 2–50 m/s.

For the unadjusted conduction times, we assumed equivalent CVs in
all NM axon segments. For the adjusted conduction times, CV was nor-
malized to XDCT and CV in every other segment was calculated as a
function of CV in XDCT multiplied with a CV correction factor. The
correction factor was determined by the functions relating axon diameter
and internode distance to CV (Rushton, 1951; Brill et al., 1977) of each
segment relative to XDCT. All the segment conduction times for either
the ipsilateral or contralateral axon length were added together and the
difference in conduction times between the ipsilateral and contralateral
pathway was determined.

Statistical analysis. All our statistical analyses were done with Prism 5
software (GraphPad Software). Tests for statistical significance were
made by t test and all error bars shown in figures represent SDs.

Results
Three major findings are presented below. First, the ipsilateral
and contralateral axons from NM neurons to NL are not equal in
length. This result does not support the common assumptions
derived from the modified Jeffress model, that axons from the
ipsi- and contralateral NM match length at the medial edge of NL.
Second, measurements of axon diameter and internode distance
at strategic positions along the NM axon reveal large and system-
atic differences in these parameters influencing conduction ve-
locity. Third, calculations of conduction velocity (CV) using
axon diameter and internode distance measurements demon-

Figure 6. 3-DreconstructionsofoneNMaxonalongsidecontouroutlinesoftheipsilateralNM,andboththeipsilateralandcontralateral
NL. Note that due to the nature of the preparation the complete dimensions of the nuclei are not depicted. Axon thickness is not to scale.
A, NM axons with contours of NM, ipsilateral NL and contralateral NL viewed caudally. The ipsilateral loop and the delay line can be
identified. B, The ventral view of the same 3-D reconstruction shows the course of the axons along the rostrocaudal axis. Both the ipsilateral
and contralateral branches project rostrally, as the tonotopic organization of NM and NL would predict. The contralateral axon runs in the
coronal plane until it reaches the contralateral NL, changes course at the medial edge of NL and continues parallel to the isofrequency
contour. C, Same as in A, but view rostrally. D, Close-up of the originating point in NM, the axon branch, the ipsilateral loop and terminal
endings of the ipsilateral axon branch onto the dorsal side of the ipsilateral NL.
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strate that the disparity in axon length can be compensated for by
the parameter values that were measured.

3-D reconstruction of chicken brainstem nuclei and pathways
3-D reconstructions of NM and NL nuclei are illustrated in Fig-
ure 2 (see also movie in supplemental data, available at www.
jneurosci.org). NM is situated between the concave curvature of
NL and the floor of the IVth ventricle. The ventral aspect of NM
is separated from dorsal NL by %200 –300 !m of neuropil. The
entire NM lies slightly caudal relative to NL; the pair of nuclei is
angled in the brainstem ventrocaudally to dorsorostrally (Fig.
2C) and its rostral ends are tilted medially. For most of its extent
NL is a monolayer of bipolar cells that is curved, folded and
positioned at an oblique angle. The NL resembles a saddle-
shaped twisted plane (Fig. 2C). There is a genu close to the rostral
end of NL with a bend of %70 –90° that varies across animals (n !
3). A 3-D reconstruction of a P7 chicken NL was measured and
the dimensions of NL are illustrated on a flattened schematic in
Figure 3. The whole area of one NL nucleus is %1000 # 2000 !m;
in the example shown the surface area is 1.89 mm 2. The cell
center to cell center spacing between NL cells was measured in 40
stained histological serial sections in two P15 animals. The aver-
age inter-cell distance (measured from cell center to cell center)
was 27.4 !m (SD & 8.7 !m) with no apparent rostrocaudal
gradient in packing density (data not shown).

Integral tracing of NM neurons
To make an integral assessment of the axonal length of single NM
neurons, fluorescent markers were electroporated into small
clusters of NM cell bodies in thick slices, thereby labeling their
axons. Figure 4A shows a montage image of multiple maximum
intensity projection images, depicting a slice with an injection
into the left NM. The labeled ipsilateral and contralateral
branches of single cells were subsequently imaged, traced and

measured. Three representative tracing examples are shown in
Figure 4B. For each tracing, the cell body, the ipsilateral loop and
terminals, as well as the contralateral axon and terminals can be
identified. The numbers indicate the axon branch length (in !m)
from the soma to the respective ipsilateral and contralateral ter-
minal. In all cases the contralateral distance was measured to its
most medial contralateral NL neuronal termination.

The main result of axon tracing measurements is presented in
Figure 5A. Data are derived from 22 cells where axon length was
determined from the NM soma to the contralateral NL. In 7 of
these cells the length of the axon branch from the soma to ipsi-
lateral axon endings was measured. Again, data for the contralat-
eral axon is given as the distance to the most medial terminal
identified and the length of the ipsilateral axon is given as the
average across all terminals identified.

The distance from the soma to the point where the axons first
bifurcates was determined as well (BP-1) (see Materials and
Methods and Fig. 1B) and the distance from BP-1 to the most

Figure 7. Comparison of NM axon terminal tree length in the dorsal and ventral neuropil of
NL. A, Distribution of terminal tree axon lengths both ipsilateral and contralateral in P0/1 and
E17 animals. Axon length was measured from BP-2i to the terminals for the ipsilateral tree
(dorsal) and from the delay line (main axon) to the terminals for the contralateral tree (ventral).
B, Mean values for the groups in A. For the ipsilateral and contralateral tree lengths, age does
not affect length, i.e., the ipsilateral and contralateral pairs are not significantly different, while
for both age groups the contralateral terminal tree is significantly shorter than its ipsilateral
counterpart ( p $ 0.0001, error bars show SD).

Figure 8. Quantification of terminal arborizations of NM axons onto NL at E17. A, Schematic
illustrations of ipsilateral (top, orange) and contralateral (bottom, green) arborizations of an
NM neuron onto NL (E17) (Young and Rubel, 1983). Indicated are BP-1, BP-2i, and BP-2c (see
Fig. 1 B) and numbered terminal clusters. B, Graph of the measured arborization distances from
the second branch point on the ipsilateral side (BP-2i) to the terminal endings (orange). Black
horizontal lines within the columns indicate branch points. All ipsilateral projections are of
similar length (mean: 262 & 36 !m). C, Graph of measured arborizations from BP-2c to the
terminal endings. White bar segments show the increasing length of the main axon medial to
lateral, forming the delay line. Shown in green are the axon segments branching off the main
axon (mean: 136 & 35 !m).
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medial terminal identified in 15 cells (Fig.
5B). In 7 of those cells we additionally
measured the axon segment length from
BP-1 to the ipsilateral terminal (Fig. 5B).

The average length (& SD) for the ip-
silateral NM axonal projection was
1480 & 257 !m and the mean of the con-
tralateral projection was 3116 & 258 !m
(Fig. 5C). Thus, the shortest (most me-
dial) contralateral NM-NL projection av-
erages "1600 !m longer than the
corresponding ipsilateral projection. The
distance from the soma to BP-1 has a
mean of 378 & 139 !m. Consequently,
the mean value for the distance from BP-1
to the ipsilateral terminal is 1049 & 166
!m and 2766 & 200 !m to the most me-
dial contralateral terminal (Fig. 5C).
There is a profound and statistically sig-
nificant length difference between the
axon branch extending ipsilaterally and
the branch extending contralaterally (Fig.
5C, p $ 0.0001).

The 3-D reconstructions also showed
that NM axons project overall slightly ros-
trally (Fig. 6). The ipsilateral loop origi-
nates in an NM neuron that is located
more caudally in the brainstem than its
terminal field, consistent to what the
tonotopic organization of both nuclei
would dictate (Rubel and Parks, 1975).
The contralateral branch projects across
the midline in the coronal plane. When it
reaches the medial edge of NL it angles
rostrally, to travel along an isofrequency
contour of NL, confirming previous find-
ings by Young and Rubel (1983).

Analysis of terminal trees
Axon terminal trees from 3-D reconstruc-
tions of NM axons in P0/1 animals were
measured and compared with archival
material published previously (Young and Rubel, 1983, 1986).
Figure 7A shows the distribution of axon length in the ipsilateral
terminal tree (BP-2i to terminal, mean 356 & 118 !m, n ! 37)
and of axon length in the contralateral terminal tree, measured
from the main axon branch coursing ventral to NL to the termi-
nal (mean 168 & 113 !m, n ! 40) (Fig. 7B). The same analysis
was obtained from the archival E17 data (Fig. 7A). Here the mean
for the ipsilateral terminal tree is 337 !m (& 74 !m, n ! 38) and
for the contralateral terminal tree 147 !m (& 49 !m, n ! 38)
(Fig. 7B). Therefore, for both age groups the ipsilateral terminal
trees are almost 200 !m longer than the contralateral terminal
trees ( p $ 0.0001). There is no significant difference of terminal
tree length between the two age groups (ipsilateral: p ! 0.4142,
contralateral: p ! 0.4815).

The example shown in Figure 8A depicts a graphical sche-
matic of the ipsilateral and contralateral terminal trees of an E17
animal in detail. Distances were measured from soma to BP-1,
from BP-1 to BP-2i, from BP-2i to the ipsilateral terminals (or-
ange) and from BP-2c to the contralateral terminals (white: delay
line, main axon; green: contralateral terminal tree). The distance
from soma to BP-1 was 354 !m. The distances from BP-2i to the

terminal endings are plotted in Figure 8 B and average 262 !m
(& 36), and are very similar across the nucleus from the most
medial to the most lateral NL neuron. The complete lengths of
the ipsilateral pathways from BP-1 to the ipsilateral terminals are
848 !m on average. The ventral terminal arborization line (delay
line), i.e., from BP-2c to the most lateral terminal, measures 885
!m (Fig. 8C). The projections from branching points along the
delay line running parallel to the NL ventrally to the terminal
endings average 136 !m (& 35) (Fig. 8C, green segments). As
expected (Young and Rubel, 1986) the distance from BP-2c to
terminal endings on the ventral side increases from medial to
lateral.

Axon diameter
Since axon diameter influences conduction velocity and differ-
ences in diameter could compensate for differences in the NM
axon path lengths to the ipsilateral and contralateral NL, NM
axon diameter was measured in sagittal semithin and ultrathin
sections in different segments of the NM axon (Fig. 9A). NM
axon diameter was evaluated in the XDCT near the midline (Fig.
9B), within the ipsilateral terminal tree branching dorsal onto NL

Figure 9. Axon diameter in the XDCT, and the dorsal and ventral terminal fields. A, Schematic of the chicken auditory brainstem
indicating the location where the NM axon diameter was determined. Distributions of axon diameter were measured in the XDCT
(B, blue), as well as in the dorsal (C, orange) and ventral (D, green) terminal fields of NM axons in the NL neuropil. Shaded gray areas
indicate the position of sagittal cross sections in which axon diameter was measured. B–D, High-power images of sagittal sections
containing cross sections of NM axons of areas indicated in A (B, XDCT; C, dorsal NL neuropil, D, ventral NL neuropil; B–D are all at
the same magnification). E, Distributions of axon diameter in the different groups measured. F, Mean axon diameters were
statistically similar in EM and light microscopic images. Axon diameter in the terminal fields was significantly smaller than in the
XDCT, and dorsal axon diameter was smaller than in the ventral terminal tree. ( p $ 0.0001, error bars indicate SD). G, Axon
diameter in the terminal trees in relation to distance from the NL cell line. Diameters of both dorsal and ventral axons decrease as
they approach NL.
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(Fig. 9C), and within the contralateral terminal tree branching
ventral onto NL (Fig. 9D). Axon diameter measurements in the
NL neuropil were also made as a function of distance from the NL
cell line (Fig. 9G). Experiments in which we electroporated dye
into the XDCT confirmed the homogenous population of axons,
as only fibers extending to NM and NL were labeled (data not
shown). We refrained from measuring axon diameter in the ip-
silateral loop, i.e., in the segment from BP-1 to BP-2i. The mixed
content of fibers in this area, containing auditory nerve axons as
well as axons to the lateral lemniscal nuclei and midbrain, would
make it impossible to get a clean database of NM to NL axons for
this segment.

Three of the data groups shown in Figure 9 are from measure-
ments made from semithin, osmium fixed, plastic embedded sec-
tions at maximum light microscopic resolution [100# (N.A. 1.4)
objective]. To validate our measurement method using light micros-
copy, we measured axon diameter in electron microscopic images
and light microscopic images at the midline (in the XDCT) from the
same tissue (Fig. 9E,F; see Materials and Methods). We found no
significant difference between the two groups ( p ! 0.7280) with
similar values of means and SDs (EM: 1.917 & 0.943 !m; light mi-
croscopy: 1.889 & 0.933 !m).

Figure 9, E and F, presents the results of measurements of
axon diameters in the XDCD and the terminal arbors approach-
ing the dorsal and ventral neuropil regions of NL. Average axon
diameters dorsal (1.104 & 0.417 !m) and ventral of NL (1.470 &
0.646 !m) are both significantly smaller than the mean axon
diameter along the midline ( p $ 0.001). Dorsal axon diameters
are also significantly smaller than diameters in ventral terminal
tree ( p $ 0.001).

Axon diameter measurements in the NL neuropil as a func-
tion of their distance from the NL cell line (Fig. 9G) show a
decrease in diameter as they approach NL (Fig. 9G). The two
distribution correlations are significant ( p $ 0.001) and the re-

gression line slopes are significantly dif-
ferent from each other ( p $ 0.05).
However, if similar distance ranges ("120
!m distance from NL cell line) are consid-
ered, i.e., datapoints of the ventral group
with "120 !m distance from the NL cell
line are excluded, the regression line
slopes are not significantly different from
each other ( p ! 0.19), while the distribu-
tions are ( p $ 0.05). The r 2 value for the
linear regression of ventral axon diame-
ters within 120 !m from the NL cell line is
0.2491.

Internode distances
Another important factor regulating con-
duction velocity of axons is the distance
between the nodes of Ranvier; the farther
the distance between nodes, the faster the
conduction velocity (Brill et al., 1977).
Nodes in the NM axon were evaluated by
filling axons with a fluorescent dye and
counterstaining the resectioned tissue
containing labeled axons with an anti-
body against a paranodal protein. Dis-
tances between the nodes were measured
in 3-D using confocal microscopy along 5
different segments of the NM axon (Fig.
10A). Figure 10B shows an axon segment

of the ipsilateral loop (axon: red, paranodal protein: green, white
arrowheads indicate Nodes of Ranvier).

The measurements shown in Figure 10, C and D, provide the
distributions of internode distance (C) and the means with SDs
(D) (proximal segment 92.69 & 32.42, ipsi loop 81.29 & 41.54,
ipsi terminal tree 61.59 & 24.58, XDCT 157.8 & 36.83, contra
terminal tree 54.69 & 28.29, all !m). These data reveal that the
internode distances along the XDCT are significantly larger than
all other segments ( p $ 0.0001), again indicating the fastest con-
duction velocity in the XDCT.

Conduction time difference
Next, we evaluated the data presented above for the difference in
conduction time between the ipsilateral and contralateral axon.
To accomplish this, axon diameter and internode distance were
normalized to the values found in the XDCT and the adjusted
conduction times calculated for all segments along the NM axon
(see Material and Methods).

Figure 11A–D shows the calculated conduction times for each
axon segment as a function of conduction velocities along XDCT.
The conduction velocity for the contralateral axon along the ven-
tral side of NL was measured in a chicken brainstem slice prepa-
ration by Overholt et al. (1992). Based on these data we assume
that the conduction velocity will be between 3.0 – 8.8 m/s.

Figure 11, A and B, shows conduction times for an axon with
uniform conduction velocity. Each axon segment contributes to
the overall conduction time purely by its length. Figure 11, C and
D, shows conduction times for an axon in which conduction
velocities vary and are adjusted depending on axon diameter and
internode distance. The graphs in Figure 11, A and C, show values
for the ipsilateral branch and Figure 11, B and D, show values for
the contralateral branch. Figure 11E is derived from this analysis
and shows the difference in arrival time of action potentials be-
tween the ipsilateral and contralateral NL based on whether ve-

Figure 10. Internode distances in the NM axon. A, Schematic graphic of the chicken auditory brainstem indicating the different
axon segments of NM where internode distances were measured (red: proximal segment, purple: ipsilateral loop, orange: ipsilat-
eral tree, blue: XDCT, green: contralateral tree). B, Surface rendered image of an axon segment in the ipsilateral loop filled with
fluorescent dye (red) and counterstained with an antibody labeling a paranodal protein (green). Nodes of Ranvier can be identified
(white arrowheads). C, Distribution of measured internode distances in the different axon segments. D, Mean values for the data
in C show that internode distance in the XDCT is significantly larger than in every other group ( p $ 0.0001, error bars indicate SD).
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locities are assumed to be equivalent in all axon segments of the
NM axonal trajectory (blue line, unadjusted, data from Fig.
11A,B) or velocities are compensated by differences in axon di-
ameter and internodal distances (red line, adjusted, data from Fig.
11C,D). The dashed horizontal green line shows the maximum
range of physiological ITDs in chicks at &180 !s, defined by the
speed of sound, the inter ear distance and the interaural canal
frequency-dependent effects (Calford and Piddington, 1988;
Overholt et al., 1992; Hyson et al., 1994; Hyson, 2005).

Assuming equal conduction velocity throughout the entire
length of the NM to NL axon branches, the difference between
ipsilateral and contralateral conduction time is too large to be
within the physiological relevant range. For conduction velocity
values between 3.0 and 8.8 ms (Overholt et al., 1992) (Fig. 11,
dashed vertical lines), the calculated difference in conduction
time is entirely outside the physiological range of ITDs. With the
adjusted conduction times from Figure 11, C and D, the differ-
ence in conduction time between ipsilateral and contralateral is
substantially decreased. Here, the conduction velocities in the
XDCT and along the NL neuropil differ. Therefore, based on
measured conduction velocities in the NL neuropil (Overholt et
al., 1992), as well as the differences in axon diameter and inter-
node distance, it is assumed that the axons in the XDCT have a
conduction velocity between 6.5 and 18.8 m/s (mean 11.9 m/s,
solid vertical lines). Given these values, the difference between
ipsilateral and contralateral conduction time falls into the phys-
iological range (Fig. 11E). Hence, the variations in axon diameter
and internode distance can provide a means to compensate for
the axon length disparity.

Discussion
In this study we measured axon length in the chicken brainstem
sound localization circuit responsible for the processing of ITDs,
as well as parameters responsible for conduction velocity, specif-
ically axon diameter and internode distance. Surprisingly, axon
length dimensions do not to comply with the proposed modified
Jeffress model (Overholt et al., 1992), as the contralateral axon is
"1600 !m longer than the ipsilateral one, making coincidence
detection based on travel distance impossible. However, the data
indicate that variations in both axon diameter and internode
distances may counterbalance the offset in axon length. This axon
length disparity and anatomical evidence for temporal compen-
sation provokes a reassessment of current thinking about the
organization of the avian and mammalian sound localization cir-
cuits responsible for ITD coding.

In accord with the hitherto proposed model embodied by the
NM–NL circuit (Overholt et al., 1992), our results illustrate sim-
ilar lengths of axons from NM onto the dorsal NL dendrites and
confirm that each of the contralateral axons forms successive
series of short collaterals stemming from a parent axon coursing
immediately ventral to NL neurons orthogonal to the tonotopic
axis. These collaterals form a “delay line” of axon terminals on NL
neurons from the contralateral NM. The most interesting and
unforeseen observation of this study is a large and reliable differ-
ence in the lengths of contralateral and ipsilateral pathways from
NM to NL, which does not comply with the proposed modified
Jeffress model. In their seminal paper about the barn owl sound
localization circuit, Carr and Konishi (1990) also noted a differ-
ence in axon lengths from NM to the ipsilateral and contralateral

Figure 11. Conduction times and conduction time difference. A, B, Conduction times for axon segments of the ipsi- and contralateral NM axon when conduction velocity (CV) is assumed to be
equal throughout the entire axon. Conduction time is given as a function of conduction velocity in XDCT. C, D, Conduction times for axon segments in an NM axon in which conduction velocities vary
between different axon segments depending on measured axon diameter and internode distance. We calculated conduction times as a function of conduction velocity in the XDCT part of the axon
with values ranging from 2 to 50 m/s. Conduction velocities in the other axon segments were adjusted according to axon diameter and internode distance (see Materials and Methods). Conduction
time in C, D is increased compared to A, D, most prominently in the ipsilateral terminal tree. E, Conduction time difference between the ipsilateral and contralateral axon as a function of conduction
velocity in XDCT, calculated for NM axons with uniform conduction velocity (blue curve) and for axons in which different segments have different conduction velocities (solid red curve, see Materials
and Methods). For uniform conduction velocity values between 3.0 and 8.8 m/s (dashed vertical lines, Overholt et al., 1992), the calculated difference in conduction time is entirely outside the range
of physiological ITDs (&180 !s, dashed green horizontal line). Considering adjusted conduction velocities (C, D), the difference becomes smaller (solid red curve). Taken into account that the
conduction velocities in the XDCT and along the NL neuropil differ, the conduction time difference falls within the physiological range (for 3.0 – 8.8 m/s along NL the adjusted conduction velocity in
XDCT is 6.5 '18.8 m/s, solid vertical lines).
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NL. The differences (%1 mm, and a much larger head) were not
as great as those reported here, but that may be due to the fact that
three-dimensional reconstructions were not attempted. In this
paper, Carr and Konishi (1990) also foreshadowed our findings
of variations in axon caliber and internodal differences, noting
that these two parameters varied along the pathways and may
modulate conduction velocities in meaningful ways. Physiologi-
cal data demonstrate the existence of neurons responding best to
0 ITD (Köppl and Carr, 2008). Indeed, rough calculations of the
conduction velocity for the ipsilateral and contralateral axon us-
ing response delay data from Köppl and Carr (2008), their Figure
4 and from Köppl (1997), her Figure 10 yield values that average
at 3.8 and 8 m/s, respectively. Not only are the resulting values for
the contralateral axon twice as large, the conduction velocity for
the contralateral axon is also consistent with the values proposed
for the XDCT in this paper (Fig. 11E). Given the difference in
length between ipsi- and contralateral axon collaterals, the en-
coding of ITDs in the physiological range for the chicken is im-
possible unless other morphological or physiological features
regulate the timing in these circuits. In myelinated axons, their
diameter is linearly proportional to conduction velocity (Gasser
and Grundfest, 1939; Rushton, 1951; Hutchinson et al., 1970).
Our data show significantly smaller axon diameters in the termi-
nal trees compared to the major branches of the axons as they
traverse the XDCT. Additionally, the ipsilateral terminal tree has
an average axon diameter that is only three quarters of the average
diameter in the ventral terminal tree, further delaying the arrival
of ipsilateral action potentials at NL relative to the contralateral
signal. This effect is amplified by the fact that the average axon
length in the ipsilateral terminal tree is more than double the
length of the mean axon in the ventral terminal tree. We did not
measure axon diameter in the ipsilateral loop, but variations in
this segment might enable the system to further alter conduction
velocities and to slow down the signal on the ipsilateral side.

Brill and colleagues showed that conduction velocity increases
linearly with internode distance to up to 2000 !m (Brill et al.,
1977). Moreover, when the ratio of internode distance (L) and
axon diameter (d) is small ($150), conduction velocity is quite
sensitive to variations in L/d (Brill et al., 1977). Carr and Konishi
(1990) compared internode distance of axons as they traverse the
cell body layers within the owl NL with axons outside NL, and
also report shorter internode distances of the axons within NL. At
that time, methods to label individual axons were not readily
available; hence the origin of the axons they measured could not
be confirmed. We were able to measure internode distances in
different segments of labeled NM axons and found significant
variations along the NM axon. In particular, internode distances
along XDCT is significantly larger compared to other parts of the
NM axon by at least 50%. It also appears that internode distances
within the terminal arbors on both the ipsilateral/dorsal axons
and the contralateral/ventral axons are smaller than the main
branches leading up to these terminal branches. Again, this dis-
parity of terminal tree length enhances the effect of short inter-
node distances along the terminal endings and contributes to
delaying the propagating signal ipsilateral relative to the con-
tralateral side of the brain. Taking into account the axon diameter
variations and the resulting sensitivity to L/d ratio, there seems to
be ample possibility for variations in signal speed.

In summary, our results show that at least two parameters
influencing conduction velocity, axon diameter and internode
distances, are regulated at different sites within individual axons
of NM neurons to specifically adjust the conduction velocities of
the ipsilateral and contralateral signals, presumably to optimize

coincidence detection. Slowing down the propagating signal in
the ipsilateral part of the axons allows the contralateral signal to
“catch up” and enables encoding of ITDs in the physiological
range in NL neurons. The regulation of these axonal parameters
within individual axons seems quite remarkable from a cell bio-
logical point of view, but it is not unprecedented. Measurements
in other neuronal systems have been shown to provide temporal
compensation for conduction distance disparities. For example,
in the electromotor system in fish internode distance is adjusted
so that conduction velocity compensates for different axon
lengths (Bennett, 1970). In rat Purkinje cells, conduction velocity
is varied to enable isochronicity of different length climbing fi-
bers (Sugihara et al., 1993). Other parameters, such as myelin
sheet thickness (Rushton, 1951), may also influence signal prop-
agation in the NM-NL circuit. Moreover, one might inquire if
there is a period of adjustment for one or several of these mor-
phological features during development, wherein these circuits
are temporally sharpened and compensated for changes in head
size to optimize discrimination of binaural timing differences.

We show that axon length alone cannot be solely responsible
to compensate for external ITDs in the chicken sound localiza-
tion circuit. This unexpected result has implications for the
mammalian brainstem binaural system as well. It is noteworthy
that the mechanism responsible for low-frequency sound local-
ization in mammals has recently come under dispute. There is
only marginal anatomical evidence for delay lines in mammals
(Smith et al., 1993; Beckius et al., 1999) and a proposed alterna-
tive mechanism, incorporating the glycinergic inputs to MSO,
requires a very fast inhibitory input (#decay ! 0.1 ms) (Brand et
al., 2002) that has not been confirmed by physiological measure-
ments (Magnusson et al., 2005). Variations of parameters such as
axon diameter, internode distance, and others (Pecka et al., 2008)
in the mammalian brainstem might be responsible for precise
adjustments of physiological delays, thereby creating the frame-
work and adjustments of the ITD detection circuit.
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ABSTRACT: Usher syndrome is the leading cause
of combined deaf–blindness, but the molecular mecha-
nisms underlying the auditory and visual impairment
are poorly understood. Usher I is characterized by
profound congenital hearing loss, vestibular dysfunc-
tion, and progressive retinitis pigmentosa beginning in
early adolescence. Using the c.216G>A cryptic splice
site mutation in Exon 3 of the USH1C gene found in
Acadian Usher I patients in Louisiana, we constructed
the first mouse model that develops both deafness and
retinal degeneration. The same truncated mRNA tran-
script found in Usher 1C patients is found in the
cochleae and retinas of these knock-in mice. Absent
auditory-evoked brainstem responses indicated that

the mutant mice are deaf at 1 month of age. Cochlear
histology showed disorganized hair cell rows, abnor-
mal bundles, and loss of both inner and outer hair
cells in the middle turns and at the base. Retinal dys-
function as evident by an abnormal electroretinogram
was seen as early as 1 month of age, with progressive
loss of rod photoreceptors between 6 and 12 months of
age. This knock-in mouse reproduces the dual sensory
loss of human Usher I, providing a novel resource to
study the disease mechanism and the development of
therapies. ' 2010 Wiley Periodicals, Inc. Develop Neurobiol 70:

253–267, 2010

Keywords: Usher syndrome; deafness; retinal
degeneration; mouse model

INTRODUCTION

The combination of hearing impairment and blind-
ness is the hallmark of Usher syndrome, with an esti-
mated world-wide prevalence of 1:16,000–50,000
(Keats and Corey, 1999). Three clinical subtypes of
Usher syndrome (Usher I, II, and III) have been
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described, based on the severity and progression of
deafness and retinitis pigmentosa (RP) as well as the
presence or absence of vestibular function. Usher I is
the most severe form with profound congenital deaf-
ness, vestibular defects and progressive retinitis pig-
mentosa beginning in early adolescence. Usher I is
also the most genetically heterogeneous with seven
different loci, named USH1B-H. Five of these genes
have been identified as MYO7A (USH1B) (Weil et al.,
1995; Weston et al., 1996; Adato et al., 1997; Levy
et al., 1997; Liu et al., 1997), USH1C (Bitner-Glindzicz
et al., 2000; Verpy et al., 2000), CDH23 (USH1D)
(Bolz et al., 2001; Bork et al., 2001), PCDH15
(USH1F) (Ahmed et al., 2001; Alagramam et al.,
2001a,b; Bork et al., 2001), and SANS (USH1G)
(Weil et al., 2003). These genes encode the proteins
myosin VIIa, harmonin, cadherin 23, protocadherin
15, and SANS, respectively. Usher II is the most
common form and three genes have been identified:
they are USH2A (Eudy et al., 1998; Dreyer et al.,
2000; Weston et al., 2000; van Wijk et al., 2004;
Adato et al., 2005; Aller et al., 2006), which encodes
the protein usherin; VLGR1b (USH2B), which enco-
des VLGR1b (very large G-protein coupled receptor
1b) (Weston et al., 2004); and WHRN (USH2D)
(Ebermann et al., 2007), which encodes the PDZ pro-
tein whirlin. One Usher III gene, USH3A, has been
identified (Joensuu et al., 2001; Adato et al., 2002); it
encodes the protein clarin-1.

Spontaneous mutations in Usher 1-related mouse
homologs Myo7a, Ush1c, Cdh23, Pcdh15, and Sans
all cause deafness and vestibular defects. However,
none of these mouse models (shaker1 (sh1) (Gibson
et al., 1995); deaf circler (dfcr) (Johnson et al., 2003);
waltzer (v) (Di Palma et al., 2001; Wilson et al.,
2001a); Ames waltzer (av) (Alagramam et al., 2001;
Wada et al., 2001); and Jackson shaker (js) (Kikkawa
et al., 2003)) develop the retinitis pigmentosa found
in Usher I patients. Furthermore, Ush1c knock-outs
(Lefevre et al., 2008) and Ush1d chlorambucil-muta-
genized models (Di Palma et al., 2001) also show
deafness and vestibular defects without retinal degen-
eration.

Because none of the existing Usher I mouse mod-
els has retinal degeneration, they are considered to be
incomplete models of the syndrome. Thus, we created
a knock-in mouse containing the human USH1C
c.216G>A mutation (Lentz et al., 2007) to test the hy-
pothesis that two copies of this mutation were suffi-
cient to develop the syndrome’s dual sensory loss.
This cryptic splice site mutation, found in Usher 1C
Acadian patients from southwest Louisiana, introdu-
ces a new splice site at the end of exon three of the
USH1C gene, and results in a frame shifted transcript

with a 35 base pair deletion (Bitner-Glindzicz et al.,
2000; Verpy et al., 2000; Lentz et al., 2005). The
Ush1c216AA knock-in mice are homozygous for the
same loss of 35 base pairs seen in patients (Lentz
et al., 2007). Here we demonstrate that they also
reproduce the auditory and visual defects found in
Acadian Usher I patients.

MATERIALS AND METHODS

Mouse Strains

All procedures were performed in accordance with proto-
cols approved by the Institutional Animal Care and Use
Committees at Louisiana State University Health Sciences
Center in New Orleans, Louisiana and the University of
Washington in Seattle, Washington. For ERG and retinal
histology, mice were of a mixed C57BL/6 and 129S6 back-
ground, maintained and expanded as a single colony
through more than eight generations of sibling mating. For
ABR and cochlear histology, these mice were backcrossed
for at least five generations to CBA (*95% CBA; 5%
C57BL/6, 129S6) because recessive age-related hearing
loss caused by a Cdh23 mutation is found in C57BL/6 mice
(Erway et al., 1993; Noben-Trauth et al., 2003). Only mice
that were homozygous for the wild type allele (Cdh23753G)
were included in the study. All mutant mice were compared
with appropriately age- and strain-matched control mice for
each assay.

Genotyping Mice for Ush1c216 and
Cdh23753 Alleles

Tail snip DNA was isolated, and the Ush1c216 genotypes
(GG, GA, AA) were detected by PCR as reported by Lentz
et al. (2007). PCR analysis was also used to detect the
Cdh23753 genotypes (GG, GA, AA) (Noben-Trauth et al.,
2003) with 1.25 U TaKaRa Ex Taq polymerase (Fisher Sci-
entific, Waltham, MA) and 0.4 lM primers (CdhF 50-ggac
acccatcttcatcgtcaac-30; CdhR 50-gtcccttatcctggtccacagca-30)
flanking nucleotide 753 in Exon 7. PCR products were gel
purified and sequenced on an ABI 3100 using the fluores-
cent dideoxy terminator method.

Auditory-Evoked Brain Stem Response

Hearing thresholds of 1-month-old mutant (Ush1c216AA)
and control (Ush1c216GG) mice were measured by audi-
tory-evoked brain stem response (ABR). Mice were anes-
thetized (ketamine, 100 mg kg!1; xylazine, 5 mg kg!1,
i.p.), placed on an isothermal heating pad to maintain body
temperature near 378C, and positioned on a bite bar in a
sound attenuating chamber. Subdermal Grass electrodes
were used to record ABRs. The recording configuration
included three electrodes, one inserted rostral to the left ear
and positioned across the midline (vertex), a second
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inserted ventrolateral to the left ear, and a third reference
electrode was placed subcutaneously in the left hind limb.
Heart rate was observed during the recording to assist with
anesthesia monitoring.

Sound stimuli were generated, and ABRs were digitized
by computer using custom software and an audio card
(Delta 410, M-Audio). A reference microphone (Larson-
Davis no. 2530) and an acoustic calibrator (Cal200, Larson-
Davis Acoustic Calibrator) were used to calibrate the sys-
tem. The sound stimuli were amplified (Ramsa WP1200,
Panasonic) and delivered by a free-field speaker (Vifa
D25AG-05, DST). Three millisecond tone pip stimuli were
repeated at 75-ms intervals with alternating polarity. ABRs
were produced by averaging at least 350 responses, which
were amplified (10003) and filtered (0.3–3 kHz) by a pre-
amplifier (P55; Grass-Telefactor). The threshold was
defined using VDT (visual detection threshold) to deter-
mine the lowest sound pressure level (SPL, in 5 dB incre-
ments) in which a recognizable waveform was present and
repeatable. Thresholds were determined at nine frequen-
cies; 3.5, 4.0, 5.6, 8.0, 11.3, 16.0, 22.6, 32.0, and 40.0 kHz.

Tissue Preparation

Three different methods were used to study the cochleae of
1-month-old mutant and control mice: (1) fluorescent label-
ing of microdissected whole-mount preparations of the
organ of Corti; (2) fluorescent labeling of the intact cochlea
followed by embedding in epoxy resin (Hardie et al., 2004);
and (3) scanning electron microscopy (SEM). For experi-
ments involving immunofluorescence processing (Methods
1 and 2), cochleae were isolated from the auditory bulla,
the stapes was removed from the oval window, and a small
opening was created in the apex. The cochleae were gently
perfused with 4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4, and post-fixed by overnight immersion in
the same fixative at 48C. Tissues were washed with PBS
following fixation. For Method 1, segments (half turns) of
the organ of Corti were carefully dissected free from the
cochlea. The stria vascularis was pulled off or trimmed
down, and the tectorial membrane was lifted free with fine
forceps and discarded. For Method 2, an opening was cre-
ated in the bone overlying the basal turn scala tympani. The
cochleae were then decalcified in 0.5 M EDTA for 4 days,
washed with PBS, and processed for immunohistochemistry
as described below.

Antibodies

A mouse monoclonal anti-parvalbumin antibody (parv19,
Cat. No. P3088, Sigma-Aldrich, St. Louis MO, 1:500) was
used to label cochlear hair cells. A mouse monoclonal anti-
neurofilament 200 kDa antibody (Cat. No. N0142, Sigma-
Aldrich) was used at a dilution of 1:500 to label nerve fibers
(Hardie et al., 2004).

Immunofluorescent Labeling

Isolated segments of organ of Corti (Method 1) were treated
for 30 min with 0.1% saponin/0.1% Tween 20 (Sigma-
Aldrich) in phosphate-buffered saline (PBS) to make mem-
branes more permeable to antibodies. Nonspecific binding
of the primary antibody was reduced by incubating tissues
for 1 h in a blocking solution consisting of 10% normal
donkey serum/0.03% saponin/0.1% Triton X-100 (Sigma-
Aldrich) in PBS. Primary antibody incubations were per-
formed for 1 day at 48C in PBS containing 0.03% saponin,
3% normal donkey serum (Vector Laboratories, Burlin-
game, CA), 2 mg mL!1 bovine serum albumin (Sigma-
Aldrich), and 0.1% Triton x-100. Secondary antibodies
derived from donkey and conjugated to Alexa 488, Alexa
568 (Invitrogen/Molecular Probes, Carlsbad, CA), or Cy5
(Jackson Immunoresearch, West Grove, PA) were used at a
dilution of 1:200 in the same buffer for 2–4 h (at room tem-
perature) or overnight (at 48C). For mouse antibodies
against parvalbumin, the M.O.M. kit was used as specified
by the manufacturer (Vector Laboratories). Tissues were
washed after each antibody incubation (three times for 10–
15 min each) in 0.1% Tween-20 in PBS. After counterstain-
ing nuclei for 15 min in DAPI (Cat. No. D9542, Sigma-
Aldrich, 1 lg mL!1), specimens were mounted in Fluoro-
mount-GTM (Cat. No. 0100-01, Southern Biotech, Birming-
ham AL), coverslipped, and examined with either epifluo-
rescence or confocal fluorescence microscopy.

For Method 2, whole cochleae were processed in micro-
centrifuge tubes at 48C, with rotation, as follows. Tissues
were incubated for 2 h in a blocking solution consisting of
0.5% BSA, 10% normal donkey serum, and 0.1% Triton
X-100 in PBS. Cochleae were then exposed to primary anti-
bodies diluted 1:500 in blocking solution for 3 days. After
extensive washing for 1 day, cochleae were incubated for
3 days in secondary antibodies from donkey and conjugated
to Alexa 488, Alexa 568, Alexa 594 (Invitrogen/Molecular
Probes) or Cy5 (Jackson Immunoresearch) diluted 1:500 in
blocking solution. Following washes in PBS and PBS plus
0.1% Triton X-100, cochleae were dehydrated in a graded
ethanol series and embedded in Spurr’s epoxy resin (Poly-
sciences, Warrington PA). Using a diamond wheel saw, the
polymerized cochleae were hemisectioned in a plane through
the modiolus to create two slabs, each containing the half
turns of one side of the cochlea. The slabs were placed face-
down into a thin film of immersion oil on a no. 1.5 coverslip
for imaging with confocal fluorescence microscopy.

Controls to verify the immunofluorescent labeling
method and antibody specificity consisted of substituting
nonimmune sera for the primary antibody and using a series
of dilutions of the primary antibody. In double-labeling
experiments, antibodies raised in different species were
used to avoid cross reactivity among secondary antibodies.

Immunofluorescent Imaging

Whole-mount and plastic embedded organ of Corti prepara-
tions were examined with a laser scanning confocal
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microscopic (Olympus FV-1000) attached to an IX-81
inverted microscope and equipped with a 405 nm diode
laser, a multi-line argon laser (457, 488, and 514 nm), a
561-nm solid state laser, and a 637-nm helium neon laser.
The confocal microscope was controlled by Fluoview
acquisition software, version 1.6a. Sequential image acqui-
sition was performed to avoid bleed-through between
channels. Files were imported into ImageJ and/or Adobe
Photoshop for processing and analysis.

Scanning Electron Microscopy (SEM)

For Method 3, an intra-labyrinthine perfusion was per-
formed with 2.5% glutaraldehyde/1% paraformaldehyde in
0.12 M phosphate buffer (pH 7.2–7.4) containing1.5% su-
crose. Cochleae were postfixed by immersion for 3 days in
the same fixative at 48C with gentle rotation. Tissues were
washed three times in PBS for 30 min and postfixed in 1%
OsO4 in PBS for 40 min. After additional 30-min washes in
PBS, specimens were serially dehydrated in ethanol, dried
in a critical point drier (Autosamdri—814, Tousinis
Research Corporation, Rockville, MD), and mounted on
aluminum stubs. The bony capsule of the cochlea, spiral
ligament, stria vascularis, and Reissner’s membrane were
removed with a temporal bone drill and fine dissecting
instruments. After exposure of the entire organ of Corti,
specimens were coated in gold/palladium with a Hummer
VIA sputter coater (Anatech, Alexandria, VA) and viewed
on a JEOL JSM 6300 F scanning electron microscope. At
least three individual animals representative of each experi-
mental paradigm were analyzed for each method and each
genotype.

Estimation of Hair Cell Number in
Whole-Mount Preparations

Whole-mount cochlear preparations of fluorescently labeled
Ush1c216AA mutant (n ¼ 5) and wild type (n ¼ 5) litter-
mates were examined with the FV-1000 confocal micro-
scope. Confocal image stacks were collected through the
sensory epithelium in a plane parallel to the basilar lamina
using 1.0 lm steps with a 20X/NA.75 Plan-Fluor objective
lens, zoom ¼ 5. Three-to-five confocal z-series were col-
lected from each organ of Corti tissue segment. Segments
were 125 lm in length and their location was measured in
degrees from the extreme apex through the middle turn,
including the apex, 908, 1808, 2408, 3008, and 3608 from
the extreme apex. The number of hair cells was counted
and mean values were determined for each segment. Analy-
sis of variance was carried out using the two-way Anova
command in Origin (Origin v8.0).

Electroretinography

Electroretinograms were recorded in Ush1c216AA mutant
mice and their age-matched wild type littermate controls at
1 (n ¼ 12 wild type, n ¼ 4 mutants), 3 (n ¼ 12 wild type,

n ¼ 6 mutant), 6.5 (n ¼ 18 wild type, n ¼ 12 mutants), and
12 months of age (n ¼ 9 wild type, n ¼ 5 mutants). Prior to
ERG recording, mice were dark adapted overnight (12–16
h) and anesthetized with an I.P. injection of 100 mg kg!1

ketamine and 6 mg kg!1 xylazine. Pupil dilation was
accomplished with topical 1.0% atropine. Body temperature
was maintained near 388C with a heat pad (Harvard Appa-
ratus). ERG’s were recorded with a silver–silver chloride
wire (0.03 o.d.) placed on the cornea; the subcutaneous ref-
erence and ground electrodes were placed in the forehead.
A drop of 1% methylcellulose was placed on the cornea to
prevent corneal desiccation and provide improved electrical
contact.

Scotopic ERG responses were elicited with either short
duration LED flashes or a Xenon strobe delivered in a
Ganzfield dome (Espion, Diagnosys, LLC) with interstimu-
lus intervals of 0.5–2 min, depending on the stimulus inten-
sity. For flash intensities that elicited an a-wave response,
flash duration was no longer than 50 ls. At lower intensities
that elicited the positive scotopic threshold response
(pSTR) and the beginnings of the b-wave, flash duration
was no longer than 1 ms. ERG responses were recorded
from a series of flash intensities, which ranged from 0.0005
to 5000 cd-s m!2 in [1/4] ! [1/2] log steps. Two to four
responses were averaged for each step depending on the
stimulus intensity. ERG responses were filtered using low-
pass (0.15 Hz) and high-pass (100 Hz) filters and digitized
for later analysis. The a-wave amplitude was measured
from the prestimulus baseline to the peak of the first trough
while the b-wave was measured from the prestimulus base-
line or the peak of the a-wave trough (when present) to the
maximum positive value.

Intensity-response amplitude data were displayed on
log-linear coordinates. To evaluate changes in ERG ampli-
tude and sensitivity, scotopic a- and b-wave amplitudes
were iteratively fit using a nonlinear sigmoid function (Ori-
gin v8.0 software). Means and standard errors were plotted
over the fit. The maximum response (Vmax) was calculated
from the mean amplitude response across all intensity stim-
uli. One-way Anova (Origin v8.0) was used to compare
response amplitudes at the intensity stimulus that gave
Vmax. The a- and b-wave implicit times were measure from
the onset of stimulus to either the peak of the first trough
(a-wave time to response) or maximum positive value (b-
wave time to response).

Retinal Histology

Following ERG analysis, eyes were collected from each
animal, corneas slit, and whole eyes placed in fixative (2%
glutaraldehyde and 2% paraformaldehyde in 0.135 M so-
dium cacodylate) overnight at 48C. Each eye was cut in half
through the optic nerve along the superior–inferior merid-
ian, the lens removed, and the superior cornea notched for
later orientation of the light microscope sections. After
returning to fixative for at least one additional hour, these
hemisected eyes were placed in 6.8% sucrose overnight at
room temperature on a rotator, and then dehydrated through

256 Lentz et al.

Developmental Neurobiology



a 20% stepped ethanol series to acetone, infiltrated, and em-
bedded in Technovit 8100 methacrylate (Electron Micros-
copy Sciences, Hatfield, PA). Thick sections (1 lm) were
stained with toluidine blue, viewed with bright-field mi-
croscopy (Nikon Optiphot-2), and images collected with
Metamorph software (Universal Imaging Corp, Downing-
town, PA).

These sections were also used to construct the retinal
profiles in wild type (n ¼ 3–4) and mutant (n ¼ 3–4) mice
at 6.5 months and 1 year of age. The number of photorecep-
tor nuclei was counted in four regions (marginal, peripheral,
central, and medial) along each vertical section of the supe-
rior and inferior meridians [Fig 7(A)]. All nuclei within a
130-lm wide section (22 fields per retina) were counted;
three marginal, three peripheral, three central, and two
medial, in both the superior and inferior retina. Orientation
was verified in all sections by the notch in the superior
cornea.

RESULTS

Auditory-Evoked Brain Stem Response
(ABR) Analysis

Initial evaluation of the Ush1c216AA mutant mice
showed that they did not exhibit an acoustic startle
response at 3 weeks of age and showed the character-
istic circling and head-tossing behavior seen in mice
with cochlear defects. To investigate these observa-
tions further, ABR thresholds were done in three 1-
month-old Ush1c216AA mice and compared with 10
age-matched CBA (Ush1c216GG) wild type controls.
No response was elicited with 110 dB SPL stimuli
from the mutant mice at any of the nine frequencies
(3.5–40.0 kHz) tested, while the CBA controls
showed the expected thresholds for mice with normal
hearing [Fig. 1(A,B)].

Cochlear Histology

The deafness and circling behavior of mutant mice
suggested the presence of inner ear pathology.
Therefore, cochleae from mutant and control mice
were examined using whole-mount light micro-
scopic immunocytochemically stained preparations
and scanning electron microscopy (SEM) prepara-
tions. The microdissected organs of Corti labeled
with DAPI (blue), parvalbumin (red), and neurofila-
ment (green) showed disorganized inner and outer
hair cell rows in the P30 mutant mice as compared
with the well organized pattern in control mice.
Degeneration of both inner and outer hair cells of
the mutant cochlea was pronounced in the basal
turn relative to control mice [Fig. 2(D,E)]. In this

region, virtually all the hair cells were gone in all
the preparations examined in the mutant mice. Dis-
organization and degeneration was also evident in
the middle turn, and less so at the apex [Fig. 2(A–
C)]. The extent of hair cell degeneration was quan-
tified by counting the hair cells in seven regions
spanning from the apex through the middle turn
(count comparing at the base was not needed
because there were so few hair cells in this region
of mutant cochlea) in three mutant mice and
compared with the same region in three control
mice [Fig. 3(A)]. By 1 month of age, significantly
fewer inner [p < 0.02, Fig. 3(B)] and outer hair
cells [p < 0.001, Fig. 3(C)] were observed in
Ush1c216AA mutant mice. These differences were
most apparent in the middle turn (at 2408, 3008,
and 3608 from the apex) and basal region of the
cochlea [Fig. 2(E)]. The large error size in the
number of hair cells found in the mutant cochleae

Figure 1 Representative audiograms at 16 kHz (A) of
P30 wild type CBA controls (left panel) and Ush1c216AA
mutant mice (right panel). CBA control mice hearing
thresholds at 16 kHz (15 dB SPL) is circled. (B) Average
ABR thresholds (dB SPL) to pure tones ranging in fre-
quency from 3.5 to 40 kHz in Ush1c216AA mutant mice
and CBA controls at P30. Error bars represent standard
deviation. Caret marks indicate no detectable response to
110-dB SPL tones.
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at 1 month of age is likely due to variable age of
onset and rate of degeneration. In addition, scan-
ning electron microscopy (SEM) analysis showed
that the outer hair cell stereocilia patterning, height,
and orientation were highly abnormal in the
mutants relative to the controls [Fig. 4(A–D)].

Electroretinography Analysis

To determine if the c.216G>A mutation affects reti-

nal function in the mouse, electroretinography

(ERG), which measures the summed electrical activ-

ity of all retinal cells, was performed. ERGs were

Figure 2 Cochlear histology of wild type and Ush1c216AA mutant mice at P30. Figures A–C
show whole-mount preparations of the organ of Corti at the apex of wild type (A) and the apex (B)
and middle turns (C) of mutant mice. All images are brightest point projections from a confocal Z
series spanning the full depth of the sensory epithelium. The cytoplasm of inner (IHCs) and outer
(OHCs) hair cells is immunolabeled with parvalbumin (red) and nuclei are counterstained with
DAPI (blue). White arrows and bracket indicate missing OHCs. Figures D,E show cross sections of
the basal turn of the organ of Corti from plastic embedded cochleae from wild type (D) and mutant
(E) mice. Both images are brightest point projections from a confocal Z series spanning the depth
of two to three outer hair cells. Nerve fibers (Neurofilament, green) are visible innervating IHCs
and OHCs in the wild type mice, while OHCs are missing entirely from this region of the cochlea
in mutant mice. Additionally, IHCs appear abnormal, and few nerve fibers cross the tunnel of Corti.
Scale bars in all figures are 25 lm.
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recorded in dark adapted (scotopic) wild type and
Ush1c216AA mutant littermates at 1, 3, 6.5, and 12
months of age. The maximum amplitude and time to
response of both major components of the scotopic
ERG, the a-wave, which reflects the functional integ-
rity of the photoreceptors, and the b-wave, which is
the response of the neural retina postsynaptic to the
photoreceptors, were analyzed. At all time points
tested, the general shape of the mutant ERG was sim-
ilar to that of their wild type age-matched littermate
controls, but the maximum amplitudes of both the

a- and b-waves were significantly reduced. The mu-
tant a- and b-waves were significantly attenuated as
early as 1 month of age by 30 and 34%, respectively
[p ¼ 0.02 and p ¼ 0.03, respectively, one-way
Anova; Fig. 5(C,D)]. Another difference observed as
early as 1 month was the a-wave implicit time, meas-
ured from the onset of stimulus to the peak of the
a-wave. At the two brightest light intensities, the
implicit time was faster in the mutants compared with
age-matched control mice (data not shown).

Interestingly, at 3 and 6.5 months of age, the mu-
tant a-wave and b-wave maximum responses were
less attenuated than at 1 month. At 3 months, mutant
a-wave maximum responses were 16% lower, while
the b-wave maximum response was 21% lower than
controls, although not statistically significant. At 6.5
months of age, the mutant a-wave and b-wave maxi-
mum amplitudes were reduced by 19 and 22%, rela-
tive to controls, respectively [p ¼ 0.02 for both a-
and b-wave reduction, one-way Anova; Fig. 5(A–D)].
The implicit time of the mutant a-wave at 3 and 6.5
months of age was similar to that of controls.

By 1 year of age, the mutant a-wave and b-wave
maximum responses were 32 and 22%, respectively,
lower than the control responses [p ¼ 0.007 and 0.05,
respectively; one-way Anova; Fig. 5(B–D)]. Further-
more, by 1 year of age, the light intensities at thresh-
old for both the a- and b-waves were higher [Fig.
5(C,D)]. Additionally, the mutant and control b-to-a-
wave ratios are significantly different [p ¼ 0.002,
two-way Anova; Fig. 5(F)]. The implicit time of the
mutant b-wave was faster at the highest light inten-
sities, although not significantly, than that of wild
type controls at 6.5 months and 1 year of age.

Rod Photoreceptor Degeneration

To look for rod photoreceptor degeneration character-
istic of Usher-associated retinitis pigmentosa, the
number of rod photoreceptor nuclei in the outer
nuclear layer of Ush1c216AA mutant mice was com-
pared with control littermates at 1, 4, 6.5, and 12
months of age. Six 130-lm wide sections at the
periphery (three marginal and three peripheral), three
in the central region (central), and two near the optic
nerve (medial) of both the superior and inferior meri-
dians, were counted and analyzed independently.
Figure 6 shows representative 6.5 month (A, B) and
1-year-old (C, D) wild type and mutant retinal sec-
tions from the superior meridian. The average num-
ber of photoreceptor nuclei counted along the supe-
rior and inferior meridians of wild type and mutant
retinas at these ages was calculated (see Fig. 7). Up

Figure 3 Average number of inner and outer hair cells
per 100 lm longitudinal section of organ of Corti for wild
type and Ush1c216AA mutant mice at P30. (A) Illustration
of the region where cochlear hair cells were counted, scale
bar ¼ 100 lm. (B,C) Graphs show significantly fewer IHCs
(B, p ¼ 0.02) and OHCs (C, p ¼ 0.001) in more basally
located regions in Ush1c216AA mutant mice as compared
with their wild type littermates (two-way Anova, Origin
8.0). (IHC, inner hair cells, OHC, outer hair cells) Error
bars represent the standard error.
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to 6.5 months of age, wild type and mutant retinas
appear morphologically similar at the light micros-
copy level [Fig. 6(A,B)]. At 6.5 months, mutant reti-
nas show a slight, but reproducible, decrease (6–8%)
at the periphery (both superior and inferior) compared
to wild type littermates [Fig. 7(B)]. However, at 1
year of age, wild type and mutant retinas
[Fig. 6(C,D), respectively] show major differences in
the thickness of the outer nuclear layer in all regions,
but more significantly at the superior and inferior
marginal and central regions. Section 4X of Figure
6(D) shows the severe loss of the outer nuclear layer
(black arrow) from the periphery of a severely
affected mutant superior marginal section. In con-
trast, the outer nuclear layer from the same region of
a wild type littermate [section 3X of Fig. 6(C)] is
apparent to the outer edge of the retina. Section 6X of
Figure 6(D) shows another severely affected section
in the superior central region of a mutant retina, com-
pared to the same region of a representative wild type
littermate (3X and 5X, respectively). As shown, the
outer nuclear layer from the mutant retina is only
four to five nuclei in thickness compared to eight to

nine nuclei in the wild type control. These results
demonstrate that by 1 year of age, there are signifi-
cantly fewer rods (21–26%) in Ush1c216AA mutant
mice compared with age-matched controls across the
entire retina (p ¼ 0.00035, one-way Anova, Origin
v8.0).

DISCUSSION

Usher I patients have profound deafness and vestibu-
lar dysfunction at birth and progressive retinal degen-
eration beginning in early adolescence. Retinal
degeneration in patients is apparent by fundus exami-
nation and the progressive reduction in ERG ampli-
tudes over the course of the disorder. Previous mouse
models for each Usher I type have shown the charac-
teristic congenital deafness and vestibular defects,
but they all lack retinal degeneration. Spontaneous
mutations in the mouse Ush1 homologs Myo7a,
Ush1c, Cdh23, Pcdh15, and Sans have been shown to
be responsible for the deafness and circling and head-
tossing behavior in the shaker 1 (sh1), deaf-circler

Figure 4 Scanning electron micrographs of cochleae from Ush1c216AA mutant and CBA con-
trols at P30. (A) OHCs in the middle turn of the cochlea from a wild type mouse. The most medial
and lateral rows of OHCs are at the top and base of the figure, respectively. (B) Disorganized OHC
rows with missing hair cells in the middle turn from a mutant mouse. Hair cell stereociliary bundles
are abnormal. (C) Higher magnification (315,000 original magnification) of an OHC stereociliary
bundle from a wild type mouse. (D) Higher magnification of an abnormal OHC stereociliary bundle
from a mutant mouse (315,000 original magnification). Scale bars ¼ 1 lm.
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Figure 5 ERG analysis of wild type and Ush1c216AA mutant mice at 1, 3, 6.5, and 12 months of
age. (A,B) Representative ERGs of mutant (Ush1c216AA) and control (wild type) at 6.5 and 12
months of age. (C,D) Averaged a- and b-wave amplitudes at 1, 3, 6.5, and 12 months of age of con-
trol mice (black line) and mutant mice (red line). At all ages tested, mutant a- and b-wave maxi-
mum amplitudes are lower (1 month: a-wave Vmax ¼ 382.48 lV, b-wave Vmax ¼ 747.48 lV; 3
month: a-wave Vmax ¼ 302.6, b-wave Vmax ¼ 608.62 lV; 6.5 months: a-wave Vmax ¼ 304.56 lV,
b-wave Vmax ¼ 676.58 lV; 12 months: a-wave Vmax ¼ 136.36 lV, b-wave Vmax ¼ 324.14 lV) than
controls (1 month: a-wave Vmax ¼ 546.68, b-wave Vmax ¼ 1143.73 lV; 3 month a-wave Vmax ¼
362.13 lV, b-wave Vmax ¼ 765.87 lV; 6.5 month: a-wave Vmax ¼ 374.54 lV, b-wave Vmax ¼
870.96 lV; 12 month: a-wave Vmax ¼ 199.72 lV, b-wave Vmax ¼ 415.89 lV). By 12 months of
age, mutant a- and b-wave thresholds are higher compared to controls (WT a-wave threshold ¼
0.005 Cd s m!2 vs. Mut a-wave threshold ¼ 0.0075; WT b-wave threshold ¼ 0.0001 Cd s m!2 vs.
Mut b-wave threshold ¼ 0.0005). Error bars represent the standard error. (E,F) b/a-wave ratio of
wild type (black line) and Ush1c216AA mutant mice (red line) at 6.5 (left graph) and 12 months
(right graph) of age. Graphs show that at 1 year of age mutant and wild type mice have significantly
different b/a wave ratios at lower light intensities (p ¼ 0.002, two-way Anova, Origin 8.0). Light
intensity is shown in log scale with x ¼ log cycle number. Error bars represent the standard error.



(dfcr), waltzer (v), Ames waltzer (av), and Jackson
shaker (js) mice, respectively (Gibson et al., 1995;
Alagramam et al., 2001a; Di Palma et al., 2001;

Johnson et al., 2003; Kikkawa et al., 2003). Some of
these mutants (sh1, v, av) showed ERG anomalies
(Libby and Steel, 2001), and a defective retinal

Figure 6 Histology (3100 and 3400 original magnification) of superior peripheral retina of
wild type and Ush1c216AA mutant mice at 6.5 months and 1 year of age. Figures A,B show
6.5-month-old wild type (A) and mutant (B) sections from the margin of the superior retina. Figures
C–F show sections from the margin (C,D) and central (E,F) regions of the superior retina of wild
type and mutant 1-year-old mice. (RPE, retinal pigment epithelium; OS, outer segments; IS, inner
segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL,
inner plexiform layer.) Scale bars in superior meridians (3100 magnification) are 100 lm, inside
panels (3400 magnification) are 25 lm.
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pigment epithelium has been reported in sh1 mice
(Gibbs et al., 2003, 2004). However, retinal degenera-
tion has not been observed in any of these mouse

models. In contrast, the tubby mouse is a spontaneous
mouse model that does have combined retinal and
cochlear degeneration with late-onset obesity. Unlike
Usher syndrome Type 1, the tubby mouse has early
onset retinal degeneration and later onset hearing
loss, with maturity onset obesity and insulin resist-
ance. Tub knock-out mice share the same phenotype
as tubby mice, suggesting the mechanism involves a
loss of function of the tub protein (Stubdal et al.,
2000). This contrasts with the Ush1c models in which
knock-outs produce only a partial phenotype with
cochlear degeneration alone, while our Ush1c216AA
knock-in mice develop both cochlear and retinal
degeneration.

In humans, the mechanisms responsible for the
combined deafness and blindness characteristic of
Usher syndrome are poorly understood. The USH1C
gene is organized into 28 exons, eight of which are
alternatively spliced, generating three different
classes of the protein harmonin. Classes a, b, and c
differ in the number of protein-protein interaction
domains (PDZ, postsynaptic density/disc-large/zonal
occludens 1), coiled–coiled domains (CC), and the
presence of a proline-serine-threonine (PST) rich
domain (Verpy et al., 2000). With at least 12 known
RNA transcripts and three protein classes, harmonin
is likely to have multiple functions that are tissue-
specific. In mice, it has been localized to both the sen-
sory hair cells of the cochlea and photoreceptors of
the retina (Boeda et al., 2002; Reiners et al., 2005);
however its function remains unclear. Harmonin is
expressed in the cuticular plate and stereociliary tip
region in both developing and mature hair cell bun-
dles (Verpy et al., 2000; Boeda et al., 2002; Lefevre
et al., 2008; Grillet et al., 2009). Hair bundle morpho-
genesis is abnormal in mice lacking harmonin, as
well as in mice with a missense mutation in the PDZ2
domain, which is required for binding with cadherins
CDH23 and PCDH15 (Boeda et al., 2002; Siemens et
al., 2002; Adato et al., 2005; Reiners and Wolfrum,
2006; Kazmierczak et al., 2007). Deletion of the PST
and coiled–coiled domains does not appear to affect
bundle formation, but does affect localization in func-
tionally mature hair cells and mechanotransduction
(Grillet et al., 2009). In the adult mouse retina, har-
monin has been immunolocalized to the photorecep-
tor inner and outer segments, the outer plexiform
layer and ganglion cell layer. Electron microscopy
shows harmonin associated with photoreceptor outer
segment discs, cytoplasm of the inner segments and
both the pre- and post-synaptic regions (Reiners et
al., 2003; Williams et al., 2009).

The Ush1c216AA mice are hyperactive and dis-
play circling and head-tossing behavior by 3 weeks

Figure 7 Progressive retinal degeneration in Ush1-
c216AA mutant mice from 6.5 months (6.5 mo) to 1 year of
age (1 yr). (A) Diagram of hemisected retina and regions
(marginal, peripheral, central, medial) where number of
rods were counted. (B) Average number of nuclei in the
ONL of the superior and inferior meridians of 6.5-month-
old wild type (black line) and Ush1c216AA mutant (red
line) mice. (C) Average number of nuclei in the ONL of the
superior and inferior meridians of 1-year-old wild type
(black line) and Ush1c216AA mutant (red line) mice. There
are significantly fewer ROD nuclei across the entire retina
in mutants compared with age-matched littermates (p ¼
0.00035, one-way Anova, Origin 8.0). Error bars represent
the standard error.
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of age, and their ABR thresholds are greatly
increased at all frequencies tested, indicating pro-
found deafness and vestibular dysfunction. Abnormal
hair cell bundle morphology is apparent in all regions
of the cochlea. The number and height of the stereoci-
lia vary irregularly, suggesting an essential role for
the actin-binding and PDZ-domain containing protein
harmonin in hair bundle development. By 1 month of
age, the sensory cells have begun to degenerate. The
basal region of the cochlea appears to be affected
first, with more severe inner and outer hair cell loss
than in the middle and apical regions. Cochleae from
mice older than 1 month were not examined, but the
extent of the degeneration would be expected to
increase with age. Although, the abnormal stereocilia
morphology and hair cell degeneration observed in
Ush1c216AA knock-in mice is similar to that reported
in all USH1 mouse models (Gibson et al., 1995; Ala-
gramam et al., 2001a; Di Palma et al., 2001; Wilson
et al., 2001; Johnson et al., 2003; Kikkawa et al.,
2003; Pawlowski et al., 2006; Lefevre et al., 2008),
our work provides the first Usher I mouse model with
the combined progressive retinal degeneration and
deafness and vestibular dysfunction characteristic of
patients. The fact that the Ush1c216AA mouse is
homozygous for the human mutation that is found in
Acadian Usher 1C patients may be an important fac-
tor in explaining why this Usher I mouse model has
retinal degeneration while others do not.

Progressive retinal degeneration was observed in
our mice beginning with a decline in retinal function
as early as 1 month of age. The wild type ERG devel-
opment progressed as expected (Li et al., 2001; Libby
and Steel, 2001), with a- and b- wave maximum
amplitudes decreasing with age by approximately
50% from 1 month to 1 year, suggesting the deficit in
the mutant is due to the presence of the c.216G>A
mutation. ERG a- and b-wave maximum amplitudes
of Ush1c216AA mutant mice were attenuated at all
ages tested compared with control littermates. Addi-
tionally, by 1 year of age, an increase in threshold
was observed in the mutants, indicating that their reti-
nas are less sensitive. Because the a-wave of the ERG
is the result of the rod photoreceptors’ response to
light, a reduction in a-wave amplitudes suggests
Ush1c216AA mutant mice have abnormal photore-
ceptor function. The implicit time of the mutant
b-wave was faster than controls as early as 1 month
of age, and at 6.5 and 12 months of age. This faster
mutant b-wave latency, as well as a change in the b-
to-a wave ratio observed at 1 year of age, suggests
specific defects in the kinetics of the b-wave.

Subsequent to the decline in retinal function, pro-
gressive degeneration of rod photoreceptors was

observed in mutant retinas between 6.5 months and
1 year of age. The periphery of the retina appears to
be affected first. At 6.5 months of age, there is 6–8%
fewer rods from the margin through the peripheral
region, and this reduction increases to 16–23% by
1 year of age. Degeneration then follows in the cen-
tral and medial retinas, where patches of severe rod
loss were observed. Ush1c216AA mutant mice exhibit
a loss of visual function prior to photoreceptor cell
disappearance, meaning that functional changes have
occurred without observable cell loss, as in the case
of normal animals that show ERG decline with age
without cell loss (Libby and Steel, 2001). This sug-
gests that when the photoreceptor cells begin to dis-
appear, the rate of loss is not reflected in as great a
decline in ERG as might be anticipated, as was found
in the mutant mice. The precise mechanisms that
underlie the relationship between amplitude decline
and photoreceptor cell loss remain to be elucidated.

With respect to the molecular mechanism of this
mutation, the c.216G>A mutation is a single base
pair change from a guanine (G) to an adenine (A) at
position 216 in the USH1C gene. This change shifts
the splice donor site upstream of the wild type splice
donor, resulting in the loss of 35 base pairs at the end
of Exon 3. In Acadian Usher 1C patients, a truncated
mutant splice variant is detected (Lentz et al., 2005).
The same truncated transcript is found in the retina
and cochlea of our knock-in mouse. Rt-pcr was used
to investigate the splice variants in patients and
mutant mice. Under competitive conditions, only a
mutant mRNA transcript was found in patients and
mutant mice, and not in unaffected family members
and wild type litter-mates, suggesting the mutant
splice variant is much more abundant (Lentz et al.,
2007). Computational translation (DNA Star Soft-
ware) of the mutant mRNA transcript found in our
mice, as well as Usher IC patients, predicts a prema-
ture stop codon resulting in a severely truncated pro-
tein of about 135 amino acids (aa), as compared to
wild type harmonin classes a (544–548 aa), b (852–
910 aa) or c (403–476 aa). This mutant protein would
not contain the characteristic PDZ, CC, or PST
domains believed to play important roles in the func-
tion of harmonin. The predicted mutant protein
would, however, retain one of two Src homology 3
(SH3) domains (PLIPLK site), and contain a new
SH3 domain (PSAPRR site) that is not present in
wild type harmonin (SH3-Hunter). SH3 domains are
protein–protein interaction domains that have been
found to participate in nearly all cellular functions
including cell growth, differentiation, motility, polar-
ity and apoptosis (Li, 2005). It would seem reasona-
ble to hypothesize that this truncated protein is
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present, but highly dysfunctional in its protein–pro-
tein interactions. Ush1c knock-out mice show a simi-
lar phenotype in the ear, with deafness and abnormal
hair bundle formation, suggesting this splice-site
mutation act as a loss of function in the hair cells.
The fact that knock-outs do not, however, have a reti-
nal phenotype suggests the possibility that mutant
protein is present in the c.216G>A knock-in mouse
photoreceptor cells and contributes to their degenera-
tion. With the retention of one wild type SH3 domain,
this mutant protein may continue to interact in a non-
functional manner with harmonin binding partners
rendering them unable to function properly. A gain of
function could also be hypothesized, in which this
mutant protein takes on a new function through inter-
actions with the SH3 domain that is not present in
wild type harmonin. Future studies of molecular
mechanisms and protein functions, as well as local-
ization and interactions, will clarify the reasons that
abnormalities are observed in both the cochlea and
the retina of the USH1C c.216G>A knock-in mouse.

In conclusion, our data demonstrate that two cop-
ies of the human USH1C c.216G>A mutation are suf-
ficient to create the human Usher I phenotype in the
mouse. This c.216G>A knock-in mouse model of
Usher I with combined deafness, vestibular defects
and retinal degeneration thus provides a valuable
resource which will contribute to the understanding
of the mechanisms associated with sensory develop-
ment in general, and dual sensory loss in particular,
and facilitate the development of therapies that pre-
vent the retinal degeneration in these patients.
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Chemical Screening for Hair Cell Loss and Protection
in the Zebrafish Lateral Line
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Abstract

In humans, most hearing loss results from death of hair cells, the mechanosensory receptors of the inner ear. Two
goals of current hearing research are to protect hair cells from degeneration and to regenerate new hair cells,
replacing those that are lost due to aging, disease, or environmental challenges. One limitation of research in the
auditory field has been the relative inaccessibility of the mechanosensory systems in the inner ear. Zebrafish
possess hair cells in both their inner ear and their lateral line system that are morphologically and functionally
similar to human hair cells. The external location of the mechanosensory hair cells in the lateral line and the ease
of in vivo labeling and imaging make the zebrafish lateral line a unique system for the study of hair cell toxicity,
protection, and regeneration. This review focuses on the lateral line system as a model for understanding loss
and protection of mechanosensory hair cells. We discuss chemical screens to identify compounds that induce
hair cell loss and others that protect hair cells from known toxins and the potential application of these screens to
human medicine.

Introduction

The auditory and vestibular receptor organs of the
inner ear relay mechanical information for hearing and

balance, respectively, to the brain. The mechanosensory hair
cells of the inner ear transduce mechanical stimuli via actin-
based stereocilia into electrical impulses, which are conveyed
centrally.1,2

Death of mechanosensory hair cells is a common denomi-
nator in many forms of hearing impairment.3–5 Significant
progress has been made in determining the etiology of con-
genital forms of deafness, and mouse models are emerging at
increasing rates.6 Sensorineural hearing loss accounts for
profound hearing loss in approximately 1 in 1000 newborn
babies.7 Many of the genes underlying hereditary deafness
function during hair cell development. Hair cells in the zeb-
rafish share many characteristics and molecular constituents
with their counterparts in the mammalian inner ear,8,9 and
inactivation of genes affecting human hereditary deafness
also cause loss of hair cell function in zebrafish. Examples

include mutants of myosins VI10 and VIIa,11 cadherin 23,12

protocadherin 15,13 and tmie.14

Hair cell loss is most commonly due to environmental in-
sults, including exposure to excessive noise or ototoxic drugs
(such as aminoglycoside antibiotics or certain chemothera-
peutic drugs such as cisplatin), or progressive loss due to
aging (presbycusis). Nearly 15% (29 million) of U.S. adults
aged 20–69 report hearing impairment.15 Hearing loss is ac-
companied by many quality-of-life issues such as feelings of
isolation and depression, making it a potentially devastating
sensory disorder.16 Although interventions such as hearing
aids and cochlear implants provide some individuals with
significant benefit, the loss of sensory hair cells comes with
an as of yet irrecoverable loss of sensory input. Cochlear im-
plants, although having been of enormous importance to the
population of profoundly hearing-impaired children and
adults, lack the normal specificity of stimulation and are de-
pendent on preservation of the auditory nerve axons, which
are compromised to a degree that is roughly correlated to the
degree of hair cell loss.17 In addition to loss of auditory hair
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cells, vestibular hair cells may also be lost due to aging or
ototoxic drug administration, resulting in devastating ves-
tibular deficits causing severe ataxia and oscillopsia. Many
researchers are pursuing ways to induce hair cell regenera-
tion.18–20 Unfortunately, hair cell loss in humans, as yet, is
irreversible. Therefore, drugs that can prevent hair cell death
offer great potential benefit for millions of people, particularly
drugs that could be administered immediately before, or
shortly after, exposure to an ototoxic stimulus.

In this review, we will focus on chemical screening using
the lateral line of larval zebrafish as a model system for me-
chanosensory hair cell loss and protection. We then discuss
potential clinical uses of protective drugs and drug delivery
systems.

Hearing Loss and Protection

Research in the past few decades has uncovered some of the
key intracellular events that can cause hair cell death.21 Sev-
eral candidate protectants have been evaluated such as anti-
oxidants, caspase inhibitors, and jun kinase inhibitors.22–26

Although a few of these candidate otoprotectants have pro-
gressed to human trials,27,28 as yet, no definitive protection
has emerged for clinical use, and there appears to be dis-
agreement among investigators with respect to their broad
efficacy in laboratory animals.

Further, different cell death pathways may be triggered in
response to different forms of damage29–31 and many pro-
tective molecules offer incomplete hair cell protection, hinting
that polypharmacy approaches may offer the greatest bene-
fit.32–35 Given the difficulty of assessing many putative hair
cell protectants for efficacy against multiple ototoxins, the
field has proceeded slowly.

Although testing individual candidate compounds in ro-
dents has been informative, researchers have been limited to
candidate approaches based on known pathways. Our goal
has been to take an unbiased screening approach to identify
compounds that either induce hair cell loss or protect against
hair cell loss. The small size, high fecundity, and external
development of zebrafish provide a robust model system for
unbiased, broad chemical screening. A growing number of
labs have performed chemical screens in zebrafish. The first
chemical screen for small molecules that altered wild-type
zebrafish development was based on direct phenotypic ex-
amination of central nervous system, ear, cardiovasculature,
and pigment cells.36 Since then, phenotypic analysis has been
applied to identify compounds that alter zebrafish develop-
ment,37,38 heart formation,39 heart rate,40 and fin regenera-
tion.41 Suppression of a mutant phenotype has been used to
identify chemicals that attenuate angiogenesis defects42 or
suppress oncogenic dysregulation.43 In contrast to direct
phenotypic analysis, alternative readouts have been exploited
for chemical screening, including altered antibody stain-
ing,44,45 in situ hybridization,46,47 and expression of in vivo
fluorescent proteins.48–50

For the study of hair cells, the zebrafish has an additional
advantage of having a mechanosensory system, called the
lateral line, located externally on its body. This model system
has allowed us to screen thousands of compounds against
multiple ototoxins, giving us many candidate molecules that
may be used individually or in combination to test for pro-
tection against mammalian inner ear damage.

Zebrafish Lateral Line

The lateral line is a series of sensory organs arrayed along
the head and body of fishes and aquatic amphibians (Fig. 1).
Each organ contains several sensory hair cells and sur-
rounding supporting cells.51 The lateral line hair cells are
developmentally, morphologically, and physiologically sim-
ilar to the hair cells of the inner ear.52 The lateral line system
enables the animal to detect nearby water currents and is
important in such diverse behaviors as rheotaxis (orientation
to water flow), prey detection, and predator avoidance.51,53–56

In zebrafish, the lateral line system develops from cephalic
placodes that give rise to migratory primordia, which then
form the anterior and posterior lateral lines.57,58 Lateral line
development has been studied in detail in the posterior lateral
line, where cell clusters form in the migrating primordi-
um.59,60 Neuromasts are deposited from the trailing edge of
the primordium at 5–7 somite intervals and then differentiate
into mature hair cells and supporting cells. Deposition of
neuromasts occurs in stereotyped positions along the head
and body of the animal,61,62 making this system a tractable
vertebrate model for morphogenesis studies. This stereotyped
arrangement of neuromasts makes this system particularly
convenient for hair cell death and protection screens, as one
knows the expected location of each neuromast, allowing
missing neuromasts to be quickly identified.

The lateral line possesses unique features not available in
other in vivo models. The surface location of hair cells makes
for easy drug delivery and in vivo imaging. These cells are
permeable to several vital dyes as well as fluorescently labeled
aminoglycosides, allowing for real-time assessment using
fluorescent imaging techniques.63–67

Chemical Screening for Ototoxins

Zebrafish have been long used as a model for general tox-
icology studies.68,69 More specifically, several research groups
have recognized the potential of the zebrafish lateral line for
studies of hair cell toxicity.70 Hair cell sensitivity has been
reported to divalent cations such as copper and other heavy
metals.71–75 Like hair cells in the mammalian and avian inner
ear, hair cells of the zebrafish lateral line are sensitive to
aminoglycoside antibiotics and the chemotherapy agent cis-
platin.63–65,76–81 Williams and Holder first observed neomy-
cin-induced hair cell death in larval zebrafish neuromasts.77

Subsequently, our group developed assays for investigating
hair cell death and regeneration in this system.63 Ton and
Parng used the lateral line as a model system to look at oto-
toxicity and protection using five toxic and five protective

FIG. 1. Fluorescent micrograph of a 5 days postfertilization
zebrafish labeled with the mitochondrial potentiometric dye
DASPEI. Each white dot is a neuromast arrayed along the
head and body of the animal. Scale bar¼ 500 mm.
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compounds, and showed the potential of automated fluo-
rescent systems for high-throughput screening.79

Most ototoxic drugs are discovered when human patients
experience hearing loss or vestibular dysfunction; the ami-
noglycoside antibiotics are a classic example of this situa-
tion.82 Nowhere in the drug development process is there a
mandatory test for ototoxic side effects, so we known very
little about the ototoxic potential of approved drugs. Further,
since the majority of drugs are prescribed for people over the
age of 50, ototoxic drug effects may often be attributed to
age-related changes. Hence, several years ago we began a
screening program to identify putative hair cell toxins among
compounds in clinical use.83

We began by evaluating the National Institute of Neurolo-
gical Disorders and Stroke (NINDS) Custom Collection II
(Microsource, Inc., Gaylordsville, CT), a library of 1040 Food
and Drug Administration–approved drugs and known bioac-
tives, many of which are in clinical use. Hair cells of 5–6 days
postfertilization (dpf ) zebrafish were prelabeled with the vital
nuclear dye YO-PRO-1 (Fig. 2). Individual zebrafish were
placed in wells of a 96-well glass-bottom plate and treated
for 1 h with a single library compound at 100mM. The entire
96-well plate was placed on the stage of a Zeiss Axiovert in-
verted microscope equipped with a Marianas imaging system
for observation (Intelligent Imaging Innovations, Inc., Denver,
CO). Each fish was examined for the presence or absence of
hair cells in every neuromast that was visible in the field of
view, as well as more subtle signs of hair cell damage such
as nuclear condensation or fragmentation. Although the need
for the experimenter to screen each fish precludes the ability to
perform true high-throughput screening, a single 96-well plate
can be screened in 30–60 min by a trained observer.

This initial screen uncovered 21 confirmed hits (Table 1).
Seven compounds were known ototoxins (e.g., neomycin and
cisplatin), demonstrating proof of concept in our screening
approach. The other 14 compounds were not identified oto-
toxins, although examination of the clinical literature revealed
an occasional case report describing hearing loss in patients
treated with a few of these drugs (e.g., chloramphenicol and
estradiol valerate).84,85 Two drugs, the anticholinergic com-
pound propantheline bromine and the antiprotozoal pent-
amidine isethionate, were tested in vitro in cultures of mouse
utricle (a vestibular end organ in the mammalian inner ear),
and both compounds demonstrated ototoxicity in this mam-
malian model. These findings highlight the need to establish
standardized screening for hair cell toxicity during drug

FIG. 2. Zebrafish hair cells labeled with the fluorescent dye
YO-PRO-1, which binds DNA and labels hair cell nuclei. (A)
An undamaged neuromast labeled with YO-PRO-1. Ap-
proximately 15 hair cells are visible and healthy in appear-
ance. (B) After a 1-h exposure to the ototoxic drug neomycin
at a concentration of 200 mM, most of the hair cells have died.
Scale bar in (B)¼ 10 mm and applies to both panels.

Table 1. Candidate Ototoxic Drugs Identified by Zebrafish Lateral Line Screen
of National Institute of Neurological Disorders and Stroke Custom Collection II

for Drugs That Cause Hair Cell Death After 1 h of Treatment83

Ototoxic drug Class Mammalian testing

Chloramphenicol Antibiotic No
Chlortetracycline HCL Antibiotic No
Pentamidine isethionate Antiprotozoal Yes
Spermadine Ornithine decarboxylase inhibitor No
Tobramycin Antibiotic Yes
Propantheline bromide Anticholinergic Yes
Ethacrynic acid Loop diuretic Yes
Pomiferin Antioxidant No
Chlorophyllide Antineoplastic, chlorophyll derivative No
Estradiol valerate Estrogen No
Neomycin Antibiotic Yes
Pentetrazole CNS=respiratory=circulatory stimulant Yes
Guaiazulene Antioxidant, color additive agent No
Rosolic acid Diagnostic aid No
Cisplatin Antineoplastic Yes
Vincamine Vasodilator No
Kanamycin Antibiotic Yes
Demeclocycline HCL Antibiotic No
Mefloquine Antiprotozoal Yes
Candesartan Angiotensin 1 receptor antagonist No
Simvastatin HMGCoA reductase inhibitor, antihyperlipidemic No

Mammalian testing denotes whether there is literature confirming ototoxic effects in mammalian tissue, in vitro or in vivo. CNS, central
nervous system.
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development, and they demonstrate the potential of the zeb-
rafish lateral line as a model system for such studies.

Chemical Screening for Hair Cell Protection

There are two major classes of clinically relevant drugs
recognized to have known ototoxicity: the aminoglycoside
antibiotics and platinum-based chemotherapeutics.86,87 Ami-
noglycosides are used to treat gram-negative bacterial infec-
tions. Once the ototoxicity (and nephrotoxicity) of
aminoglycosides was recognized, use was curtailed in favor
of alternative antibiotics in many applications. However,
these drugs are still used for recalcitrant bacterial infections,
particularly in life-threatening cases (e.g., with premature
infants, or in patients with tuberculosis or cystic fibrosis), with
use increasing due to the prevalence of multidrug-resistant
bacterial strains. Use of aminoglycosides worldwide contin-
ues due to the low cost and availability of these drugs. De-
velopment of less ototoxic aminoglycosides has resulted in
safer alternatives, but all have some degree of hair cell toxic-
ity. In the case of cisplatin, although its ototoxic effects are
well recognized, it remains one of the most effective chemo-
therapeutic treatments for solid tumors.

We became interested in identifying chemicals that can
protect hair cells from drug-induced damage as potential can-
didates for clinical co-administration with known hair cell
toxins. The two screens described below each use the lateral
line system to look for compounds that could prevent hair cell
loss induced by ototoxic drugs. Protective compounds and
drugs identified in our screens are listed in Table 2.

The methodology for our protection screens is similar to
that of our toxicity screen. We screen 5–6 dpf larvae because at
earlier times the hair cells show resistance to aminoglycoside
effects, a common feature of developing hair cells. Lateral line

hair cells are born beginning at 2 dpf and can mechano-
transduce by 3–4 dpf. Full drug sensitivity begins at 5 dpf.64,78

In the studies described below, individual zebrafish with
prelabeled hair cells were placed into 96-well plates, pre-
treated for 1 h with the library compound, and then con-
currently exposed to the aminoglycoside neomycin for an
additional hour.

We screened the Chembridge Diverset E small-molecule
library of 10,960 compounds to identify molecules that pro-
tected lateral line hair cells from neomycin toxicity.88 These
molecules were designed with chemical properties conform-
ing to the Lipinsky ‘‘Rule of 5’’ to optimize for potential bio-
logical activity.89 To efficiently screen this larger library,
compounds were multiplexed with five per well, with each
compound at a concentration of 10mM. If protection was ob-
served, the five drugs were reassessed individually, and
confirmed hits were explored in more detail. This screen
identified two compounds that exhibited robust protection
across the neomycin dose–response function (Fig. 3). Both
compounds, which we named PROTO1 and PROTO2, are
benzothiophene carboxamides. Due to both the nature of the
Chembridge library (uncharacterized small molecules) and
the phenotypic marker used for this screen (hair cell survival),
several additional experiments were performed to determine
how these PROTO compounds protected hair cells.

Neither compound inhibited aminoglycoside uptake, sug-
gesting that the PROTO compounds act intracellularly during
aminoglycoside exposure to attenuate hair cell toxicity. The
presence of PROTO1 or PROTO2 did not inhibit the bacteri-
cidal activity of neomycin, suggesting that these compounds
could be used clinically to limit ototoxicity during ami-
noglycoside treatment without compromising the therapeutic
benefit of the aminoglycoside. Finally, experiments in cul-
tured mouse utricles demonstrated that PROTO drugs protect

Table 2. Protective Drugs Identified by Zebrafish Lateral Line Screen for Protection
Against Neomycin-Induced Hair Cell Death66,88

Protective drug Known activity=target Library
Blocks
uptakea

Mammal
testingb

PROTO1 Unknown Diverset (Chembridge, Inc.,
San Diego, CA)

N Y

PROTO2 Unknown Diverset
(Chembridge)

N Y

Amsacrine Topoisomerase 2 inhibitor NINDS Custom Collection
(Microsource, Inc.)

Y N

Carvedilol Beta-2 adrenergic blocker NINDS Custom Collection
(Microsource, Inc.)

Y N

Cepharanthine Plasma membrane stabilizer NINDS Custom Collection
(Microsource, Inc.)

N N

Drofenine Acetylcholinesterase inhibitor NINDS Custom Collection
(Microsource, Inc.)

N N

Hexamethyleneamiloride Na=H exchange inhibitor NINDS Custom Collection
(Microsource, Inc.)

Y N

Phenoxybenzamine Alpha-1 adrenergic blocker NINDS Custom Collection
(Microsource, Inc.)

Y N

Tacrine Acetylcholinesterase inhibitor NINDS Custom Collection
(Microsource, Inc.)

N Y

All drugs were tested for blockade of uptake of fluorescently labeled aminoglycoside. A smaller subset of drugs were tested for protection
against damage in mammalian (mouse) hair cells. Each of these drugs protects hair cells from acute (1 h) neomycin exposure when
administered 1 h before neomycin.

aY indicates that the compound blocked aminoglycoside uptake and N indicates that uptake was not blocked.
bY indicates that testing has been performed and N indicates that experiments have not yet been performed in mammals.
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mammalian hair cells from neomycin toxicity in vitro. This
finding validates the zebrafish lateral line as a model for
discovering drugs that can protect hair cells in mammals. One
drawback to the Chembridge library is that the molecular
targets of these compounds are unknown, making it difficult
and time consuming to determine the mechanism(s) under-
lying the protective effects of the PROTO drugs. We are
pursuing the molecular targets of the benzothiophene car-
boxamides using biochemical approaches and examining
analogs for optimization of protective effects.

To maximize the chances of identifying otoprotectants that
could quickly be translated into clinical trials, we have taken a
second approach as well, screening chemicals with known
activities. In our first study of this kind we screened the same
NINDS library used in our ototoxicity screen (above), but
tested for compounds that provided protection against neo-
mycin-induced hair cell death.66 The smaller size of this
library allowed us to test each drug singly and thus avoid
the possibility that protective compounds were masked by
toxic drugs. The NINDS screen yielded seven confirmed hits,
of which three are already approved by the Food and Drug
Administration. These three drugs encompass diverse uses,
including a beta-2 adrenergic blocker (carvedilol), a diuretic
(hexamethyleneamiloride), and an anticholinergic (tacrine).
Experiments with fluorescently tagged aminoglycoside90

showed that four of the seven drugs (amsacrine, carvedilol,
hexamethyleneamiloride, and phenoxybenzamine) reduced
aminoglycoside uptake, whereas the other three drugs (tac-
rine, cepharanthine, and drofenine) did not. Presumably,
these latter drugs protect hair cells by interacting with intra-
cellular death and survival signaling pathways. Tacrine was
further shown to protect mammalian hair cells of the utricle
from in vitro neomycin toxicity.66 As tacrine did not signifi-
cantly alter the bactericidal activity of neomycin, it is a good
candidate for in vivo validation and clinical testing as a po-
tential otoprotectant.

Ongoing Studies

We consider the hair cell toxicity and protection studies
conducted to date as proof of the principle that the zebrafish

lateral line can be used as a valuable model system in which
to discover drugs and drug-like compounds that may have
clinical utility. In addition to further studies on the drugs
and small-molecule drug-like compounds identified in our
screens, we are currently screening additional libraries for
substances that are toxic to hair cells, drugs that can protect
hair cells, and drugs that alter the regenerative potential of
lateral line hair cells.

Clinical Scenarios

How could the drugs and chemicals identified by the
zebrafish lateral line screens ultimately be used? From the
standpoint of hearing protection, there are several medical
scenarios that lend themselves to clinical intervention.

As stated previously, ototoxicity is typically not considered
during drug development. Most known ototoxic drugs were
identified after anecdotal reports of hearing loss led to more
systematic testing. It would be difficult and costly to perform
hearing tests on all patients in clinical trials with experimental
drugs. It is, however, feasible to use the zebrafish lateral line
to screen experimental drugs for their potential toxicity to hair
cells, and to recommend audiometric testing for those drugs
that have confirmed ototoxic effects in animal models. This
kind of screening is not realistic in any other animal model,
and would potentially have very direct effects on patient care.

Numerous ototoxic drugs are given to treat serious infec-
tions (e.g., aminoglycosides) or cancers (platinum drugs) with
the expectation and acceptance that severe hearing loss may
be an unfortunate consequence. In addition, doses of antibi-
otics and antineoplastic drugs are often limited by their oto-
toxic and nephrotoxic side effects. Otoprotectant delivery
concomitant with therapy may attenuate ototoxic side effects
without compromising therapeutic efficacy. This scenario,
most closely tied to the zebrafish lateral line drug screens, is
attractive because the exact timing of the damaging event
is known and can be controlled. Thus, drugs that are poten-
tially protective can be given before or concurrently with
the damaging drug to prevent hair cell loss.

Noise injury is the second most common cause of hearing
loss (after aging) and can be the result of single impulse

FIG. 3. PROTO1 provides significant protection from neomycin-induced hair cell death. (A) 10 mM PROTO1 provides
robust hair cell protection from all tested concentrations of neomycin. Hair cell survival was assessed with DASPEI scoring, a
semiquantitative scoring measure for hair cell loss that is highly correlated with direct cell counts.30,63,75 (B) Increasing
concentrations of PROTO1 provide increasing protection from a damaging 200mM neomycin stimulus (dashed line), whereas
PROTO1 alone does not affect hair cell survival (solid line). Hair cell survival was assessed by direct counts of labeled cells.
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noise or continuous long-term exposure.91–93 Typically, there
is a variable amount of recovery after noise-induced hearing
loss that may benefit from the administration of protective
drugs. In the zebrafish system it remains unknown whether
damage induced by drugs and noise uses similar signaling
pathways, but it is conceivable that protectants for drug-
induced hair cell death may be effective at reducing noise
damage. On the other hand, noise-induced hearing loss can be
more unpredictable. In some situations, such as a rock music
concert or certain military engagements, noise exposure can
be anticipated such that a protective drug could be given
before or during a noise exposure. Hence, it is possible that
protective drugs could play a role in the limited recovery that
typically occurs after noise injuries. Antioxidants such as
D-methionine, for example, appear to reduce permanent
sensorineural hearing loss when given before or immediately
after a noise injury in some species and some conditions.28

In addition to protective compounds, the toxic effects of
newly identified compounds could be used as a pharmaco-
logical therapy. Patients who suffer from intractable vertigo
from Meniere’s disease have been treated with transtympanic
injections of gentamicin. The gentamicin is titered to ablate the
vestibular hair cells. Although efforts are made to prevent
concomitant auditory hair cell loss, it is a known complication
of this treatment. Identifying compounds that target vestib-
ular and not auditory hair cells therefore has a needed role in
such patients.

Finally and most importantly, age-related hearing loss
(presbycusis) affects approximately 300 million people in the
world, making this not only the most prevalent form of sen-
sorineural hearing impairment,5,95 but next to the common
cold, the most prevalent disease. With the increasing geriatric
population, this number is expected to rise to 900 million by
2050. The most common histopathology found in age-related
hearing loss is loss of hair cells, typically starting at the high-
frequency coding region (basal turn) of the cochlea, and then
progressing to affect lower frequencies such as those used for
encoding speech. Knowledge of the death pathways involved
in age-related hearing loss is poor; however, prevention of this
slowly progressive hair cell loss could positively impact a
large percentage of the population.

Drug Delivery

How protective drugs will be delivered to the inner ear is a
question complicated by limitations in access. In contrast to
organs such as the heart, lungs, and liver that are affected by
systemic drugs, the hair cells of the inner ear are isolated
within extracellular fluid spaces that have complex and
poorly understood relations with blood and cerebrospinal
fluid. As a result, many clinicians have preferred direct drug
application to the inner ear through either extracochlear
routes (application of drug outside the cochlea, typically at the
round window membrane) or intracochlear routes (direct
administration into the cochlea).94 Due to the inherent risk of
inner ear injury from intracochlear application, extracochlear
application is the favored method, typically involving injec-
tion through the tympanic membrane to fill the middle ear
with drug, direct application of drug-impregnated gels or
polymers to the round window, or osmotic pumps that slowly
infuse drugs into the middle ear.96 The ability of drugs ap-
plied in this way to penetrate the inner ear is highly variable,

particularly because the fluids of the inner ear have a negli-
gible rate of flow, making diffusion of drugs slow.97

Identification of nontoxic protective drugs that can be given
systemically affords the possibility of avoiding more invasive
drug delivery methods. It is important to note that the inner
ear fluid spaces are sealed by a tight barrier via the capillaries
within the lateral wall of the cochlea comparable to the blood–
brain barrier.97 Thus, the ability of a systemically adminis-
tered drug to penetrate the inner ear and affect hair cells is
difficult to predict. Nevertheless, the prospect of an orally
administered protective drug is preferable to a surgically
placed gel or infusion pump, particularly for slowly pro-
gressive forms of hair cell loss (e.g., presbycusis).

Conclusion

Our current and future screening studies incorporate
multiple time parameters and a broader range of ototoxins.
Beyond the translational aspects of identifying ototoxins and
protectants, the molecules that induce hair cell death or pro-
mote hair cell survival provide information about the path-
ways involved in these processes. We have also undertaken a
parallel genetic screen for zebrafish mutations that alter hair
cell sensitivity to aminoglycosides.88 This genetic approach
complements our chemical screening studies, particularly the
ability to examine epistatic interactions between protective
drugs and protective genes. A better understanding of the
pathways involved in drug-induced hair cell death will allow
greater ability to predictively design drugs or select targets to
optimize protective effects. This will provide tools that could
be used to evaluate the similarities and distinctions between
drug-induced hair cell death and noise- or age-related hair cell
damage.
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Several animal models have been used for the study of mechanosensory hair cells and hearing loss.
Because of the difficulty of tissue acquisition and large animal size, these traditional models are
impractical for high-throughput screening. The zebrafish has emerged as a powerful animal model for
screening drugs that cause and prevent hair cell death. The unique characteristics of the zebrafish enable
rapid in vivo imaging of hair cells and hair cell death. We have used this model to screen for and identify
multiple drugs that protect hair cells from aminoglycoside-induced death. The identification of multiple
drugs and drug-like compounds that inhibit multiple hair cell death pathways might enable the
development of protective cocktails to achieve complete hair cell protection.

Introduction
Hearing loss is a global problem. Worldwide, there are more than

250 million individuals with moderate-to-severe or greater hearing

loss. With an aging global population, it is estimated by the year

2050 there will be approximately 900 million individuals with

presbycusis (age-related hearing loss) [1]. Interestingly, hearing

loss has not garnered the attention typically given by the phar-

maceutical industry to chronic slowly progressing diseases that

affect a large percentage of the population. There are no Food and

Drug Administration (FDA)-approved drugs for the treatment or

prevention of sensorineural hearing loss.

Strategies for treating hearing loss on a molecular and cellular

level have typically focused primarily on the hair cells, the end

organ of the auditory pathway. Remarkably, hair cells of the inner

ear in birds, reptiles, frogs and other aquatic vertebrates have the

capacity to regenerate. Hair cells of the mammalian inner ear,

however, demonstrate no significant regenerative capacity. Much

current research has thus focused on either stimulating regenera-

tion of mammalian hair cells or preventing existing hair cells from

dying. Additional research has focused on promoting survival of

the spiral ganglion cells that innervate the hair cells [2]. There is

some evidence that increasing spiral ganglion cell survival might

improve the performance of cochlear implants, although other

studies indicate that the correlation between ganglion cell survival

and perceptual ability using a cochlear implant is marginal. These

neurons, therefore, are an additional potential target for hearing

preservation, but are out of the scope of this review [3–5].

Opportunities for medical intervention
Four clinical scenarios lend themselves to pharmaceutical interven-

tion and drug discovery, whether through the development of new

drugs or the identification of new uses for old drugs: (i) sudden

sensorineural hearing loss; (ii) prevention of ototoxic injury (drug-

or noise-induced); (iii) prevention of slowly progressive hearing loss

(e.g. presbycusis) and (iv) restoration of hearing after permanent

hearing loss. From a cellular and molecular standpoint, each of these

scenarios presents a different problem. Treatment of sudden sensor-

ineural hearing loss entails treatment of hair cells that have pre-

sumably undergone sublethal (and potentially reversible) damage.

Prevention of ototoxic injury requires early administration of

Re
vi
ew

s
!
P
O
ST

SC
R
EE

N

Corresponding author:. Ou, H.C. (henryou@u.washington.edu)

1359-6446/06/$ - see front matter ! 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.drudis.2010.01.001 www.drugdiscoverytoday.com 265

mailto:henryou@u.washington.edu
http://dx.doi.org/10.1016/j.drudis.2010.01.001


protective drugs before hair cell death to halt intracellular death

pathways or inhibit ototoxic drug uptake. Treatment of progressive

hearing loss suggests intervention and blockade of slowly develop-

ing hair cell death. Finally, restoration of hearing suggests either

restoring function to nonfunctioning hair cells, or creating and/or

regenerating new hair cells to repopulate the inner ear. This last

scenario (restoration of hearing) will probably require either che-

mical orgenetic modulationofexisting hair cellsor supporting cells,

or introduction of stem cells to create new hair cells. The first three

scenarios are particularly applicable to the development of new

drugs that protect against hair cell death.

Current candidate protective drugs
A cursory literature search reveals more than 50 candidate drugs

that protect hair cells, including (but not limited to) caspase

inhibitors, Jun-kinase inhibitors, D-methionine, aspirin and other

antioxidants. Although some of these agents (particularly D-

methionine and aspirin) have reached the point of clinical trials,

none are currently FDA approved. In addition – for those that have

reached clinical trials – the protection afforded by agents such as

N-acetylcysteine and aspirin has been incomplete [6,7] and might

be very dose dependent [8].

Traditional animal models and advantages of each
Traditionally, several mammals, birds and amphibians have been

used to study hair cells. Avian models have the advantage of

having an anatomically simple cochlea (basilar papilla) that lacks

the coiled, bone-encased characteristics of the mammalian

cochlea. This enables easier surgical dissection, histologic evalua-

tion and quantification. In addition, birds have the capacity for

hair cell regeneration after damage [9,10]. This ability to regener-

ate has led to many studies that define crucial differences between

the avian and mammalian inner ear. Avian models however, lack

the genetic flexibility that is possible in other animal models.

Among mammals, mice have the obvious advantages of being

able to house larger numbers at less expense and offering more

genetic opportunities. This includes the availability of knockout,

transgenic and mutant mice strains [11,12], as well as the potential

for analyzing more complicated interactions by the assessment of

synergistic effects and quantitative trait loci analyses. A significant

disadvantage of mice, however, is their variable response to oto-

toxic agents such as aminoglycosides and noise. Mice are known

for their notorious resistance to damage from even known oto-

toxic agents such as aminoglycosides, making evaluation of poten-

tially protective drugs difficult in this animal. This variability

makes other mammalian models such as guinea pigs, rats and

chinchillas preferable choices for some types of analyses of hair cell

damage and protection.

Impracticality of drug screening in most animal models
Although traditional vertebrate laboratory animal models are

excellent for answering many questions about hair cell death

and survival, they are not useful for drug screening. This is largely

due to the relative inaccessibility of the inner ear. Most in vitro

preparations for studying hair cells involve free-floating whole

organ cultures such as cochlear or utricular explants. Furthermore,

adult inner ear cochlear tissue is notoriously difficult to keep alive

and healthy for more than a few hours in vitro. The time required to

sacrifice and dissect the large amounts of inner ear tissue required

for drug screening makes the use of mammalian or avian tissue

impractical for screening. In addition, the cost and number of

animals required for screening is prohibitive.

Hair cell lines
For the reasons noted above, hair cell lines are more practical for

drug screening than whole cochlear or utricular cultures. Several

immortal cell lines derived from cochlear and vestibular tissue

have been developed [13,14]. Kalinec et al. [15] developed the

House Ear Institute-organ of Corti 1 (HEI-OC1) cell line from

cochlear cultures from the ImmortomouseTM. Besides expressing

several proteins (such as Myosin VIIa and Atoh1) suggestive of a

hair cell phenotype, the HEI-OC1 cell line also demonstrated

sensitivity to known ototoxins such as gentamicin and cisplatin.

Interestingly, however, the HEI-OC1 cells also expressed Nestin,

which is typically expressed in neonatal organ of Corti [16], and

OCP2, a protein typically expressed in supporting cells [17], sug-

gesting that there are significant differences from mature hair cells.

These hair cell lines have been used to evaluate a variety of agents,

such as ebselen [18] and flunarizine [19], as potential protectants

against cisplatin-induced hair cell death. Although promising, we

must keep in mind that hair cell lines might more closely resemble

immature hair cells or even stem cell precursors. In addition, they

might have different susceptibility to ototoxic drugs, particularly

because they are, in fact, selected for their capacity to survive.

Those reservations aside, hair cell lines do offer a model in which

high-throughput screening for drugs that protect against hair cell

death can occur. Although hair cell lines have been suggested as a

possible screening tool for hair cell protectants, to our knowledge

no drug has gone the route of screening/identification in hair cell

lines followed by validation in mammalian systems.

The zebrafish: a powerful, simple animal model
The zebrafish offers several advantages that make it a powerful

animal model for studying hair cells in general, as well as for

performing high-throughput drug screens and genetic screens for

molecular mechanisms that can protect hair cells in particular. The

zebrafish, like all aquatic vertebrates, has hair cells on the outside of

itsbody ina sensory system called the lateral line.This systemis used

for detecting minute differences in water currents to different parts

of the body. The hair cells are organized into small groups called

neuromasts (Fig. 1). Physiologically, their behavior is very similar to

that of inner ear hair cells with depolarization occurring in response

to deflection of stereocilia towards a single kinocilium. At the

electron microscopic level, the intracellular structure of the lateral

line hair cell is also very similar to that of inner ear hair cells,

particularly those of the vestibular epithelium [20,21].

Initially, the interest in zebrafish focused on its value as a model

system for studying vertebrate development, particularly nervous

system development. During the past decade, however, this animal

has been used as a model for clinically driven investigations, and

many discoveries have been made that are applicable to humans.

For example, a study of cardiac drugs that slow down the cardiac

cycle inhumans (prolonged QT interval) foundthat 22of23 of these

drugs had similar effects in zebrafish [22]. In addition, drugs that

affect lipid metabolism, narcotics and anticoagulants all have iden-

tical effects in zebrafish [23]. Furthermore, several genes that are
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required for normal hair cell development and function have been

discovered in zebrafish and have been found to have mammalian

orthologs. Examples include mutations in cadherin23, which is a

candidate for the stereocilia tip link [24]; the trpn1 mutant, which is

a candidate for the mechanotransduction channel [25] and the

mariner mutant, which has a myosin7a mutation analogous to the

mutation responsible for the Usher IB syndrome [26,27].

In vivo imaging of hair cells and hair cell death
The utility of the zebrafish for studying hair cells comes from four

properties: (i) high fecundity – a single mating of adult zebrafish

can produce hundreds of offspring; (ii) fluorescent labeling – hair

cells of the lateral line selectively pick up several fluorescent vital

dyes, such as DASPEI, YO-PRO1 and FM1-43; (iii) optical clarity – at

five days post-fertilization, the zebrafish body is clear, enabling in

vivo imaging of fluorescently labeled hair cells and (iv) molecular/

genetic flexibility – the zebrafish is genetically very well character-

ized, mutagenesis protocols are well established and genetic

‘knock-downs’ using morpholino-based antisense oligonucleo-

tides can be generated easily.

These four properties have enabled careful and detailed studies

of hair cell death in the zebrafish lateral line. Williams and Holder

[20] first described neomycin-induced hair cell death in the larval

zebrafish lateral line in the context of describing natural hair cell

turnover. Harris et al. [28] used DASPEI vital dye staining and hair

cell counts to demonstrate dose-dependent neomycin-induced

lateral line hair cell death and subsequent hair cell regeneration.

Since then, other aminoglycosides [21,29], other known ototoxic

agents such as cisplatin [30] and new ototoxic agents [31] have

been identified and characterized using the zebrafish lateral line.

In addition, several studies have begun examining the cell death

response to these ototoxic agents in more detail [21,29,32,33].

These studies have demonstrated the utility and power of this

animal model for rapid qualitative in vivo assessment of hair cell

death and protection, as well as large-scale, quantitative studies of

hair cell death.

The zebrafish as a screening tool
Because of its small size, whole-organism-based genetic and drug

screens can be performed successfully in the larval zebrafish.

Genetic screens entail screening known mutant lines [34] or

ENU mutagenesis, then screening for a particular phenotype or

for modulation of an induced phenotype. Drug/chemical screens

entail exposure of the entire zebrafish to libraries of compounds

Drug Discovery Today ! Volume 15, Numbers 7/8 !April 2010 REVIEWS

FIGURE 1

(a) Live preparation of fluorescently labeled zebrafish larva five days post-fertilization. Neuromasts of the lateral line are stained with YO-PRO-1. Scale
bar = 0.5 mm. (b) Schematic illustration of a neuromast. Hair cells are depicted in greenwith long kinocilia and shorter stereocilia projecting from the apical end of
the cells and afferent and efferent nerve fibers at the basal end. Support cells (orange cells) intercalate between the hair cells. Reproduced, with permission from
the Journal of the Association for Research in Otolaryngology, from Ref. [31].
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with examination for phenotypic effects or modulation of a phe-

notype produced by a mutation or another drug. This is in sharp

contrast to target-based screens, which screen for drugs that affect

a specific molecular pathway of interest. In contrast to cell-culture-

based screens, whole-organism-based screens have the additional

advantage of evaluating the effects of drugs on cells in their natural

anatomical and biological environment, while also getting early

systemic toxicity information. A zebrafish whole-organism screen

was used very successfully by North et al. [35] in a search for new

modulators of hematopoietic stem cells. By incubating zebrafish

embryos with chemicals from three chemical libraries, 10 com-

pounds that affected the prostaglandin pathway and altered the

number of hematopoietic stem cells were identified. This screen

led to the discovery that prostaglandin E2 synthesis enhanced the

number of hematopoietic stem cells in both zebrafish and mice – a

finding that might prove valuable in the treatment of patients

undergoing bone marrow transplantation.

Development of a drug screening protocol for hair cell
protectants
The studies described above formed the platform on which a

screening protocol for discovering drug-like chemical agents

and therapeutic drugs that either protect hair cells from known

ototoxic substances or are ototoxic in themselves. The availability

of large numbers of zebrafish and their small size as free-swimming

larvae, in combination with the ease of rapid in vivo imaging,

makes the zebrafish lateral line an ideal system for screening. In

brief (Fig. 2), five days post-fertilization zebrafish is labeled with

the fluorescent dye YO-PRO1 for 30 min, which selectively labels

hair cell nuclei. One fish is then placed into each well of a 96-well

plate with a clear optical base. Owing to their small size, as many as

two or three zebrafish larvae can be placed in each well if necessary.

Fish can then be exposed to a series of drugs depending on the

exact screening protocol. For protective drug screening in our

laboratory, fish are first treated with YO-PRO1 to label the lateral

line hair cells, then exposed to libraries of potential protective

drugs, followed by treatment with known ototoxic drugs such as

aminoglycosides or cisplatin. The 96-well plate is then placed

directly on an inverted microscope with a motorized stage. Fluor-

escence microscopy is used to image hair cells of the lateral line in

the fish in each well to evaluate whether hair cells have been

protected from exposure to the ototoxic drug; this would be

considered a ‘hit’. Typically, a single plate with 80 potential

protectants requires 30 min for evaluation. All hits from the initial

screen are then confirmed with repeat testing followed by thor-

ough quantitative studies.

Small-molecule screens
Using this drug screening protocol, a small molecule library of

>10,000 compounds (Chembridge) was screened for small mole-

cules that inhibited neomycin-induced hair cell death [36]. Fish

were pretreated with drugs from the library for an hour, followed

immediately by an hour in neomycin. From this library, two small

molecules were identified as protective. Interestingly, both small

molecules (named PROTO-1 and PROTO-2) were from a class of

compounds called benzothiophene carboxamides. Additional

testing showed that both drugs demonstrated dose-dependent

protection against neomycin and were protective against a wide

range of neomycin doses. The protective effects were then con-

firmed in organotypic mouse utricle cultures, demonstrating that

these drugs found to have protective effects in the fish had similar

effects in mammalian tissue.

Drug library screens
It is important to note, however, that PROTO-1 and PROTO-2 are

not yet drugs. They are small molecules that have unknown

bioavailability and unknown toxicity. With the well-known ardu-

ous process of drug development and FDA approval, even in the

best of situations, it might be several years before PROTO-1 and/or

-2 are approved for use in humans.

The rigors of drug development have led some investigative

teams to examine drugs already in use for potential beneficial

effects in ‘off-label’ situations. Although drugs are developed with

a specific target in mind, virtually all drugs have a multitude of off-

target effects. A prime example of this has been the recent seren-

dipitous discovery of the effects of the cardiac drug propranolol on

the growth of hemangiomas. Two infants with cardiac conditions

requiring treatment with the beta blocker propranolol were noted

to have decreased growth of coincident cutaneous hemangiomas

[37]. Since this initial discovery, numerous other centers have

made similar findings, which might ultimately revolutionize

how these common lesions are treated. This impressive example

of off-target effects demonstrates the importance of screening

libraries of known drugs to discover occult effects.

Several libraries of FDA-approved drugs and bioactives, such as

the NINDS Custom Collection 2 (Microsource, Inc.) and the
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FIGURE 2

Examples of normal and damaged fluorescently labeled hair cells of the
zebrafish lateral line. YO-PRO1 selectively labels hair cell nuclei in (a) normal
and (b) neomycin-damaged neuromasts. Hair cell protection can thus be
assessed easily during screening. For quantitative hair cell counts, FM1-43FX
is used to count (c) normal and (d) neomycin-damaged hair cells. In the
undamaged neuromast (c), there are approximately 12 visible hair cells. In
the damaged neuromast (d), there are two surviving hair cells (arrows) after
treatment with one hour of neomycin. Scale bar in (d) = 10 mMand applies to
all panels. Reproduced, with permission from the Journal of the Association
for Research in Otolaryngology, from Ref. [40].

268 www.drugdiscoverytoday.com

Review
s
!P

O
ST

SC
R
EEN



BIOMOL FDA-approved Drug Library (Enzo Life Sciences, Inc.),

have been developed that are composed of compounds that have

already been used in humans. Identification of drugs of interest

from these libraries, therefore, has the potential benefit of being

able to bypass a large portion of the drug development and

approval process. Much is known about their pharmacokinetics

and extensive safety testing has been completed. This strategy has

been employed in several studies – notably, a screen of the NINDS

Custom Collection 2 by Rothstein et al. [38] that identified beta

lactam antibiotics as potential neuroprotective agents owing to

their ability to increase glutamate transporter expression. Subse-

quent in vivo studies by the same group demonstrated improved

neuronal survival in a mouse model of amyotrophic lateral sclero-

sis. A second study screening for drugs using the NINDS Custom

Collection 2 identified five drugs that blocked mutant huntingtin-

induced neuronal cell death in a Huntington’s disease in vitro

neuronal model [39].

With this in mind, we screened the NINDS Custom Collection 2

for drugs that inhibited neomycin-induced hair cell death in the

zebrafish lateral line. Using the same rapid screening protocol

described above, we screened all 1040 compounds of the library

[40]. From this screen, seven drugs with novel protective activity

were identified (Table 1). The optimal drug concentration for

protection in the zebrafish lateral line varied between 50 and

100 mM for the seven drugs. All seven drugs protected against a

wide range of neomycin doses. Importantly, none of the drugs

blocked the normal bactericidal activity of neomycin. Uptake

studies were performed to determine whether the protective

effects were due to the inhibition of neomycin uptake. It was

found that four out of seven drugs protected against neomycin-

induced hair cell death by blocking uptake of neomycin, whereas

the other three seemed to interfere with intracellular death path-

ways activated by the neomycin. To confirm the effects in a

mammalian system, the remaining three were evaluated with

organotypic mouse utricle cultures. One of the three drugs,

tacrine, was found to have protective effects in both the zebrafish

lateral line in vivo and the mouse utricle in vitro. Tacrine is now

being tested in in vivo mammalian trials and, if successful, might be

a candidate for use in humans. It has previously been used long

term in human subjects as a possible therapy for Alzheimer’s

dementia, albeit with some difficulties with hepatotoxicity [41].

It is probable that the shorter treatment periods required to pre-

vent ototoxic injury would have a reduced risk of hepatotoxicity.

The Chembridge and NINDS Custom Collection screens

demonstrate the utility of the zebrafish lateral line for the identi-

fication of protective small molecules that might be candidates for

drug development, as well as the identification of new protective

effects in already established drugs. We have used this technique

to identify drugs of interest in the zebrafish that have then had

validated effects in mammalian systems, and we are in the process

of evaluating their effects in vivo in the inner ears of mammals.

Ototoxicity screening
It is important to note that a large percentage of hearing loss

remains idiopathic, and at least some of this hearing loss can

probably be attributed to occult ototoxicity. Although the focus

of this report is on the use of the zebrafish to discover drugs that are

capable of protecting inner ear hair cells from ototoxic events, the

zebrafish lateral line also has potential uses in the realm of drug

safety. Specifically, this preparation is being used for the identi-

fication of potential ototoxic compounds. During drug develop-

ment, patients are monitored for liver and kidney toxicity – little

attention is paid to hearing. Typically, ototoxicity is only identi-

fied after anecdotal reports of hearing loss lead to more formal

testing. Whereas ototoxic effects of some drugs such as aminogly-

cosides and cisplatin are well known and have been studied for

decades, it is probable that many drugs currently in use or in

development have occult ototoxic effects. These drugs might

induce lesser degrees of hearing loss/hair cell death that are easily

missed in children, who are less likely to report hearing loss, and

the elderly, whose hearing loss is most likely to be attributed to

presbycusis.

By modifying the hair cell protection screening protocol, the

NINDS Custom Collection 2 was screened for ototoxic effects in

the zebrafish lateral line [31]. Larval zebrafish was labeled with YO-

PRO1 and then exposed for one hour to compounds from the drug

library. Hair cells of the lateral line were then examined with

fluorescence microscopy to assess hair cell damage. Any drugs that

demonstrated ototoxicity in the initial screen were retested and

then underwent full dose-response curves. By doing so, fourteen

potentially novel ototoxic drugs were identified (Table 2). Two of

these drugs, pentamidine and propantheline, were then tested in

Drug Discovery Today ! Volume 15, Numbers 7/8 !April 2010 REVIEWS

TABLE 1

Protective drugs identified by zebrafish lateral line screen of NINDS Custom Collection II for protection against neomycin-induced hair
cell deatha

Protective drug Known activity

Amsacrine Topoisomerase 2 poison; used as a chemotherapeutic agent. Used clinically in other countries;
not yet FDA approved

Carvedilol Beta-2 adrenergic blocker; used for the treatment of hypertension and heart failure; FDA approved

Cepharanthine Plasma membrane stabilizer; used for the treatment of nasal allergy, snake venom hemolysis;
possible chemotherapeutic adjunct. Used clinically in other countries; not yet FDA approved

Drofenine Acetylcholinesterase inhibitor; used as antispasmodic. Used clinically in other countries; not yet FDA approved

Hexamethyleneamiloride Diuretic, Na/H exchange inhibitor. Derivative of amiloride; FDA approved

Phenoxybenzamine Alpha-1 adrenergic blocker; used as antihypertensive; FDA approved

9-Amino-1,2,3,4-tetrahydroacridine
(Tacrine)

Anticholinergic; acetylcholinesterase inhibitor, used for the treatment of Alzheimer’s dementia; FDA approved

aModified, with permission from the Journal of the Association for Research in Otolaryngology, from Ref. [40].
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the mouse utricle in vitro and demonstrated similar ototoxic

effects. Preliminary in vivo testing of pentamidine in rats suggests

this drug also causes a mild hearing loss when administered over a

six-week period. We thus have a new tool to rapidly screen drugs

for potentially adverse otologic outcomes. This tool can be applied

to drugs that are currently in therapeutic use and at an early stage

of testing for drugs under development. Given the validation of

this screening procedure that has already taken place, we are

confident that this ‘ototoxicity screen’ can improve the safety

of care for patients, particularly those started on new experimental

drugs.

Why screen for more protective drugs?
With multiple protective drugs already identified and in various

stages of clinical evaluation, one might wonder whether contin-

ued screening and discovery of protective drugs is worthwhile.

One need only look at the complicated and numerous cell death

pathways and the complex relationship between pathways to

understand the need for more protective drugs.

Within the literature on the inner ear, one finds discrepancies

and differences in how hair cells die. Whereas many have demon-

strated caspase activation in aminoglycoside-induced hair cell

death [42,43], others have proposed caspase-independent path-

ways with activation of cathepsin as the main mechanism of hair

cell death [44]. Different ototoxic agents also seem to activate

different death pathways. Jun-kinase inhibitors have inhibited

aminoglycoside but not cisplatin-induced hair cell death

[45,46]. More recently, Owens et al. [29] used the zebrafish lateral

line to define differences in dose-dependent damage between

different aminoglycosides, suggesting that different aminoglyco-

sides might cause hair cell death through different pathways.

More importantly, it is becoming apparent that the inhibition

of one pathway can lead to upregulation of other death pathways.

For example, zVAD-fmk (a well-known broad-spectrum caspase

inhibitor) has led to an increase in necrotic and autophagic death

[47–49]. Conversely, it has been demonstrated that the inhibition

of autophagy can trigger apoptotic cell death in vitro [50].

It is thus probable that with any ototoxic agent, multiple death

pathways are activated, depending on the ototoxicant itself, the

dose and the timecourse of exposure. With this in mind, it is

probable that clinically reliable protection from hair cell death will

require multiple protective compounds that block caspase-depen-

dent and caspase-independent pathways. To develop these protec-

tive ‘cocktails’, we must have rapid and efficient drug screens to

identify additional protectants that can then be used in combina-

tion to achieve full hair cell protection. We believe that the zebrafish

lateral line can be used to rapidly screen large libraries for drugs that

protect against hair cell death in the inner ear. In addition, because

there is probably overlap between death pathways activated by

different ototoxic agents, it is probable that drugs that protect

against aminoglycoside-induced hair cell death will also be protec-

tive against other damaging agents such as cisplatin and noise.

Will zebrafish solve all the problems?
The answer, of course, is no! Obviously, there are differences

between fish and mammals. There is no compartmentalization
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TABLE 2

Candidate ototoxic drugs identified by zebrafish lateral line screen of NINDS Custom Collection II for drugs that cause hair cell deatha

Ototoxic drug Class Known ototoxicity?

Chloramphenicol Antibiotic Rare case reports

Chlortetracycline HCl Antibiotic No

Pentamidine isethionate Antiprotozoal No

Spermidine Ornithine decarboxylase inhibitor No

Tobramycin Antibiotic Yes

Propantheline bromide Anticholinergic No

Ethacrynic acid Loop diuretic Yes

Pomiferin Antioxidant No

Chlorophyllide Antineoplastic, chlorophyll derivative No

Estradiol valerate Estrogen Rare case reports

Neomycin Antibiotic Yes

Pentetrazole CNS/respiratory/circulatory stimulant Yes, animal studies

Guaiazulene Antioxidant, color additive agent No

Rosolic acid Diagnostic aid No

Cisplatin Antineoplastic Yes

Vincamine Vasodilator No

Kanamycin Antibiotic Yes

Demeclocycline HCl Antibiotic No

Mefloquine Antiprotozoal Yes

Candesartan Angiotensin 1 receptor antagonist No

Simvastatin HMGCoA reductase inhib., antihyperlipidemic No

aModified, with permission from the Journal of the Association for Research in Otolaryngology, from Ref. [31].
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of fluids in the lateral line – the hair cell apices and stereocilia

extend out into the surrounding water. There are no inner and

outer hair cells within a neuromast. Furthermore, hair cells of the

lateral line regenerate, with new hair cells detected within 24 h of

hair cell injury [51]. As a result, all findings in zebrafish must be

confirmed in mammalian tissue. However, we think the zebrafish

lateral line provides a powerful preparation to identify genes,

drugs and drug candidates that have potential for protecting

hearing, and which can then be evaluated more thoroughly in

other animal models.
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Abstract Song in oscine birds is a learned behavior that
plays important roles in breeding. Pronounced seasonal

differences in song behavior and in the morphology and

physiology of the neural circuit underlying song production
are well documented in many songbird species. Andro-

genic and estrogenic hormones largely mediate these sea-

sonal changes. Although much work has focused on the
hormonal mechanisms underlying seasonal plasticity in

songbird vocal production, relatively less work has inves-

tigated seasonal and hormonal effects on songbird auditory
processing, particularly at a peripheral level. We addressed

this issue in Gambel’s white-crowned sparrow (Zonotrichia
leucophrys gambelii), a highly seasonal breeder. Photo-
period and hormone levels were manipulated in the labo-

ratory to simulate natural breeding and non-breeding

conditions. Peripheral auditory function was assessed by
measuring the auditory brainstem response (ABR) and

distortion product otoacoustic emissions (DPOAEs) of

males and females in both conditions. Birds exposed to
breeding-like conditions demonstrated elevated thresholds

and prolonged peak latencies when compared with birds

housed under non-breeding-like conditions. There were no
changes in DPOAEs, however, which indicates that the

seasonal differences in ABRs do not arise from changes in

hair cell function. These results suggest that seasons and
hormones impact auditory processing as well as vocal

production in wild songbirds.
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DPOAE Distortion product otoacoustic emission
ER Estrogen receptor

F1 First primary tone

F2 Second primary tone
LD Long day

L1 Level of the first primary tone

L2 Level of the second primary tone
NCM Caudomedial nidopallium

Q Quality factor

SD Short day

Introduction

Seasons and hormones play an important role in coordi-

nating the breeding activity of many animals. In songbirds,

song is important in mate attraction and territorial defense.
During the breeding season, songs are typically produced

more often, are longer, and are more stereotyped in struc-

ture than during the rest of the year (Brenowitz 2008).
Morphological and physiological changes occur in the

underlying song control circuitry (Brenowitz 2008). During

the breeding season, some song nuclei are larger
(Nottebohm 1981; Brenowitz 1991; Brenowitz et al. 1998)

and fire spontaneously at a higher rate (Park et al. 2005;

Meitzen et al. 2007b). These seasonal differences in song
behavior and neural circuitry are primarily regulated by the

sex steroid hormones testosterone and estrogen (Marler

et al. 1988; Tramontin et al. 2003; Soma et al. 2004;
Meitzen et al. 2007a).

Many studies have used songbirds as model system for

examining the effects of seasons and hormones on vocal
production (Brenowitz 2008), but relatively few studies

have investigated seasonal and hormonal influences on

songbird auditory processing. Seasonal changes in auditory
processing have been reported for other animals. Seasonal

changes in frequency tuning and temporal response pro-

perties have been found in the midbrain inferior colliculus of
Northern leopard frogs (Goense and Feng 2005). In female

green tree frogs (Hyla cinerea), testosterone increases

midbrain multiunit thresholds to pure tones that lie within
the range of the male advertisement calls (Miranda and

Wilczynski 2009b), and females that have mated show

frequency specific, decreased multiunit response strength
to noise bursts (Miranda and Wilczynski 2009a). Record-

ings from auditory nerve afferents in female midshipman

fish (Porichthys notatus) demonstrate more precise phase
locking during the breeding season, and this auditory

phenotype can be induced in non-reproductive fish by

administering testosterone or 17b-estradiol (Sisneros and
Bass 2003; Sisneros et al. 2004). Both sex-specific and

seasonal differences have been found in click-evoked

otoacoustic emissions of Rhesus monkeys (McFadden et al.
2006; McFadden 2009).

Behavioral, physiological and morphological observa-

tions raise the possibility that seasons and hormones also
affect auditory processing in songbirds. Male and female

zebra finches housed on a long day photoperiod learned an

operant song discrimination paradigm faster than those
housed on a short-day photoperiod (Cynx and Nottebohm

1992) suggesting that day length may influence song per-
ception (although the effect simply may instead reflect

seasonal differences in activity or motivation). Similarly,

some evidence suggests that estrogen treatment modulates
the song-elicited behavioral responses of female birds

(Vyas et al. 2009). There are several reports of seasonal

and/or hormonal effects on physiological processing in
forebrain areas known to respond to auditory stimuli. For

instance, the spontaneous electrophysiological profile of

neurons in the song nucleus HVC varies as a function of
season in male and female canaries (Del Negro and Edeline

2002) and Del Negro et al. reported that photoperiod and

breeding condition affected song selective neural responses
in HVC (Del Negro et al. 2000, 2005). Similar effects were

found both on passive and active electrophysiological

properties of neurons in the white-crowned sparrow robust
nucleus of the arcopallium, but the electrical properties of

HVC neurons were stable across seasons (Meitzen et al.

2009b). Seasonal effects may also exist in the caudomedial
nidopallium (NCM), a forebrain auditory region (Terleph

et al. 2008). Estradiol increases evoked activity in NCM

(Tremere et al. 2009), and modulates song-induced
expression of the immediate early gene egr-1 in several

auditory nuclei (Maney et al. 2006; Sanford et al. 2009). In

addition, a recent study using diffusor tensor imaging
suggests that the volume of NCM is larger in breeding

condition European starlings (Sturnus vulgaris) (De Groof

et al. 2009).
Most of this literature has focused on seasonal changes

in auditory function in the forebrain. However, seasonal

cues may also influence auditory processing at the
peripheral level. Seasonal changes at the periphery may be

conserved throughout the auditory pathway giving rise to

the seasonal effects observed in higher processing centers.
In this respect, it is interesting to note that expression of the

alpha subtype of the estrogen receptor (ERa), and aroma-

tase (which catalyzes the synthesis of estrogen from tes-
tosterone) were recently reported in the inner ear of zebra

finches (Noirot et al. 2009). We have also observed ERa in

hair cells and support cells and both ERa and the androgen
receptor (AR) in ganglion cells of the inner ear of young

chickens and adult white-crowned sparrows (Wang,

Brenowitz, Rubel, McCullar, and Oesterle unpublished
observations). Lucas et al. (2002) and (2007) examined
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seasonal changes in the amplitude and latencies of evoked

responses in six different species of birds. Their data sug-
gest that the effect of seasonal cues differs between spe-

cies, but these authors only measured threshold sensitivity

in one species (House sparrow, Passer domesticus). Those
results were inconclusive, however, due to inadequate

sample sizes (Henry and Lucas 2009).

Our study addresses the issue of whether hormonal and
photoperiod manipulations that mimic the breeding and

non-breeding season affect peripheral auditory processing
in Gambel’s white-crowned sparrow (Zonotrichia leu-
cophrys gambelii), a migratory species with highly sea-

sonal breeding. Auditory brainstem response (ABR) and
distortion product otoacoustic emission (DPOAE) record-

ings were used as a measure of peripheral auditory

processing.
The ABR is a short-latency neural response typically

emitted 10–15 ms after the presentation of an auditory

stimulus (Hall 1992). ABR recording has a long history of
use as a diagnostic measure of peripheral and brainstem

auditory function in humans and animals (Jewett et al.

1970; Achor and Starr 1980; Despland and Galambos
1980; Liberman et al. 2006), and this method has been used

to assess avian auditory function (Corwin et al. 1982;

Brown-Borg et al. 1987; Burkard et al. 1994; Woolley et al.
2001; Brittan-Powell et al. 2002; Lucas et al. 2002).

Otoacoustic emissions are low-intensity sounds gene-

rated by the compressively nonlinear cochlear amplifica-
tion process of the inner ear (Kemp 1978, 2002; Probst

et al. 1991). In mammals, it is thought that the outer hair

cells of the cochlea produce the amplification responsible
for emission generation (Dallos 2008; Dallos et al. 2008).

Although the exact cellular origin of otoacoustic emission

production in non-mammalian vertebrates is currently
unknown (Bergevin et al. 2008), DPOAEs can still be

effectively used as an indicator of avian inner ear function

(Kettembeil et al. 1995; Bergevin et al. 2008).
We report that ABR thresholds were elevated and ABR

peak latencies were prolonged in breeding birds, whereas

DPOAE amplitudes and thresholds were not affected. Our
results show a seasonal effect on auditory thresholds, and

suggest that the effect originates post-synaptic to the hair cells.

Methods

Subjects

Adult male (n = 24) and female (n = 24) Gambel’s white-
crowned sparrows (Zonotrichia leucophrys gambelii) were

collected during autumn and spring migrations between

2006 and 2008. Most birds were captured in mist nets in
eastern Washington State; a small subset was captured in

Davis, California. Birds were housed in outdoor aviaries at

the University of Washington for up to 30 weeks before
being moved to indoor aviaries. Once inside, all birds were

housed in groups on a short-day photoperiod (SD, 8 h light:

16 h dark) for a minimum of 10 weeks to ensure sensitivity
to the stimulating effects of hormones and photoperiod

(i.e., photosensitive) (Wingfield et al. 1979). Food and

water were available ad libitum. All procedures were
approved by the Institutional Animal Care and Use Com-

mittee at the University of Washington, Seattle.

Seasonal manipulations

Birds were randomly divided into two groups mimicking

breeding and non-breeding conditions. To induce a non-

breeding-like condition, birds were housed on a SD pho-
toperiod as above. Birds housed on a SD photoperiod

maintain regressed gonads and song nuclei and have basal

plasma sex hormone levels typical of the non-breeding
season (Wingfield and Farner 1978; Tramontin et al. 2000;

Park et al. 2005; Meitzen et al. 2007b). To induce

a breeding-like condition, birds were housed on a long day
(LD; 20 h light–4 h dark) photoperiod typical of their

Alaskan breeding grounds. In addition, these birds were

implanted subcutaneously with capsules made from
SILASTIC tubing (i.d. 1.0 mm; o.d. 2.0 mm, length

12 mm; VWR, West Chester, PA) filled with crystalline

testosterone (males) or estradiol (females) (Tramontin et al.
2003). Implants were rinsed in ethanol and soaked over-

night in 0.1 M phosphate buffered saline prior to implan-

tation. Supplemental hormone is necessary to raise plasma
hormone levels of laboratory-housed birds to physiological

levels observed in breeding birds in the wild (Smith et al.

1995). Birds were housed under these conditions for
3 weeks; this time period is sufficient to induce full

breeding-like growth of the song circuits in male white-

crowned sparrows (Tramontin et al. 2000; Meitzen et al.
2009a).

Drugs

Birds were anesthetized with 25% urethane (6 ll/g body

weight) for all recordings. Body weight (mean ± SEM)
was 27.6 ± 0.64 g (males) and 27.7 ± 0.75 g (females).

The total drug volume was divided evenly into three

intramuscular injections separated by 30 min. Additional
doses (0.67 ll/g) were delivered as necessary to maintain

anesthetic state as assessed by toe-pinch.

Experimental set-up

All experiments took place in an acoustically isolated
chamber (Acoustic Systems, Austin, TX) between 10:30
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and 15:30. We prepared each bird for ABR or DPOAE

recording by removing feathers from the top of the head
and surrounding the left ear. We swabbed the skin with

alcohol and made a small incision at the anterior portion of

the dorsal midline of the skull. The skin was retracted and
fascia was removed. We cleaned and dried the skull with

alcohol and glued a custom-made metal post to the head.

The post was securely mounted on a magnetic stand to
prevent head movement. We placed the bird on an electric

heating pad and maintained the body temperature at
40–42"C using a cloacal thermal probe and digital con-

troller (TC-1000 Temperature Controller, CWE Inc., Ard-

more, PA). For a subset of birds, we placed subcutaneous
needle electrodes in the left wing and right leg to monitor

electrocardiogram activity throughout the experiment. An

electrode in the left leg served as a single-point ground for
both the electrocardiogram (when recorded) and the ABR

recordings described below. We amplified electrocardio-

gram signals 1000x (Grass Technologies P15, West War-
wick, RI), band-pass filtered them at 100–1,000 Hz and

displayed them on a digital oscilloscope. The output of

a small speaker (Etymotics ER-2B, Elk Grove Village, IL)
and microphone (Etymotics ER-10B, Elk Grove Village,

IL) were enclosed within a custom-made sound delivery

tube affixed to a micromanipulator. We positioned the tube
flush against the skull surrounding the left external auditory

meatus, and sealed it with petroleum jelly, creating

a closed sound delivery system.
At the beginning of each recording session, we cali-

brated dB SPL values (re: 20 lPa) on-line using a custom

written software program. Click stimuli were presented in
dB peak equivalent (pe) SPL. Unless otherwise noted, all

pure tones were 10 ms in duration with 2 ms rise–fall

times. Clicks were 0.1 ms in duration. We presented
all stimuli with alternating polarity. We generated sound

stimuli using custom software and delivered them one of

two ways. We routed some stimuli through a Delta-44
digital/analog converter (M-Audio, Irwindale, CA), fed

them through a PA5 programmable attenuator (Tucker

Davis Technologies, Alachua, FL) and delivered them
directly to the speaker. We routed the remaining stimuli

through an RX6 (Tucker Davis Technologies, Alachua, FL)

multifunction processor that performed both digital/analog
conversion and attenuation of the signal before delivery to

the speaker.

ABR recording

We recorded ABRs using standard subcutaneous needle
electrodes. We placed the positive electrode at the vertex

of the skull and positioned the reference electrode just

dorsal to the (sound stimulated) external auditory meatus.
We pre-amplified responses 100x (Grass Technologies P15

amplifier, West Warwick, RI) ran them through a MA3

amplifier with an additional 50 dB post-preamp gain
(Tucker Davis, Technologies, Alachua, FL), band-pass

filtered them from 300 to 3,000 Hz with a 24 dB/octave

roll-off (Krohn-Hite filter model 3550, Brockton, MA) fed
them through a digital oscilloscope and audio monitor,

digitized them at a rate of 24.400 kHz, and recorded them

using a custom written software program. We sampled
responses for a 20 ms window (with a 2 ms stimulus onset

delay) or a 30 ms window (with a 10 ms stimulus delay).
We used ABR recording in four different paradigms, each

of which explored a different aspect of auditory processing.

The rationale and methodological details for each paradigm
are described below.

Minimum audibility paradigm

We used a total of 17 females (8 non-breeding, 9 breeding)

and 24 males (13 non-breeding, 11 breeding) in this para-
digm. A subset of these birds also participated in other

ABR paradigms and/or DPOAE recording. One non-

breeding female was housed in a rooftop aviary up until the
day of recording in mid-November, and, was, therefore

exposed to day length changes natural to Washington State.

Data from this female fell within the range of data from
non-breeding females that were housed indoors; so, we

included them in the subsequent analysis.

The purpose of this experiment was to determine
whether breeding condition affects basic ABR parameters

(i.e. thresholds and response latencies). We tested seven

different frequencies (0.5, 1, 2, 3, 4, 6, 8 kHz) within the
hearing range of most songbirds, and completely encom-

passing the spectrum of white-crowned sparrow song

(Dooling et al. 2000; Meitzen et al. 2009a). We presented
each stimulus at a rate of 19.6 s-1 starting at 70 dB SPL

and decreased the amplitude in 10 dB steps; at or near

threshold, we switched to 5 dB intervals. We averaged
responses to suprathreshold stimuli across 500 stimulus

presentations; for responses at or near threshold, we aver-

aged across 1,000 stimulus presentations and recorded the
ABR at least twice to determine repeatability. We ran-

domized stimulus presentation order for each subject.

We analyzed all ABR responses offline using custom
written software. We defined threshold as the lowest

intensity stimulus to elicit a repeatable, visually discern-

able response of any ABR wave within 10 ms of stimulus
onset. To verify threshold estimates, we took two approa-

ches. First, we gave a blind observer trained in audiology

a subset (10%) of responses that represented all stimuli and
conditions tested. We instructed the observer to estimate

the threshold visually, using any ABR wave readily

observable. Threshold estimates by one of us (MLC) and
the blind observer were highly correlated (Pearson’s
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correlation coefficient r = 0.989, p \ 0.01, Supplementary

Fig. 1a). Second, we used a quantitative approach to esti-
mate threshold for the same subset of data. For this

approach, a custom written software program automatically

detected the largest peak-to-peak voltage difference in
a 10 ms window after stimulus onset. Offline, we calcu-

lated the maximum peak-to-peak voltage ?2 standard

deviations in the pre-stimulus window. Threshold was
defined as the lowest stimulus intensity tested that elicited a

post-stimulus measurement greater than the pre-stimulus
measurement. Quantitative and visually estimated thresh-

olds were significantly correlated (Pearson’s r = 0.941

p \ 0.0001, Supplementary Fig. 1b). We conclude that
visually determined thresholds are valid, representative

estimates of auditory sensitivity and therefore present only

these data for the remainder of this report.
We determined latency values from the time of stimulus

onset for the first two positive peaks numbered sequentially

with Arabic numerals as in Brittan-Powell et al. (2005). We
generated latency input/output (I/O) functions for each

subject and compared latencies across subjects at an iso-

intensity level (70 dB SPL). Because many factors can
independently affect ABR amplitude measurements (such

as head size and electrode placement), we did not compare

them in this study.

Forward masking frequency resolution paradigm

Because findings from the minimum audibility paradigm

suggested that seasonal and hormonal effects on auditory

processing are similar in male and female white-crowned
sparrows (see ‘‘Results’’), we only used males for the

additional ABR paradigms described below. We used

a total of 11 males (5 non-breeding, 6 breeding) in this
experiment. All of these males also participated in the other

ABR paradigms.

Breeding condition may affect aspects of auditory pro-
cessing that are independent of ABR thresholds and wave

peak latencies. To determine which other auditory pro-

cessing parameters were worth closely investigating, we

examined the structure of the white-crowned sparrow song.

Males produce a single song type, consisting of five syl-
lables: a whistle, a warble, and three buzzes (DeWolfe

et al. 1974; Meitzen et al. 2009a, Fig. 1). The introductory

whistle is a pure tone, the frequency of which does not
change seasonally (Meitzen et al. 2009a); many studies

suggest that it plays a particularly important role in song

identification and learning (Baptista and Morton 1981;
Margoliash 1983; Soha and Marler 2000). These findings

led us to hypothesize that breeding condition may influence
the ability of white-crowned sparrows to resolve the fre-

quency of the introductory whistle.

To address this possibility, we used a forward-masking
paradigm to examine the effect of breeding condition on

ABR-derived frequency tuning curves. We set a 10 ms

probe tone [3.3 kHz, roughly equivalent to the fundamental
frequency of the white-crowned sparrow whistle (Meitzen

et al. 2009a)] to a fixed amplitude of 70 dB SPL. Masker

stimuli (2.50, 2.70, 2.90, 3.10, 3.20, 3.25, 3.35, 3.40, 3.50,
3.70 and 3.90 kHz) were 100 ms long with 16 ms rise–fall

times. We presented the masker, after a 10 ms onset delay

(to allow for baseline noise capture). The onset of the probe
tone occurred 10 ms after the offset of the masker

(Fig. 2a). We presented each masker–probe combination at

a rate of 6.2 s-1. We captured the elicited ABR during
a 140 ms recording window and averaged it across 500

masker–probe presentations.

At the beginning of each recording, we presented the
probe tone alone at 70 dB SPL, which was approximately

20–40 dB above threshold for every subject. We calcu-

lated the maximum peak-to-peak voltage difference of the
ABR response online for a 10 ms measurement window

Fig. 1 A representative white-crowned sparrow song from a breeding
condition male. Songs typically consist of 5 syllables: a whistle,
a warble, and three buzzes

Fig. 2 Stimulus delivery schematics for three of the ABR paradigms.
Horizontal arrows indicate passage of time. a Schematic for the
forward-masking frequency resolution paradigm. A 100 ms pure tone
masker is varied in frequency (Df). The offset of the masker always
occurs 10 ms before the onset of 3.3 kHz probe tone. b Schematic for
the forward-masking temporal adaptation paradigm. The offset of a
100 ms band-limited (0.2–6 kHz) white-noise masker occurs at
varying time intervals (Dt) before the onset of the 3.3 kHz probe
tone. c Schematic for the temporal variability paradigm. Clicks were
presented at three different rates, with both fixed (left) and variable
(right) inter-peak intervals
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(starting at the time of probe onset). After obtaining this

baseline response amplitude, we began masker–probe
trials. In each trial, we presented the masker at an initial

amplitude of 40 dB SPL and gradually raised the ampli-

tude by 10 dB steps. We defined threshold as the masker
level necessary to reduce the maximum peak-to-peak

voltage in the 10 ms measurement window by 50% or

more. We verified threshold by repeating the masker–
probe presentation. If two out of three repetitions failed to

verify the threshold estimation, we raised the masker
amplitude by 5 dB until a new threshold was verified. We

randomized the order of masker frequency presentations

for each subject.
We generated tuning curves offline for each subject and

used the quality factor (Q10) as an indicator of sharpness of

tuning. Q10 is calculated as the signal (probe) frequency
divided by the bandwidth of the tuning curve at 10 dB

above the tip. Larger Q values indicate sharper tuning.

Forward masking temporal adaptation paradigm

We used a total of 11 males (5 non-breeding, 6 breeding) in
this paradigm. All of these males also participated in the

other ABR paradigms.

White-crowned sparrows exhibit seasonal changes in the
duration of some song syllables and in the length of the

overall song (Meitzen et al. 2009a). These findings raise

the possibility that temporal processing also changes
seasonally. To address this possibility, we used a forward-

masking paradigm to examine the effect of breeding con-

dition on temporal adaptation capabilities. We set a 10 ms
probe tone (3.3 kHz) to a fixed amplitude of 70 dB SPL as

above. The masker stimulus was band-pass filtered white-

noise (0.2–6 kHz) with a 100 ms duration and 16 ms rise–
fall times. We presented the masker after a 10 ms onset

delay. The onset of the probe tone occurred 5, 10, 25 or

50 ms after the offset of the masker (Fig. 2b). Masker–
probe presentations occurred at a rate of 4.9 s-1. We

captured the elicited ABR during a 161 ms recording

window and averaged them across 500 masker–probe
presentations.

At the beginning of each recording, we presented the

probe tone alone and calculated the maximum peak-to-
peak voltage difference online for a 10 ms measurement

window as above (starting at the time of probe onset). We

then presented the masker at amplitudes of 40, 50, 60 and
70 dB SPL for each masker–probe interval. We random-

ized the order of masker–probe interval presentations for

each subject.
We calculated the decrease in the probe-elicited ABR

response amplitude for each masker amplitude and mas-

ker–probe interval as follows:

Response decrease

¼ baseline amplitude # response amplitudeð Þ=½
' baseline amplitude( ' 100%

The more the response amplitude decreases, the greater
the effect of the masker.

Temporal variability paradigm

We used a total of 10 males (4 non-breeding, 6 breeding) in

this paradigm. All these males also participated in the other
ABR paradigms.

In addition to seasonal changes in syllable and song

length, white-crowned sparrows also exhibit seasonal
fluctuations in song structure variability. During the

breeding season, song and syllable duration are less vari-

able than in the non-breeding season (Meitzen et al. 2009a)
suggesting that breeding condition may affect other aspects

of temporal processing more directly related to temporal

variability. To address this issue, we presented clicks
(0.1 ms duration) at three presentation rates (19.6, 30.3 and

23.2 s-1). Rates were either fixed (such that the inter-click

interval was constant) or variable (such that the inter-click
interval was randomized, but the average rate over the

course of all click presentations equaled 19.6, 30.3 or

23.2 s-1; see Fig. 2c).
We initially presented clicks at 70 dB SPL and gradu-

ally decreased the amplitude by 10 dB; at or near thresh-

old, we switched to 5 dB intervals. We averaged responses
to suprathreshold stimuli across 500 stimulus presentations;

at or near threshold we averaged across 1,000 stimulus
presentations and recorded the ABR at least twice to

determine repeatability. We randomized the order of pre-

sentation rates for each subject. We determined thresholds
visually and measured wave peak latencies offline (as

described for the minimum audibility paradigm).

DPOAE recording

Differences in auditory processing as measured by ABR
recording could reflect changes in the VIIIth nerve and/or

brainstem, or could reflect changes in sensory processing

prior to neuronal activation at the hair cell–ganglion cell
synapse (i.e. changes in the external ear canal, middle ear,

or inner ear mechanics). To dissociate these possibilities,

we recorded DPOAEs from 10 males (5 non-breeding,
5 breeding) and 12 females (6 non-breeding, 6 breeding).

Five of the females (2 non-breeding, 3 breeding) and all of

the males also participated in the ABR minimum audibility
paradigm.

Sounds were delivered as described for ABR recording.

Two primary tones (F1 and F2) were presented
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simultaneously. The frequency of F2 varied (0.5, 1.0, 1.5,

2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0,
8.5, 9.0, 9.5 kHz), but we fixed the F2/F1 ratio at 1.15. We

determined this ratio value to be optimal for white-crowned

sparrows during pilot studies (data not shown). We initially
presented the first primary tone (F1) at an amplitude (L1)

of 20 dB SPL and systematically increased the amplitude

by 5 dB steps to a maximum of 90 dB SPL. The amplitude
of the second primary tone (L2) was consistently 10 dB

lower than L1. The cubic distortion tone, which corre-
sponds to a frequency of 2F1–F2, is the largest distortion

product generated, and was, therefore, the focus of this

study. The presentation order of stimulus frequencies was
randomized for each subject.

We measured the amplitude (dB SPL) of the DPOAE for

each tone presentation (Fig. 3). In addition to absolute
amplitude, we estimated DPOAE thresholds for six dif-

ferent F2 frequencies that were also used in the ABR

minimum audibility paradigm (1, 2, 3, 4, 6, and 8 kHz).
We defined threshold as the lowest L1 amplitude (dB SPL)

that met the following three criteria: (1) the amplitude of

the DPOAE was at least 3 dB above the immediately
surrounding noise floor. (2) The difference between L1 and

DPOAE amplitudes did not exceed 85 dB (this criterion

was formed from offline determinations of instrumental
and cavity distortions). (3) The next two DPOAE mea-

surements (elicited by 5 and 10 dB increases in L1,

respectively) also fit the first two criteria.

Hormone measurement

At the end of each recording session, we rapidly decapi-
tated subjects and removed basilar papillae for histological

processing for a separate study. We collected trunk blood

in heparinized tubes and immediately centrifuged it. We
separated the plasma and stored it at -80"C until enzyme-

linked immunosorbent assay (ELISA). Testosterone and

estradiol concentrations were measured using standard kits
(Assay Designs, Ann Arbor, MI) and compared with those

measured in the wild (Wingfield and Farner 1978).

Assay validation

We used a testosterone immunoassay kit (Assay Designs
catalog # 900-065) previously validated for the congeneric

white-throated sparrow (Zonotrichia albicollis) (Swett and

Breuner 2008). No publications reporting the use of the
estrogen kit (Assay Designs catalogue # 900-174) in any

avian species were found. We, therefore, validated the use

of this kit for white-crowned sparrows. We pooled plasma
samples from multiple sparrows and stripped the plasma of

steroids with dextran-coated charcoal in assay buffer

(Sigma–Aldrich, St. Louis, MO). We spiked stripped
plasma with estradiol to *19.6 ng/ml and assayed a serial

dilution of the spiked plasma. The serial dilution paralleled

the kit’s standard curve, indicating that endogenous protein
elements in white-crowned plasma do not substantially

interfere with hormone measurement.

Immunoassay procedures

We followed the kit instructions to determine testosterone
or estradiol levels of experimental subjects. Briefly, we

added steroid displacement buffer (1% of raw plasma

volume) to each plasma sample, brought the total volume
to 200 ll with assay buffer and vortexed. Because LD?

testosterone conditions can generate plasma testosterone

levels beyond the highest range of the kit’s detectability
(2 ng/ml), a 1:20 dilution of each LD? testosterone sample

was made with assay buffer. We ran 100 ll aliquots of

each sample (or LD dilution) in duplicate along with
either five testosterone standards (0.008–2.000 ng/ml) or

6 estrogen standards (0.0293–30.00 ng/ml). We incubated

each sample with 50 ll of steroid antibody and alkaline
phosphatase-conjugated steroid, emptied and washed all

sample wells and added 200 ll of substrate. After adding

the stop solution (50 ll/well), we read the plate immedi-
ately on a Dynex MRX II microplate reader (Chantilly,

VA) at 405 nm.
We analyzed samples from subjects tested in the

DPOAE paradigm in separate assays from those tested only

in the ABR paradigms. The minimum detectable plasma

Fig. 3 Representative frequency spectrum of a DPOAE recording
from a breeding condition female. The primary tones (F1 and F2)
were presented at the highest amplitudes (L1 = 90 dB SPL) to enable
clear observation of the multiple distortion products. The distortion
product with the largest amplitude is the cubic distortion tone (CDT),
which corresponds to a frequency of 2F1–F2. F1 and F2 in this
example are 7.4 and 8.5 kHz, respectively, and the CDT is 6.3 kHz
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testosterone concentrations were 5.72 9 10-4 ng/ml (ABR

tested) and 3.17 9 10-3 ng/ml (DPOAE tested); minimum
estradiol concentrations were 1.91 9 10-2 ng/ml (ABR

tested) and 5.15 9 10-2 ng/ml (DPOAE tested). Intra-

assay variabilities for testosterone measurement were
5.99% (ABR tested) and 5.90% (DPOAE tested); intra-

assay variabilities for estradiol measurement were 9.23%

(ABR tested) and 7.84% (DPOAE tested). Inter-assay
variabilities were 22.4% (testosterone) and 21.7%

(estradiol).
One male (ABR) sample fell below the detection limit

of the assay. For statistical analysis, we multiplied the

detection limit (5.72 9 10-4 ng/ml) by the dilution factor
of the sample in question (2.5). We used the resulting

value (1.43 9 10-3 ng/ml) for subsequent analysis. One

male sample was too concentrated to be detected by the
assay, even after a 1:20 dilution. In this case, the con-

centration of the highest standard (2.0 ng/ml) was multi-

plied by the dilution factor (20) to give a result of 4.0 ng/
ml. All female samples fell within the range of the

estradiol assay; however, blood samples were lacking for

two females that we used to optimize the DPOAE
recording parameters.

Statistics

We made all comparisons with three-way or two-way

mixed-model ANOVA (sex 9 breeding condition 9
stimulus frequency/stimulus level) or independent samples

t test. All statistical analyses were made using PASW

Statistics 18.0 for Mac (Chicago, IL). Data in all figures are
presented as mean ± SEM.

Results

Plasma hormone levels

Male and female birds housed under breeding (LD? tes-

tosterone or LD? estradiol) conditions had significantly
higher plasma testosterone or estradiol levels than those

housed under non-breeding (SD) conditions. Table 1 shows

that testosterone levels from males housed under LD?
testosterone were comparable to those observed in

breeding condition males in the wild (Wingfield and Farner

1978). Estradiol levels from LD? estradiol females, how-
ever, were higher than the physiological range of wild

females in breeding condition (4.919 ± 0.726 vs. 0.300–

0.400 ng/ml Wingfield and Farner 1978).

ABR

Minimum audibility paradigm

ABR thresholds were significantly affected by breeding

condition and stimulus frequency. Males and females had

similar overall ABR thresholds (mean ± SEM, 51.6 ± 0.92 vs.
53.5 ± 1.07 dB SPL, respectively [F(1,35) =0.279,

p = 0.601]); we therefore pooled their data for analysis.

Figure 4 shows representative averaged responses to a
4.0 kHz tone from a non-breeding female (4a) and a

breeding female (4b). In these examples, we judged

threshold to be 35 dB SPL (4a) and 45 dB SPL (4b).
Figure 4c shows group data for thresholds to clicks and

tone bursts at 0.5, 1, 2, 3, 4, 6 and 8 kHz. Stimulus fre-

quency significantly affected threshold estimates, with
birds showing maximal sensitivity to clicks and 4 kHz pure

tones [F(7,245) = 70.54, p\0.001]. Thresholds in white-

crowned sparrows housed under breeding-like conditions
were higher by 3.90–12.3 dB (average 8.23 dB) than

in birds housed under non-breeding-like conditions.

The effect of breeding condition was significant
[F(1,35) = 12.99, p = 0.001]. No significant interactions

were found between any of the independent variables (sex,

stimulus frequency, or breeding condition; all p [ 0.05).
Many ABR peak latency values were not measurable at

70 dB SPL, either because of high thresholds at the

extremes of the stimulus frequencies tested (500 and
8,000 Hz) or because of elevated thresholds in breeding

condition birds. As a result, the missing values (11.5% of

the total number of data points) were not randomly dis-
tributed among the data set (see Supplementary Table 1 for

more detailed information). A biased sample of missing

data can confound statistical analyses and obscure inter-
pretation of the results. Therefore, we calculated average

peak latency values for each stimulus and experimental

group (breeding males, non-breeding males, breeding
females, and non-breeding females). Missing data points

Table 1 Plasma testosterone and estradiol levels (mean ± SEM ng/ml)

Non-breeding Breeding ta P

Plasma testosterone 0.496 ± 0.146 (n = 13) 13.95 ± 2.970 (n = 11) 2.07 \0.0001

Plasma estradiol 1.143 ± 0.243 (n = 11) 4.919 ± 0.726 (n = 11) 2.09 \0.0001

a Independent samples t test (two tailed)
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were filled in with the appropriate mean values and the

completed dataset was analyzed by ANOVA, as above.
ABR peak latencies were significantly affected by breeding

condition and stimulus frequency. Males and females had

similar latency values for peak 1 (mean ± SEM,
2.28 ± 0.02 vs. 2.34 ± 0.03 ms, respectively) and peak 2

(3.55 ± 0.031 vs. 3.65 ± 0.04 ms). The effect of sex was

not significant (peak 1 [F (1,35) = 0.694, p = 0.411]; peak
2 [F(1,37) = 0.887, p = 0.353] we therefore pooled their

data for analysis. Figure 5a shows representative ABR
traces from a breeding and non-breeding female overlaid.

Peak latencies from the breeding bird were delayed relative

to the non-breeding bird. Group data for peak latencies
generated by 70 dB SPL clicks and pure tone bursts are

shown in Fig. 5b, c. Latency values depended on stimulus

frequency, with clicks evoking the lowest values. The
effect of frequency was highly significant for both peak 1

[F(7,259) = 63.40, p \ 0.001] and peak 2 [F(7,259) =

31.52, p \ 0.001]. The differences between breeding and
non-breeding peak 1 latencies ranged from 0.135 to

0.349 ms (average 0.233 ms); peak 2 latencies differed by

more (range 0.286–0.513 ms, average 0.378 ms). The
effect of breeding condition was statistically significant

across all stimuli tested (peak 1 [F(1,37) = 18.94,

p\0.001]; peak 2 [F(1,37) = 26.06, p \ 0.001]). A sig-
nificant interaction between stimulus frequency and sex

was observed for peak 1 latency values [F(7,259) = 2.846,

p = 0.007]; no other interactions were found (all
p [ 0.05).

Breeding condition also affected inter-peak intervals

(Fig. 5d). Males and females had similar inter-peak inter-
vals (mean ± SEM, 1.28 ± 0.02 vs. 1.31 ± 0.02 ms,

respectively). The effect of sex was not significant

[F(1,37) = 0.557, p = 0.460]; we again pooled their data
for analysis. Birds in breeding condition had longer inter-

peak intervals than birds in non-breeding condition. These

differences ranged from 0.067 to 0.256 ms (average
0.146 ms) and were statistically significant [F(1,37) =

17.09, p \ 0.001]. While stimulus frequency did not affect

inter-peak intervals independently [F(7,259) = 1.681,
p = 0.114], a significant interaction was found between all

three independent variables (stimulus frequency, breeding

condition and sex) [F(7,259) = 2.747, p = 0.009].
These data suggest that seasons and hormones affect

peripheral auditory sensitivity. One possible concern was

that these findings reflected group differences in baseline
noise levels, rather than differences in sensory processing

per se. High baseline noise levels could cause difficulty in

the extraction of responses at low stimulus amplitudes,
leading to higher threshold estimates. To examine this

possibility, we calculated the root mean square deviation

Fig. 4 Birds housed under breeding-like conditions have higher
auditory thresholds than those housed under non-breeding-like
conditions. a Representative ABRs decrease in amplitude and
increase in latency as stimulus intensity is decreased. Traces were
elicited by a 4,000 Hz tone from a non-breeding female. The top four
traces represent averages of 500 stimulus presentations. 35 and 30 dB
SPL traces represent averages of 1,000 presentations. The black
arrow indicates stimulus onset. Scale bars 2 lV/5 ms. Threshold was
estimated to be 35 dB SPL and is indicated by the asterisk. One trace
elicited by a 35 dB SPL stimulus is enlarged and shown over the
original traces to more clearly demonstrate a response. For this trace
only, the scale bar 0.3 lV/5 ms. b Representative ABR traces from a
breeding female demonstrate an elevated threshold. Experimental
parameters and figure notations are as in a. The top two traces
represent averages from 500 stimulus presentations; the remaining
traces were averaged over 1,000 presentations. Threshold was
estimated at 45 dB SPL. Scale bar is the same for a and b.
c Mean ± SEM ABR thresholds of birds exposed to breeding-like
conditions (open circles) are higher than those housed under non-
breeding-like conditions (closed circles) across all stimulus frequen-
cies. Data are presented linearly (rather than logarithmically) for
clarity. Thresholds to clicks are shown at the left most portion of each
graph and are measured in dB peak equivalent (pe) SPL. Each
experimental group had an n = 20 (except for clicks, where breeding
birds n = 21)
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(RMSD) of the voltage values during the first 2 ms of the
pre-stimulus window for each response. A large RMSD

value indicates greater variability in the pre-stimulus

window, reflecting a higher baseline noise level. We
averaged RMSD values across all responses to obtain

a single value for each bird. We then compared these

values as a function of breeding condition.
We only used responses averaged over 1,000 stimulus

presentations for this analysis. We chose this selection

criterion because the effect of baseline noise on threshold
detection was of primary interest and all traces at or near

threshold were averaged over 1,000 stimulus presentations.

Birds in breeding and non-breeding condition had similar
RMSD values (mean ± SEM, 0.077 ± 0.025 vs.

0.073 ± 0.022 lV, respectively) that did not differ statis-

tically [F(1,37) = 0.093, p = 0.762]). The results of this
analysis suggest that seasonal and hormonal differences in

ABR thresholds and latencies and reflect differences in

auditory sensitivity at the level of the inner ear and/or
central nervous system.

Forward masking frequency resolution paradigm

Breeding condition did not affect frequency tuning. Fig-
ure 6a shows averaged frequency tuning curves from

breeding males and non-breeding males. The curves show

substantial overlap at all masker frequencies tested and did
not differ statistically [F(1,9) = 0.057, p = 0.817]. We

calculated and compared Q10 values for each subject to

determine whether tuning sharpness varied as a function of
breeding condition. Average Q10 values are shown in

Fig. 6b. Breeding males and non-breeding males had

similar Q10 values (mean ± SEM, breeding 4.70 ± 0.54;
non-breeding 5.21 ± 0.84). A two-sample t test revealed

no significant difference between the groups (t = 2.447,

p = 0.651).

Forward masking temporal processing paradigm

Breeding condition did not affect temporal adaptation.

Figure 7a–d shows the percent decrease of the probe

Fig. 5 Birds housed under breeding-like conditions have longer ABR
peak latencies and inter-peak intervals than those housed under non-
breeding-like conditions. a Representative ABR traces from a
breeding (thin line) and non-breeding (thick line) female in response
to a 4 kHz tone. Traces are aligned in time and stimulus onset occurs
at time zero. The breeding bird has a delayed response as compared to
the non-breeding bird; note that this temporal disparity increases
between peaks 1 and 2. b Peak 1 latencies of birds exposed to

breeding-like conditions (open circles) are longer than those housed
under non-breeding-like conditions (closed circles). The same pattern
was observed for peak 2 latencies (c) and inter-peak intervals
(d). Data are mean ± SEM generated in response to iso-intensity
tones (70 dB SPL) and clicks (70 dB pe SPL). Missing data points
were filled in with appropriate group averages before data were
plotted and analyzed (see main text). Breeding birds n = 19;
non-breeding birds n = 20
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response as a function of masker level (40, 50, 60 and
70 dB SPL) for four different masker–probe intervals (5,

10, 25 and 50 ms). Response amplitudes of breeding males

and non-breeding males decrease by similar amounts
across all masker levels for 5, 10, and 25 ms masker–probe

intervals (Fig. 7a–c). Separate two-way ANOVAs revealed

no effect of breeding condition for these three intervals (all
p [ 0.4). At the longest masker–probe interval, however,

breeding condition did affect the amount by which

response amplitudes decreased (Fig. 7d). Response

amplitudes of males in breeding condition decreased an
average of 5.84% more than males in non-breeding con-

dition when the masker and probe were separated by

50 ms. This difference was significant [F(1,8) = 6.867,
p = 0.031].

Temporal variability paradigm

Breeding condition did not affect processing of temporally

variable stimuli. Figure 8a–c shows the peaks 1, 2, and

Fig. 6 Breeding condition does
not affect frequency tuning.
a Thresholds for a 3.3 kHz
probe tone in a forward-
masking paradigm are similar
for breeding males (open circles
n = 5) and non-breeding males
(closed circles n = 5) across all
masker frequencies. b Average
Q10 values (indicative of tuning
sharpness) did not differ
between breeding males (open
bar) and non-breeding males
(shaded bar). One subject in
each group had tuning curves
too broad to accurately measure
Q10. Thus, n = 4 for each group
in b

Fig. 7 Breeding condition only
affects temporal adaptation at
the longest masker-probe
interval tested. a The probe-
elicited ABR response
amplitude decreases by a similar
amount for males in breeding
(open bars) and non-breeding
(shaded bars) conditions when
the masker and probe are
separated by 5 ms. Similar
results were found for b 10 ms
and c 25 ms masker-probe
intervals. d When the masker
and probe are separated by
50 ms, breeding males show a
significantly greater decrease in
response amplitude than non-
breeding males. Data are
mean ± SEM. Breeding males
n = 6; non-breeding males
n = 5 (except n = 4 at 40 and
50 dB SPL masker levels for 10,
25 and 50 ms intervals, and
40 dB SPL masker level for
5 ms interval)
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inter-peak latencies, respectively, as a function of click

rate. Fixed and variable rates elicited similar latencies from
breeding and non-breeding males. Separate two-way

ANOVAs revealed no effect of temporal variability on

peaks 1, 2 or inter-peak latencies (all p [ 0.2).
As expected from the latency analyses presented above,

breeding males showed a trend of longer peak latencies and

inter-peak intervals than non-breeding males. These dif-
ferences did not reach significance, however, probably due

to small sample sizes (n = 4–6).

DPOAE

The results from the ABR study indicated that breeding
condition affects auditory sensitivity. To determine whe-

ther the effect could be explained by processing changes at

levels prior to synaptic responses, DPOAEs were elicited
by a range of frequencies (1–9.5 kHz) from males and

females in breeding and non-breeding conditions.

Breeding condition and sex did not affect iso-intensity
DPOAE amplitudes. DPOAE amplitudes of males and

females were similar overall, and did not differ signifi-

cantly [F(1,15) = 1.181, p [ 0.20]; we therefore pooled
their data for analysis. Figure 9a shows DPOAE ampli-

tudes as a function of the second primary (F2) frequency.

These DPOAEs were elicited while L1 was held constant at
70 dB SPL. DPOAE amplitudes depended on primary tone

frequency, with mid to high frequencies eliciting the

largest DPOAEs. The effect of frequency was significant
[F(17,255) = 17.95, p \ 0.001]. DPOAE amplitudes were

similar for birds in breeding and non-breeding conditions

across all frequencies (mean ± SEM -9.12 ± 0.82 vs.
-8.17 ± 0.83 dB SPL) and did not differ statistically

[F(1,15) = 0.009, p = 0.927]. No significant interactions

were observed (all p [ 0.05).
Although breeding condition did not affect iso-intensity

DPOAE amplitudes, it was possible that seasons/hormones

affected amplitudes across the dynamic range of stimulus
levels. Figure 9b shows DPOAE amplitudes as a function

of the level of the first primary tone (L1). These DPOAEs

were elicited while F2 was held constant at 7 kHz. This F2
value was chosen because it elicited relatively strong

DPOAE amplitudes at 70 dB (see Fig. 9a). DPOAE

amplitudes were similar for males and females across
stimulus levels [F(1,15) = 2.35, p = 0.146); we again

pooled their data for analysis. DPOAE amplitudes

increased with higher stimulus levels; this effect was
significant [F(14,210) = 141.8, p \ 0.001]. DPOAE

amplitudes were similar, however, for birds in breeding

and non-breeding conditions across all stimulus levels
[F(1,15) = 2.62, p = 0.127). No significant interactions

were observed (all p [ 0.2).

While DPOAE thresholds depend on DPOAE ampli-
tudes, other factors can affect threshold independently,

such as the level of the noise floor. This fact raised the

possibility that breeding condition affected DPOAE
thresholds without directly affecting DPOAE absolute

amplitude measurements. To address this issue, DPOAE

thresholds were measured for six F2 frequencies that were
also used in the ABR minimum audibility paradigm (1, 2,

3, 4, 6 and 8 kHz). Figure 9c shows DPOAE threshold as a
function of F2 frequency. In addition, males and females

had similar threshold values (mean ± SEM, 51.9 ± 2.89

vs. 60.2 ± 3.07 dB SPL) that did not differ statistically

Fig. 8 Breeding condition does not affect processing of temporally
variable stimuli. Clicks were presented at three rates with both fixed
and variable inter-click intervals. a Non-breeding males show similar
peak 1 latencies to fixed (gray bars) and variable (black bars) inter-
click intervals for all presentation rates tested. Although breeding
males showed a trend towards longer latencies in general, their
responses to fixed (open bars) and variable (striped bars) stimuli were
also similar. Similar results were found for peak 2 latencies (b) and
inter-peak intervals (c). Data are mean ± SEM. Breeding males
n = 6, non-breeding males n = 4
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(p [ 0.20) and we pooled their data for analysis. In gen-

eral, the frequencies that elicited that highest amplitude
DPOAEs (6–8 kHz) also elicited the lowest thresholds.

The effect of stimulus frequency was significant

[F(5,85) = 15.29, p \ 0.001]. Threshold values of birds in
breeding condition and non-breeding condition were simi-

lar (mean ± SEM 58.1 ± 3.18 vs. 54.9 ± 2.92 dB SPL)

and did not differ statistically [F(1,17) = 0.092, p = 0.77).

Discussion

The main purpose of this study was to determine whether
breeding condition affects auditory processing at the level

of the inner ear and brainstem pathways in a highly sea-

sonal songbird. A robust effect of breeding condition was
found. Birds exposed to breeding-like conditions had

higher ABR thresholds, longer peak latencies, and longer

inter-peak intervals than birds housed under non-breeding-
like conditions. No measurable effects were found for ABR

analyses of frequency resolution or temporal adaptation or

for more peripheral measures of auditory function (otoa-
coustic emissions).

One important note is that while males in this study

demonstrated testosterone levels comparable to male
white-crowned sparrows free living in the wild, females

had much higher estradiol levels than free living birds,

even when housed under non-breeding conditions. While
the exogenous treatment can account for the high estradiol

levels in the breeding condition females, the underlying

cause of elevated estradiol in non-breeding females
remains unclear. It is possible that the ELISA kit used to

measure estradiol levels detected endogenous estrogen-like

compounds in the white-crowned sparrow plasma, giving
artificially high measurements, although this explanation

seems unlikely given that stripped and spiked white-

crowned sparrow plasma dilutions paralleled the kit’s
standard curves. Alternatively, the social environment of

the non-breeding females may have been a contributing

factor. It is known that experimentally elevating hormone
levels in female white-crowned sparrows can increase the

hormone levels of their mates (Moore 1982). Many of the

non-breeding females in this study were housed in single-
sex aviaries before experimentation, and unidentified social

or endocrine cues may have elevated estradiol levels in

these birds (it should be noted, however, that birds in
single-sex aviaries always had full visual and auditory

contact with members of the opposite sex). Although the

effect of social interactions between females on their hor-
mone levels has not been addressed in birds, effects of this

type have been documented in other taxa (McClintock

1971). These reports, however, are controversial (see
Schank 2001). It is important to recognize, however, that

Fig. 9 Breeding condition does not affect DPOAE amplitudes or
thresholds. a DPOAE amplitude changes systematically with F2
frequency, but no amplitude differences are observed between
breeding (open circles) and non-breeding (closed circles) birds.
DPOAEs were elicited by iso-intensity primary tones (L1 = 70 dB
SPL) for all frequencies tested. b DPOAE amplitude increases with
increasing stimulus level, but no difference is observed between
breeding (open circles) and non-breeding (closed circles) birds. The
amplitude of the noise floor immediately surrounding the DPOAE
frequency is indicated by the shaded gray area. DPOAEs were
elicited by iso-frequency primary tones (F2 = 7 kHz) for all levels
tested. c DPOAE threshold decreases with increasing stimulus
frequency, but no difference is observed between breeding (open
circles) and non-breeding (closed circles) birds. Data are mean ±
SEM. Breeding birds n = 11 (except n = 8 at 20 and 25 dB SPL in
b); non-breeding birds n = 11 (except n = 7 at 1,000 Hz in c)
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even though we cannot explain the high estradiol levels

measured in this study, our experimental groups did show
large relative differences in estradiol levels (*49 higher

in breeding vs. non-breeding conditions).

Breeding condition affects ABR thresholds

Both male and female white-crowned sparrows showed
significantly higher ABR thresholds when housed under

breeding-like conditions than under non-breeding-like
conditions. On average, this difference amounted to about

8–10 dB, a substantial amount given that a 10 dB ampli-

tude increase is perceived as twice as loud by humans
(Stevens and Poulton 1956). We were careful to verify

ABR threshold estimates in several ways. First, visually

estimated thresholds showed strong correlations with both
blind observer and quantitative estimates. Second, although

ABR threshold estimates are approximately 10–30 dB less

sensitive than behavioral estimates (Borg and Engstrom
1983; Brittan-Powell et al. 2002), the audiograms pre-

sented here are similar in shape to behavioral audiograms

from song sparrows (Melospiza melodia) and swamp
sparrows (Melospiza georgiana) (Okanoya and Dooling

1988). Third, RMSD analysis demonstrated that group

differences in threshold estimates could not be attributed
solely to differences in baseline noise levels. Last, given

the fact that there are numerous reports in the literature of

absolute peak latency delays as a function of hearing loss
(Coats and Martin 1977; Coats 1978; Jerger and Mauldin

1978; Rosenhamer et al. 1981), the fact that breeding

condition birds demonstrated both elevated thresholds and
prolonged peak latencies for all stimuli tested supports the

validity of the threshold differences observed.

The results reported here differ from those of a previous
study that showed no effect of season on ABR thresholds or

latencies (Henry and Lucas 2009). The discrepancy

between the studies may result from a number of different
factors. First, Henry and Lucas used house sparrows

(Passer domesticus), a species that shows much less pro-

nounced seasonal breeding (Nehls 1981) than does the
Gambel’s subspecies of white-crowned sparrow used in our

study. Second, the birds in the Lucas study were divided

into three different groups for seasonal comparisons (those
caught in March–May, June–July and September–Novem-

ber). It is well known, however, that the seasonal fluctua-

tions in hormone levels are not synchronous within the
individuals in a population. Therefore, such comparisons

are more robust when subjects are selected on the basis of

their hormonal and breeding state, rather than by calendar
date (Wingfield and Farner 1978). It is possible that if

Henry and Lucas had measured plasma hormone levels and

examined their data on the basis of that comparison, they
might have observed effects similar to those reported here.

The results of our study also differ from the published

literature in another important way. Previous work has
demonstrated seasonal differences in auditory processing in

other taxa, including both frogs and fish (Goense and Feng

2005; Miranda and Wilczynski 2009a; Sisneros 2009). In
all these cases, sensitivity or frequency tuning has shifted

in a direction that enhances reception of mating calls or

vocalizations during breeding conditions. These findings
led to the a priori hypothesis that white-crowned sparrows

in breeding condition would have greater auditory sensi-
tivity than birds in non-breeding condition. Surprisingly,

the results here demonstrate the opposite of what was

expected; sparrows in non-breeding condition have greater
auditory sensitivity than birds in breeding condition. The

possible behavioral significance and adaptive value of

these findings are discussed below.

Breeding condition affects ABR latencies

Both absolute and inter-peak latencies were prolonged in

breeding condition white-crowned sparrows. Studies of

humans and other mammals suggest that the first peak of
the ABR reflects activity of the auditory nerve (Sohmer

et al. 1974; Buchwald and Huang 1975; Starr and Hamilton

1976; Achor and Starr 1980; Moller et al. 1981; Moller and
Jannetta 1983). Similar wave 1 latencies have been

reported for both mammalian and avian species (Buchwald

and Huang 1975; Achor and Starr 1980; Katayama 1985,
present data; Burkard et al. 1996; Brittan-Powell et al.

2002, 2005) suggesting that the wave 1 generator is the

same for both animal classes. In addition, Brittan-Powell
et al. (2002) demonstrated that wave 1 of the ABR corre-

sponds to the first deflection of the compound action

potential in budgerigars (Melopsittacus undulatus); this
finding supports the notion that wave 1 of the avian ABR

reflects activity of the auditory nerve. The breeding con-

dition increase in white-crowned sparrow wave 1 latencies
therefore suggests a hormonal effect that originates early in

the auditory pathway.

The generator of wave 2 is less clear. Intracranial
recordings, clinical evidence and estimates of conduction

times and synaptic delays suggest that wave 2 of the human

ABR reflects processing in the proximal portion of the
auditory nerve (Moller and Jannetta 1981, 1983; Hall

2007). The lack of such studies in birds and the dramatic

difference in length of the auditory nerve axons in humans
(25 mm, Hall 2007) and songbirds (1–3 mm, personal

communication—E.W. Rubel), however, suggests that this

conclusion does not necessarily apply to avian species.
Additionally confounding is the fact that previous studies

have suggested that components of wave 2 of the avian

ABR actually correspond to wave 3 of the human ABR
(Katayama 1985; Brittan-Powell et al. 2002; Hall 2007),
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which is thought to have multiple brainstem generators

(Hall 2007).
Although no conclusive statement can be made about

the location of the wave 2 generator(s) in this study, much

can still be learned from the effect of breeding condition on
the wave 2 latency. In particular, wave 2 latency values

increased more than wave 1 latencies in breeding condition

birds leading to a significant difference in inter-peak
intervals. Inter-wave latencies reflect signal conduction

times along the auditory pathway (Ponton et al. 1996).
Longer inter-wave latencies therefore suggest that axonal

conduction velocity and/or synaptic transmission is slower

in breeding condition white-crowned sparrows. Possible
mechanisms to explain these findings are discussed below.

Effect of acoustic stimulation on breeding condition
differences

Breeding condition male birds, including white-crowned
sparrows, sing at higher rates than non-breeding males

(Catchpole and Slater 1995; Meitzen et al. 2009a). Birds in

different breeding conditions in our study were held in
separate rooms leading to the possibility that breeding birds

were more acoustically stimulated than non-breeding birds

and that this extra-stimulation contributed to their lower
auditory sensitivity. While we did not formally measure the

differences in singing and calling rates between breeding

and non-breeding birds during housing, breeding females
were often housed in a room with no males. Wild female

white-crowned sparrows rarely sing without testosterone

stimulation, and almost never do so in captivity (Baptista
and Petrinovich 1986) (indeed, the two authors who work

with white-crowned sparrows routinely (EB and MLC)

have never observed a captive female sing under either
breeding or non-breeding conditions). Therefore, breeding

condition females that were housed without males would

be less acoustically stimulated than their non-breeding
counterparts that were housed in rooms with many males.

Conversely, we would expect breeding condition males to

be more stimulated than their non-breeding counterparts.
Because similar ABR findings were observed for males and

females, it is unlikely that differences in acoustic stimu-

lation can explain the differences in auditory sensitivity
reported in this study.

Cellular origins of breeding condition differences

Increased ABR thresholds and prolonged wave 1 latencies

in breeding condition white-crowned sparrows initially
raised the possibility that seasons and hormones act on the

hair cells or other auditory processing components pre-

synaptic to the auditory nerve afferents. Others have sug-
gested similar models (Sisneros et al. 2004; Henry and

Lucas 2009), and hair cells presented themselves as inter-

esting candidates because of their known expression of
hormone receptors in numerous species (Stenberg et al.

1999, 2001; Sisneros et al. 2004; Hultcrantz et al. 2006;

Noirot et al. 2009). The DPOAE analyses, however, do not
support the idea of a functional change at the hair cell level.

DPOAEs, like other types of otoacoustic emissions, are

indices of cochlear function and are now widely used in
clinical diagnostic settings (Harris 1990; Pak et al. 2000;

Akdogan and Ozkan 2006). Changes in DPOAE thresholds
and input–output functions are reliable and valid indicators

of changes in auditory sensitivity (Lonsbury-Martin et al.

1991; Kemp 2002). If preneural changes in auditory
function were responsible for the elevated ABR thresholds

and increased peak 1 latencies found in breeding condition

birds, one would expect to find decreased DPOAE ampli-
tudes and/or increased DPOAE thresholds. No measurable

effect of breeding condition was found for DPOAEs

recorded from male or female birds, suggesting that the
functional change does not occur peripheral to the hair cell-

auditory nerve synapse. It is important to note, however,

that the site of hormone action and the site of the functional
change are not necessarily the same. For example, steroid

hormones have been implicated in the regulation of syn-

aptic signaling (Mitsushima et al. 2009) leading to the
possibility that hormones act on hair cells to modulate

neurotransmitter release at the hair cell–auditory nerve

synapse. Similarly, elevated aromatase expression or
activity in the auditory hair cells of breeding condition

birds may contribute to functional changes at the level of

the auditory nerve, an idea discussed more fully below.
Steroid hormones are well-known regulators of ionic

currents and neurotransmitter receptor expression

(McEwen 1991; Zakon 1998). Hormone binding in
cochlear ganglion cells or auditory nerve fibers could,

therefore, directly affect axon conduction time and intrinsic

excitability leading to the latency and threshold differences
observed here. Anatomical evidence supports this possi-

bility. Positive staining for both ERa and ERb has been

documented in types I and II spiral ganglion cells of mice,
rats and humans (Stenberg et al. 1999, 2001). Similarly,

Forlano et al. found ERa mRNA and aromatase expression

in the auditory nerve fibers of the midshipman fish
(Porichthys notatus); aromatase was also found in the

ganglion cell somata (Forlano et al. 2005). In addition, both

ERa and AR are expressed in the cochlear ganglion cells of
white-crowned sparrows (Wang, Brenowitz and Rubel,

unpublished observations). The contribution of seasonal

and hormonal effects on descending efferent pathways
cannot be ruled out conclusively at this time however.

Male and female white-crowned sparrows showed sim-

ilar changes in auditory processing even though they were
treated with two different hormones (testosterone and
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estradiol). Testosterone can be aromatized to estradiol in

vivo, however, suggesting that estradiol may mediate the
changes observed in both sexes. Previous research has

shown that aromatase expression is elevated in breeding

condition birds (Fusani et al. 2000), and aromatase activity
is highest during the breeding season (Riters et al. 2001;

Soma et al. 2003). In addition, other investigators have

demonstrated that testosterone treatment increases aroma-
tase activity in the central nervous system of quails

(Schumacher and Balthazart 1986), doves (Steimer and
Hutchison 1981), canaries (Fusani et al. 2001) and possibly

white-crowned sparrows (Park et al. 2005). Aromatase is

expressed in the auditory hair cells of zebra finches (Noirot
et al. 2009). Notably, aromatase is also expressed in the

auditory nerve of two species of fish (Gelinas and Callard

1997; Forlano et al. 2005), although it is not yet known
whether this is also true for birds. These findings support

the idea that estradiol production is elevated in breeding

condition male white-crowned sparrows and available to
bind to ERs in the cochlear ganglion cells.

It should be noted that the data presented here may partly

result from steroid independent effects of photoperiod, such
as seasonal regulation of aromatase or steroid receptor

expression (Smith et al. 1997; Soma et al. 1999; Riters et al.

2001; Park et al. 2005). To investigate this possibility fur-
ther, we looked for correlations between hormone level and

ABR thresholds and latencies (Supplementary Figs. 2, 3).

Although some of the latency measures significantly cor-
related with hormone levels in males, we observed no sig-

nificant correlations for females, nor for ABR thresholds in

either sex. These findings suggest that steroid independent
effects of photoperiod may play a role in the regulation of

auditory processing. One cannot necessarily rule out hor-

mones as a causal factor, however; an alternative possibility
is that after a threshold hormone concentration is reached, a

physiological response occurs which then levels-off when

the concentration reaches a ceiling level. This model seems
to explain seasonal changes in the morphology and elec-

trical activity of neurons in the telencephalic song control

nuclei (Brenowitz 2008).

Behavioral significance

We predicted that auditory thresholds would be lower in

breeding condition birds than in non-breeding birds, but

observed the opposite pattern. The thresholds observed in
white-crowned sparrows exposed to breeding-like condi-

tions (ranging from 25 to 90 dB SPL) are not outside the

range of ‘normal’ thresholds of other songbirds (Dooling
et al. 2000) suggesting that these findings may best be

interpreted as enhanced sensitivity during the non-breeding

season rather than impaired hearing during the breeding
season.

One possible explanation for this finding relates to

seasonal changes in vocal production. White-crowned
sparrow song is known to be shorter, more variable, and

less frequently produced outside the breeding season

(Meitzen et al. 2009a). In addition, non-breeding song is
produced at lower amplitudes (Supplemental Fig. 4). Pre-

vious work in other avian species has indicated that song

may serve as a flocking and/or roosting signal in birds that
form social groups outside the breeding season (Brenowitz

1981). If non-breeding song plays a similar role in white-
crowned sparrows, then increased auditory sensitivity may

facilitate group cohesion in the non-breeding period. Future

work should address this issue and other perceptual
implications of seasonal/hormonal effects on auditory

processing.

Summary of results

To summarize, we found that birds housed under breeding-

like laboratory conditions had higher ABR thresholds,

longer peak latencies, and increased inter-peak intervals.
As measured by ABR methods, temporal processing and

frequency tuning were unaffected by breeding state. In

addition, otoacoustic emissions appeared to be unaffected
by breeding state.
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Tait Sanchez J, Wang Y, Rubel EW, Barria A. Development of
glutamatergic synaptic transmission in binaural auditory neurons. J
Neurophysiol 104: 1774–1789, 2010. First published July 28, 2010;
doi:10.1152/jn.00468.2010. Glutamatergic synaptic transmission is
essential for binaural auditory processing in birds and mammals.
Using whole cell voltage clamp recordings, we characterized the
development of synaptic ionotropic glutamate receptor (iGluR) func-
tion from auditory neurons in the chick nucleus laminaris (NL), the
first nucleus responsible for binaural processing. We show that syn-
aptic transmission is mediated by AMPA- and N-methyl-D-aspartate
(NMDA)-type glutamate receptors (AMPA-R and NMDA-R, respec-
tively) when hearing is first emerging and dendritic morphology is
being established across different sound frequency regions. Puff
application of glutamate agonists at embryonic day 9 (E9) revealed
that both iGluRs are functionally present prior to synapse formation
(E10). Between E11 and E19, the amplitude of isolated AMPA-R
currents from high-frequency (HF) neurons increased 14-fold. A
significant increase in the frequency of spontaneous events is also
observed. Additionally, AMPA-R currents become faster and more
rectifying, suggesting developmental changes in subunit composition.
These developmental changes were similar in all tonotopic regions
examined. However, mid- and low-frequency neurons exhibit fewer
spontaneous events and evoked AMPA-R currents are smaller, slower,
and less rectifying than currents from age-matched HF neurons. The
amplitude of isolated NMDA-R currents from HF neurons also increased,
reaching a peak at E17 and declining sharply by E19, a trend consistent
across tonotopic regions. With age, NMDA-R kinetics become signifi-
cantly faster, indicating a developmental switch in receptor subunit
composition. Dramatic increases in the amplitude and speed of glutama-
tergic synaptic transmission occurs in NL during embryonic develop-
ment. These changes are first seen in HF neurons suggesting regulation
by peripheral inputs and may be necessary to enhance coincidence
detection of binaural auditory information.

I N T R O D U C T I O N

In many brain regions, excitatory responses mediated by
postsynaptic ionotropic glutamate receptors (iGluRs) are re-
quired for correct circuit formation and maturation (Espinosa et
al. 2009; Hall and Ghosh 2008). During synaptic development,
iGluRs often show remarkable modifications in their biophys-
ical properties (Carmignoto and Vicini 1992; Esteban et al.
2003; Kumar et al. 2002; Quinlan et al. 1999; Tovar and
Westbrook 1999), which coincide with changes in synaptic
growth and pruning (Cline and Haas 2008) as well as alter-
ations in dendritic structure and circuit refinement (Lichtman
and Colman 2000). Typically, the AMPA-type glutamate re-
ceptor (AMPA-R) is necessary for rapid synaptic transmission,

whereas the N-methyl-D-aspartate (NMDA)-type glutamate re-
ceptor (NMDA-R) mediates a slower excitatory response
thought to be critical for modulating synaptic function (Dingle-
dine et al. 1999). Interestingly, little is known about the
developmental role of iGluRs in the avian binaural auditory
system, a relatively simple circuit extensively studied with
respect to the development of structure and function.

In birds, nucleus laminaris (NL) is a third-order auditory brain
stem structure responsible for binaural sound processing. The cell
body layer of NL neurons are arranged according to the optimal
frequency response of the neuron (i.e., tonotopic organization)
and contain segregated dorsal and ventral aspiny dendrites that
exhibit a systematic gradient in dendritic length (Fig. 1A) that runs
parallel to this tonotopic axis (Parks and Rubel 1978; Smith and
Rubel 1979). Functionally, mature NL neurons are highly special-
ized for encoding temporal information of sound (Kuba et al.
2006). These neurons possess a variety of physiological special-
izations (Kuba et al. 2005) that facilitate coincidence detection
(Kuba et al. 2002a,b, 2003) thought essential for binaural hearing
(Hyson 2005; Young and Rubel 1983).

Soon after synapses form [!embryonic day 10 (E10)], excita-
tory postsynaptic potentials (EPSPs) from NL neurons become
extremely fast (Gao and Lu 2008) to enhance the ability of NL
neurons to act as binaural coincident detectors (Raman et al. 1994;
Reyes et al. 1996; Trussell 1997, 1999). This sharpening of the
EPSP soon after synaptogenesis has been interpreted as a loss in
the NMDA-R mediated component (Gao and Lu 2008), consistent
with previous reports of the absence of NMDA-R responses later
in development ("E16) (Funabiki et al. 1998; Zhou and Parks
1991). However, during this embryonic period of rich dendritic
elaboration and circuit refinement, NMDA-Rs have clearly been
shown, in NL (Tang and Carr 2004). Moreover, different
NMDA-R subunits have specific temporal patterns of expression
(Tang and Carr 2007), suggesting the presence of NMDA-Rs with
different biophysical properties during the developmental period
when the tonotopic gradient is being established.

In this report, we characterize the developmental profile and
functional expression of iGluRs in NL neurons. We report
dramatic changes in both AMPA-R and NMDA-R responses
occurring differentially across the tonotopic gradient during a
period when synapses are forming, specializations and cir-
cuitry are established, and hearing is emerging.

M E T H O D S

Slice preparation

Acute brain stem slices were prepared from White Leghorn chicken
(Gallus domesticus) embryos at E9, E10, E11, E13, E15, E17, and E19
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as described previously (Howard et al. 2007; Monsivais et al. 2000). The
brain stem was dissected and isolated in ice-cold (!0°C) oxygenated
low-Ca2# high-Mg2# modified artificial cerebral spinal fluid (ACSF)
containing the following (in mM): 130 NaCl, 3 KCl, 1.25 NaH2PO4, 26
NaHCO3, 4 MgCl2, 1 CaCl2, and 10 glucose. ACSF was continuously
bubbled with a mixture of 95% O2-5% CO2 (pH 7.4, osmolarity:
295–310 mosM/l). The brain stem was blocked coronally, affixed to the
stage of a vibratome slicing chamber (Technical Products International,
St. Louis, MO) and submerged in the ice-cold ACSF. Bilaterally sym-
metrical coronal slices were made (200–300 !m thick), and approxi-
mately one to six slices (depending on age) containing NM and NL were
taken along the caudolateral to rostromedial axis, roughly representing
the low- to high-frequency regions of NL, respectively.

Slices were then collected in a holding chamber and allowed to
equilibrate for 1 h at 36°C in normal ACSF containing the following (in
mM): 130 NaCl, 3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 1 MgCl2, 3 CaCl2,
and 10 glucose. Normal ACSF was continuously bubbled with a mixture
of 95% O2-5% CO2 (pH 7.4, osmolarity: 295–310 mosM/l). Slices were
then allowed to cool to room temperature for 30 min before being
transferred from the holding chamber to a 0.5 ml recording chamber
mounted on either a Zeiss Axioskop FS (Oberkochen, Germany) or an
Olympus BX51W1 (Center Valley, PA) microscope for electrophysio-
logical experiments. Microscopes were equipped with CCD cameras with
$40 and $60 water-immersion objectives and infrared differential in-
terference contrast optics. The recording chamber was superfused con-
tinuously with room temperature (monitored at !21°-22°C), oxygenated
normal ACSF at a rate of 1.5–2 ml/min.

Whole cell electrophysiology

Patch pipettes were pulled to a tip diameter of 1–2 !m that had
resistances ranging from 3 to 6 M% when filled with a cesium-based

internal solution containing the following (in mM): 108 CsMeSO3, 5
CsCl, 1 MgCl2, 15 phosphocreatine-Tris2, 8 BAPTA-Cs4, 10 HEPES,
3 QX-314.Cl, 4 MgATP, and 0.4 Tris2GTP, pH adjusted to 7.3 with
TrisOH. Voltage-clamp experiments were performed using either an
Axoclamp 200B (Molecular Devices, Foster City, CA) or an Axon
Multiclamp 700B amplifiers (Molecular Devices). For selected exper-
iments, 2% neurobiotin was added to the internal solution for labeling
of cells along the tonotopic axis (see following text). The Cs-based
internal solution was used to block K# conductances and QX-314.Cl
was used to block Na# conductances in an attempt to reduce space-
clamp issues associated with dendritic filtering. Command voltages
during experiments were corrected for a calculated liquid junction
potential of 5 mV, and series resistance was compensated for by
!80% in all voltage-clamp recordings. A small hyperpolarizing (&1
to &5 mV, 100 ms) voltage command was presented at the beginning
of each recorded trace to document and monitor whole cell parameters
[resting membrane potential (RMP), cell membrane capacitance, se-
ries resistance, and input resistance]. RMPs were measured immedi-
ately after break-in to avoid cesium-induced depolarization. Neurons
were included in the data analysis only if they had RMPs between
&50 and &65 mV and had series resistances '15 M%. Raw data were
low-pass filtered at 2 kHz and digitized at 10 kHz using a data
acquisition interface ITC-18 (Instrutech, Great Neck, NY) or a Digi-
data 1440A (Molecular Devices).

Pipettes were visually guided to NL, and neurons were identified
and distinguished from surrounding tissue based on cell morphology,
known laminar structure, and location of the nucleus within the slice.
After a G% seal was attained, membrane patches were ruptured and
NL neurons were held in whole cell configuration at &60 mV for
recording of isolated AMPA-R mediated excitatory postsynaptic cur-
rents (EPSCs) or at #40 mV for recording of isolated NMDA-R
mediated EPSCs. Isolated AMPA-R currents were recorded in the
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FIG. 1. Anatomical and physiological verification of
recording sites along the tonotopic axis in nucleus
laminaris (NL). A: dendritic gradient is parallel to the
tonotopic gradient. Alexa 488 filled NL neurons from
E19 tissue illustrate dendritic gradient across high-
mid-, and low-frequency neurons (HF, MF, and LF,
respectively). B: measured cell membrane capacitance
(CM) for neurons located in the HF, MF, and LF regions
(pooled across ages). C: group data summarizing dif-
ferences in membrane capacitance across age and fre-
quency regions. Increases in capacitance at E13 likely
reflects an initial growth in cellular surface area, fol-
lowed by pruning and thinning of dendrites at older ages
(Smith 1981). NFR, no frequency region representation,
diamonds at E9. D: neurobiotin labeled E13 neuron
from the HF region of NL (sector 2, see METHODS). D,
dorsal; M, medial. Inset: higher magnification. E: CM of
E13 neurons recorded from HF and LF regions. Black
circle in the HF bar graph represents individual data
point from the neuron filled and recorded from in D and
F, respectively. Similar to pooled data across age (B),
neurons located in the HF region had significantly lower
CM compared with LF neurons. F: evoked response in
whole cell configuration from cell in D. Biophysical
properties were similar to data reported for age-matched
E13 neurons (see Figs. 3, 5, and 6). Max EPSC, max-
imum excitatory postsynaptic current; tau, decay time
constant fit with a single exponential (superimposed
gray line); RI, rectification index (see METHODS). In this
and subsequent figures, traces are averaged across
20–50 stimulus presentations and stimulus artifacts re-
moved for clarity. Numbers in bar graphs or in paren-
theses indicates n. Means ( SE shown. Single, double,
and triple asterices, P ' 0.05, P ' 0.01, P ' 0.001,
respectively (1-way ANOVA, Tukey unpaired post hoc
t-test).
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presence of an NMDA-R blocker D-2-amino-5-phosphonopentanoic acid
(D-APV, 100 !M), and isolated NMDA-R currents were recorded in the
presence of AMPA-R blockers 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo-
[f]quinoxaline-7-sulfonamide disodium salt hydrate (NBQX, 20 !M) or
6,7-dinitroquinoxaline-2,3(1H,4H)-dione (DNQX, 50 !M). All experi-
ments were conducted in the presence of GABAA-R blockers bicuculine
methiodide (BIC, 50 !M), SR-95331 (gabazine, 10 !M), or picrotoxin
(PTX, 100 !M).

Extracellular synaptic stimulation was accomplished using a con-
centric bipolar electrode (tip core diameter ) 200 !m, World Preci-
sion Instruments, Sarasota, FL). Square electric pulses, 100 !s in
duration, were delivered by a stimulus isolator (1850A) and interval
generator (1830; WP Instruments, New Haven, CT) or by an Iso-flux
stimulator (AMPI; Jerusalem, Israel) and interval generator (S88;
Grass, West Warwick, RI). Stimulating electrodes were placed in
either the ventral or dorsal neuropil region of NL, !30–50 !m from
recorded NL neurons. No differences were observed in the size of
maximum ESPC amplitudes or kinetics based on stimulating electrode
placements (dorsal versus ventral). Stimulation current was adjusted
from 0 to 200 !A in steps of 5–10 !A. Input-output functions were
derived for each NL neuron and the stimulus intensity was adjusted to
evoke the maximum EPSC, often resulting in a plateau EPSC re-
sponse, in an attempt to recruit every and all-excitatory inputs from
one side of the brain. This stimulus intensity (mean ) 163 ( 4.8 !A)
never exceeded the output of the stimulus generator and was 20% less
than the maximal intensity tolerated in this slice preparation without
causing hydrolysis or motion of the stimulating electrode tip.

The AMPA-R agonist 2-carboxy-3-carboxymethyl-4-isoprope-
nylpyrrolidine (kainate, 100 !M) and the NMDA-R agonist (R)-2-
(methylamino) succinic acid (NMDA, 500 !M) were puff applied
with a picosprtizer (General Valve, Fairfield, NJ). Puff pipettes were
pulled to a tip diameter of 3–6 !m and filled with ACSF containing
either kainate or NMDA. Puff pipettes were visually guided into close
proximity (!20–40 !m) of the neuron from which recordings were
being made. Pressure pulses used (10–20 psi; 20–50 ms duration) did
not damage neurons or disrupt patch-pipette seals. Isolated AMPA-R
mediated miniature EPSCs (mEPSCs) were recorded with tetrodo-
toxin (TTX, 1 !M) and D-APV added to the external bath ACSF
solution. For experiments where I-V relationships were constructed
for isolated AMPA-R current, N,N-bis(3-aminopropyl)-1,4-diami-
nobutane, gerontine, musculamine, neuridine (spermine, 100 !M), a
polyamine ion channel blocker for AMPA-Rs lacking the GluR2
subunit, was added to the internal pipette solution to reduce dialyzing
endogenous polyamines. To accurately report the NMDA-R decay
time constant (tau), a weighted tau was calculated as previously
described (Rumbaugh and Vicini 1999) using the following formula:
"W ) "F[IF/(IF # IS)] # "S[IS(IF # IS)], where I is the current
amplitude, IF and IS are the peak amplitudes of the fast and slow
components, respectively, and "F and "S are the respective time
constants.

Co2# labeling of GluR2-lacking AMPA-Rs

Procedures for Co2# uptake studies were modified from previous
reports (Estabel et al. 1999; Pruss et al. 1991; Zhou et al. 1995).
Coronal slices (500-!m-thick) through NL were prepared from E11,
E15, E19, and E21 embryos and P5 hatchlings as described in the
preceding text and collected in oxygenated ACSF. Slices were prein-
cubated in 5 mM CoCl2 for 20 min before the addition of kainate (100
!M; Sigma, St. Louis, MO) for another 20 min. For control cases,
slices were either incubated in CoCl2 only or incubated in both CoCl2
and Kainate and 50 !M DNQX. Slices were then washed in ACSF for
5 min. Extracellular cobalt was removed by a 10-min incubation in 2
mM EDTA to reduce background. Slices were washed twice in ACSF
each for 5 min before being developed in 1.2% (wt/vol) ammonium
sulfide for 10 min. After two 5-min washes in ACSF, slices were fixed
in 4% paraformaldehyde in 0.1 M phosphate buffer for 2–5 h. Slices

were cryoprotected in 30% sucrose in 0.1 M phosphate buffer over-
night and then resectioned at 30 !m on a freezing sliding microtome.
Sections were mounted on gelatin-coated slides and then dehydrated,
cleared, and coverslipped with DPX mounting medium (EMS, Hat-
field, PA).

Digital images of selected sections with cobalt staining were
captured with a Zeiss AxioPlan 2ie equipped with a Coolsnap HQ
monochrome digital camera (Princeton Instruments, Trenton, NJ)
through a No. 22 Wratten filter and collected in Slidebook (version
4.0.2.8; Intelligent Imaging Innovations, Denver, CO). Image contrast
and brightness adjustments were made in Adobe Photoshop (Adobe
Systems, Mountain View, CA).

Anatomical verification of recorded neurons along the
tonotopic gradient in NL

Characteristic frequencies (CFs) of NL neurons increase linearly
from the caudolateral to the rostromedial pole (Parks and Rubel 1975).
To verify the anatomical region of NL recordings, one to six coronal
slices containing the entire extent of NL were obtained from each
animal. The number of slices was dependent on the age of the animal
(see following text). The level of each slice was confirmed by the
arrangement of NL and adjacent NM. Anatomical verification of
recorded neurons along the tonotopic gradient in NL was determined
based on previous studies (Parks and Rubel 1975, 1978; Smith and
Rubel 1979; Smith 1981). In addition to recording the rostrocaudal
position, each coronal slice was divided into one to four sectors,
depending on their mediolateral position within NL (Kuba et al.
2005). This procedure allowed us to define !11 sectors for NL in each
preparation for animals E13–E19. Using this procedure, three CF
regions were defined as follows: rostral sectors 1–4 as the high-
frequency (HF) region, intermediate sectors 5–8 as the middle-
frequency (MF) region, and caudal sectors 9–11 as the low-frequency
(LF) region. This corresponds to predicted CFs of 2.5–3.3 kHz for the
HF region, 1–2.5 kHz for the MF region, and 0.4–1 kHz for the LF
region, respectively (Kuba et al. 2005; Parks and Rubel 1975, 1978).
However, due to the small size of embryonic brain stem tissue at E9, we
obtained only one to two slices per animal, and no tonotopic information
was gathered at this age. Similarly, only two slices were consistently
obtained for E11 tissue. As a result, six sectors were used to define only
the HF and LF tonotopic regions at E11. Rostral slices were divided into
sectors 1–3 (HF regions) while caudal slices were divided into sectors
4–6 (LF regions). In addition, cell membrane capacitance (CM) was
determined for each neuron within a given sector to further correlate
neuron size with tonotopic location with the assumption that HF neurons
would have smaller CM compared with LF neurons based on dendritic
size. CM was calculated based on a steady-state current response elicited
by a small hyperpolarizing voltage command (&1 to &5 mV) after whole
cell capacitance compensation. Neurons recorded from the LF region
(sectors 9–11) of NL had significantly larger CM than MF and HF
neurons (sectors 1–4, and 5–8, respectively, P ' 0.05, Fig. 1B). This
result was consistent across developmental ages (Fig. 1C). To further
confirm recorded position from individual NL neurons, 2% neurobiotin
was included in the recording pipette solution to visualize dendritic length
along tonotopic regions of NL. Slices that contain labeled neurons were
fixed by immersion in 4% paraformaldehyde in PB overnight and
visualized with 3-3=-diaminobenzidine (DAB). An example of an
AMPA-R mediated EPSC recorded from a neurobiotin labeled E13 HF
neuron (from sector 2) is shown in Fig. 1, D–F. The single cell body layer
and neuropil region of the nucleus is identifiable and the short bitufted
dendrites of the labeled NL neuron are visible (Fig. 1D). The measured
CM for this neuron was significantly smaller than LF neurons recorded
from the same developmental age (Fig. 1E). Additionally, the physiologic
response properties (i.e., maximum EPSC amplitude, decay tau, and
rectification index) of this neuron are representative of an E13 HF neuron
(Fig. 1F, compare with Figs. 3, 5, and 6).
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Data analysis

Recording protocols were written and run using either the Axo-
graph acquisition and analysis software (version 4.5; Molecular De-
vices) or the Clampex acquisition and Clampfit analysis software
(version 10.1; Molecular Devices). mEPSCs were detected using a
template, the kinetics (i.e., 10–90% rise-time and decay time con-
stant) of which resembled that of a typical AMPA-R mediated
mEPSC. A detection threshold was set at 5 pA, and all events were
analyzed using mini-analysis software (Synaptosoft, Fort Lee, NJ).
Statistical analyses (ANOVAs, post hoc test, t-test, regression analy-
sis) and graphing protocols were performed using Prism (GraphPad
versions 5.0a, La Jolla, CA). The standard for significant differences
was defined as P ' 0.05. All graphic representations of data illustrate
means ( SE. Tables represent means ( SD. The number of obser-
vations (n) contributing to each mean is reported in parentheses or
inside bar graphs for each figure.

Reagents

All bath applied drugs were allowed to perfuse through the recording
chamber for !2 min before subsequent recordings. D-APV, NBQX,
DNQX, kainate, NMDA, BIC, gabazine, spermine, and all other salts and
chemicals were obtained from Sigma-Aldrich (St. Louis, MO). N,N,N,-
rimethyl-5-[(tricyclo[3.3.1.13,7]dec-1-ylmethyl)amino]-1-pentanamini-
umbromide hydrobromide (IEM-1460, 100 !M), (aR,bS)-a-(4-
hydroxyphenyl)-b-methyl-4-(phenylmethyl)-1-piperidinepropanol mal-
eate (Ro25-6981, 1 !M), and PTX were obtained from Tocris (Ellisville,
MO). TTX and QX-314 were obtained from Alomone Labs (Jerusalem,
Israel).

R E S U L T S

We characterized the biophysical properties of AMPA-R
and NMDA-R mediated EPSCs across developmental age and
tonotopic regions in NL. A total of 208 NL neurons were
recorded from slice preparations taken at E9 (n ) 6), E10 (n )
4), E11 (n ) 27), E13 (n ) 62), E15 (n ) 34), E17 (n ) 45),
and E19 (n ) 30) chicken embryos. We describe dramatic
changes in synaptic responses mediated by iGluRs during a
time period when hearing is first emerging and dendritic
morphology is being established across the tonotopic gradient.

Onset of iGluR responses

We observe physiologically functional iGluRs as early as
NL neurons were reliably identifiable in brain stem slices (E9).
Interestingly, the presence of iGluRs is evident as early as E7
in nucleus magnocellularis (NM) (Diaz et al. 2009), suggesting
that iGluRs are present in both NM and NL prior to synapto-
genesis. At E9 in NL, relative dendritic homogeneity is ob-
served across different tonotopic regions (Smith and Rubel
1979; Smith 1981) and postsynaptic action potentials are not
evoked by stimulation of afferent inputs from NM axons
(Jackson et al. 1982). Puff application of an NMDA-R agonist
(NMDA, 500 !M), while voltage clamping NL neurons at #40
mV, elicited a robust outward current that was reversibly
blocked by bath application of the NMDA-R antagonist D-APV
(Fig. 2A1). Likewise, puff application of an AMPA-R agonist
(kainate, 100 !M), while voltage clamping E9 NL neurons at
&60 mV, elicited a strong inward current that was susceptible
to bath application of the AMPA-R antagonist NBQX (Fig.
2A2). These robust iGluR currents to puff applications of
agonists were always observed, while electrical stimulation of

afferent excitatory inputs from NM never elicited an EPSC in
all neurons tested at E9 (n ) 6), consistent with observations
previously reported (Jackson et al. 1982). In contrast, synapti-
cally evoked iGluR-mediated EPSCs were present !75% of
the time at E10 (data not shown). These results indicate that
both AMPA-Rs and NMDA-Rs are functionally present # 1
day before synaptic contacts are established.

Changes in synaptic iGluR responses

At E11, !1 day after synaptogenesis, evoked EPSCs exhib-
ited two clearly discernible peaks when the voltage of the
neuron was held at #40 mV (Fig. 2B1). These dual-component
EPSCs contained both AMPA-R and NMDA-R mediated cur-
rents that could be pharmacologically isolated. Bath applica-
tion of the NMDA-R antagonist D-APV eliminated the slower
response leaving an early and faster component mediated by
the AMPA-R. Subsequent bath application of NBQX com-
pletely eliminated the remaining AMPA-R response (Fig.
2B1). The peak amplitude ratio of the slow EPSC component
(NMDA-R mediated) to the fast EPSC component (AMPA-R
mediated) measured at #40 mV, resulted in an NMDA/AMPA
ratio close to 1 (0.96 ( 0.04; n ) 4). It should be noted that in
our experiments at E11, we never observed NMDA-R only
EPSCs (i.e., silent synapses). This suggests that synaptogenesis
in NL is initiated with both iGluRs present, similar to what has
been described for developing NM (Lu and Trussell 2007), and
is in contrast to observations made at other developing central
synapses (Durand et al. 1996; Isaac et al. 1997; Liao et al.
1995; Rumpel et al. 2004).

The ratio of isolated NMDA-R responses recorded at #40 mV
to isolated AMPA-R responses recorded at &60 mV (Fig. 2B, 2
and 3) showed a similar value as the ratio of the two peaks
observed at #40 mV (0.94 ( 0.08; n ) 11). These results suggest
that AMPA-Rs do not rectify at E11 and that NMDA-R mediated
currents are of similar magnitude as AMPA-R mediated currents.
In contrast, at E19, when synaptic responses are considered to be
nearly mature (Kuba et al. 2002a), a significant difference in the
contribution of AMPA-Rs and NMDA-Rs is clearly observed.
The NMDA/AMPA ratio recorded at #40 mV was 0.28 ( 0.10,
largely due to an increase in the AMPA-R component with little
change in the NMDA-R response (Fig. 2C1; note different scale
bar values). Moreover, the ratio of isolated NMDA-R responses
recorded at #40 mV to isolated AMPA-R responses recorded at
&60 mV was 0.04 ( 0.03 due to an even larger AMPA-R
mediated current observed at &60 mV (Fig. 2C, 2 and 3). This
difference in the amplitude of the AMPA-R current at hyperpo-
larized and depolarized membrane potentials suggest that at older
ages the AMPA-R rectifies.

These data indicate that, initially, currents mediated by
AMPA-Rs and NMDA-Rs are comparable (Fig. 2B, 1–3). How-
ever, the contribution of each receptor changes dramatically
within a few days. The AMPA-R current increases significantly
(Fig. 2, B2 and C2, note different scale bars), a classic indicator of
synaptic maturity (Carmignoto and Vicini 1992; Hestrin 1992),
while the NMDA-R current peaks at E17 (see Fig. 8), then is
reduced at E19 to a similar level as E11 (Figs. 2, B3 and C3, and
8). Specific changes in both AMPA-R and NMDA-R responses
across age and tonotopic regions are discussed in greater detail next.
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Increase in the amplitude of evoked AMPA-R
mediated EPSCs

To study changes in the amplitude of evoked glutamatergic
EPSCs across different embryonic days and tonotopic regions, a
maximal stimulation protocol was used to allow comparisons
across tonotopic regions within an age and differences across age
in the same tonotopic region. Input-output (I/O) functions were
determined for each NL neuron until a plateau was reached (Fig. 3A),
indicating that most, if not all, excitatory inputs from one NM
have been recruited (see METHODS). The stimulus intensity chosen
to evoke maximum AMPA-R currents was determined from
individual I/O curves such that the stimulation gave a reliable

maximum response. The example in Fig. 3A shows an E13 neuron
recorded from the HF region of NL. Note that increases in
stimulus intensity resulted in stepwise increase in amplitude of
EPSCs. We also observed no failures at minimal stimulation
levels, consistent with a high probability of release. The arrow
in Fig. 3A indicates the intensity used to obtain a maximum
response. This stimulus intensity never exceeded the output of
the stimulus generator. When recorded in this fashion, neurons
from the HF region of NL showed a significant increase in the
amplitude of maximally evoked AMPA-R mediated EPSCs
with age. Example traces of maximum AMPA-R responses
recorded from the HF region of E13, E15, and E17 NL neurons
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FIG. 2. Developmental changes in ionotropic glutamate receptor (iGluR) currents. Example traces of whole cell recordings from E9, E11, and E19 NL
neurons. Recovery traces not shown for clarity. A1: puff application of N-methyl-D-aspartate (NMDA, 500 !M, bar) at E9 elicited an outward current (black
trace; voltage-clamp ) #40 mV) that was blocked by D-2-amino-5-phosphonopentanoic acid (D-APV, 100 !M, gray trace). A2: puff application of kainate (100
!M, bar) at E9 elicited an inward current (black trace; voltage clamp ) &60 mV) that was blocked by 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-
7-sulfonamide disodium salt hydrate (NBQX, 20 !M, gray trace). B1: EPSCs are mediated by AMPA and NMDA receptors (AMPA-Rs and NMDA-Rs) at E11.
Stimulation of afferent fibers with a bipolar electrode (see METHODS) produced a dual component EPSC (IAMPA#NMDA, black trace). Application of D-APV
eliminated the late response leaving an early component mediated by the AMPA-R (IAMPA-R, gray trace). Subsequent application of NBQX completely eliminated
the AMPA-R response (thick gray trace). B, 2 and 3: isolated AMPA-R and NMDA-R mediated EPSCs at E11 (black traces in B, 2 and 3, respectively) were
reversibly blocked by bath application of their respected antagonist (NBQX and D-APV; gray traces). C1: EPSCs are mediated by AMPA-Rs and NMDA-Rs
at E19. Dual-component EPSCs recorded as in B (IAMPA#NMDA, black trace). Application of NBQX eliminated the early response leaving a late component
mediated by the NMDA-R (INMDA-R, gray trace). Subsequent application of D-APV completely eliminated the NMDA-R response (light gray trace). C, 2 and
3: isolated AMPA-R and NMDA-R mediated EPSCs at E19. The AMPA-R current at E19 (gray trace in C2) was !10-fold larger than the AMPA-R current
at E11 (black trace in B2; note different scale bar values), while the NMDA-R current at E19 (gray trace in C3) was nearly equal in size compared with the
NMDA-R current at E11 (black trace in B3). Dash lines in C, 2 and 3, represent baseline.
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are shown in Fig. 3B. For HF neurons, AMPA-R responses
increased 14-fold from E11 to E17. This profile was similar—
albeit with less degree of change—at different tonotopic re-
gions of NL. That is, MF neurons resulted in a modest yet
significant twofold increase from E13 to E17, and LF neurons
resulted in a sixfold increase from E11 to E17. Significant
changes in maximum amplitude were not seen after E17.
Similar results were obtained using a minimal stimulation
protocol of afferent inputs from NM as determined by individ-
ual I/O functions (data not shown), further supporting the
results that the amplitude of AMPA-R mediated EPSCs in-
creased from E11 to E17, becoming relatively stable by E19.

Neurons recorded from the HF region of NL always had
larger EPSCs compared with age-matched neurons recorded

from LF regions. Example traces recorded from the HF and LF
regions from the same NL at E13, E15, and E17 are shown in
Fig. 3C. Similar results were obtained using a minimal stimu-
lation protocol. Population data are summarized in Fig. 3D and
show significant increases in the maximum AMPA-R response
with age and across tonotopic regions in NL.

Although we cannot rule out the possibility of space-clamp
issues associated with dendritic filtering as a possible explana-
tion for the decrease in EPSC amplitude across different
tonotopic regions (there is nearly a 10-fold gradient in dendritic
length that runs parallel to the tonotopic axis), we believe that
this is not the case. The rise time of EPSCs, measured at
10–90%, were rapid at all ages (Table 1, pooled average )
0.82 ( 0.21 ms, n ) 88), and differences in rise times across

TABLE 1. AMPA-R rise time across development and tonotopic regions in NL

E11 E13 E15 E17 E19

HF 1.18 ( 0.25 (6) 0.81 ( 0.27 (8) 0.71 ( 0.18 (9) 0.59 ( 0.19 (8) 0.47 ( 0.05 (5)
MF 1.07 ( 0.19 (8) 0.83 ( 0.21 (6) 0.77 ( 0.09 (3) 0.52 ( 0.11 (3)
LF 0.95 ( 0.22 (5) 1.07 ( 0.36 (9) 0.98 ( 0.31 (9) 0.89 ( 0.29 (5) 0.66 ( 0.19 (4)

Mean ( SD is shown. HF, MF, and LF represent information from the high-, mid-, and low-frequency regions of nucleus laminaris (NL), respectively. Number
of neurons indicated in parentheses.
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FIG. 3. Isolated AMPA-R currents increase with age and across tonotopic regions. A: isolated AMPA-R mediated EPSCs plotted as a function of stimulus intensity
(average of 5 trials; open circles) recorded from the HF region of an E13 NL neuron. Arrow indicates stimulus intensity used to determine maximum AMPA-R current
(filled circle). B: maximum AMPA-R mediated EPSC peak amplitude increases with age. Example traces recorded from the HF region of E13 (E13HF, black trace; same
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membrane potential at &60 mV C: maximum AMPA-R mediated EPSC peak amplitude increases across tonotopic regions for age-matched neurons. Example traces
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tonotopic regions were not significant at any age. Moreover,
there is no correlation in amplitude and rise time at any age
(pooled correlation coefficient ) 0.24, n ) 88). In addition, we
routinely monitored the reversal potential of AMPA-R cur-
rents. Only neurons with reversals potential near 0 mV were
used in the analysis. Further evidence against dendritic filtering
is discussed in upcoming sections. It should also be noted that
we were unable to reliably record MF neurons from E11 NL
slices due to the relatively small nucleus compared with E13
and older tissue. Therefore only neurons sampled from the
rostromedial and caudolateral regions of the nucleus were used
at E11, representing HF and LF neurons, respectively (see
METHODS).

Increase in the frequency of spontaneous AMPA-R mediated
miniature EPSCs

The increase in amplitude of evoked AMPA-R mediated
EPSCs suggests several possibilities: an increase in the number
of synaptic contacts, an increase in density of synaptic AMPA-
Rs, or changes that would affect release probability, i.e., an
increase in presynaptic Ca2# channels. To test some of these
possibilities, we recorded spontaneous miniature AMPA-R
mediated EPSCs (mEPSCs) in the presence of the Na2#-
channel blocker TTX and the NMDA-R antagonist D-APV. A
large increase in the frequency of mEPSCs is observed through
development (Fig. 4 and Table 2), suggesting that an increase
in synaptic contacts account for the increase in evoked EPSCs
observed (Hsia et al. 1998; Petralia et al. 1999). Example traces
are shown in Fig. 4A from E13 and E17 NL neurons recorded
from the HF and LF regions. The inter-event interval signifi-
cantly decreased with age and across tonotopic regions, indi-
cating an increase in the frequency of spontaneous events. The
highest frequency was observed for E17 neurons from the HF
region (Fig. 4, A and B). As expected for an increase in
frequency, the total number of events increased with age and
across different tonotopic regions, with E17 neurons from the
HF region having the most events per neuron (Fig. 4C and
Table 2). Thus the overall mEPSC frequency increased !10-
fold from E13 to E17, a slightly smaller increase than that of
the maximum amplitude of the evoked EPSC for the same age
period.

The mEPSCs 10–90% rise times were quite rapid and
differences in rise times across age and tonotopic regions were
not significant (Fig. 4D and Table 2, P ) 0.89). Surprisingly,
differences in decay tau across age and tonotopic regions were
also not significant despite a twofold increase in decay tau
across the same developmental time period of evoked EPSCs
(Fig. 4D, P ) 0.57, see next section). There was no correlation
between mEPSC amplitude and rise time at any age (pooled
correlation coefficient ) 0.04), suggesting that dendrites did
not compromise the control of membrane voltages despite
differences in dendritic length across tonotopic regions of NL.
In addition, the amplitude of mEPSCs did not significantly
change across ages (Fig. 4D and Table 2, P ) 0.92), and the
population data showed stable amplitude histograms across age
and tonotopic region (Fig. 4C).

To probe for changes in release probability, we evoked
pairs of EPSCs at 100 ms apart. Strong paired pulse synaptic
depression was observed as early as E13 (Fig. 4E) and
changes in the paired-pulse ratio (2nd EPSC/1st EPSC) did

not decrease with age (Fig. 4, E and F), suggesting that the
probability of release remains constant throughout this de-
velopmental period. In addition, we observed a low coeffi-
cient of variation (CV) in the amplitude of evoked EPSCs
that remained constant across development. The data indi-
cate that no changes in the probability of release occur
during this development period.

Although we cannot rule out an increase in receptor density,
the large increase in mEPSC frequency is sufficient to account
for the large increase in AMPA-R synaptic transmission. Our
results suggest that older neurons located in the HF region
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FIG. 4. Frequency of isolated AMPA-R miniature EPSCs (mEPSCs) in-
crease with age and across tonotopic regions. A: representative AMPA-R
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region (E17HF, red trace; E13HF, black trace) and LF region (E17LF, pink trace;
E13LF, gray trace) of the same NL. Spontaneous mEPSCs were recorded in the
presence of 50 !M TTX and 100 !M D-APV. B: cumulative probability plot
shows a significant increase in the inter-event interval of mEPSCs across age
and tonotopic region. C: population data from the HF and LF regions of E17
and E13 NL neurons. Histogram shows similar amplitude distribution across
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contain more synaptic contacts than younger neurons located in
the LF region of NL despite HF neurons being considerably
smaller than LF neurons.

Changes in AMPA-R mediated EPSC kinetics

In several brain regions, the AMPA-R component of evoked
EPSCs shows striking developmental changes in kinetics, an
effect accounted for by alterations in the AMPA-R subunit
composition (Dingledine et al. 1999; Lu and Trussell 2007;
Sabatini and Regehr 1999). We also observe a clear accelera-
tion in the AMPA-R mediated EPSC decay tau during devel-
opment and across different tonotopic regions (Fig. 5). After
normalization of the peak amplitude, a single exponential was
fit to the falling phase of the EPSC for an E11 and E19 neurons
recorded from the HF region of NL (Fig. 5A). The resulting
decay tau was 2.5-fold faster for the E19 neuron than the E11
neuron. Similarly, EPSC 10–90% rise times significantly de-
creased with age and were quite rapid (Table 1, P ' 0.0001).
The changes in EPSCs kinetics (decay tau and rise times) were

similar for recordings using the minimal stimulation protocol
(data not shown).

Interestingly, differences in kinetics across the tonotopic
region at any given age were less consistent. There were no
significant differences in decay tau or rise times between HF
and LF neurons at E11 (tau, P ) 0.71; rise, P ) 0.14).
However, significant differences in decay tau were observed
between HF and LF neurons at E13 through E17 (P ' 0.05).
By E19, when responses were the fastest, differences in
decay tau across tonotopic regions were less obvious and not
statistically significant (P ) 0.63). However, decay tau for
HF neurons was on average faster than LF neurons. Thus
neurons from the HF region always exhibited a faster decay
tau compared with neurons recorded from the LF region
(Fig. 5B). Figure 5B shows example traces recorded from
the HF and LF regions in the same NL at E13, E15, and E17.
For these neurons, the HF decay tau was !1.8-fold (E13),
1.5-fold (E15), and 1.3-fold (E17) faster than the LF decay
tau. It should be noted that several factors control the
kinetics of AMPA-R mediated EPSCs. These factors include

TABLE 2. Summary of numerical data on AMPA-R miniature excitatory postsynaptic currents across specific developmental periods and
tonotopic regions in NL

Events* Amplitude, pA Rise, ms Decay, ms

E13
HF 121 ( 61 (12) &18.11 ( 8.19 (12) 0.38 ( 0.04 (12) 0.99 ( 0.37 (12)
LF 76 ( 47 (4) &19.32 ( 8.12 (4) 0.39 ( 0.02 (4) 1.02 ( 0.86 (4)

E17
HF 374 ( 12 (8) &19.78 ( 8.21 (8) 0.38 ( 0.03 (8) 0.88 ( 0.43 (8)
LF 176 ( 33 (5) &23.20 ( 10.11 (5) 0.39 ( 0.02 (5) 0.99 ( 0.40 (5)

Decay time constant (tau) fit with a single exponential. Number of neurons indicated in parentheses. *Averaged number of events per neurons.
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dendritic filtering, glutamate clearance, and receptor subunit
composition. The lack of differences in the kinetics of
spontaneous mEPSCs across age and tonotopic region (see
Fig. 4D) suggests that factors like glutamate clearance
(Diamond and Jahr 1997) and dendritic filtering (Magee and
Cook 2000; Williams and Mitchell 2008) play a major role
only in evoked responses. Previous reports show clear
differences in the kinetics of AMPA-R mediated currents
between HF and LF neurons (Kuba et al. 2005; Slee et al.
2010). This is likely the result of more physiological tem-
peratures used in the aforementioned studies. We minimized
the influence of glutamate dynamics in the synaptic cleft and
dendritic filtering by recording EPSCs at room temperature
(!21–22°C) to study subunit composition of iGluRs based
on their electrophysiological properties. Control experi-
ments at 35°C indeed show larger differences in kinetics
across tonotopic regions at older ages (E19; Fig. 5C).
Despite the small changes we observe in decay tau, EPSC
rise times across tonotopic regions between E11 and E19
were stable and not significantly different (Table 1). Popu-
lation data are summarized in Fig. 5D showing changes in
the evoked AMPA-R mediated EPSC decay tau across age
and tonotopic regions in NL. The increase in speed of
AMPA-R mediated responses suggests that subunit compo-

sition is changing. We next investigated whether the subunit
composition of AMPA-Rs changes across age and tonotopic
regions in NL.

Increases in AMPA-R mediated inward rectification

AMPA-Rs containing the GluR2 subunit exhibit slower
EPSC kinetics than AMPA-Rs lacking the GluR2 subunit
(Lawrence and Trussell 2000; Raman and Trussell 1992;
Raman et al. 1994). Also GluR2 lacking AMPA-Rs are
permeable to Ca2# and other divalent ions (Hollmann et al.
1991) and are inwardly rectifying (Williams 1997) due to
voltage-dependent blockade by intracellular polyamines
(Donevan and Rogawski 1995). We recorded current-volt-
age (I-V) relationships mediated by AMPA-Rs across age
and tonotopic regions to test the hypothesis that the inward
rectification and the rapid kinetics of AMPA-R mediated
EPSCs observed in older animals are due to a developmental
switch in GluR2 content.

We constructed I-V curves with 100 !M spermine added
to the internal patch pipette solution. Spermine is a poly-
amine that blocks the ion channel of GluR2-lacking
AMPA-Rs in a voltage dependent manner (Bowie and
Mayer 1995). Insets in Fig. 6, A and B, show recordings of
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isolated AMPA-R mediated EPSCs from the HF region of
E13 and E17 NL neurons at various holding potentials, from
which we constructed normalized I-V curves (Fig. 6, A and
B). At E13, the I-V relationship was nearly linear, but at
E17, there was a strong reduction in the outward flow of
current mediated by isolated AMPA-Rs, consistent with
inward rectification. Population I-V functions recorded from
the HF region of E13, E15, and E17 NL neurons are overlaid
in Fig. 6C and show a near linear function at E13, changing
to an inwardly rectifying I/V relationship at E17. The extent
of rectification is summarized in Fig. 6D by using a recti-
fication index (RI ) IAMPA-R #40 mV/IAMPA-R &60 mV) as
an indication of AMPA-Rs lacking GluR2 subunit (Bowie
and Mayer 1995; Donevan and Rogawski 1995). Population
data show a significant increase in AMPA-R mediated rec-
tification with increasing age at every tonotopic region (Fig.
6D). The rectification index for HF neurons at E11 was 0.62
( 0.19 and was 0.11 ( 0.07 at E19 (P ' 0.0001). This
profile was similar for MF and LF neurons (P ' 0.01 and P
' 0.002, respectively). These results suggest a dramatic
decrease in GluR2-containing AMPA-Rs between E11 and
E19. This developmental change in AMPA-R subunit com-
position could also contribute to the changes in kinetics and
amplitude of AMPA-R mediated EPSCs observed during
this period of development. However, the lack of consistent
differences across tonotopic regions at a given age suggests

that other mechanisms could contribute to the differences
observed in AMPA-R mediated EPSCs kinetics as well.

Kainate-induced cobalt (Co2#) uptake reveals
GluR2-lacking AMPA-Rs

To further investigate changes in GluR2-receptor subunit
expression in developing NL neurons, we used Co2# uptake to
label neurons with GluR2-lacking AMPA-Rs (Estabel et al.
1999; Pruss et al. 1991; Zhou et al. 1995). We show that
kainate-induced Co2# uptake is robust in NL, suggesting
Ca2#-permeable GluR2-lacking AMPA-Rs (Fig. 7, C and D).
For control experiments, we exposed slices to CoCl2 only or
CoCl2 plus kainate and DNQX, an AMPA-R agonist and
antagonist, respectively. Nomarski-DIC photomicrographs il-
lustrate the absence of Co2# uptake in NL neurons under these
control conditions (Fig. 7, A and B). Figure 7, C and D, shows
kainate-induced Co2# uptake in slices taken from the HF
region of E11 and E19, respectively. Incubation with kainate
for 20 min was sufficient to produce strong Co2# labeling. NL
cell bodies contained robust staining, while the Co2# uptake in
both dorsal and ventral neuropil regions was less concentrated.
Co2# uptake was similar at E15, E21, and P4 slices (data not
shown). This strong labeling was completely blocked by the
AMPA-R antagonist DNQX (data not shown), suggesting that
Co2# is indeed entering through AMPA-Rs. Presence of Co2#
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not shown). E and F: effect of specific GluR2-lacking AMPA-R
antagonist. Example traces of AMPA-R mediated EPSCs before
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uptake throughout NL suggests that neurons express Ca2#-
permeable GluR2-lacking AMPA-Rs early and late in devel-
opment and across different tonotopic regions of NL. A gra-
dient in Co2# uptake across different tonotopic regions was not
consistently observed, which may be due to inadequate sensi-
tivity of the method (see next section).

The strong Co2# uptake at E11 was somewhat surprising
based on the electrophysiology data. The EPSC decay tau was
relatively slow for E11 neurons recorded from the HF regions
(tau ) 2.17 ( 0.47, n ) 6, see Fig. 5), and the rectification
index showed near linearity (RI ) 0.62 ( 0.19, n ) 6, see Fig.
6), both of which are considered reliable biophysical markers
that indicate GluR2-containing AMPA-Rs. However, it should
be noted that exposure to CoCl2 and kainate for time periods
'10 min produced results with highly variable staining pat-
terns, whereas treatments "15 min always resulted in robust
staining consistent with a saturation effect. An interpretation of
these data, consistent with other developmental research (Pel-
legrini-Giampietro et al. 1997), is that NL neurons contain both
GluR2-containing and -lacking AMPA-Rs early in develop-
ment and exclusively or primarily GluR2-lacking AMPA-Rs
by E17-19 and that differential expression of each type is
indistinguishable with the Co2#-uptake technique.

To better resolve this issue, we bath applied a dicationic
adamantine derivative (IEM-1460, 100 !M), a highly specific
antagonist to the GluR2-lacking AMPA-R, to determine the
relative contribution of this Ca2# permeant AMPA-R to the
overall current response when NL neurons were voltage-
clamped at &60 mV. Representative traces recorded from the
HF region of E11 and E19 NL neurons are shown in Fig. 7, E
and F, respectively. For the E11 neuron, the control EPSC using
the maximum stimulus protocol was &350 pA but was reduced to
&275 pA (21% reduction) when IEM-1460 was bath applied for
15 min (Fig. 7E). On average, the EPSC decay tau was slightly
faster in the control responses than after treatment with the drug
(controltau ) 2.14 ( 0.41 ms; drugtau ) 2.37 ( 0.57 ms). These
data indicate a small contribution of GluR2 lacking AMPA-Rs to

the total AMPA-R mediated EPSC at E11. Thus the kainate
induced Co2# uptake observed at E11 is likely due to the contri-
bution of a small percentage of GluR2 lacking AMPA-Rs. In
contrast, at E19, the control maximum EPSC was &1,700 pA but
was reduced considerably to &320 pA (81% reduction) when the
GluR2-lacking AMPA-Rs were blocked (Fig. 7F). On average,
the EPSC decay time constant of the control responses was
considerably faster than after application of the drug (controltau )
0.88 ( 0.05; drugtau ) 1.07 ( 0.16). These data indicate that the
majority of the current at E19 is mediated by AMPA-Rs lacking
the GluR2 subunit. Population data showing the percent of EPSC
reduction following blockade of GluR2-lacking AMPA-Rs are
summarized in Fig. 7G.

Changes in the amplitude of evoked NMDA-R
mediated EPSCs

Pharmacologically isolated NMDA-R mediated EPSCs were
recorded while holding the membrane potential at #40 mV. A
maximal stimulation protocol was used to examine changes in
the amplitude of evoked EPSCs with development and across
different tonotopic regions. I/O functions were determined for
each NL neurons in an attempt to recruit most, if not all,
excitatory inputs from the ipsilateral NM. The stimulus inten-
sity used to evoke maximum NMDA-R currents was deter-
mined from individual I/O functions and an example is shown
in Fig. 8A. NMDA-R currents increased with increases in
stimulus intensity with few failures at minimal stimulation
consistent with a high probability of release. The stimulus
intensity used to determine a maximum response was chosen
when the evoked EPSC reached a plateau response (arrow in
Fig. 8A). This stimulus intensity never exceeded the output of
the stimulus generator.

NL neurons showed dramatic changes with age in the
amplitude of maximally evoked NMDA-R mediated EPSCs.
Representative traces from the HF region of E13, E15, E17,
and E19 NL neurons are shown in Fig. 8B. For HF neurons,
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mediated EPSCs from the HF, MF, and LF regions.

1784 J. TAIT SANCHEZ, Y. WANG, E. W. RUBEL, AND A. BARRIA

J Neurophysiol • VOL 104 • SEPTEMBER 2010 • www.jn.org

 on Septem
ber 16, 2010 

jn.physiology.org
D

ow
nloaded from

 

http://jn.physiology.org


NMDA-R responses increased approximately sevenfold from
E11 to E17, followed by a sharp and significant decline in
amplitude at E19 (Fig. 8, B and C) to values similar to those
observed at E11 (Ell trace not shown in B for clarity). In fact,
the average NMDA-R currents recorded at E11 and E19 were
not significantly different from one another (P ) 0.72). This
profile was similar in each tonotopic region of NL. MF neurons
showed a modest, yet significant 2.5-fold increase from E13 to
E17 (Fig. 8C, middle) and LF neurons resulted in a ninefold
increase from E11 to E17 (C, right). These results were also
observed using a minimal stimulation protocol of afferent
inputs from NM as determined by individual I/O functions
(data not shown). No significant differences in the maximum
amplitude were observed across different tonotopic regions at
any particular age regardless of the difference in dendritic
elaboration, supporting the idea that space clamp issues across
different tonotopic regions did not affect the amplitude of
EPSCs.

Changes in NMDA-R mediated EPSC kinetics

NMDA-R subunit composition defines the kinetics of
evoked EPSCs (Dingledine et al. 1999). Particularly important
are NR2A and NR2B subunits, the expression of which is
temporally and spatially regulated in a variety of neuronal

systems (Dingledine et al. 1999; Sabatini and Regehr 1999;
Wu et al. 1999). We observed acceleration in the NMDA-R
mediated EPSC decay tau throughout development, indicating
a switch in NR2 subunit composition from NR2B to NR2A. An
example is shown in Fig. 9A. After normalization of the peak
amplitude, a weighted exponential (see METHODS) was fit to the
falling phase of the EPSC for an E11 and an E19 neuron
recorded from the HF region of NL. The resulting decay tau
was 4.5-fold faster for the E19 neuron.

To better assess a development switch in NMDA-R sub-
units, we recorded from the HF region of E11 and E19 neurons
in the presence of a specific NR2B subunit antagonist (Ro25-
6981, 1 !M) (Fischer et al. 1997; Kosowski and Liljequist
2004; Lynch et al. 2001) to determine the relative contribution
of the NR2B subunit to the overall NMDA-R current response
when NL neurons were voltage-clamped at #40 mV. Repre-
sentative traces are shown in Fig. 9B. For the E11 neuron (top),
the control EPSC using the maximum stimulus protocol was
148 pA and was significantly reduced to 39 pA (74% reduc-
tion) when the NR2B antagonist Ro25-6981 was bath applied
for 16 min (Fig. 9C). On average, the EPSC decay time
constant was slightly faster in the drug condition than in the
control condition (controltau ) 143.20 ( 17.31 ms; drugtau )
99.50 ( 29.57 ms). These data indicate a major contribution of
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the NR2B subunit to the NMDA-R mediated EPSC at E11. In
contrast, at E19, the control maximum EPSC was 145 pA but
was minimally reduced to 118 pA (!19% reduction) when
NR2B-containing NMDA-Rs were blocked for 16 min (Fig. 9,
B, bottom, and C). On average, the EPSC decay tau of the
control responses was not different after application of the drug
(controltau ) 39.17 ( 6.39; drugtau ) 34.16 ( 4.79), indicat-
ing that the majority of the current at E19 is mediated by
NMDA-Rs lacking the NR2B subunit. Population data show-
ing the percent of EPSC reduction following blockade of
NR2B-containing NMDA-Rs are summarized in Fig. 9D.

This acceleration of NMDA-R responses was similar and
significant across age for all tonotopic regions, with HF neu-
rons resulting in a 4.7-fold increase (Fig. 9E, left), MF neurons
increasing threefold from E13 to E19 (Fig. 9E, middle), and LF
neurons increasing 3.1-fold from E11 to E19 (Fig. 9E, right).
The acceleration in the kinetics of NMDA-R dependent EPSCs
was similar for recordings using the minimal stimulation pro-
tocol (data not shown). In contrast, differences in kinetics
across tonotopic region for age-matched neurons were not
apparent, suggesting that unlike AMPA-R development,
NMDA-Rs are not differentially regulated tonotopically. These
results further argue against space-clamp issues associated with
dendritic filtering. Population data summarized in Fig. 9E,
along with specific blockade of the NR2B subunit summarized
in B–D, strongly suggest a developmental switch in NMDA-R
subunit composition from NR2B- to NR2A-containing recep-
tors in NL neurons during this period of development.

D I S C U S S I O N

In several brain regions, synaptic expression of AMPA-Rs
and NMDA-Rs change throughout development, fine-tuning
synaptic properties, and facilitating proper dendritic and neu-
ronal circuit maturation (Cline and Haas 2008; Haas et al.
2006). Synaptic maturation increases the AMPA/NMDA ratio
(Hall and Ghosh 2008; Kasanetz and Manzoni 2009; Rumpel et
al. 2004) and changes the subunit composition of NMDA-Rs,
altering integration of presynaptic inputs, Ca2# influx into the
postsynaptic neuron, and the ability of the synapse to undergo
plasticity (Barria and Malinow 2005; Carmignoto and Vicini
1992; Crair and Malenka 1995; Hestrin 1992; Lu et al. 2001;
Philpot et al. 2001).

In NL, the first neuronal circuit that integrates binaural infor-
mation from both ears in the avian brain stem, AMPA-R currents
are critical in shaping extremely rapid EPSPs, a physiologic
necessity for binaural auditory processing (Trussell 1997). The
role of NMDA-Rs is less clear. It has been suggested that
responses mediated by NMDA-Rs disappear shortly after synap-
togenesis, contributing to the sharpening of EPSPs (Gao and Lu
2008; Kuba et al. 2002a). However, robust expression levels of
NMDA-Rs are evident into adulthood (Tang and Carr 2004,
2007).

Our results indicate that NL synapses undergo major
postsynaptic changes in the strength and subunit composition
of AMPA-Rs and NMDA-Rs prior to hatching. These dramatic
changes correlate to a developmental time period when the
characteristic morphology of NL neurons and circuitry are
being established, the tonotopic gradient is being defined, and
hearing is emerging. These changes seem to occur initially in
the HF region of NL, a pattern that mimics receptor develop-

ment and other morphological properties in NM and NL,
suggesting that the development of glutamatergic synaptic
transmission is regulated by the activity of their sensory inputs.
These developmental changes increase the amplitude and
speed of glutamatergic synaptic transmission, likely enhancing
coincidence detection of binaural auditory information.

Development of synaptic AMPA-Rs in NL

We observe significant age and tonotopic dependence in the
amplitude and kinetics of EPSCs mediated by AMPA-Rs in
NL. These results reflect increases in synaptic contacts and
changes in receptor subunit composition. Similar changes as a
function of age have been reported in different relay synapses
such as the calyx of Held synapse in the mouse (Joshi and
Wang 2002), the endbulb of Held synapse in the rat (Belling-
ham et al. 1998), and the endbulb synapse of the chick NM (Lu
and Trussell 2007).

The increase in AMPA-R responses can be attributed to
either an upregulation of presynaptic voltage-gated Ca2# chan-
nels resulting in an increase in release probability (Brenowitz
and Trussell 2001; Kasanetz and Manzoni 2009), an increase in
the number of postsynaptic AMPA-Rs (Elias et al. 2006, 2008;
Turrigiano 2008), or an increase in the number of synaptic
contacts innervating the postsynaptic neuron (Brewer et al.
2009; Hackett et al. 1982). We observe no changes throughout
development in the amplitude of mEPSCs and no changes in
the probability of release. In addition, the stepwise increase of
AMPA-R mediated responses observed in the input/output
curves and the lack of differences in the rise time of EPSCs
across different ages suggest no differences in the synchroni-
zation of transmitter release during development. Thus it is
unlikely that presynaptic changes account for the large increase
in AMPA-R mediated transmission observed. The increase in
mEPSCs frequency suggests that the increase in the amplitude
of AMPA-R responses is due to an increase in the number of
synaptic contacts (Hsia et al. 1998; Petralia et al. 1999),
although it does not rule out changes in receptor density.
Interestingly, the increase in AMPA-R responses is first appar-
ent in the HF region, conforming to the gradient in synaptic
development first reported by Jackson et al. (1982) and similar
to NM development (Lu and Trussell 2007). Neurons located
in the HF region of NL had larger amplitude EPSCs compared
with the MF and LF regions, suggesting that afferent inputs
from NM make more synaptic contacts with HF neurons
despite considerable size differences in dendritic arborization
compared with LF neurons (Smith and Rubel 1979) (see also
Fig. 1). We cannot rule out the contribution of differential
filtering due to dendritic length on the peak amplitude of
AMPA-R mediated EPSCs; however, we did not observe
tonotopic changes in the peak amplitude of NMDA-R mediated
responses (discussed in the next section). Thus our results
indicate that the increase in AMPA-R mediated responses is
due primarily to increases in synaptic contacts. We also report
that AMPA-Rs in NL undergo a switch in subunit composition,
from a predominantly small conductance channel at E11 (i.e.,
containing the GluR2 receptor subunit), to a large conductance
channel at E19 (i.e., lacking the GluR2 receptor subunit),
which may further contribute to an increase in the amplitude of
AMPA-R currents (Conrad et al. 2008; Cull-Candy et al. 2006;
Dingledine et al. 1999).
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Inward rectification, Co2# uptake, and pharmacological
blockade indicate a small proportion of GluR2-lacking
AMPA-Rs at E11 that increases dramatically with age. How-
ever, unlike increases in peak amplitude of AMPA-R mediated
EPSC, inward rectification did not appear to emerge differen-
tially across the tonotopic gradient. It should also be noted that
our finding of late tissue ("E19) Co2# uptake is in contrast to
those reported by Zhou et al. (1995). We suggest that the
failure to observe Co2# uptake in their study of late embryos
was due to the lack of adequate tissue penetration in the intact
brain stem preparation.

We also observe acceleration in the decay kinetics of
AMPA-R responses with age. Channel gating, desensitization,
subunit composition, dynamics of glutamate in the synaptic
cleft, and passive properties of dendrites can influence the
decay kinetics of AMPA-R mediated EPSCs (Parks 2000;
Trussell 1998). We recorded EPSCs at room temperature to
minimize dendritic filtering and the influence of glutamate
dynamics in the synaptic cleft, two factors highly dependent on
temperature (Tzingounis and Wadiche 2007). Our data suggest
that the subunit composition changes in a direction that in-
creases the kinetics of AMPA-R responses (i.e., from predom-
inately GluR2 containing to GluR2-lacking receptors). There-
fore it is reasonable to expect that the stabilization of response
kinetics we observe occur because the change in AMPA-R
subunit composition is near complete at older ages. Our data at
E19 show minimal differences in response kinetics between
HF and LF neurons, suggesting maximal replacement of
AMPA-R subunits across the tonotopic gradient prior to hatch-
ing. Consequently, if the composition of receptors becomes
homogenous across tonotopic regions, factors like glutamate
clearance and dendritic filtering become dominant in defining
the kinetics of EPSCs. It is clear from previous studies in older
tissue and at more physiological temperatures, that dendritic
filtering plays a major role in defining tonotopic differences in
kinetics of AMPA-R mediated EPSCs (Kuba et al. 2005; Slee
et al. 2010).

NL neurons have both intrinsic and synaptic properties that
are extremely brief to accommodate rapid transmission (Parks
2000; Trussell 1997, 1999). We propose that a developmental
increase in GluR2-lacking AMPA-Rs helps sharpen the EPSP
time course, thus minimizing distortion, a requirement for
binaural auditory processing (Otis et al. 1995; Raman et al.
1994). Additionally, an increase in Ca2# permeability, due to
GluR2-lacking AMPA-R receptors, could be necessary for
dendritic remodeling and expression of synaptically regulated
extrusion mechanisms (Wang and Rubel 2008). However,
Ca2# -permeable AMPA-Rs could be a consequence of the
auditory system requiring fast AMPA-Rs (Parks 2000; Trussell
1999), and the reported Ca2# influx through these receptors is
relatively low (Otis et al. 1995). Further work needs to be
performed to elucidate the functional role of increased Ca2#

permeability due to GluR2-lacking AMPA-Rs in the auditory
system.

Development of synaptic NMDA-Rs in NL

As soon as synapses are established in NL (!E10), current
responses are mediated by both AMPA-Rs and NMDA-Rs
with a ratio close to one. Due to the large increase in AMPA-R
transmission, it is easy to underestimate the contribution of

NMDA-Rs in later stages of development (Funabiki et al.
1998; Zhou and Parks 1991). Similarly to AMPA-Rs, we
observe an initial increase in synaptic NMDA-R responses,
which peak at E17, followed by a dramatic and significant
decrease by E19 to values similar to E11. Subunit composition
of NMDA-Rs alters the kinetics of NMDA-R mediated EPSCs
(Dingledine et al. 1999). We observe dramatic changes in
isolated NMDA-R decay kinetics from !150 ms decay time
constant at E11 to !30 ms at E19. These results, along with
our specific blockade of NR2B-containing receptors, indicate a
switch in subunit composition from NR2B-containing recep-
tors early in synaptic development to NR2A-containing recep-
tors later in development, as shown for other developing
central synapses (Carmignoto and Vicini 1992; Flint et al.
1997; Tovar and Westbrook 1999). This developmental switch
in subunit composition accompanies significant changes in
channel kinetics, which plays key roles in regulating Ca2#

influx, organizing functional circuits, regulating dendritic
growth, and refining topographic projections (Cline 2001;
Ruthazer and Cline 2004; Sin et al. 2002).

This pattern of development for NMDA-Rs is different from
NM neurons where no developmental change in NMDA-R
subunit composition is observed and synaptic NMDA-R re-
sponses disappear by E19 (Lu and Trussell 2007). This differ-
ence in the development of NMDA-Rs highlights the diverse
roles of each synapse in the transmission and processing of
auditory information. It also suggests that NMDA-Rs could
play a role in the precise timing and processing of binaural
information by contributing to firing probability, response
latency, and spike jitter (Pliss et al. 2009; Sanchez et al. 2007).
In addition, NMDA-Rs could be critical for synaptic stability,
dendritic maintenance, and circuit refinement (Gillespie et al.
2005).

Functional role of NMDA-Rs in NL

Little is known about the functional role of NMDA-Rs in
NL. Both light and electron microscopy studies in NL have
shown the presence of NMDA-R subunits during development
and into adulthood in a pattern of expression consistent with
our functional studies (Tang and Carr 2004, 2007). In view of
the critical role of NMDA-Rs in development, and plasticity of
many immature synapses (Rajan and Cline 1998; Rajan et al.
1999), it is tempting to speculate that the transient but dramatic
increase of NMDA-R function during synaptic formation in
NL may provide the appropriate Ca2# signaling for incorpo-
ration, stabilization, and subunit re-arrangement of AMPA-Rs
in the postsynaptic density and/or other specializations such as
the emergence of channel specializations important for binau-
ral processing and the dendritic gradient. Downregulation of
synaptic NMDA-Rs could stabilize the system as well as
prevent Ca2# overloading due to high rates of spontaneous and
acoustically driven activity (Born et al. 1991).

The current study describes dramatic changes in glutama-
tergic synaptic transmission in NL during embryonic develop-
ment and provides a unique platform to evaluate relationships
between the developmental expression of synaptic receptors
and other structure/function specializations of a well-defined
neuronal circuit.
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Dynamic Spike Thresholds during Synaptic Integration
Preserve and Enhance Temporal Response Properties in
the Avian Cochlear Nucleus

MacKenzie A. Howard and Edwin W Rubel
Department of Physiology and Biophysics and Virginia Merrill Bloedel Hearing Research Center, University of Washington, Seattle, Washington 98195

Neurons of the cochlear nuclei are anatomically and physiologically specialized to optimally encode temporal and spectral information
about sound stimuli, in part for binaural auditory processing. The avian cochlear nucleus magnocellularis (NM) integrates excitatory
eighth nerve inputs and depolarizing GABAergic inhibition such that temporal fidelity is enhanced across the synapse. The biophysical
mechanisms of this depolarizing inhibition, and its role in temporal processing, are not fully understood. We used whole-cell electro-
physiology and computational modeling to examine how subthreshold excitatory inputs are integrated and how depolarizing IPSPs affect
spike thresholds and synaptic integration by chick NM neurons. We found that both depolarizing inhibition and subthreshold excitatory
inputs cause voltage threshold accommodation, nonlinear temporal summation, and shunting. Inhibition caused such large changes in
threshold that subthreshold excitatory inputs were followed by a refractory period. We hypothesize that these large shifts in threshold
eliminate spikes to asynchronous inputs, providing a mechanism for the enhanced temporal fidelity seen across the eighth nerve/
cochlear nucleus synapse. Thus, depolarizing inhibition and threshold shifting hone the temporal response properties of this system so
as to enhance the temporal fidelity that is essential for auditory perception.

Introduction
Action potential timing is an important factor in neural process-
ing, particularly in the auditory system in which the temporal fine
structure of a sequence of spikes can directly represent the fre-
quency and phase of sound stimuli (Oertel, 1999). Sound fre-
quency and phase are essential for binaural hearing and sound
localization.

Many lower auditory neurons exhibit hallmark specializations
for high-frequency firing and maximal temporal fidelity (e.g.,
large voltage-activated K! currents, low input resistance, fast
time constant, high spike threshold, small spike half-width)
(Reyes et al., 1994; Zhang and Trussell, 1994a,b; Rathouz and
Trussell, 1998; Scott et al., 2005). Depression and desensitization
of excitatory synapses improve the fidelity between inputs and
outputs (Brenowitz and Trussell, 2001; Kuba et al., 2002; Cook et
al., 2003). Axonal spike generation in mouse spiral ganglion and
chicken nucleus magnocellularis (NM) and laminaris (NL) also
improves the temporal accuracy of spike outputs (Hossain et al.,
2005; Kuba et al., 2006; Kuba and Ohmori, 2009). Cochlear nu-
cleus bushy cells have diminutive dendritic arbors, which de-

crease dendritic filtering (Jhaveri and Morest, 1982). Mature
chick NM and NL neurons exhibit depolarizing GABAergic re-
sponses (Hyson et al., 1995; Lu and Trussell, 2001; Monsivais and
Rubel, 2001; Tang et al., 2009). This depolarizing inhibition
makes EPSPs smaller and briefer, and may improve timing in
this system by decreasing “coincidence detection window” du-
ration, when excitatory synaptic inputs can temporally inte-
grate (Funabiki et al., 1998; Yang et al., 1999), and balancing
excitation between inputs from the two ears (Burger et al.,
2005; Dasika et al., 2005).

NM and the homologous mammalian anteroventral cochlear
nucleus receive excitation solely from a small number (two to
four for NM) of eighth nerve axons (Jhaveri and Morest, 1982).
In the past, these neurons were sometimes assumed to simply
relay inputs in a one-to-one fashion to higher order nuclei. How-
ever, closer examination of spike activity reveals improved spike
timing and lower firing rates in NM compared with eighth nerve
axons (Fukui et al., 2006). We hypothesized that the synaptic and
intrinsic properties of these neurons act to exclude asynchronous
inputs (i.e., outside the coincidence detection window), thus im-
proving the temporal fidelity of the auditory system. We used in
vitro electrophysiology and computational modeling to examine
the biophysical mechanisms of spike threshold dynamics during
integration of excitatory and inhibitory input in NM. We show
that spike threshold is very flexible in these neurons, particularly
because of Na! channel inactivation and K! channel activation
during depolarizing inhibition and subthreshold excitation. We
also show that elevated firing rates, as during high levels of sound
stimulation, synaptic depression and inhibition cause eighth
nerve EPSPs to become subthreshold. Thus, NM neurons require
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multiple coincident inputs to reach spike threshold. During inte-
gration of excitatory and inhibitory input, the window for tem-
poral integration is shortened and strong accommodation causes
neurons to become briefly refractory after subthreshold input.
This eliminates spiking in response to asynchronous inputs,
which may provide a mechanism for improving phase locking
across a broad dynamic range of sound intensities.

Materials and Methods
Ethical approval. The University of Washington Institutional Animal
Care and Use Committee approved all procedures and experimental
protocols used in this study.

Brainstem slice preparation. Thirty-four male and female White Leg-
horn chicks (Gallus domesticus) were used in this study. Fertilized eggs
were purchased from Hy-line and incubated and hatched on site. At
posthatch day 2 (P2) to P3, chicks were quickly decapitated and the whole
brainstem was removed into an oxygenated ice-cold slicing solution,
containing the following (in mM): 130 NaCl, 3 KCl, 1.25 NaH2PO4, 26
NaHCO3, 1 MgCl2, 2 CaCl2, and 10 glucose, pH 7.4; osmolarity, 300
mOsm/L. The brainstem was blocked both rostral and caudal to the
cochlear nuclei and glued into a vibratome slicing chamber (Technical
Products International). The chamber was then filled with ice-cold slic-
ing solution. The brainstem was sectioned coronally into slices 200 !m
thick. Sections containing NM were distinguishable by eye because of the
large tract of fibers crossing the midline. These sections were placed in an
incubating chamber containing slicing solution maintained at room
temperature for a period of 1 h.

After the incubation, selected slices were removed to a recording
chamber mounted on the stage of a Zeiss Axioskop FS. This recording
chamber was constantly superfused with warmed, oxygenated artificial
CSF (ACSF). All experiments were performed at 35–36°C.

Previous studies have determined that the physiological properties of
NM neurons vary systematically along the tonotopic axis of NM (Fukui
and Ohmori, 2004). Additionally, this axis exhibits a developmental gra-
dient, with neurons responding to high characteristic frequencies reach-
ing maturity more quickly than lower frequency neurons (Rubel et al.,
1976; Jackson et al., 1982). To eliminate a bias in our data caused by
tonotopic variation, we recorded from NM neurons throughout the
tonotopic extent of NM and averaged across the nucleus. Examination of
the data from individual neurons revealed tonotopic differences in some
physiological measures (data not shown), following a similar pattern to
that described by Fukui and Ohmori (2004). This tonotopic variation is
reflected by the amplitude of the SD error bars illustrated in many figures
of this report. However, the fundamental nature of the response proper-
ties that we report did not differ as a function of the tonotopic position of
a NM neuron.

In vitro electrophysiology. For these experiments, the extracellular so-
lution was ACSF, containing the following (in mM): 130 NaCl, 3 KCl, 1.25
NaH2PO4, 26 NaHCO3, 1 MgCl2, 3 CaCl2, and 10 glucose, pH 7.4; os-
molarity, 300 mOsm/L. We used a K !-based pipette solution for these
experiments, containing the following (in mM): 105 K-gluconate, 35 KCl,
1 MgCl2, 10 HEPES-K !, 5 EGTA, 4 ATP-Mg 2!, and 0.3 GTP-Na !. All
chemicals were obtained from Sigma-Aldrich.

Patch pipettes were pulled to resistances of 4 –5 M". Pipettes were
filled with the appropriate solution and visually guided to NM using a
40# water-immersion objective and infrared-differential interference
contrast optics. Once gigaohm seals between the pipette and the neuron
were attained, the membrane patch was ruptured to establish the whole-
cell recording configuration. Neurons in which a gigaohm seal was not
established, in which the membrane patch ruptured spontaneously, or
that exhibited a resting membrane potential positive to $60 mV were
excluded from analyses. Junction potentials for all experiments were
calculated and corrected for.

Current-clamp experiments were performed using an Axoclamp 2B
amplifier (Molecular Devices). All experiments were controlled with a
Macintosh G4. Protocols were written and run with Axograph, version
4.5, software (Molecular Devices). Data were low-pass filtered at 20 kHz
and digitized with an ITC-16 (InstruTECH) at 20 or 100 kHz.

Conductance clamp experiments were performed using the same ex-
perimental devices with the addition of custom-built multiplying and
summing amplifiers (Department of Physiology and Biophysics Elec-
tronics Shop, University of Washington, Seattle, WA). The multiplying
amplifier received two inputs from the Axoclamp 2B. The first was from
one of the output channels that sent current commands to the headstage
and the neuron being recorded from. The second input was voltage in-
formation, the membrane potential of the neuron. The multiplying am-
plifier changed the amplitude of the current command based on the
changing membrane potential of the neuron and the manually selected
reversal potential ($37 mV for inhibition in this system). We selected a
range of 25–100 nS for our inhibitory conductances. This choice was
based on two factors. The first was calculation of GABAergic conduc-
tances based on IPSC amplitudes reported by Lu and Trussell (2001), and
our own previous work (Howard et al., 2007). Depending on stimulation
intensity and frequency, data from these reports indicate that GABAergic
conductance can range from 10 to %200 nS. In preliminary experiments,
our conductance clamp stimuli depolarized neurons from 8 to 20 mV,
similar to depolarizing IPSPs evoked by synaptic stimulation. Thus, we
believe the use of 25–100 nS of inhibitory conductance was within the
physiological range of NM neurons.

The drawback of using this method for conductance clamp experi-
ments is that it reduces the amplitude of the current command output
signal. NM neurons have a very high threshold, and under conditions of
depolarizing inhibition our amplifier could not produce stimuli large
enough to reach threshold. Thus, for our purposes, conductance clamp
was useful for producing inhibitory conductances but could not produce
large enough excitatory conductances to reach threshold under many of
our experimental conditions. Because of this limitation, we chose to use
current clamp to mimic excitatory inputs for all of our in vitro experi-
ments and use our multicompartment model when mimicking excita-
tory conductances.

Computational modeling. A single-compartment computational model
was produced using NEURON 6.0. This compartment represented a spher-
ical neuron 20 !m in diameter. This model contained a high voltage-
activated K ! current (IKL), a low voltage-activated K ! current (IKH), a
Hodgkin–Huxley-type Na ! current (INa), and a passive leak current.
Equations for the voltage dependence and kinetics of gating of these
currents are presented in Table 1. The activation and inactivation kinetics
and the half-maximal activation potential (V1/2) and slope factor (K0) of
the activation and inactivation curves of the IKL and IKH were based on
previously published analyses of K ! currents in cochlear nucleus audi-
tory neurons (Rathouz and Trussell, 1998; Rothman and Manis, 2003).

Table 1. Model current parameters

INa

m& 1/(1 ! exp($(v ! 31)/7.5)
h& 1/(1 ! exp((v ! 65)/6.5)
"m (10/(5*exp((v ! 60)/18) ! 36*exp($(v ! 60)/25)) ! 0.04
"h (100/(7*exp((v ! 60)/11) ! 10*exp($(v ! 60)/25)) ! 0.6
q10 3
T0 22°C

IKL

w& 1/(1 ! exp($(v ! 60.5)/6)
z& 1/(1 ! exp($(v ! 71)/10)
"w (100/(6*exp((v ! 60)/6) ! 16*exp($(v ! 60)/45)) ! 1.5
"z (100/(exp((v ! 60)/20) ! exp($(v ! 60)/8)) ! 50
q10 3
T0 22°C

IKH

n& 1/(1 ! exp($(v ! 42.5)/4.5)
p& 1/(1 ! exp($(v ! 11.2)/6)
"n (100/(11*exp((v ! 60)/24) ! 21*exp($(v ! 60)/23)) ! 0.7
"p (100/(4*exp((v ! 60)/32) ! 5*exp($(v ! 60)/22)) ! 5
q10 3
T0 22°C
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The V1/2, K0, and conductance of the K ! and leak currents were adjusted
such that the voltage– current function of the model replicated that of the
empirical data recorded from P2–P3 NM neurons. The kinetics and volt-
age dependence of INa gating were the same as those used by Rothman
and Manis (2003) for their model of mammalian ventral cochlear
nucleus, originally based on work by Belluzzi and colleagues (1985)
and Costa (1996). These variables were also adjusted for INa such that
spike threshold and amplitude were similar between the model and
the empirical data. The parameters for the single-compartment
model are listed in Table 2.

A multicompartment model of NM was also produced using
NEURON 6.0. This model is based primarily on a multicompartment
model of NL neurons (Kuba et al., 2006). The sections consisted of a
soma, an initial axon segment, a spike initiation zone, and 10 alternating
myelinated internode axon segments and unmyelinated nodes of Ran-
vier. Each compartment contained IKH, IKL, INa, and leak currents of
different total conductances. As with the single-compartment model,
IKH, IKL, and leak currents were adjusted such that the voltage– current
function of the model matched the empirical data. INa was also adjusted
such that the threshold and peak amplitude of spikes evoked from rest
were similar to empirical data. The parameters for the multicompart-
ment model are listed in Table 3.

Data analysis and statistics. Data were analyzed Matlab, version 7.2,
Microsoft Excel 2004, and StatView, version 5.0. For statistical analyses,
ANOVAs and t tests were used where appropriate. All figures illustrate
mean ' SD or SEM as indicated in figure legends. The threshold for
statistical significance was considered to be p ( 0.05.

Results
Threshold changes in NM neurons
The basic firing features of NM neurons in response to simple
current-clamp stimuli have been well documented. Briefly, depo-
larizing current steps evoke a single action potential, followed by
a steady-state membrane potential (Fig. 1A). Voltage– current
(V–I) functions of this steady state potential exhibit a highly
nonlinear section within the first 15–20 mV of depolarization,
followed by a relatively linear section (Fig. 1B, open symbols).
This can also be seen when input resistance is plotted as a func-
tion of membrane potential (Fig. 1C). Previous studies have as-
cribed the nonlinearity of the V–I function to activation of the
large low voltage-activated K! conductances exhibited by NM
neurons (Reyes et al., 1994; Rathouz and Trussell, 1998).

Although these large depolarizing pulses evoke spikes in NM
neurons in vitro, NM neurons receive two different types of
depolarizing input in vivo. In addition to large depolarizing exci-
tatory inputs from eight nerve fibers, NM neurons receive
GABAergic projections from the SON, which are depolarizing
but inhibitory (Monsivais et al., 2000; Lu and Trussell, 2001).
Three biophysical mechanisms are thought to underlie this de-
polarizing inhibition: shunting (reduction of input resistance)
by activation of GABAA receptors, shunting by activation of
voltage-gated K! channels, and accommodation (depolarization

of spike threshold), hypothesized to result from Na! channel
inactivation (Monsivais and Rubel, 2001).

We explored the relationship between membrane potential
and spike threshold to better understand the biophysical mecha-
nisms and limits of accommodation in NM. We used a two-step
current-clamp protocol in which the first step depolarized the
neuron to a steady state, followed by a second step that was in-
creased in amplitude until a spike was evoked (Fig. 1D). This
protocol was designed to mimic the effects of steady depolarizing
inhibition, isolating the effects of voltage-dependent conduc-
tances while eliminating the shunting by the GABAA receptor
conductance. Threshold was defined as the point at which the
voltage trace shifted from a passive rise to an active response,
indicated by an upward inflection point. We measured this em-
pirically as the time point at which the second derivative of the
voltage trace passed from negative to positive. The voltage traces
in Figure 1D are from a representative NM neuron exhibiting
voltage threshold accommodation. In Figure 1D1, a 2.0 nA cur-
rent step (top trace) evokes an action potential (bottom trace),
and voltage threshold is labeled with an open arrowhead. In Fig-
ure 1D2 , an initial current step depolarizes the neuron to a steady
state, during which a 2.0 nA current step fails to evoke a spike
(asterisk) and a rheobase is increased to 3.2 nA. The upward shift
of voltage threshold (open arrowhead) indicates accommoda-
tion. In Figure 1D3 , a greater initial depolarization (because of
larger initial current step), causes an additional change in both
rheobase and voltage threshold. In Figure 1D4 , the three action
potentials of D1–D3 are shown on an expanded timescale to more
clearly illustrate voltage threshold accommodation. Action poten-

Table 2. Single-compartment model parameters

Axial resistance 50 "cm
Temperature 35°C
ENa 50 mV
EK $80 mV
ECl $37 mV
Length 20 !m
Diameter 20 !m
gleak 0.002 S/cm 2

gNa 0.1 S/cm 2

gLVA 0.006 S/cm 2

gHVA 0.002 S/cm 2

Table 3. Multicompartment model parameters

Global parameters
Axial resistance 50 "cm
Temperature 35°C
ENa 50 mV
EK $80 mV
ECl $37 mV

Soma
Length 20 !m
Diameter 20 !m
gleak 0.002 S/cm 2

gLVA 0.0012 S/cm 2

gHVA 0.0003 S/cm 2

Axon initial segment
Length 50 !m
Diameter 2 !m
gleak 0.000001 S/cm 2

Spike initiation zone
Length 15 !m
Diameter 1.3 !m
gleak 0.0006 S/cm 2

gNa 23 S/cm 2

gLVA 0.4 S/cm 2

gHVA 0.9 S/cm 2

Internodal axon segments
Length 80 !m
Diameter 1.3 !m
gleak 0.000001 S/cm 2

Nodes of Ranvier
Length 2 !m
Diameter 1.3 !m
gleak 0.0006 S/cm 2

gNa 18 S/cm 2

gLVA 0.4 S/cm 2

gHVA 0.5 S/cm 2
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tials in NM neurons had relatively small am-
plitudes, particularly when evoked from a
depolarized membrane potential. This is
likely attributable to the distal axonal locus
of spike generation (Kuba and Ohmori,
2009; Kuba et al., 2010). Voltage threshold
exhibited an almost linear change as a func-
tion of membrane potential, indicating
strong accommodation in these neurons
across a broad range of depolarized mem-
brane potentials (Fig. 1E, open symbols).
Additionally, the difference between mem-
brane potential and voltage threshold (Fig.
1F) increased slightly but significantly as
NM neurons were depolarized (n ) 13; p (
0.0001; one-way ANOVA), indicating that
depolarization is efficient at inducing ac-
commodation to such an extent that very
large inputs are always needed to evoke
spikes.

We also monitored the amount of cur-
rent required to evoke a spike as a func-
tion of steady-state membrane potential.
To avoid confusion with voltage thresh-
old, we refer to “current threshold” as
rheobase, defined as the amplitude of a
square current pulse required to evoke a
spike. The traces shown in Figure 1D sug-
gest that the amount of current required
to evoke a spike at resting membrane po-
tential was insufficient to reach threshold
during a steady-state depolarization (Fig.
1D2 ,D3 , asterisks). That is, more current
is required to evoke a spike when the neu-
ron is depolarized; depolarization has an
inhibitory effect on these neurons. Rheo-
base for P3 NM neurons at rest was calcu-
lated to be 1.9 ' 0.58 nA (mean ' SD).
Figure 1G shows mean rheobase as a func-
tion of membrane potential. This func-
tion was judged to be nonlinear because
a second-order regression accounted
for more of the variance than a linear fit
(R 2 ) 0.98 for second-order regression
vs R 2 ) 0.92 for a linear fit). This can be attributed to the fact
that, during depolarization, input resistance is decreased (Fig.
1C), whereas spike threshold is “increased” (i.e., the difference
between membrane potential and voltage threshold is greater)
(Fig. 1 F).

Modeling spike threshold changes in NM
We used computational modeling to better understand the bio-
physical mechanisms underlying the spike threshold behavior of
NM neurons during depolarization. Single-compartment mod-
els, in which all ion channels are contained within a spherical
soma, can accurately replicate some of the spiking characteristics
of the cochlear nuclei (Rothman and Manis, 2003). However,
more recent work has shown that using a multicompartment
model, which mimics the subcellular distribution of ion chan-
nels, provides a richer understanding of the behavior of cochlear
nucleus neurons in response to a variety of stimulus paradigms.
Elegant experiments, particularly by Kuba and Ohmori, have
shown that segregation of Na! channels, and thus the locus of

spike generation, away from the soma improves spike timing and
high-frequency firing in NM and other auditory neurons (Kuba
et al., 2006, 2010; Kuba and Ohmori, 2009). Our single-
compartment model replicated the spike threshold and VI func-
tion behavior of NM neurons in response to simple depolarizing
current steps as in Figure 1A–C (data not shown). However,
when tested with the two-step current-clamp protocol of Figure
1D, spike threshold and rheobase (Fig. 1E,G, dashed lines)
quickly deviated from that of NM neurons because of complete
inactivation of Na! channels leading to depolarization block of
spiking. Thus, we designed a multicompartment model of NM
neurons similar to that of Kuba et al. (2006), with a soma con-
taining mainly K! and leak channels, an initial segment of my-
elinated axon, a spike initiation zone containing a large
concentration of Na! channels as well as K! and leak channels,
and an extended axon consisting of alternating myelinated sec-
tions and nodes of Ranvier. Variables of our model were based on
empirical measurements previously made in NM neurons and
AVCN bushy cells (see Materials and Methods). We optimized

Figure 1. Action potential thresholds are highly flexible in NM neurons. A, Depolarizing current steps (top) evoke single action
potentials, followed by a steady-state depolarized potential in a representative P3 NM neuron. B, Steady-state membrane poten-
tial, recorded at the end of the current step in A, showed a nonlinear change as a function of current input for neurons (open
symbols; mean ' SD; n ) 12) and for the multicompartment model (solid line). C, Input resistance, calculated as the slope at each
point in B, decreased as a function of membrane potential. D, A two-step current-clamp protocol was used to measure spike
thresholds as a function of membrane potential. D1, From resting membrane potential, rheobase is measured as the minimal
current that evokes a spike (2.0 nA in this neuron). Voltage threshold is marked with an open arrowhead. D2, When depolarized by
* 10 mV with an initial current step of 0.8 nA, rheobase increased (subthreshold response to control rheobase marked by asterisk)
and voltage threshold accommodation was apparent (arrowhead). D3, Additional depolarization led to greater shifts in rheobase
and voltage threshold. D4, Each action potential is shown with an expanded timescale, showing upward shifts in the inflection
point of the voltage trace that indicates threshold. E, Voltage threshold plotted as a function of membrane potential for neurons
(open squares), the multicompartment model (solid line) and the single-compartment model (dashed line). F, The difference
between voltage threshold and membrane potential shows an upward shift, indicating that accommodation maintains a large
difference between rest and threshold across a broad range of membrane potentials. G, Rheobase increases as a function of
membrane potential, indicating decreased excitability during depolarization.
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our model such that it reproduced the following behaviors as
accurately as possible: the NM V–I function (Fig. 1B, solid line in
each figure), control spike threshold and accommodation (Fig.
1E), rheobase changes (Fig. 1G), as well as general spike shape
and spike amplitude (data not shown).

A hypothesized mechanism underlying accommodation and
inhibition in NM includes Na! channel inactivation by depolar-
izing IPSPs (dIPSPs) and K! channel activation (Monsivais and
Rubel, 2001). Thus, we changed the biophysical properties of the
multicompartment model to test the role of these processes in
NM spike generation after depolarization to a steady state. To test
the role of Na! channel inactivation, we changed the relationship
between inactivation and voltage from the normal exponential
process to a simple step function for depolarized potentials (Fig.
2A). As a result, the steady-state depolarization of the first step of
the stimulus protocol caused no more Na! channel inactivation
than was present at control membrane potential. When this was
the case, the behavior of spike threshold (Fig. 2B) and rheobase
(Fig. 2C) was dramatically altered as the model was depolarized.
Additionally, when the model was depolarized beyond approxi-
mately $48 mV, it began to fire bursts of spikes (data not shown),
a behavior never seen in NM neurons. Thus, Na! channel inac-
tivation plays a major role in setting spike threshold and changing
rheobase as neurons are depolarized. This confirms the hypoth-
esis that Na! channel inactivation is involved in changing thresh-
old during depolarizing inhibition in NM.

We also changed the amplitude of low-voltage-activated K!

currents in our model to examine their effects on accommoda-
tion and rheobase shifts during depolarization. Doubling the am-
plitude of K! currents led to a slightly larger amount of
accommodation, while halving K! currents decreased accom-
modation (Fig. 2D), but neither of these changes disrupted the
general pattern of accommodation in the way Na! channel inac-
tivation did. Changes to rheobase were larger with greater K!

currents and smaller with lesser K! cur-
rents (Fig. 2E). But again, the general pat-
tern was not as severely disrupted as
removal of Na! channel inactivation.
These results indicate that both Na!

channel inactivation and K! currents are
involved in threshold changes during de-
polarization: in general, Na! channel in-
activation shapes the behavior of spike
threshold during depolarization, whereas
K! currents set the amplitude of these
changes. This confirms the importance of
both of these biophysical processes for de-
polarizing inhibition of NM neurons.

NM neurons receive subthreshold
EPSCs when input rate is high
Unitary EPSCs are very large in mature
NM neurons and it is unknown whether
these inputs are generally suprathresh-
old or subthreshold in vivo. In a non-
depressed state, that is, when stimulated at
1 Hz, we calculated that unitary EPSC am-
plitude was %30 nA (based on amplitudes
of * 15 nA in NM neurons voltage
clamped at $30 mV) (Brenowitz and
Trussell, 2001). However, this synapse
shows a large degree of synaptic depres-
sion (Brenowitz and Trussell, 2001).

Thus, the physiological range of excitatory inputs experienced by
NM neurons is smaller than this maximal EPSC amplitude
evoked at 1 Hz. The mean in vivo spontaneous firing rate for
eighth nerve fibers has been estimated to be 55–100 Hz, and spike
rates can exceed 400 Hz during sound stimulation (Fukui et al.,
2006). It has been hypothesized that physiological firing rates in
the eighth nerve will depress this synapse such that excitatory
inputs to NM neurons will be mostly or entirely subthreshold,
especially with moderate- or high-intensity acoustic stimulation
(Reyes et al., 1994; Monsivais et al., 2000; Burger et al., 2005).
Thus, NM neurons would have to act as monaural coincidence
detectors, only spiking when they receive well timed inputs from
multiple eighth nerve fibers.

We sought to test this hypothesis by measuring EPSC thresh-
old in NM neurons and comparing these data with previous stud-
ies of EPSC depression during high-frequency stimulation. We
developed a current-clamp stimulus using a simple # function
with rise and decay kinetics (Fig. 3A1) ("rise ) 0.15 ms; "decay )
0.3 ms) similar to real NM EPSCs (Brenowitz and Trussell, 2001).
We varied the amplitude and measured the spike threshold of
NM neurons to this stimulus (“EPSC threshold”). Additionally,
we used conductance clamp input to measure the effect of depo-
larizing inhibition on EPSC threshold (Fig. 3A2 ). A long-
duration (onset 5 ms before the EPSC), square conductance
input, with a reversal potential of $37 mV, was used to mimic
steady-state inhibition.

EPSC threshold in NM neurons was measured to be 2.86 nA
(SD, 0.50 nA; n ) 13). Increasing depolarizing inhibitory con-
ductances caused a significant increase in EPSC threshold (Fig.
3B) ( p ( 0.01; one-way ANOVA). In Figure 3C, we illustrate a
comparison between previously reported EPSC amplitudes
[from Brenowitz and Trussell (2001); amplitudes were recorded
at a holding potential of $30 mV in the original report, but we
calculated what the amplitudes would be at a holding potential of

Figure 2. Na ! and K ! channels differentially contribute to threshold changes. A, The normal exponential Na ! channel
inactivation function (h) is illustrated by the solid line. To eliminate Na ! channel inactivation by depolarizing IPSPs, the exponen-
tial curve was changed to a step function (dashed line) in the multicompartment model. B, Lack of Na ! channel inactivation
resulted in significant decreases in accommodation as the modeled neuron was depolarized. This measure could only be extended
to approximately $47 mV, at which point the model fired repetitively. C, The model exhibited almost no depolarizing inhibition
(increases in rheobase) with the step function Na ! channel inactivation. D, Total IKL conductance changed the starting point and
slope but not the pattern of accommodation during depolarization. Halving total IKL conductance resulted in depolarization block
at the most depolarized membrane potentials. The solid circle indicates the point at which the model exhibited depolarization
block and ceased spiking to any input. E, Increasing total IKL conductance raised rheobase across membrane potentials. Halving
total IKL conductance resulted in less change to rheobase.
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$65 mV for comparative purposes] with our measured EPSC
thresholds (dashed lines). This comparison showed that EPSCs
evoked at 200 Hz and slower are likely to be suprathreshold,
whereas EPSCs evoked at higher frequencies (well within the
physiological range) are much closer to threshold, becoming sub-
threshold during depolarizing inhibition.

To get a more precise measure of spike threshold in response
to synaptic conductances, we measured the minimum excitatory
postsynaptic conductance required to evoke a spike (“EPSG
threshold”), using a similar protocol to that shown in Figure 3A2 .

The important distinction between these measures and the pre-
viously described EPSC threshold is that the reversal potential for
EPSCs presented in current clamp is infinity, whereas the reversal
potential for true synaptic conductances is * 0 mV. Thus, as neu-
rons are depolarized toward this reversal potential, synaptic
inputs become much less effective at producing additional depo-
larization. The limitations of our conductance clamp system (see
Materials and Methods) required us to make use of our multi-
compartment model for these measures. Our modeled data show
that depolarizing inhibition caused substantial increase in EPSG
threshold (Fig. 3D). This is logical in that depolarization induces
voltage threshold accommodation, and as the changing voltage
threshold approaches reversal potential, the excitatory conduc-
tance required to reach that threshold will increase exponentially.
The differences between EPSC and EPSG threshold shifts during
inhibition (Fig. 3, compare B, D) were striking. The 100 nS of
depolarizing inhibitory conductance increased EPSC threshold
to 125% of the control value, whereas the same inhibition in-
creased EPSG threshold to 375% of control.

We then compared EPSG thresholds to steady-state EPSG am-
plitudes recorded at varied eighth nerve spike frequencies [am-
plitudes calculated from EPSC amplitudes from Brenowitz and
Trussell (2001)] (Fig. 3E). These comparisons show that eighth
nerve inputs become subthreshold when axon spike rates reach
333 Hz, in the absence of any inhibition. With the addition of
modest levels of depolarizing inhibitory conductance, eighth
nerve inputs become subthreshold at spike rates of 200 Hz, and
high levels of inhibition can result in subthreshold EPSGs even
when afferents are firing at 100 Hz. These measurements provide
strong evidence that NM neurons receive subthreshold excitatory
inputs under physiological conditions, such as when excitatory
and inhibitory afferent input frequency increases during sound
stimulation. Based on these data, we hypothesize that the large
endbulb synapses of the eighth nerve evoke suprathreshold con-
ductances in quiet conditions, whereas sound stimuli that drive
more activity will shift inputs to subthreshold levels such that NM
neurons require integration of multiple synaptic events to reach
spike threshold. Importantly, eighth nerve spike rates can in-
crease in response to both increases in sound frequency and in-
tensity (Fukui et al., 2006). Thus, the shift of inputs from
suprathreshold to subthreshold and the enhancement of tempo-
ral fidelity can increase the dynamic range of the system to sound
intensities, emphasizing detection at low sound levels and tem-
poral precision at higher sound levels, and can ensure accuracy of
encoding phase information across a range of sound frequencies.

Depolarizing inhibition narrows the coincidence detection
window in NM
Under conditions in which all synaptic events are subthreshold,
neurons must temporally sum synaptic inputs to spike. Many
auditory neurons have a narrow time window for integration,
mostly because of fast EPSP kinetics and large voltage-dependent
outward currents. In the auditory system, temporal integration is
often quantified as the “coincidence detection window,” defined
as the time domain after an EPSP during which a second EPSP
can easily sum to evoke a spike. Previous studies of NL neurons,
the coincidence detector neurons that receive bilateral input
from NM, have shown that depolarizing inhibition improves
spike timing by narrowing the coincidence detection window
(Funabiki et al., 1998). We examined the temporal integration in
NM by measuring the width of the coincidence detection window
under various levels of inhibition. As in the previous experiment,
we first measured the EPSC threshold of each neuron. We then

Figure 3. EPSCs can be subthreshold in NM under physiological conditions. A, Current and
conductance clamp were used to stimulate NM neurons with realistic inputs. A1, Current-clamp
“EPSCs” (top traces) were varied in amplitude until a spike was evoked (bottom traces) to
measure EPSC threshold. A2, A conductance clamp input was used to mimic depolarizing inhi-
bition. Square conductance steps had an onset 5 ms before the EPSC. The reversal potential for
the conductance clamp input was $37 mV. Spikes in response to just-threshold inputs show
accommodation because of depolarizing inhibition. Voltage traces are offset because of depo-
larization by the conductance input. B, EPSC threshold was increased by depolarizing conduc-
tances in neurons (mean ' SEM; n ) 13). C, Bars show actual EPSC amplitude as a function of
input frequency [from Brenowitz and Trussell (2001); amplitudes calculated for a membrane
potential of $65 mV]. EPSC thresholds from B are indicated by dashed lines. The shaded
regions below each threshold indicate EPSC amplitudes that will be subthreshold during such
inhibition. At high frequencies (333 Hz), EPSC amplitude was subthreshold during inhibition. D,
EPSG (reversal potential, 0 mV) threshold was measured in the multicompartment model under
varying levels of depolarizing inhibitory conductance. EPSG threshold increased to a greater
extent than EPSC threshold in B. E, EPSC amplitudes shown in C were converted to conductance
and illustrated as a function of input frequency. The dashed lines indicate the EPSG thresholds of
the multicompartment model from D. EPSGs become subthreshold at lower firing rates and
lower levels of inhibition than EPSCs.
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set the amplitude of the first EPSC (EPSC1) to large (90% of
threshold) or small (60% of threshold). The interstimulus inter-
val between EPSC1 and a second EPSC (EPSC2) of equal ampli-
tude was varied and the coincidence detection window was then
defined as the maximum interstimulus interval at which a spike
was evoked (Fig. 4A). As above, we also used conductance clamp
to provide depolarizing inhibition during the experiment.

Data from a representative NM neuron are illustrated in the
bottom traces of Figure 4A in response to this stimulus (EPSC
amplitude, 90% threshold; no inhibition). Because of the fast
kinetics of these neurons, the interstimulus interval between
EPSCs had to be very brief for the resulting EPSPs to temporally
sum and reach threshold. On average, the coincidence detection
window for large EPSCs was ( 0.7 ms (Fig. 4B). Depolarizing
inhibition significantly decreased this value ( p ( 0.0001; two-
way ANOVA, Bonferroni’s post hoc test). The coincidence detec-
tion window was much smaller when EPSC amplitudes were
smaller (i.e., 60% of initial threshold rather than 90%). This is as

expected, because smaller inputs are briefer and thus have a more
limited time period during with they can interact. This finding
also reflects the idea that synaptic depression (i.e., decreasing
input amplitude) enhances temporal fidelity in auditory neurons
(Kuba et al., 2002; Cook et al., 2003). Again, depolarizing inhibi-
tion significantly narrowed the coincidence detection window for
small EPSCs ( p ( 0.0001). True synaptic inputs, or synaptic
inputs modeled with conductance clamp, would likely have an
even narrower temporal integration window, particularly during
depolarizing inhibition, because the depolarization induced by
the first EPSP would bring membrane potential closer to the
EPSP reversal potential, thus lessening the power of the second
EPSP to further depolarize the neuron.

Additionally, we noted two interesting phenomena that these
experiments were not directly designed to address. The first is
that the EPSP that resulted from two inputs occurring just out-
side the temporal integration window did not appear to be twice
the amplitude of a single input (as is apparent in the subthreshold
traces of Fig. 4A), indicating the possibility that temporal sum-
mation in NM neurons was less than linear. Second, we noted
that the integrated EPSP to these “poorly timed” inputs could
exceed control voltage threshold, but did not evoke a spike, sug-
gesting that subthreshold EPSPs could induce accommodation.
We designed experiments to directly address these possibilities.

Nonlinear temporal integration in NM neurons
The physiological hallmarks of NM neurons (e.g., large leak and
potassium currents, relatively small Ca 2! and NMDA currents)
make them poor temporal integrators. Thus, we hypothesized
that inputs occurring outside the coincidence detection window
would sum in a less-than-linear fashion. Using a protocol similar
to that shown in Figure 4A, we examined the peak amplitude of
subthreshold EPSPs evoked at varied interstimulus intervals. The
black traces in Figure 5A illustrate the responses of a representa-
tive current-clamp experiment. To estimate linearity, we simply
took the voltage waveform of a single control EPSP and added a
second equal EPSP at each time point, and calculated the peak
amplitude, producing our “linear summing model.” These re-
sponses are illustrated in Figure 5A by gray traces. Across a range
of EPSC interstimulus intervals, the true voltage responses do not
reach the same amplitude as the linear calculation, indicating less
than linear summation. For group data, we normalized the actual
EPSP amplitude to the expected (linear) amplitude, and plotted
this value as a function of interstimulus interval (Fig. 5B,C). Note
that the left-most point in these plots indicates the edge of the
coincidence detection window, which changes depending on the
level of inhibition. When inputs are large (90% of threshold),
they sum together very poorly outside the coincidence detection
window, an effect that persists for up to 3 ms after EPSC1 (Fig.
5B). Summation between smaller EPSCs was closer to linear (Fig.
5C). Within the temporal integration window, summation is su-
pralinear, with voltage-gated Na! channels activating and pro-
ducing a spike. Outside this time domain, the less-than-linear
summation is likely attributable to shunting of EPSC2 by voltage-
dependent K! channels activated by the first EPSP. Functionally,
nonlinear summation will decrease the probability of asynchro-
nous inputs evoking action potentials.

Subthreshold inputs cause accommodation and EPSC
threshold increases
We sought to determine the extent of voltage threshold accom-
modation after a subthreshold excitatory input. To this end, we
performed current-clamp experiments similar to those previ-

Figure 4. Depolarizing inhibition narrows the coincidence detection window. A, NM neu-
rons were stimulated with two EPSC waveforms in current clamp. EPSC amplitudes were set and
interstimulus interval was decreased (middle traces). A second channel of the amplifier sup-
plied depolarizing inhibition in conductance clamp (top traces). The bottom traces illustrate
voltage responses of a representative neuron (0 inhibition). The coincidence detection window
for this neuron is indicated by the shaded area. B, The width of the coincidence detection
window was significantly decreased by depolarizing inhibition in NM neurons (mean ' SEM;
n ) 13). Smaller EPSCs (60% of threshold) also had a significantly narrower coincidence sum-
mation window. Statistically distinct groupings are marked by letters above bars ( p ( 0.001;
two-way ANOVA, Bonferroni’s post hoc tests).
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ously described, but in which the ampli-
tude of EPSC2 was varied until a spike was
evoked (Fig. 6A). As previously, conduc-
tance clamp was used to produce a depo-
larizing inhibition. Traces in Figure 6A
show recordings from a representative
NM neuron under current clamp (with 0
nS inhibition), illustrating the radical
changes in EPSC amplitude required to
evoke a spike across time after an initial
subthreshold input. This phenomenon is
reflected in the mean data (Fig. 6B). The
amplitude of EPSC1 was large, either 90 or
60% of threshold. Thus, when EPSC2 was
given within the coincidence detection win-
dow (interstimulus interval, ( 0.6 ms), the
input needed to reach threshold is relatively
small. Note that in Figure 6B the coinci-
dence detection window is the time frame to
the left of the point where the threshold
functions cross the control threshold
(dashed line). Outside of that window (in-
terstimulus interval, greater than * 0.6 ms),
however, in the same time domain in which
temporal summation is less-than-linear,
EPSC threshold to elicit a spike is greatly in-
creased and does not return to control levels
until interstimulus interval is %3 ms. The
return of threshold to control levels is rapid
enough that if afferents are firing at 333 Hz,
the response of the NM neuron will be un-
affected for the next set of stimuli. This has
additional importance during sound stimu-
lation in that these threshold shifts will likely
only affect responses within one cycle for
lower frequency sounds.

This increase in EPSC threshold was
smaller but still present when the initial
EPSC was smaller in amplitude (Fig. 6C). Depolarizing inhibition,
again presented as a square conductance input of 25 or 50 nS with a
reversal potential of $37 mV, increased the amount of EPSC thresh-
old change needed to evoke a spike, but not the duration of the effect.

To examine threshold accommodation, we measured voltage
threshold in these experiments and show that subthreshold EPSCs
induced a large depolarized shift in voltage threshold (Fig. 6D,E). As
with the change in EPSC threshold, this effect is very strong just
outside the coincidence detection window and returns to control
values at around interstimulus intervals of* 3 ms. Importantly, volt-
age threshold approaches the reversal potential for excitation after a
subthreshold excitatory input. This is particularly true during depo-
larizing inhibition, when the effect peaks with voltage threshold at
$10 mV. Because excitatory synaptic conductances have a reversal
potential of 0 mV, the amplitude required to achieve threshold will
increase exponentially during accommodation, and our current-
clamp experiments again underestimated threshold changes. Thus,
we measured changes to EPSG threshold after an initial subthreshold
conductance using our multicompartment model (see Materials
and Methods).

Depolarizing inhibition produces a refractory period after
subthreshold excitatory inputs
We applied the same stimulus protocol illustrated in Figure 6A to
our multicompartment model, but used EPSGs with a reversal

potential of 0 mV in place of EPSCs. We then compared EPSG
thresholds to physiological EPSGs amplitudes. Figure 7A illus-
trates EPSG threshold as a function of interstimulus interval after
an initial subthreshold event (EPSG1, 90% threshold). This func-
tion was similar in shape to the EPSC threshold recorded in NM
neurons using current clamp (Fig. 6B). The time course of this
function is slightly faster than EPSC threshold changes recorded
in our in vitro experiments. This may be attributable in part to
slight differences in kinetics between channel gating in the model
and in real neurons, in part because of different experimental
conditions across laboratories in which the measurements on
which the model was based were made. We have included on this
graph physiological NM EPSG amplitudes at various input fre-
quencies (dashed lines; values shown in Fig. 3E). Note that the
increase in EPSG threshold outside the coincidence detection
window was large enough to render most depressed (high-
frequency) inputs subthreshold. Thus, not only did spiking re-
quire very precise timing between multiple inputs, but equally or
more important, the dramatic increase in threshold after a sub-
threshold input provides a mechanism by which asynchronous
inputs were actively and profoundly excluded from evoking
spikes.

The addition of depolarizing inhibition greatly increased
EPSG threshold and enhanced the exclusion of spikes outside the
coincidence detection window. Figure 7B illustrates EPSG

Figure 5. Temporal summation is nonlinear in NM neurons. A, NM neurons were stimulated as in Figure 4, but the amplitude of
subthreshold responses was recorded. When EPSC interstimulus interval was short but outside the coincidence summation win-
dow, the amplitude of postsynaptic potentials (black traces) did not reach the simple linear summing model (gray traces). B, When
normalized to the amplitude of a response to a single input, temporal summation was less than additive across a broad range of
interstimulus interval for NM neurons (n ) 13; mean ' SEM). Depolarizing inhibition lessened this effect, likely because re-
sponses to the initial single input were smaller. C, Temporal summation was also nonlinear for smaller EPSCs.
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threshold as a function of interstimulus interval with the addition
of 25, 50, and 100 nS depolarizing inhibition (reversal potential,
$37 mV). These functions differed from those of Figure 6B be-
cause of accommodation forcing voltage threshold to approach
the reversal potential of the EPSGs. During the time period after
the coincidence detection window, the lowest levels of inhibition
elevated EPSG threshold to such an extent that only a completely
non-depressed NM synapse (firing at 1 Hz) could evoke a spike.
Thus, under physiological conditions (given a mean spontaneous
rate of * 55–100 Hz for eighth nerve fibers), this time domain

represents a virtual refractory period after
a subthreshold input. Importantly, larger
inhibitory conductances made this refrac-
tory period absolute, in that spikes were
not evoked regardless of EPSG amplitude.
Thus, the combined changes in threshold
induced by depolarizing inhibition and
subthreshold inputs produced a mecha-
nism by which NM neurons completely
exclude the possibility of spiking in re-
sponse to asynchronous inputs.

Discussion
NM receives one to three large excitatory
eighth nerve afferents per cell (Parks,
1981; Hackett et al., 1982). Mature NM
neurons respond to GABAergic inhibition,
from superior olivary nucleus (SON), with
slow, depolarizing IPSPs that cause shunt-
ing and voltage threshold accommoda-
tion (Lachica et al., 1994; Hyson et al.,
1995; Monsivais and Rubel, 2001). NM

neuron spike trains are more temporally precise relative to sound
phase than the eighth nerve (Fukui et al., 2006), and this precision
depends on SON inhibition (Fukui et al., 2010). We sought to
determine how excitatory and depolarizing inhibitory inputs are
integrated in NM and the role of this integration in the improve-
ment of spike timing between the eighth nerve and NM. We show
that nonlinear summation between subthreshold EPSPs, voltage
threshold accommodation, and shunting dramatically diminish
the ability of asynchronous excitatory inputs to evoke a spike in

Figure 6. Subthreshold inputs increase EPSC threshold and cause accommodation. A, The amplitude of EPSC1, modeled in current clamp, was fixed, whereas the amplitude of EPSC2 (middle
traces) was varied at each interstimulus interval point until an action potential was evoked (bottom traces). Depolarizing inhibition was simulated with long-duration square pulses in conductance
clamp, with a reversal potential of $37 mV (top traces). The horizontal dashed line in the middle traces over EPSC2 indicates control EPSC threshold. B, C, EPSC spike threshold was plotted as a
function of interstimulus interval after an initial subthreshold input (EPSC1) for NM neurons (n ) 12; mean ' SEM). Control threshold is marked by a dashed line. Within the coincidence summation
window (very small interstimulus intervals; less than* 0.5 ms), temporal summation was close to linear and EPSC2 spike threshold was low. Beyond the coincidence summation window EPSC2 spike
threshold increased dramatically before returning to control levels after * 3 ms. Depolarizing inhibition enhanced this effect (open symbols). D, E, Voltage threshold accommodation was strong and
followed the same function as ESPC2 spike threshold after a subthreshold input. Depolarizing inhibition also enhanced this effect.

Figure 7. A refractory period follows subthreshold excitatory inputs. A, EPSG spike threshold was measured in the multicom-
partment model as a function of interstimulus interval, as in Figure 6 B. The initial input was set to 90% of threshold. Direct
comparisons with real EPSG amplitudes at different input frequencies (dashed horizontal lines) show that threshold often rises well
above physiological EPSG amplitudes when eighth nerve rate is elevated. B, Depolarizing inhibition dramatically increased EPSG
spike threshold in the multicompartment model. During a time period after the coincidence summation window, small inhibitory
conductances raised spike generation threshold well above physiological EPSG amplitudes. During larger inhibitory conductances,
spikes could not be evoked (between upward arrows), indicating an absolute refractory period despite the fact that no action
potential was fired.
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NM. This is particularly profound during depolarizations such as
those induced by GABAergic inhibition. When integrating sub-
threshold excitatory inputs and inhibitory input, the specific bio-
physical attributes of NM neurons can cause an absolute
refractory period after subthreshold excitatory synaptic inputs.
Figure 8A illustrates this process, in which a sound stimulus
evokes phase-locked spikes (vertical lines) in two eighth nerve
axons, and a modeled NM neuron responds to these inputs. Large
subthreshold inputs result in a brief refractory period, such that
no spikes will be evoked by asynchronous inputs from other af-
ferents. Importantly, our data show that such subthreshold re-
fractory periods are relatively brief, and thus this refractoriness
will not affect inputs during the next phase cycle of the stimulus.
During a single subthreshold EPSP, the window of excitation is
very brief, followed by a longer period during which excitability is
dramatically diminished (Fig. 8B). These data lead us to hypoth-
esize that the subthreshold refractory period helps NM neurons
eliminate spiking in response to asynchronous subthreshold in-
puts and the elimination of errant spiking provides a mechanism
for the observed increase in temporal fidelity of NM neurons
relative to eighth nerve axons.

Nonlinear temporal summation in NM
Many of the synaptic and voltage-dependent adaptations of NM
neurons promote less-than-linear temporal summation between
EPSPs. First, voltage-dependent outward currents dominate over
inward currents during depolarization (Koyano et al., 1996), re-
flected by the curvature of the V–I function (Fig. 1B). Activation
of the large low-voltage-activated K! conductances of NM
(Reyes et al., 1994; Rathouz and Trussell, 1998) serves to keep
EPSPs brief and decreases temporal jitter in action potential tim-
ing (Brenowitz and Trussell, 2001) and contributes to shunting
by depolarizing inhibition (Howard et al., 2007). Activation of
these conductances by subthreshold excitatory inputs contrib-
utes to the nonlinear temporal summation we observed. Mature
NM neurons exhibit very large AMPA but small NMDA currents,
also serving to keep EPSPs brief (Zhou and Parks, 1992; Lu and
Trussell, 2007).

The morphology of neurons, including the location of syn-
apses within the dendritic arbor and relative to one another, can
also determine the mode of temporal summation (Carter et al.,
2007; Jean-Xavier et al., 2007). Synapses in close proximity are
more likely to be shunted by each other, whereas EPSPs evoked
on different dendrites may sum linearly or supralinearly once the
EPSPs have propagated to the soma. Mature NM neurons have
either no or diminutive dendrites and both excitatory and inhib-
itory synapses are somatic (Parks and Rubel, 1978; Jhaveri and
Morest, 1982; Carr and Boudreau, 1991, 1993). Thus, the synap-
tic arrangement and morphology of NM promotes both accurate
spike timing and sublinear summation between EPSPs.

The linearity of temporal summation between EPSPs is
strongly related to the relative timing between inputs (Margulis
and Tang, 1998). Coincident EPSPs depolarize the membrane to
a greater extent and thus have a greater probability of activating
facilitating mechanisms, whereas non-coincident EPSPs are
more susceptible to shunting by the voltage-dependent proper-
ties of the neuron activated by the first input (Margulis and Tang,
1998; Carter et al., 2007). Thus, neurons exhibiting linear or su-
pralinear summation of coincident inputs may also have a second
temporal window during which temporal summation is dimin-
ished. We show that, in NM neurons, there is a very brief coinci-
dence detection window followed by a second time domain in
which summation is profoundly less than linear, and in some

Figure 8. Elimination of poorly timed spikes in NM. A, A sound stimulus (top) evoked
eighth nerve action potentials (middle, vertical lines) with slightly imperfect phase-
locking. When the timing of eighth nerve action potentials is poor, as in the middle
responses, the modeled neuron failed to initiate a spike (bottom). Accommodation of
voltage threshold is shown by the dotted line. B, On an expanded timescale, a single
excitatory input (top) that evokes a subthreshold EPSP (middle) greatly changes the
excitability of the neuron. This is represented as the inverse of EPSC threshold (bottom). At
the very onset of the EPSP, during the coincidence detection window (gray shaded area),
excitability is high. However, it very quickly drops well below control levels (dotted line)
during the succeeding time period, decreasing to such an extent as to become refractory
(dashed line and stippled area), after which it returns to control levels.
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cases refractory. We hypothesize that this second window is crit-
ically important for auditory function in that it greatly reduces
spiking to asynchronous inputs, thereby enhancing phase
locking.

Mechanisms of accommodation and depolarizing inhibition
The high intracellular Cl$ concentration of mature NM neurons
results in GABAergic depolarization (Hyson et al., 1995; Lu and
Trussell, 2001; Monsivais and Rubel, 2001). Our data suggest that
the synaptic conductance, activation of K! conductances, and
inactivation of Na! channels all contributed to shunting and
threshold accommodation, resulting in depolarizing inhibition
in this system. Additionally, the anatomical restriction of Na!

channels to a spike initiation zone away from the soma appears
key to maintaining excitability during dIPSPs. Our conductance
clamp data show that depolarizing inhibition narrowed the coin-
cidence detection window for subthreshold EPSPs. Such inhibi-
tion also enhanced the accommodation and EPSC threshold
changes that occur during the non-coincident window after a
subthreshold excitatory input such that non-coincident inputs
become even more unlikely to evoke spikes.

During depolarizing inhibition, subthreshold EPSPs tempo-
rally sum more poorly than under control conditions. Shunting
by inhibitory postsynaptic conductances diminishes temporal
summation between EPSPs, particularly in systems in which
GABA acts as a nonpolarizing or depolarizing neurotransmitter
(Graham and Redman, 1994; Banke and McBain, 2006). Activa-
tion of outward currents and inactivation of inward currents by
subthreshold dIPSPs will also decrease temporal summation (Ed-
wards, 1990a,b). Voltage-activated K! currents play an integral
role in determining how GABAergic inputs are integrated in the
avian auditory brainstem (Lu and Trussell, 2001; Monsivais and
Rubel, 2001; Howard et al., 2007). In other systems exhibiting
depolarizing inhibition, both the relative timing between and
relative location of excitatory and inhibitory synapses can influ-
ence how excitatory and depolarizing inhibitory inputs integrate
(Gulledge and Stuart, 2003; Jean-Xavier et al., 2007). In NM, the
somatic location of both inhibitory and excitatory synapses
(Parks, 1981; Jhaveri and Morest, 1982; Code et al., 1989; Carr
and Boudreau, 1991) heightens the power of dIPSP shunting,
thus augmenting the inhibitory nature of these inputs.

Inactivation of Na! channels by subthreshold depolarizations
is a key component of depolarizing inhibition in some other sys-
tems (Eccles et al., 1961; French et al., 2006). This mechanism can
decrease supralinear summation by reducing Na! channel-
mediated EPSP facilitation (Margulis and Tang, 1998). dIPSPs
decrease NM excitability through spike threshold accommoda-
tion (Monsivais and Rubel, 2001). Our modeling data further
support the conclusion that Na! channel inactivation plays an
important role in this accommodation.

Threshold changes and the refractory period may improve
spike timing
Temporal fidelity can be increased across a synapse in a system in
which neurons receive only a small number of suprathreshold
inputs (Xu-Friedman and Regehr, 2005b). This depends, in part,
on asynchronous inputs occurring during the refractory period,
after an action potential evoked by an initial, well timed input.
We expect this to be the case in NM neurons when input rates for
both excitatory and inhibitory synapses are low compared with
maximal firing rates.

Our data strongly suggest that, as afferent nerve firing rates
increase, NM EPSPs shift from suprathreshold to subthreshold.

Subthreshold synapses can also improve spike timing: after mul-
tiple inputs sum to evoke a spike, the refractory period suppresses
additional spikes in response to late inputs (Xu-Friedman and
Regehr, 2005a). However, improvement of timing by these
mechanisms assumes that the earliest inputs received are well
timed relative to the stimulus and that lagging inputs are poorly
timed, and responses to these lagging inputs are eliminated. Like
the work by Xu-Friedman and Regehr, our data show that NM
neurons require highly synchronized subthreshold EPSPs to
reach threshold. However, we show that timing may be improved
by elimination of spiking in response to early subthreshold in-
puts, in that a refractory period is induced and spiking within that
phase cycle of the stimulus will be blocked. This implies that spike
timing is improved by the active elimination of responses to
poorly timed activity, both early and lagging. NM exhibits lower
maximal firing rates and better phase locking compared with the
eighth nerve (Fukui et al., 2006). Eighth nerve spike rates increase
with both the frequency and the intensity of sound stimuli, so
subthreshold refractory periods may play a role in the enhancing
temporal information regarding both of these properties of au-
ditory stimuli. Finally, depolarizing inhibition is highly effective
at enhancing such a mechanism because it induces threshold
accommodation and lowers input resistance in ways that hyper-
polarizing or nonpolarizing inhibitions do not. Depolarizing in-
hibition plays an important role in shifting excitation from
suprathreshold to subthreshold and inducing subthreshold re-
fractory periods, thus eliminating spikes to asynchronous inputs
and enhancing temporal fidelity. Indeed, blockade of the inhibi-
tion of NM by SON increases firing rates and degrades phase
locking during sound stimulation, highlighting the importance
of this input in auditory processing (Fukui et al., 2010).
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GABAergic Inhibition Sharpens the Frequency Tuning and
Enhances Phase Locking in Chicken Nucleus Magnocellularis
Neurons
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GABAergic modulation of activity in avian cochlear nucleus neurons has been studied extensively in vitro. However, how this modulation
actually influences processing in vivo is not known. We investigated responses of chicken nucleus magnocellularis (NM) neurons to
sound while pharmacologically manipulating the inhibitory input from the superior olivary nucleus (SON). SON receives excitatory
inputs from nucleus angularis (NA) and nucleus laminaris (NL), and provides GABAergic inputs to NM, NA, NL, and putatively to the
contralateral SON. Results from single-unit extracellular recordings from 2 to 4 weeks posthatch chickens show that firing rates of
auditory nerve fibers increased monotonically with sound intensity, while that of NM neurons saturated or even decreased at moderate
or loud sound levels. Blocking GABAergic input with local application of TTX into the SON induced an increase in firing rate of ipsilateral
NM, while that of the contralateral NM decreased at high sound levels. Moreover, local application of bicuculline to NM also increased the
firing rate of NM neurons at high sound levels, reduced phase locking, and broadened the frequency-tuning properties of NM neurons.
Following application of DNQX, clear evidence of inhibition was observed. Furthermore, the inhibition was tuned to a broader frequency
range than the excitatory response areas. We conclude that GABAergic inhibition from SON has at least three physiological influences on
the activity of NM neurons: it regulates the firing activity of NM units in a sound-level-dependent manner; it improves phase selectivity;
and it sharpens frequency tuning of NM neuronal responses.

Introduction
Sounds are encoded as a train of action potentials in auditory
nerve fibers (ANFs), and various stimulus features are repre-
sented by these patterns of activity. In birds, ANFs bifurcate to
innervate two cochlear nuclei, nucleus magnocellularis (NM)
and nucleus angularis (NA), where further processing occurs.
NM is specialized for transmission of phase information bilater-
ally to nucleus laminaris (NL), where the interaural phase differ-
ences are first processed (Young and Rubel, 1983; Carr and
Konishi, 1990; Overholt et al., 1992). NM is specialized both
morphologically and physiologically. First, large ANF presynap-
tic terminals, called the end bulbs of Held (Parks and Rubel, 1978;
Whitehead and Morest, 1981; Jhaveri and Morest, 1982a,b,c), are
formed on somas of NM neurons and generate a large postsyn-
aptic current that can minimize jitter in synaptic transmission
(Brenowitz and Trussell, 2001b). Second, low-voltage-activated

potassium channels are robustly expressed in the postsynaptic
membrane, which decreases the membrane resistance and corre-
spondingly shortens the membrane time constant (Reyes et al.,
1994; Rathouz and Trussell, 1998). These and other specialized
features of postsynaptic membrane and the morphological fea-
tures of synaptic terminals are differentially expressed along
tonotopic axis in the NM (Fukui and Ohmori, 2004).

The superior olivary nucleus (SON) is known to receive exci-
tatory inputs from the ipsilateral NA and NL and is thought to
receive inhibitory inputs from the contralateral SON. It sends
GABAergic projections to the ipsilateral NM, NA, NL, and con-
tralateral SON (Lachica et al., 1994; Westerberg and Schwarz,
1995; Burger et al., 2005b), and constitutes a major source of
GABAergic inputs to these targets. In brainstem slice experi-
ments, the GABAergic activity decreases the membrane resis-
tance of NM and NL neurons (Yang et al., 1999; Monsivais et al.,
2000). Models propose SON functions to improve ITD process-
ing in two primary ways: (1) equalizing the binaural cochlear
nucleus activity (Burger et al., 2005b; Dasika et al., 2005), and (2)
improving the phase sensitivity in NM by shortening the mem-
brane time constant (Yang et al., 1999; Monsivais et al., 2000).
Until now, it has been unclear how this unusual depolarizing
GABAergic input actually functions in vivo, especially consider-
ing that it must overcome the very large excitatory currents gen-
erated by the secure end-bulb synapses of ANF terminals to
suppress activity (Brenowitz and Trussell, 2001a). We investi-
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gated the processing of auditory informa-
tion in vivo to further understand the role
of this inhibitory system on sound-evoked
activity in NM. Our results support three
main conclusions regarding inhibitory
function. First, SON regulates the firing
rate of NM at moderate and high sound
pressure levels (SPLs), stimulus condi-
tions for which ANF inputs are expected to
be depressed. Second, inhibition improves
the phase selectivity of high-frequency NM
neurons. Finally, GABAergic input sharp-
ens frequency tuning of NM neurons. These
three related consequences of SON input
have important implications for the com-
putation of ITDs.

Materials and Methods
In vivo neuron recording and measurement. We
used 128 young adult chickens aged 15–31 d
(P15–P31). Chickens were anesthetized using
chloral hydrate (150 mg/kg) and urethane (1 g/kg) or, in some cases, only
urethane (1 g/kg). Supplemental doses of urethane were administered, if
the subjects showed any sign of discomfort. Animals were maintained at
40°C with a heating pad. Sound stimuli were presented through a pair of
hollow ear bars with a closed acoustic system from a pair of earphones
(EF-1935, Knowles Electronics). The sound pressure level was calibrated
at the beginning of each experiment. All experiments were made in a
sound-isolation booth placed within a soundproof, shielded room. The
detailed surgical and physiological recording methods were previously
described (Fukui et al., 2006) except as noted below. In experiments
using the multibarrel electrodes or the application of 6,7-dinitro-
quinoxaline-2,3-dione (DNQX) to the brainstem, the surface of NM was
exposed by aspiration of the cerebellum leaving the cerebellar peduncle.
Neural responses were recorded with custom-written data acquisition
software (B. Warren, University of Washington, Seattle, WA) or software
written in MATLAB (Fukui et al., 2006). After recordings, the brainstem
was fixed by transcardiac perfusion with 10% formalin and sliced at 100
!m to document the electrode tracts. The source of 1518 units recorded
in NM was identified as either an ANF or a NM unit by the waveform of
spike-triggered average (STA) in response to white noise stimulus (sup-
plemental Fig. 1 Bb, available at www.jneurosci.org as supplemental ma-
terial) (ANF, n ! 628; NM, n ! 844) and/or the latency to click stimuli
(supplemental Fig. 1 A, available at www.jneurosci.org as supplemental
material) (ANF, n ! 130; NM, n ! 120). Supplemental Figure 1 Ba
(available at www.jneurosci.org as supplemental material) shows the ex-
ample of the STA measurement. The zero crossing time (arrowheads)
between the second and the third significant peaks was stable regardless
of the sound level. This time value was used as one criterion to distinguish
ANF from NM units. SON units were also confirmed by the electrode
tract as well as the latency of STA and/or from the latency to the click
stimulus (supplemental Fig. 1C, available at www.jneurosci.org as sup-
plemental material).

Quartz glass electrodes (#QF100-70-10, Sutter Instrument) filled with
1 M sodium chloride were used for extracellular single-unit recordings.
After detection of single-unit activity by white noise sound (90 dB),
characteristic frequency (CF) was determined as previously described
(Fukui et al., 2006). The firing rate–intensity function was measured with
CF tones at randomized levels (from 10 to 90 dB SPL, 10 dB steps) (Fig.
1A). The sound duration was 50 or 70 ms with a 3 ms rise and fall time for
a sinusoidal envelope and the interstimulus interval was typically 500 ms.
Firing rate was measured by counting spikes in a window from 3 ms after
stimulus onset to the end of sound stimulus for "3 trials. The criterion
for a threshold increase in spike rate was defined as the spontaneous
firing rate plus 40 spikes/s (Warchol and Dallos, 1990). Maximal firing
rate was defined as the maximal firing rate for the CF sound of 10 –90 dB
SPL. A depression index was computed as the ratio of the firing rate to a

CF tone presented at 90 dB SPL to the maximal firing rate of the unit at
any intensity. Therefore, a high depression index value (#1.0) indicates
little or no spike suppression, while lower values indicate stronger spike
suppression. Frequency tuning was determined by using a series of stim-
uli in which we varied frequency by 1/12 or 1/6 octave steps and intensity
levels from below threshold to 90 dB SPL. Frequency selectivity was
defined as the frequency range evoking above threshold firing rates at
each intensity. Inhibitory frequency range was defined as the frequency
range evoking firing rates falling two SDs below the spontaneous rate.
The ratio of sensitive frequency (H/L) was defined as the ratio of the high
end of the frequency range evoking a response divided by the lower limit
of the frequency range at a given intensity. Vector strength (VS) (Gold-
berg and Brown, 1969) was calculated from 15 ms after the sound onset
to the end of sound stimulus (see Figs. 5, 6) as follows:

VS " !"#sin$#i%$2

$ "#cos$#i%$2

% N,

where ai is the phase position of a single spike and N is the total number
of spikes. The phase angle of the stimulus sinusoid at which each spike
occurs is expressed as a vector of unit length. The vectors of all spikes are
then averaged with the mean length indicating the vector strength. Thus,
this measure equates to the relative abundance of firing at a particular
phase angle. Vector strength varies from 0 (no phase locking) to 1 (per-
fect phase locking). Data are presented as mean & SEM (n ! number of
samples). Statistical analysis was performed by the unpaired or paired
Student’s t test or ANOVA. Removal of cerebellum did not affect the
firing properties (spontaneous firing rate, maximal firing rate, threshold,
depression ratio) of ANF and NM units (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material) ( p " 0.45).

Application of TTX to SON. Tetrodotoxin (TTX) was iontophoretically
applied to SON using a glass electrode of #40 !m tip diameter. SON was
located by the evoked potential in response to a 50 ms white noise stim-
ulus. The electrode was filled with artificial CSF (ACSF) containing 0.5
mM TTX and 1 mg/ml Alexa-568-conjugated 10 kDa dextran amine. TTX
and the dye were injected by applying a large current (& 40 nA, 1 s
positive and 1 s negative, 20 min). After the injection of TTX, the evoked
potential response along the dorsal to ventral extent of the SON to white
noise was almost completely suppressed. The injection site was con-
firmed by Alexa-568 following unit recordings (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material). TTX was suc-
cessfully injected into SON for 7 chickens (P17–P24). Single-unit record-
ings were made from 30 min to 5 h after the injection of TTX.

Injection of bicuculline in NM. Multibarrel “piggyback” electrodes,
composed of a single sharp electrode (borosilicate: AM SYSTEMS,
Cat#602000, or quartz: (#QF100-70-10, Sutter Instrument) glued to a

Figure 1. Difference in the rate–intensity relationship between ANF and NM. A, The average of firing rate for ANF (open circles,
n ! 127) and NM (filled circles, n ! 304) units, of CF higher than 1 kHz. Although the firing rate of ANF increased monotonically
with the sound intensity, the firing rate of NM was saturated around 60 dB SPL and was often reduced at higher sound levels.
Dotted lines show the averaged spontaneous firing rate for ANF (lower line) and NM (upper line). B, The depression index was
defined as the firing rate at 90 dB SPL divided by the maximum firing rate between 10 –90 dB SPL. The depression index of ANFs
was typically close to 1, meaning that the firing rate was maximum in most cases at 90 dB SPL. The depression index of NM neurons
was lower than ANF and seems to be CF dependent, lowest at the middle to high CFs. However, the index varied extensively within
similar CF neurons in NM. C, The threshold sound level for NM units having CF "1 kHz was plotted against depression index. The
depression index was weakly dependent on the threshold sound level.
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three or five barrel pulled glass pipette (AM SYSTEMS, Cat#609000, or
World Precision Instruments, 5B120F-4), were used for iontophoretic
application of bicuculline methiodide to NM (Havey and Caspary, 1980).
The tip of the multibarrel electrode was broken to make the total tip
diameter of #25– 40 !m and the sharp recording electrode was glued
using cyanoacrylate glue and self-curing resin. The tip of the single sharp
electrode protruded 20 –30 !m from the tip of the multibarrel electrode.
Internal solution of 1 M NaCl was used for the single sharp electrode.
Internal solution of 19.6 mM bicuculline in 154 mM NaCl at pH 3 and
control solution (154 mM NaCl, pH 3) was used for the multibarrel
electrode. The center barrel of the electrode was used as a current sink to
balance the total injected current (154 mM NaCl, pH 7). A retention
current (6 nA) was always applied during the insertion of electrode
through the brainstem. The amplitude of the injected current ranged
between ' 40 and ' 80 nA. The injection of control solution (154 mM

NaCl, pH 3) had no effect on NM unit responses (n ! 2, data not shown).
Application of DNQX onto the brainstem. ACSF containing (in mM: 120

NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 26 NaHCO3, 1.25 NaH2PO4, 17 glu-
cose) or ACSF including 20 !M DNQX at 40°C) was continuously per-
fused on the surface of brainstem by a peristaltic pump (2– 4 ml/min) in
10 chickens (P21–P27). The peristaltic pump was also used to recover the
ACSF solution. To stabilize the effects of drug, unit recordings were made
after "30 min from the beginning of drug perfusion.

Results
Firing properties of ANF and NM units and block of
SON activity
Figure 1A shows the averaged rate–intensity function for ANF
and NM units when a CF tone stimulus was applied. The spon-
taneous firing rate of NM units was significantly higher than for
ANF units (NM, 101.9 & 2.1 spikes/s, n ! 413; ANF, 48.7 & 2.1
spikes/s, n ! 201, p ( 0.0001). The spontaneous firing rate, the
threshold sound level (NM, 31.34 & 0.7 dB; ANF, 30.3 & 1.0 dB)
and maximal firing rate (NM, 260.9 & 4.2 spikes/s; ANF, 370.0 &
7.9 spikes/s) were comparable to those of previous reports (Warchol
and Dallos, 1990; Salvi et al., 1992; Fukui et al., 2006). The firing
rate of ANF units increased with the sound level and the rate–
intensity relationship was monotonic in almost all units re-
corded. In contrast, the firing rate of NM units reached a
maximum at an intermediate sound level and was slightly de-
creased or saturated at higher input levels (ANF). The depression
index was defined as the firing rate at 90 dB SPL divided by the
maximum firing rate of a unit. Thus low values indicate strong
suppression. The depression index was lower than 0.95 in 72.7%
of NM units, and only 6.7% of ANF units. Interestingly, although

there was substantial variation in the de-
pression index between units of similar
CF, the depression index of NM units de-
pended on the CF of units. Depression of
spike rate was seen primarily in the middle
to high-CF NM units (Fig. 1B), in con-
trast to units with CFs ( 1 kHz. Consistent
with these findings, as described below,
the influence of inhibition (or SON input)
was most clearly observed in neurons with
CFs above 1 kHz. Furthermore, there was
a weak, but significant relationship between
threshold and firing rate depression at high
sound levels; units having low acoustic
thresholds tended to have low depression
indexes (larger depression) (Fig. 1C).

To test the influence of the SON in
NM, the activity of the SON was blocked
by local iontophoretic injection of 0.5 mM

TTX, leaving the contralateral SON intact
(supplemental Fig. 3, available at www.

jneurosci.org as supplemental material), and the responses of
NM neurons were tested for 7 chickens. The depression of the
NM units ipsilateral to the TTX inactivated SON was reduced
compared to that seen in control NM neurons and, particularly,
that observed in contralateral NM units (Fig. 2A). The effect of
inactivating the SON input was only apparent at high intensities
(above #60 dB) and was much more dramatic for neurons with
high-frequency CFs than low-CF units. Moreover, the depression
of the ipsilateral NM after the TTX injection to SON was signifi-
cantly smaller than that of the control, while that of the contralat-
eral NM after the TTX injection was larger than that of the
control for units with CFs above 1 kHz (Fig. 2B). ANOVA fol-
lowed by individual comparisons revealed no significant differ-
ences for units with CFs ( 1 kHz. For units with CFs & 1 kHz,
depression at high stimulus levels was significantly less on the
ipsilateral side than controls ( p ( 0.05) and reliably greater on
the contralateral side than controls ( p ( 0.001). Similarly, the
difference between the average depression index ipsilateral and
contralateral to the TTX blockade of SON activity was highly
significant ( p ( 0.001). This difference between ipsilateral and
contralateral depression index was not due to differences in CF
distribution for the two populations of neurons. The means and
SDs did not differ significantly [( 1 kHz: ipsilateral CF ! 767.2 &
48.7 Hz (n ! 13), contralateral CF ! 616.5 & 81.7 Hz (n ! 7); & 1
kHz: ipsilateral CF ! 1745.0 & 129.7 Hz (n ! 27), contralateral
CF ! 1619.3 & 192.9 Hz (n ! 8)].

There was no significant difference in the spontaneous rate in
NM (ipsilateral 127 & 4.7 spikes/s, n ! 40; contralateral 131.7 & 9.3
spikes/s, n ! 15; p ! 0.62) or the threshold sound level (ipsilateral
20.0 & 1.2 dB, n ! 40; contralateral 20.3 & 2.7 dB, n ! 15; p ! 0.91).
However, the NM spontaneous rates were higher for the TTX-
treated population than for the control data reported in Figure 1
(control 103.2 & 2.3 spikes/s, n ! 346; TTX 128.3 & 9.3, n ! 55, p (
0.01). The maximal firing rate was not significantly different be-
tween three groups for CFs ( 1 kHz (control, ipsilateral, contralat-
eral; ANOVA, p ! 0.13). For CFs & 1 kHz, the mean maximum rate
of ipsilateral TTX-treated NM neurons (347.8 & 10.3 spikes/s, n !
27) was significantly higher than control (274.6 & 3.7 spikes/s, n !
304, p ( 0.001), but that of contralateral TTX treated was not
(319.2 & 22.6 spikes/s, n ! 8). ANF activity was not significantly
influenced by TTX injection into SON (spontaneous rate: control
43.5 & 39.4 spikes/s, n ! 31, ) TTX 36.8 & 18.0 spikes/s, n ! 7, p !

Figure 2. Blocking SON activity by TTX altered the degree of depression for NM neurons. A, The average firing rate for the ipsilateral NM
(closed triangles) and contralateral NM (open triangles) after the injection of TTX into the SON for low (Aa) and high (Ab) CF neurons. For
neuronshavingCFhigherthan1kHz(Ab), thefiringrateofthecontralateralNMwassignificantly lowerthanthatoftheipsilateralNMatthe
sound levels above 60 dB SPL. B, The depression index of the ipsilateral NM was significantly larger and the contralateral NM was signifi-
cantly smaller than that of the control condition for neurons of CF "1 kHz. **p ( 0.01; *p ( 0.05; n.s., not significant.
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0.66; rate at 90 dB SPL: control 356.0 & 98.6
spikes/s, n ! 31, ) TTX 427.8 & 84.5
spikes/s, n ! 7, p ! 0.08).

Bicuculline facilitated the firing activity
of NM units
SON is known to make a GABAergic pro-
jection to NM. We further evaluated the
effects of GABAergic inhibition by locally
blocking GABAA receptors in NM with
the iontophoretic application of bicucul-
line using a multibarrel piggy-back elec-
trode while recording from NM neurons.
Firing rates before, during, and after the
application of bicuculline were measured.
It should be stressed that this manipula-
tion did not evaluate possible contribu-
tions of GABAB receptors to the firing
properties of NM neurons, and it is
known that GABAB receptors are found
both presynaptically and postsynaptically
in NM (Burger et al., 2005a). The results
of blocking GABAA receptors for a typical
neuron are shown in Figure 3. For this
neuron, following 1– 4 min of bicuculline
iontophoresis (' 60 nA), the firing rate in
response to a 90 dB CF tone gradually in-
creased, and saturated within 6 min of
bicuculline application (Fig. 3A). Again,
the increase in the firing rate was observed
only for stimuli above #60 dB SPL, and
was not effective at either moderate (50 dB
SPL) or subthreshold (10 dB) levels (Fig.
3A, b in Fig. 3B). After 2– 4 min from the
suspension of bicuculline application, the firing rate at 90 dB SPL
decreased to the control rate, and no decrease was observed at 10
or 50 dB SPL (Fig. 3A). The complete rate–intensity function was
similar to the control after 6 –10 min of recovery from bicuculline
application (c in Fig. 3B). In 24 NM neurons tested, a significant
increase of the firing rate was observed at sound levels higher than
60 dB SPL and the mean firing rate at 90 dB SPL was increased
1.38 & 0.04 times (Fig. 3C,Da), while the spontaneous firing rate
was not significantly changed ( p ! 0.73) (Fig. 3C). Iontophoretic
application of the pH adjusted isotonic vehicle solution (154 mM

NaCl, pH 3.0) had no significant effect on the firing activity (n !
2, data not shown). The largest increases in the firing rate follow-
ing bicuculline application were found in units with the lowest
depression index values in the control ( p ( 0.001) (Fig. 3Db).
The firing rate of ANF units was not affected by the application of
bicuculline (n ! 2, data not shown). Despite the large changes in
firing rate at high sound levels, the overall firing pattern was only
marginally changed.

Figure 4 shows one example of the PSTH in the control (Aa)
and during the application of bicuculline (Ab), and the averaged
difference of firing rate (B). After application of bicuculline, the
firing rate increased during the entire 80 ms CF tone stimulus
with the exception of the onset response (Fig. 4, vertical dotted
line). In this example, the increase became significant starting at
#8 ms following stimulus onset and continued to be statistically
significant until offset of the response to sound (Fig. 4B). The
averaged increase in firing rate between 10 and 80 ms was 54.9 &
8.4 spikes/s to this 90 dB SPL CF stimulus. That corresponds to a
44.2% above the firing rate of before the bicuculline treatment

(124.3 & 9.9 spikes/s, n ! 24). Figure 4, C and D, shows average
firing rates for the early portion of the PSTH and sustained re-
sponse portion, respectively, as a function of stimulus level for the
control condition and with bicuculline treatment. It is clear that
the bicuculline treatment dramatically enhances responses to
high-intensity stimuli during the sustained response, but has lit-
tle or no effect during the onset response. While PSTH analyses
show little change in the overall pattern of response, analyses of
the temporal precision in responses to tone stimuli show that it
was dependent on GABAergic input. VS is a measure of the de-
gree of phase selectivity of a response (Goldberg and Brown,
1969). Figure 5A shows one example of period histograms of
spikes in under control conditions and during bicuculline treat-
ment. Phase locking was observed in the control with a VS of 0.46.
During bicuculline application the period histogram broadened
and the VS fell to 0.33, while the firing rate increased to 1.55 times
the control at 90 dB SPL. Ratios of VS measured at 90 dB SPL in
each condition are plotted in Figure 5B. The averaged ratio of VS
at 90 dB SPL was 0.92 & 0.02 for all units studied in both condi-
tions (n ! 24, p ( 0.001). Again, the decrease in VS was more
striking for higher CF units (r ! ' 0.47, p ( 0.05). VS decreases
were also level dependent; a priori comparisons were made be-
tween control and bicuculline condition at each intensity. At 70,
80, and 90 dB stimulus levels, the difference was significant ( p (
0.05). At lower intensities, the small differences in VS ratios were
not reliable (Fig. 5C).

Inhibitory tuning curve in NM
The acoustically evoked inhibition in NM, demonstrated by sup-
pressing the excitatory synaptic input from ANFs, was frequency

Figure 3. Bicuculline-induced increase in NM neuron firing rate was level-dependent. A, One example of the continuous
recording of firing rates of a NM neuron for 10, 50 and 90 dB SPL of CF sound (1903 Hz). Plots are averages of 5 trials. Bicuculline was
applied during 1.2–9.5 min (bar on the abscissa, 60 nA). B, Averages of the firing rate of 10 trials indicated by arrows in A (a– c). The
firing rate was increased with bicuculline at loud sound levels (b) and was recovered to the control level after the end of the
application of bicuculline (c). C, The ratio of firing rate in bicuculline and control. The ratio increased significantly at the sound level
higher than 60 dB SPL. **p ( 0.01. Da, The ratio of firing rate at 90 dB SPL for all neurons recorded. Db, The ratio of the firing rate
at 90 dB SPL was plotted against the depression index in the control condition. Neurons with smaller depression index values
showed greater increases in the firing rate during bicuculline treatment. In this and all subsequent figures, Bic stands for
bicuculline.

12078 • J. Neurosci., September 8, 2010 • 30(36):12075–12083 Fukui et al. • GABAergic Inhibition Sharpens Tuning Curve



dependent (Fig. 6). We applied 20 !M DNQX onto the surface of
the brainstem to partially block AMPA receptors in NM from
activation by ANFs. The spontaneous firing rate of NM units was
slightly lower in the presence of DNQX than in control condi-
tions (in DNQX, 97.5 & 4.2 spikes/s, n ! 58; in controls, 116.5 &
6.2 spikes/s, n ! 49, p ( 0.05), while the spontaneous firing rates
of ANF units was not significantly different (in DNQX, 52.6 & 3.6
spikes/s, n ! 41; in control, 49.7 & 4.7 spikes/s, n ! 35). After the
application of DNQX, the auditory-evoked discharges in NM
units nearly ceased, only occurring at the onset of the sound
stimulus for most neurons (Fig. 6Aa). Surprisingly, the ongoing
firing rate for remainder of the duration of the tone decreased
below the spontaneous level. The onset responses enabled us to
identify NM units and characterize their frequency selectivity.
The zero crossing time and latency in spike-triggered averaging
(supplemental Fig. 1B, available at www.jneurosci.org as supple-
mental material) of the click response corresponded to that of
untreated NM units (supplemental Fig. 1A, available at www.
jneurosci.org as supplemental material).

The excitatory and inhibitory response tuning was assessed for
each NM unit in two time windows with respect to the stimulus.
The excitatory onset responses were assessed in a window includ-
ing the initial 15 ms, while the inhibitory response area was mea-
sured from the area of response suppression in the remaining
15– 80 ms period (see Materials and Methods). The excitatory
response exhibited a relatively narrow tuning range at 90 dB SPL
(Fig. 6Ab) (the frequency range above the threshold level was
1.32–2.07 kHz) when compared to the inhibitory tuning range
(Fig. 5Ab) (the frequency range below the inhibitory threshold
level was 0.45–3.75 kHz). Figure 6Ba shows one example of the
tuning curve for the excitation measured from the onset response
and the tuning curve of the inhibition measured from the ongo-
ing response. The tuning curve of the excitatory onset response
was sharp. Figure 6Bb shows another example of the inhibitory
tuning curve in the unit for which the onset excitatory response
was not detectable. The tuning curve of the inhibitory response
was again very broad (Fig. 6Bb) and overlapped with that of the
excitatory response at loud sound levels (Fig. 6Ba). The W-shape
of inhibitory tuning curve in Figure 6Ba is likely due to the re-
maining excitatory response that canceled the inhibition during
the sound stimulus.

The frequency ranges of the excitation and the inhibition are
compared in Figure 7A for DNQX-treated NM neurons (n ! 30).

For most units (24 of 30 units) the fre-
quency range of the inhibition extended
well beyond the frequency range of the ex-
citation. In 3 of 30 neurons, the frequency
range of the excitation could not be de-
tected with the DNQX treatment. While a
small onset response was detectable, it did
not achieve our criterion for threshold
across a range of frequencies. In contrast,
evoked inhibition suppressed spontane-
ous activity in these neurons (top 3 units
in Fig. 7A) across a broad range of fre-
quencies. In two units (indicated by
closed arrowheads in Fig. 7A), the inhibi-
tion extended only to the high-frequency
side, and in one unit (indicated by gray
arrowhead in Fig. 7A) the inhibition ex-
tended only to the low-frequency side.

Tuning width was assessed for units
using the sensitive frequency ratio (H/L),

Figure 4. Time course of the bicuculline-sensitive response. A, PSTH of NM neuron for
the control (a, average of 23 trials) and during the application of bicuculline (b, average of
28 trials). Sound level was 90 dB SPL at CF (1903 Hz) and the duration was 80 ms (open bar
at the bottom in B). B, The averaged difference between in the control and in bicuculline
(n ! 24) was plotted by closed (significant, p ( 0.05) and open circles (not significant).
The effect of bicuculline emerged with a delay of #5 ms to the onset of sound and was
almost constant during the remainder of the sound stimulation. Bin width is 1 ms for A and
B. C, D, The averaged firing rates for the onset period (0 – 8 ms, C) and sustained period
(8 – 80 ms, D). The significant increase was observed only with higher intensity stimuli of
the sustained response. **p ( 0.01; *p ( 0.05; n.s., not significant.

Figure 5. Phase sensitivity of NM response to sound with and without bicuculline. A, One example of the period
histogram of NM neuron in control (left) and in the presence of bicuculline (right) (CF ! 1.8 kHz). Spikes were counted from
20 trials of sound stimulation (90 dB SPL at CF) in control and 12 trials with bicuculline. B, Ratios of VS at 90 dB SPL with CF
tone stimuli between the control and bicuculline conditions were calculated and plotted for all neurons. In the presence of
bicuculline, the VS ratio was reduced, particularly in high-CF neurons. The correlation coefficient was ' 0.47 ( p ( 0.05).
C, The average of the VS ratio was plotted against sound level. VS was significantly decreased at intensities above 60 dB SPL
( p ( 0.05). Parentheses indicate the number of neurons. All calculations of VS ratio were made at the sound levels greater
than threshold.
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defined as the ratio of the high-frequency
limit of the response range divided by the
low-frequency limit. Population mean
H/L ratios for ANF, NM, and the excita-
tory and inhibitory response areas for NM
units treated with DNQX are shown in
Figure 7B. ANF and NM showed sharp
frequency tuning. DNQX-treated NM
units (NM-Exc. in Fig. 7B) also showed
sharp excitatory tuning, but the inhibitory
area (NM-Inh. in Fig. 7B) was strikingly
broader. H/L ratios for all four conditions
were significantly different from each
other (ANF 2.9 & 0.2; NM 2.4 & 0.1; NM-
Exc. 1.8 & 0.1; NM-Inh. 9.7 & 1.3). The
broad tuning of the inhibitory response
area was similar in scale to the excitatory
tuning curves observed in recordings of
individual SON units (data not shown).

The H/L of NM units was also CF de-
pendent and had a tendency to be smaller
than that of ANF units for CFs "1 kHz
(Fig. 7B). The range of sensitive frequen-
cies, defined by the maximum and mini-
mum frequencies evoking suprathreshold
responses at any intensity, was compared
between the control and bicuculline con-
ditions for a group of NM units. Figure 8A
shows one typical example. The range of
sensitive frequency (bounded by two ar-
rows) became broader by bicuculline. For
almost all 11 NM units studied in this way,
the H/L ratio became larger after the ap-
plication of bicuculline (Fig. 8B). The av-
erage of H/L was 1.8 & 0.3 in control and
2.5 & 0.5 in the bicuculline (n ! 11).
Bicuculline broadened the H/L by 1.4 &
0.2 ( p ( 0.05). The average of the lower
and higher bounds was 1154 & 185 Hz
and 1653 & 127 Hz for the control, 1031 &
172 Hz and 1958 & 112 Hz for the bicucul-
line conditions. Both sides of bounds were
significantly modified by the application of
bicuculline ( p ( 0.01 for lower bound,
p ( 0.05 for higher bound). These results, together with data
from Figure 7B, show that the tuning of excitation in NM while
GABAergic input is blocked was much narrower than the tuning
of inhibitory input while excitation was blocked.

Discussion
In this report, we evaluated the contribution of GABAergic input
from the SON to processing of acoustic features in NM. We re-
vealed at least three physiologically significant roles of GABAer-
gic input to the NM in vivo. First, SON controls the firing rate of
NM in a sound-level-dependent manner (Figs. 1–3). Second, the
inhibition improves phase responsiveness in NM (Fig. 5). The
improvement of the VS was more significant in high-CF units
(Fig. 5B) and was significant only at the more intense sound levels
(Fig. 5C). Third, the inhibition sharpens frequency tuning at
NM (Fig. 8). In each case, the influence of GABAergic input was
most prominent for cells responsive to higher frequencies ("1
kHz) and for high or relatively high-intensity stimuli.

Degree of the inhibition in NM
The synaptic projection from SON to NM is known to be
GABAergic (Lachica et al., 1994). The intracellular chloride con-
centration is elevated in mature NM neurons and the reversal
potential of GABAergic IPSP is between ' 25 mV and ' 37 mV
(Lu and Trussell, 2001; Monsivais and Rubel, 2001). As a result,
GABAergic input depolarizes the membrane of NM neurons, yet
the net effect of GABAergic input remains strongly inhibitory via
two mechanisms. First, the depolarization reduces the membrane
resistance by the activation of low-voltage-activated potassium
channels and second, the kinetically slow depolarization causes
threshold accommodation (Yang et al., 1999; Monsivais et al.,
2000; Howard et al., 2007; Howard and Rubel, 2010). Our results
are consistent with the above results from in vitro studies, show-
ing that GABA indeed inhibits acoustically driven NM activity in
vivo.

The excitatory input to NM has been well characterized by in
vitro studies as well. The ANF terminals form large end bulb of
Held synapses on NM neurons that individually generate very

Figure 6. Wide band inhibition of NM activity is evident following DNQX application in NM. Aa, Raster plots of one NM neuron
activity for the various sound frequencies at 90 dB SPL (317–5702 Hz, vertically displaced at 1/6 octave steps) during perfusion of
ACSF containing 20 !M DNQX into the fourth ventricle. Each dot represents one action potential. Ten trials were plotted at each
sound frequency. The open bar on the bottom abscissa indicates the time of sound presentation (0 – 80 ms). At the onset of the
sound stimulus of #1.5 kHz, excitatory responses were observed. However, during and after the sound presentation, the firing
rate became lower than the spontaneous firing rate at most frequencies stimulated. Ab, The firing rate for onset (0 –15 ms) and
steady state (15– 80 ms) of the sound presentation were measured and plotted against sound frequency. Thick dashed line
indicates the spontaneous firing level. Thinner solid lines indicate the threshold level of excitation and inhibition (see methods for
definition of threshold). The frequency range of the inhibition was broader than that of the onset excitation. Ba, Tuning curve for
the excitation and inhibition. Threshold sound level for the excitation (closed circles) and inhibition (open diamonds) is plotted. The
excitation plot was calculated from the onset (0 –15 ms) and the inhibition plot was calculated from the steady state (15– 80 ms).
A and Ba are data from the same neuron. Bb, Inhibitory tuning of another example neuron in which the excitation response fell
below the threshold level.
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large synaptic currents sufficient to evoke an action potential in
NM neurons in vitro (Parks and Rubel, 1978; Jhaveri and Morest,
1982a,b,c; Carr and Boudreau, 1991). However, at high firing
rates, the ANF-to-NM synapse undergoes dramatic depression
such that current amplitudes are reduced by "80% at "300 Hz,
even over brief input trains (Brenowitz and Trussell, 2001a). In
this report, we demonstrate that acoustically evoked GABAergic
input is sufficient to suppress excitatory tone responses of NM
neurons in vivo. The inhibition was most efficacious during high-
intensity stimuli and in high-CF neurons. Indeed, blocking inhi-
bition did not alter the spontaneous firing rate of NM neurons,

nor did it influence the evoked spike rate to low sound intensities.
The bias in inhibitory efficacy toward high-CF neurons was sur-
prising given that an earlier report showing stronger GABA im-
munoreactivity in the low-CF region in NM (Code et al., 1989). It
may be noteworthy, however, that the quantitative analyses in
this study used immunocytochemistry with a polyclonal anti-
body raised against GABA-gluteraldehyde conjugate. A later
study by our group revealed significant differences in the patterns
of labeling seen in NM with this antibody and an antibody to
GAD-2, although the tonotopic gradient was not directly studied
with the GAD-2 antibody (Code et al., 1990), and a subsequent
study of the barn owl auditory pathways did not reveal a tono-
topic gradient through NM (Carr et al., 1989). In addition, a
qualitative review of tissue immunostained with modern anti-
bodies against gephyrin, an intracellular marker for GABAA and
glycine receptors, as well as GAD-65 (E. W Rubel, unpublished
observations) failed to confirm the observations made by Code et
al. (1989). Hence, the tonotopic gradient that was clearly ob-
served in this early study may not have been specific to GABA per
se, and this issue needs to be revisited by a combination of mod-
ern cell biological and physiological methods.

The dependence on CF and intensity may be due to a number
of factors that control synaptic input magnitude and NM neuron
excitability such as, synaptic depression (Brenowitz and Trussell,
2001a,b), and tonotopic variation in voltage-gated potassium
channels (Fukui and Ohmori, 2004). These potassium channels
are known to act cooperatively with GABAergic input to suppress
spiking in these cells (Monsivais et al., 2000; Howard et al., 2007).
Additionally, the number of ANF terminals impinging on NM neu-
rons systematically decreases with CF (Fukui and Ohmori, 2004).
Interestingly, the GABAergic inhibition fails to suppress responses to
the putatively stronger excitatory synaptic inputs occurring at stim-
ulus onset, when input from the SON may be relatively weak or
delayed. Similar GABA-dependent spike suppression has been ob-
served in primary-like anteroventral cochlear nucleus neurons in
mammals (Caspary et al., 1994; Kopp-Scheinpflug et al., 2002; Gai
and Carney, 2008).

In addition to CF and sound intensity, the GABAergic modu-
lation of the NM neurons depended on depression index values.
Among neurons of similar CF, there was a large variation of
depression values (Fig. 1B). This variation depends, at least in
part, on the degree of inhibitory input across the population of
NM neurons (Fig. 3Db); the firing rate of more depressed units
tended to increase with bicuculline application. In addition, there
was a weak, but reliable relationship between threshold and de-
pression (Fig. 1C); low-threshold units tend to show higher de-
pression indexes. These two, related, results probably account for
the fact that the grand average of the firing rate was relatively flat
at sound levels higher than 50 dB SPL (Fig. 1A), while the aver-
aged depression index was 0.8 (Fig. 2B). Warchol and Dallos
(1990) also report wide variation in threshold, saturation levels
and degree of depression among NM units.

Physiological significance of SON
Inhibitory input provided by SON has emerged as a crucial com-
ponent of sound localization circuitry in birds. First, Nishino et
al. (2008) demonstrated that SON enhances the peak–trough
contrast of ITD tuning especially in low-CF NL cells. SON also
appears to influence the excitatory input to NL in several impor-
tant ways.

In addition to the modulation of the ipsilateral NM as a func-
tion of intensity and CF, we show that the SON activity differen-
tially modulates NM firing rates bilaterally, putatively via its

Figure 7. Inhibitory tuning curves are broader than excitatory tuning curves in NM neurons.
A, The inhibitory range (open circles) and excitatory range (closed diamonds) of NM neurons
observed after the application of DNQX. Open crosses show the CF of the neuron. The inhibitory
tuning was generally broader than the excitatory frequency range. The black arrowheads indi-
cate two neurons for which inhibitory tuning was biased to the high-frequency side, while the
gray arrowhead indicates a neurons with inhibition biased to the low-frequency side of the
excitatory area. B, Population averages of the H/L ratio of excitatory and inhibitory range for
units of CF higher than 1 kHz. NM inhibition (NM-Inh.) and NM excitation (NM-Exc.) were
measured from the data after the application of DNQX (Fig. 6 A). The H/L ratio of the inhibitory
range of NM (NM-Inh.) was significantly broader than that of ANF (open circles) or NM (closed
circles). The H/L ratio of NM neurons were significantly narrower than ANF axons for neurons of
CF higher than 1 kHz. In one case, a neuron had its lower limit of frequency sensitivity below 100
Hz (gray circle in A); for this cell, the lower bound was assumed to be 100 Hz and calculated.
**p ( 0.01; *p ( 0.05; n.s., not significant.

Figure 8. Bicuculline-sensitive current sharpened the frequency response. A, The firing rate
of an NM neuron (CF ! 1510 Hz) in the control condition (upper panel) and in the presence of
bicuculline (lower panel). Dashed lines indicate the spontaneous firing rate and the thin solid
horizontal lines indicate the threshold firing level. Arrows indicate the low and high bounds of
the sensitive sound frequency. B, The H/L ratio was calculated for the control condition and in
the presence of bicuculline. Data from each individual neuron are connected with a line. Black
filled circles are data from the neuron shown in A.
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GABAergic synaptic connectivity to the contralateral SON
(Monsivais et al., 2000; Burger et al., 2005b). The physiological
role of the mutual connectivity of the SONs has been proposed to
equalize the binaural firing rate differences between each NM
(Burger et al., 2005b, Dasika et al., 2005). Colburn and Durlach
(1978) first proposed the computational advantage of equaliza-
tion of input magnitude for coincidence detection. The comple-
mentary models proposed by Burger et al. (2005b) and Dasika et
al. (2005) predicted that the SON-to-SON projection is itself in-
hibitory, and that higher activity in one SON would proportion-
ally relieve the inhibitory feedback to the cochlear nucleus by
suppressing activity in the contralateral SON. This hypothesis is
supported by the demonstration that during TTX application to
the SON, the firing rate of ipsilateral NM was facilitated, while the
contralateral NM was depressed. These findings suggest that the
reciprocal connectivity between the SONs (1) is mutually inhib-
itory and (2) functions to balance the magnitude of excitation to
binaural coincidence detectors in NL. They further suggest that
the SON contains a population of neurons that are driven by the
ipsilateral ear and suppressed by the contralateral ear much like
interaural level difference (ILD)-processing neurons in the mam-
malian lateral superior olive or in the avian dorsal lateral lemnis-
cal nucleus (LLDp). LLDp encodes ILD by processing excitatory
synaptic input from the ipsilateral NA and inhibition from con-
tralateral LLDp (Manley et al., 1988; Konishi, 2003). Recently,
work from our laboratories has reported that ILD-selective neu-
rons are also found in the chicken SON (Coleman et al., 2010)
and LLDp (Sato et al., 2010).

NM’s bilateral output projects exclusively to NL, where
coincidence-detecting neurons compute ITDs for sound local-
ization, an essential feature of binaural hearing. Thus, NM’s prin-
cipal function is to provide accurate temporal information to NL
neurons in the form of phase-locked discharges. The improve-
ment of the phase locking by shortening the membrane time
constant was predicted from in vitro studies (Yang et al., 1999;
Monsivais et al., 2000). We show that GABAergic input does
indeed improve phase locking in NM, especially in the high-CF
neurons.

Finally, DNQX application directly to NM revealed inhibitory
input that was more broadly tuned than the excitatory response
area, suggesting that inhibition may suppress responses at and
beyond the borders of an NM unit’s frequency range, particularly
at high sound levels. Enhancement of frequency contrast among
inputs to NL through this mechanism might be particularly im-
portant under conditions of high background noise. Maintaining
the frequency selectivity of each NM unit by SON would be ad-
vantageous for the processing of ITDs by reducing noisy, out-of-
phase input from neurons phase locked to multiple sound
frequencies.

In summary, localization of low-frequency sounds depends
on elaborate circuitry that has evolved in birds and mammals for
the precise computation of ITDs. This circuitry involves an ele-
gant and highly specialized excitatory network known to preserve
temporal information [for review, see Oertel (1997) and Trussell
(1997)]. In addition, a large body of in vitro physiological and
anatomical research over the past 20 years has led to important
predictions about the functional significance of the inhibitory
elements in this circuitry [for review, see Grothe (2003) and
Burger and Rubel (2007)]. This report addresses several predic-
tions made by these previous reports. GABAergic inhibition in-
fluences the rate, timing, and frequency tuning of NM neurons.
In each case, this influence is predicted to result in improved
temporal information provided by NM input neurons to

coincidence-detecting neurons in NL. Thus, the inhibitory cir-
cuitry composed of the two coupled inhibitory feedback loops via
the SON nuclei in the avian auditory brainstem appears to be
critically important for the accuracy and precision in the neural
computation of sound location.
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  Three-dimensional confocal microscopy of the mammalian 
inner ear      
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 Abstract 
Objective: Control the refractive index in fi xed specimens of mammalian inner ear to reduce spherical aberrations that limit 
our ability to obtain 3-dimensional images of fl uorescently labeled inner ear specimens by conventional laser scanning 
confocal microscopy. Study Design: Mouse inner ear specimens were fi xed with minimal dissection, rapidly decalcifi ed and 
fl uorescently labeled by immunohistochemistry then impregnated by epoxy resin or a clearing agent composed of 5 parts 
methyl salicylate:3 parts benzyl benzoate.  The specimens were imaged by both confocal microscopy and by widefi eld epi-
fl uorescent microscopy, with additional processing by deconvolution. Results: Rapid decalcifi cation preserved tissue mor-
phology and antigenicity for the antibodies tested. Although the epoxy allowed some reduction of spherical aberration, the 
clearing agent enabled optical volumes of high quality and resolution to be collected through the inner ear. The conditions 
for immunolabeling are important to ensure adequate perfusion of the immuno-labeling reagents throughout the specimen. 
Conclusion: Spherical aberration reduces signal intensity, contrast and resolution in optical microscopy. Creating a homo-
geneous refractive index throughout the inner ear to reduce spherical aberration allowed optical volumes to be collected 
through an intact, fl uorescently labeled cochlea in a manner limited by the working distance of the objective lens rather 
than by spherical aberration. Optical volumes collected by this method from the mammalian inner ear promise to be use-
ful for applications such as tracing innervation patterns, counting sensory cells or other structures over large regions of the 
sensory epithelium, and characterization of the inner ear in animal models of human deafness disorders. 

  Key words:       fl uorescence, inner ear, refractive index, spherical aberration

 Introduction 

 This manuscript expands upon an abstract presented 
at the XIV International Symposium in Audio-
logical Medicine that described our published work 
utilizing an epoxy resin or a clearing agent composed 
of methyl salicylate and benzyl benzoate to reduce 
spherical aberration in inner ear specimens for 
confocal microscopy. New methodological details in 
our labeling protocols are presented, along with an 
attempt to summarize the importance of the optical 
properties of the specimen for light microscopy. 

 Light microscopy can produce aberration-free 
images only when the specimen possesses specifi c 
optical properties. A typical research-grade dry or 
oil-immersion objective lens for high-resolution 
imaging assumes that the specimen preparation 
possesses a uniform refractive index (RI) of 1.518 
(approximating immersion oil) and is mounted 

with a coverslip thickness of 0.17 mm with an RI 
of approximately 1.523 (1). Deviations from these 
conditions result in lateral displacement of the 
outer converging light rays, relative to those that 
pass nearer to the optical axis, to create spherical 
aberration by enlarging the point-spread function. 
Spherical aberration results in signal loss, reduced 
resolution and lower image contrast. The major cause 
of spherical aberration in fl uorescent microscopy is 
RI non-uniformity, or a mismatch between the RI of 
the specimen and the specimen RI for which the 
objective was designed (2,3). 

 Traditionally, preparative methods for temporal 
bone structures constrain the occurrence of spheri-
cal aberration by sectioning or microdissection to 
minimize the amount of tissue in the optical path. 
Although these approaches have produced high-quality 
two-dimensional images, they are labor intensive, 
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may distort the tissue and much additional process-
ing is required to create a three-dimensional repre-
sentation of the inner ear by reconstruction from a 
series of two-dimensional images. 

 Previous work in our laboratory obtained three-
dimensional images by confocal microscopy from 
bisected adult mouse cochlea embedded in epoxy resin 
(4). Although this was an improvement over recon-
struction from sections, an acceptable fl uo rescent sig-
nal could be obtained only through a portion of the 
working distance of any objective lens employed. 

 We have now obtained three-dimensional images 
of the mature mammalian inner ear with confocal 
microscopy by creating a homogeneous refractive 
index throughout this complex structure (5). The 
clearing agent is composed of 5 parts methyl salicylate: 
3 parts benzyl benzoate (MSBB), and was initially 
described as part of an array of clearing agents used 
to aid in the microscopy of specifi c animal tissues 
(6). It was initially applied to the mammalian cochlea 
for orthogonal plane fl uorescent optical sectioning 
(OPFOS) (7,8), a sheet-illumination imaging method. 
It was subsequently used with high-resolution OPFOS 
(9,10) and more recently employed for thin-sheet 
laser illumination microscopy (TSLIM) (11). 

 We show that it is possible to obtain confocal 
volumes up to 900  µ m in thickness through an intact, 
fl uorescently labeled cochlea utilizing a low NA 
objective. Minimal dissection allows high NA objec-
tive lenses to record optical volumes limited by the 
working distance of the objective lens, rather than by 
spherical aberration created by the specimen.   

 Materials and methods 

 Inner ears were collected from mice raised in the 
University of Washington vivarium in accordance 
with IACUC regulations. The mice, 129/CBA, were 
killed by cervical dislocation at ages ranging from 
post-natal day 7 (P7) to adult. Each temporal bone 
was dissected to expose the cochlea, the stapes was 
removed and a small hole made in the apex of 
the cochlea, over the helicotrema. A slow perfusion 
of 0.1 ml 4% paraformaldehyde buffered with 0.1 
 M  sodium-potassium phosphate, pH 7.4, was 
followed by an overnight post-fi xation in 4% para-
formaldehyde at 4 ° C, on a nutator. 

 The specimens were washed with 0.01  M  sodium-
potassium phosphate buffer, pH 7.4, containing 
0.9% sodium chloride (PBS), three times for 10 min 
each, with gentle rotation at room temperature. 
Each specimen was placed in a polystyrene Petri 
dish, covered with PBS, and gently dissected free 
of extraneous soft tissues while viewed under a dis-
secting microscope (MZ-8, Leica Microsystems, 
Wetzlar, DE) with oblique illumination from a 150-W 

fi beroptic illuminator (Techniquip, Livermore, CA). 
Enough bone was removed from the cochlea to allow 
it to lie on its lateral or ventral side. Circulation of 
the immunolabeling reagents through the inner ear 
was encouraged by opening the round window, 
dissecting a hole in the bone overlying the lower 
turn and enlarging the hole in the apical turn. 

 In our published protocol (5), decalcifi cation was 
accomplished by submerging specimens for three 
days in 10% ethylenediamine tetra-acetic acid-
disodium salt (EDTA, Sigma, St. Louis, MO) in 
PBS, pH 7.4, at 4 ° C, with rocking. The EDTA 
was removed by rinsing with three changes of PBS, 
10 min each, at room temperature with rotation. 

 Recently, specimens were prepared with a rapid 
decalcifi cation by means of 15-min immersion in 
RDO Rapid Decalcifi er (Apex Engineering Products 
Corp., Aurora, IL) at room temperature, with gentle 
rotation. The RDO was removed with three rapid 
exchanges of PBS followed by three changes of PBS 
for 5 min each, at room temperature, with rotation.  

 Immunocytochemistry 

 This labeling protocol employed a rocking plat-
form ( ‘ nutator ’ ) to circulate reagents. However, the 
quality and consistency of labeling are controlled 
by the interplay of agitation force, vessel dimen-
sions, reagent volume and degree of dissection. The 
incubation vessel required suffi cient inner diameter 
to allow a noticeable wave action on the reagent 
surface. A reagent volume of 1 ml in a 4-ml glass 
vial with a polyethylene snap cap (Cat. No. 225532, 
Wheaton, Millville, NJ) incubated on a nutator 
(Model 260100F, Fisher Scientifi c, Pittsburgh, PA) 
provided acceptable labeling without allowing the 
specimens to tumble in a damaging manner. The 
plastic snap-on caps were resistant to the clearing 
agent. A volume of 1 ml was suffi cient to keep the 
specimens submerged to avoid entrapment of air 
bubbles that may block the fl ow of reagents within 
the cochlear duct. Note that the MSBB mixture will 
dissolve polystyrene dishes (as well as computer 
keyboards and microscope focus knobs). 

 Decalcifi ed specimens were transferred into the 
4-ml glass vials with up to four inner ears per vial. 
All labeling incubations were carried out at 4 ° C, with 
agitation on the nutator, and rinses were carried out 
at room temperature, on a platform rotator, unless 
otherwise noted. The inner ears were incubated in 
a minimal volume of Image-iT FX (Molecular 
Probes, Eugene, OR) for 30 min at room tempera-
ture, on a rotator, to reduce interactions between 
fl uorophores and tissue. This was replaced with 
an immuno-block solution of PBS containing 10% 
normal serum (Vector Laboratories, Burlingame, 
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CA), 0.5% bovine serum albumin (A-7030, Sigma, 
St. Louis, MO) and 0.1% Triton X-100 (Sigma). 
The immuno-block was removed after an incuba-
tion of 4 h carried out at room temperature, with 
rotation. The specimens were covered with 1 ml of 
immuno-block containing the primary antibodies 
and incubated for three days. The primary anti-
bodies employed in this report were mouse mono-
clonal anti-parvalbumin (MAB1572, Chemicon, 
Temecula, CA) and chicken anti-200 kD neuro-
fi lament (AB5539, Chemicon) diluted 1/500 in 
immuno-block solution as a  ‘ cocktail ’  mixture. 

 After incubation, the primary antibodies were 
removed and the specimens were washed three times 
in PBS for 2 h each. The fi nal PBS wash was replaced 
with a 1-ml volume of immuno-block solution 
containing the secondary antibodies, each diluted 
1/500, and the nucleic acid label DAPI (Sigma) at a 
concentration of 0.2  µ g/ml, and then the specimens 
were incubated for three days. Secondary antibodies 
employed were goat anti-mouse IgG conjugated to 
Alexafl uor 488 and goat anti-chicken IgY conjugated 
to Alexafl uor568 (Molecular Probes). The inner ears 
were washed three times with PBS, 2 h each, at the 
end of incubation.   

 Clearing and mounting 

 The labeled inner ears were dehydrated with a graded 
series of ethanol from 70% through absolute ethanol, 
as previously described. They were transferred into a 
clearing medium made of 5 parts methyl salicylate 
and 3 parts benzyl benzoate (MSBB). The RI of this 
clearing mixture was calculated to be 1.556 by mul-
tiplying the proportion of each reagent in the fi nal 
mixture by its RI and summing the results. 

 Each cleared specimen was mounted for imaging 
by placement in an imaging chamber and covering 
by several drops of MSBB. An imaging chamber was 
created by attaching a 24-mm  "  50-mm coverslip 
to a 25-mm  "  75-mm  "  1-mm aluminum frame 
slide containing a large central opening. These slide 
frames had been used to support plastic fi lms used 
for laser microdissection. The fi lm was scraped off 
with a razor blade and residual glue removed with 
absolute ethanol. The coverslips were measured to be 
of 170 – 173  µ m thickness by means of a micrometer 
with an accuracy of 1  µ m (No. 293-765-30, Mitutoyo 
America, Aurora, IL) and attached with silicone 
aquarium sealant (All-Glass Aquarium Co., Franklin, 
WI). If desired, a second frame could be attached to 
the side opposite the coverslip in order to create a 
chamber 2 mm deep to allow greater volume of clear-
ing agent or to provide clearance for a cover over the 
chamber to reduce evaporation. The silicone sealant 
was allowed to dry for 24 h under a weight, then the 

frame was inverted so that the coverslip became the 
fl oor of a specimen chamber (Figure 1). 

 Each specimen was placed in the imaging cham-
ber, covered with a few drops of clearing agent, 
and positioned while observing under a dissecting 
microscope. Fragments of coverglass were sometimes 
employed as shims to maintain the position of the 
cochlea. Microscopy of the organ of Corti using high-
NA objectives with short working distances required 
that the side of the cochlea be sliced off in a plane 
roughly parallel to the modiolus to remove the lateral 
portion of the cochlear duct. This was accomplished 
by placing the specimen in a Petri dish containing 
a layer of clear silicone rubber (Sylgard 184, K.R. 
Anderson Co., Morgan Hill, CA) and slicing the 
cochlear shell with a scalpel blade.    

 Confocal microscopy 

 Mounted specimens were viewed on a Fluoview-1000 
laser scanning confocal microscope with an IX-81 
inverted microscope (Olympus America, Center 
Valley, PA). The fl uorescent labels DAPI, AlexaFluor 
488, AlexaFluor 568 and AlexaFluor 660 (not 
shown) were observed using laser lines of 405 nm, 
488 nm, 561 nm and 635 nm, respectively, for exci-
tation. Dichroic mirrors and bandpass emission fi l-
ters used for the four fl uorescence detectors on this 
instrument were 490 nm longpass dichroic and 425 –
 475 nm bandpass interference fi lter, 560 nm long-
pass dichroic and 500 – 560 nm bandpass interference 
fi lter, 640 nm longpass fi lter and 575 – 640 bandpass 
interference fi lter, a front surface mirror and 655 –
 755 nm bandpass interference fi lter, respectively. 
The specimens were viewed with the following dry 
objectives: a 4x/NA 0.16 of 13 mm working dis-
tance, a 10x/NA 0.4 with 3.1 mm working distance 
and a 20x/NA 0.75 UPLSAPO with 600  µ m  working 

  Figure 1.     A specimen holder was fabricated from an aluminum 
frame originally used to support laser microdissection specimen 
fi lms. The completed holder is fl ipped over after attaching the 
coverslip to create a sealed depression in which the specimen is 
placed.  
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distance. A 40x/NA 1.3 UPFL oil-immersion objec-
tive lens with 200  µ m working distance was also 
employed. Confocal images were collected with 
12-bit digitization and then saved in a 16-bit OIF 
format. The oil-immersion objective was used with 
an immersion oil of RI 1.554 (Type A, Cargille 
Laboratories, Cedar Grove, NJ). 

 Confocal image volumes were deconvolved 
by Huygens software (Scientifi c Volume Imaging, 
Hilversum, NL) using a constrained maximum like-
lihood estimate algorithm. Current work utilized 
Huygen Professional 3.5.5 on a Macintosh Pro 
computer, OS 10.6.2. Maximum intensity pro-
jections (MIP) for two-dimensional (2D) images 
and three-dimensional (3D) rotations were created 
using Huygens and ImageJ, version 1.42 (Rasband, 
National Institutes of Health, Bethesda, MD, http://
rsb.info.nih.gov/ij/). ImageJ was used on Macintosh 
Intel-based computers, OS 10.6.2 (Apple, Inc., 
Cupertino, CA). Final fi gures were created with 
Photoshop (Adobe, San Jose, CA). All fi gures were 
subjected to histogram stretch and gamma adjust-
ment to increase contrast.     

 Results  

 Rapid decalcifi cation was compatible with 
immunocytochemical labeling 

 The rapid decalcifi cation with RDO reduced the 
preparation time by four days without apparent 
degradation of immunocytochemical labeling. The 

resulting histology appeared indistinguishable from 
that achieved by long exposure to EDTA.    

 Altering the specimen RI reduced spherical aberration 

 The mouse inner ear became nearly transparent 
after clearing by MSBB, visible only by a brown tint 
in the thicker bone regions and the pigmented epi-
thelium in the stria vascularis. Small fragments of 
inner ear lacking the stria vascularis, such as surface 
preparations containing half turns of organ of Corti, 
become completely transparent (data not shown). 
Very low power levels could be employed for confo-
cal microscopy with these specimens. For example, 
the 488-nm laser line was used in the range of 2 – 4%, 
corresponding to 2.1 – 4.2  µ W, measured at the back 
aperture of the objective lens. Low laser power 
improved image contrast through reduced light scat-
tering and autofl uorescence, as well as minimized 
photobleaching. The time required to collect a con-
focal volume was dependent upon several factors, 
including the lateral and axial sampling density, 
pixel dwell time, the use of sequential channel 
capture and whether averaging was employed. The 
images presented here were collected with a 2- µ s 
dwell time and 800  "  800 or 1024  "  1024 pixel 
sampling, sequential channel collection and no aver-
aging. A full resolution image incrementing focus 
at 3  µ m for the 10x/NA 0.l6 objective or 0.3  µ m for 
the 40x/NA 1.30 objective required 45 – 60 min 
to collect three channels of fl uorescence. Smaller 
fi eld sizes and reduced depths of focus on specifi c 

  Figure 2.     An inner ear oriented on its lateral side (toward the objective lens), displays the organ of Corti (}) spiraling around the modiolus 
through a haze of nuclei in the stria vascularis and lateral wall tissue. The IHC and OHC are labeled for parvalbumin (green) and the 
afferent nerve fi bers are labeled for 200 kD neurofi lament (red). Nuclei (blue) are labeled with the DNA label, DAPI. Neurons in the 
spiral ganglion near the apex ( ∗ ) and at its base ( ∗  ∗ ) were also labeled for parvalbumin. (A) Inner ear as imaged lying against the coverslip. 
(B) Same optical volume after rotating the apex 15 °  in the x-axis to better view the modiolus and the basal turn crossing over the round 
window (arrow). Maximum intensity projection from 217 image planes from a 651- µ m thick optical volume, 129/CBA mouse, P33 days, 
10x/0.40 objective.  
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structures, or reduced axial resolution (fewer focal 
planes) required 15 – 25 min.   

 Optical volumes viewed by digital sectioning 
and re-orientation 

 Optical volumes of the inner ear could be viewed 
as a maximum intensity projection in the plane at 
which the data were captured, or rotated to an 
orientation more favorable for viewing. Figure 2A 
provides an example in which spiral ganglion cell 
bodies labeled for parvalbumin, a calcium binding 
protein, in the apical modiolus (asterisk) were 
obscured by the stria vascularis in the original imag-
ing plane, while the neurons (double asterisk) are 
visible at the base. Figure 2B presents the optical 
volume after rotation 15 °  around the x-axis, bring-
ing the apex  ‘ towards ’  the viewer. The apical neurons 
are now visible, while the basal ganglion neurons 
have become obscured by the stria vascularis. The 
rotation also makes the organ of Corti in the basal 
turn more visible as it passes over the round window. 
Optical volumes can be digitally re-sectioned along 

arbitrary axes to additional perspectives of the 
tissue. Sub-regions from within an optical volume 
may be extracted, as in Figure 3C, to view specifi c 
features. An image with suffi cient axial resolution 
may be presented as a projection along any axis, such 
as the Y,Z axis (relative to acquisition) presented in 
Figure 3D.    

 Reduction of background in large specimens 

 Pre-treatment of the tissue with the Image-iT FX 
reagent noticeably reduced the non-specifi c binding 
of fl uorescent labels to the surfaces of the cochlear 
duct. When present, this background label became 
evident when viewing through large regions of 
tissue and sometimes obscured details when images 
were adjusted to increase the contrast of small struc-
tures. Despite blocking treatments, the tectorial 
membrane commonly displayed a reddish hue from 
non-specifi c binding of the Alexafl uor 568 label 
(visible in Figure 3) and small punctate deposits 
from all secondary antibodies. Haze from out-of-
focus light and light scattering that accumulated in 

  Figure 3.     An inner ear imaged through the bony capsule using a 10x objective (A). Parvalbumin (green) is observed in the three rows of 
OHC and the single row of IHC. Nerve fi bers emerging from the habenula perforata (arrow) were labeled with 200 kD neurofi lament 
(red). The severed end of the modiolus labeling for parvalbumin and 200 kD neurofi laments creates the large yellow rosette at the bottom 
of this panel. The white box indicates the region subsequently imaged at high magnifi cation (B – D). A maximum intensity projection 
through the organ of Corti illustrates type I afferent and efferent nerve fi bers labeled for 200 kD neurofi lament mixed with fi bers labeled 
for parvalbumin (arrowhead) emerging from the habenula perforata. Some fi bers pass through the IHC row towards the OHC (arrow) 
(B). A maximum intensity projection of a 6- µ m thick layer from the OHC basal region displays synapses on the OHC by spiral fi bers 
(arrowheads) and efferent fi bers (arrows) (C). The optical volume was then digitally resectioned in the Y,Z plane through the region 
indicated by the white boxes in (B) and (C), then rendered into a brightest-point projection (D) to present a transverse view of the optical 
volume. The tunnel of Corti is crossed by an efferent fi ber (arrow) and putative afferent nerve fi bers (arrowheads). Synaptic structures 
observed in (C) are present beneath the OHC. Arrowheads indicate efferent fi bers and arrows indicate probable type II afferent fi bers. 
129/CBA mouse, P33 days, littermate to that shown in Figure 2, 10x/0.40 objective (A), 40x/1.30 objective (B – D).  
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these large optical volumes was removed by decon-
volution of the confocal images.   

 The organ of Corti can be observed through 
the intact cochlear shell 

 As the 10x/NA 0.4 objective lens possessed a 3.1-mm 
working distance suffi cient to image the whole, it 
was most commonly employed for this purpose in 
preference to the 4x with its lower NA. The demag-
nifi cation of the FV-1000 optics allowed a choice 
between collecting an entire cochlea within a single 
fi eld of the 10x objective and using the zoom func-
tion to collect specifi c regions at the full resolution 
of the lens. Maximum intensity projections of whole 
inner ears tended to present a haze of fl uorescently-
labeled nuclei in the outer shell of the cochlea and 
its attached connective tissue. This is observed in 
Figure 2, at the periphery of the outer bone, and the 
blue haze in the four corners of Figure 3. Optical 
planes containing bone that obscured interior struc-
tures could be excluded from maximum intensity 
projections, as illustrated in Figure 3. 

 Inner ears could be imaged fi rst through the 
intact cochlear shell using a 10x objective (Figure 
3A), then imaged with a 40x/1.3 NA oil-immersion 
objective (Figures 3B – D) after the side of the 
cochlear shell was removed by slicing with a scalpel 
blade. At 10x, some large nerve bundles labeled 
for 200 kD neurofi lament (red) were visible within 
the osseous spiral limbus. Most nerve fi bers were 
strongly labeled by the antibody against 200 kD 
neurofi lament as they emerged from the habenula 
perforata (Figure 3A). At this low power the inner 
spiral bundle (arrow) appeared as a dense tangle at 
the base of the IHC with only a few fi bers visible as 
they extend through the IHC to cross the tunnel of 
Corti and innervate the OHC. Some fi bers labeled 
for 200 kD neurofi lament projected longitudinally 
for a short distance before crossing the tunnel in the 
manner of efferent nerve fi bers. In contrast, nerve 
fi bers exiting the habenula perforata demonstrated 
weak labeling intensity for parvalbumin (green) that 
was usually overwhelmed by the stronger labeling 
for 200 kD neurofi lament when viewed in merged 
color images. A small population of nerve fi bers was 
labeled predominately for parvalbumin, but appeared 
unlabeled for neurofi lament (Figure 3B). Small 
nerve fi bers resembling type II afferent fi bers could 
also be observed crossing the tunnel of Corti and 
projecting longitudinally in the manner of the outer 
spiral bundle. Restricting the maximum intensity 
projection in Figure 3B to 6  µ m thickness in the 
basal region of the OHC allowed visualization of the 
thin fi bers of the outer spiral bundle (green), as well 
as their synapses on OHC (arrowheads) (Figure 3C). 

A few fi bers strongly labeled for 200 kD neurofi la-
ment and could be observed projecting radially 
across the tunnel to branch and form synapses on 
the OHC (arrows). 

 A maximum intensity projection in the Y,Z plane 
through the volume outlined in Figures 3B and 3C 
displays the organ of Corti as though focusing the 
objective lens from the left side of the box. Afferent 
fi bers are visible as they climb the IHC to form syn-
apses and a possible efferent fi ber is shown crossing 
the tunnel of Corti (arrow). A synapse visible at the 
outermost row of OHC (arrow) is also identifi ed in 
Figure 3B and Figure 3C. A small nerve fi ber labeled 
predominately for parvalbumin (arrowhead) crosses 
near the fl oor of the tunnel of Corti and small cross-
sections of outer spiral bundle fi bers labeled for par-
valbumin are visible below the OHC and Deiters 
cells. A synapse from such a fi ber is present on the 
base of the outermost OHC (arrowhead). These 
images at high magnifi cation demonstrate the supe-
rior preservation of morphology possible with this 
method and the ability to create 3D images at high 
resolution.    

 Discussion 

 Our prior work (4) obtained optical volumes to a 
thickness of 300  µ m from mammalian cochlear tissue 
using a 4x 0.1 NA objective and to 60  µ m thickness 
using an oil-immersion objective of 60x/1.4 NA. The 
progressive decrease of signal intensity, contrast and 
resolution limited the thickness of our confocal vol-
umes to much less than the working distance of the 
objective lenses. Since the estimated RI of epoxy 
resin was 1.49, we sought to increase the refractive 
index in our specimens to further reduce spherical 
aberration. 

 The MSBB clearing agent was fi rst employed 
to reduce spherical aberration in the mammalian 
cochlea for imaging by OPFOS (7). MSBB rendered 
the specimen suffi ciently transparent to record 
images of inner ear interior structures through the 
intact bony capsule of the guinea pig inner ear and 
was subsequently used to clear the mouse inner 
ear for other sheet illumination methods (9 – 11). We 
applied MSBB to conventional laser scanning con-
focal microscopy on the mouse inner ear (5) and 
found that spherical aberration and light scattering 
within the specimen was reduced suffi ciently to allow 
the working distance of the objective lens to become 
the limiting factor in focus depth. 

 Spherical aberration increases with the third 
power of the NA of the objective lens, the degree of 
RI mismatch and the depth of focus into the speci-
men. Major sources of spherical aberration arise 
from specimen preparation due to RI mismatches 
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and improper coverslip thickness (see 1 – 3 for 
discussion and complete references). The RI of a 
material is defi ned as the amount by which the 
velocity of light passing through the material is 
reduced relative to vacuum (RI # 1),  Table I. A light 
ray passing through the interface formed by the 
junction of two media with differing RI will change 
direction as it changes velocity, a process known as 
refraction (Figure 4A). The degree of refraction 
depends on the RI of the media and the sine of the 
incident angle of the light rays on each side of the 
interface in a relationship described by Snell ’ s Law 
(Eq. 1), and illustrated in Figure 4B. This relation-
ship holds regardless of whether a light ray is pass-
ing from a higher RI into a lower RI or in the reverse 
direction. 

   sin
sin

1

2

2

1

Θ
Θ

#
R I
R I

 (1) 

 When a lens is focused through an RI interface 
perpendicular to the optical axis, the light rays 
are refracted proportionally to their incident angle. 
The paraxial rays from the center of the objective 
will be minimally refracted while the high angle 
marginal rays originating from the edge of the lens 
will be refracted to the greatest degree. The result-
ing image will be a blurred superimposition of the 
images created by rays leaving the objective at dif-
ferent angles and forming foci at different focal 
planes above or below the expected (nominal) plane 
of focus. Figure 5A demonstrates an objective lens 
focused into a medium with the RI for which it was 
designed; the light rays exiting the margin of the 
lens at a high angle are focused to the same focal 
plane as the rays exiting near to the optical axis. 
However, Figure 5B illustrates the impact of a 
reduced RI in the specimen shifting the focal plane 
of the marginal rays towards the coverslip, while 
the paraxial rays would remain relatively unaf-
fected. The opposite effect would occur in the case 
where RI 1  was higher than RI 2 ; the marginal rays 
would be focused more deeply than the paraxial 
rays (Figure 36.5 in (12)). 

 An RI interface is also refl ective in a manner 
proportional to both the magnitude of the square 
of RI difference at the interface and the angle 
of incidence, further diminishing signal generation 
and contrast. Again, this predominately affects rays 
approaching the interface at high angles collecting 
the high frequency information essential for resolu-
tion. Refl ections also reduce contrast by adding scat-
tered light throughout the image. The problem of 
spherical aberration becomes more troublesome in 
the presence of multiple interfaces delineating the 
refractive index variations associated with complex 
structures such as those found in the mammalian 

  Figure 5.     An objective lens is designed to bring light rays from all angles to a nominal plane of focus when focused into a medium possessing 
the correct RI (A). However, the presence of a layer possessing a different RI will refract the light to focus at different planes depending 
on the angle at which the ray leaves the objective (B). The RI of the coverglass (1.523) is suffi ciently close to that of the RI 1  (1.518), so 
that refraction becomes negligible.  

  Figure 4.     Refraction is illustrated by a light ray passing through 
two media of different RI, drawn to scale (A). The angles are 
relative to the optical axis (vertical dashed line); their sines, RI 1  
and RI 2 , are listed at the left, as determined by Snell ’ s Law. Light 
rays passing through the interface will refract relative to their angle 
of incidence (B).  
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inner ear. The case of an RI interface oriented at 
some angle relative to the optical axis will also result 
in a lateral shift of the focus, leading to additional 
degradation of the image. 

 MSBB created a suffi ciently uniform refractive 
index throughout the inner ear tissue to render it 
nearly transparent. The use of an immersion medium 
closely matched to the high RI of the MSBB further 
minimized RI variability in the specimen with oil-
immersion objectives. Most mounting media com-
monly used for fl uorescence microscopy possess an 
RI in the range of 1.36 – 1.49. However, the dense 
connective tissues of the inner ear ’ s bony structures 
remain clearly visible by transmitted and refl ection 
light microscopy when mounted in such media, 
indicating that an RI mismatch exists. 

 Some correction for RI mismatch is possible by 
use of special objective lenses equipped with collars 
that can be adjusted to correct for variations in 
coverslip thickness. These are predominately very 
high NA dry objectives or water immersion objec-
tives designed to work with aqueous specimens. 
A few objectives designated as  ‘ multi-immersion ’  
are equipped with collars to compensate for use 
with different immersion media to match the RI 
of specimens over a range of RI from water to 
immersion oil. Both types of correcting lenses can 
compensate for a range of RI mismatch between 
the specimen and the fi rst surface of the objective 
lens, in addition to coverslip thickness (11). The 
effect of coverslip thickness is usually not signifi -
cant with oil-immersion objectives due to the close 
match in RI between the glass (approx. 1.523) and 
the immersion oil. A large RI mismatch, such as 
glass:air or glass:water, can produce signifi cant 
spherical aberration, where an error in coverslip 
thickness of 10  µ m can result in signifi cant losses 
of resolution and signal after only 10  µ m of focus 
into the specimen using a high NA dry objective 
(1). However, lenses having correction collars that 
allow spherical aberration compensation are not 
widely available and are extremely costly. 

 Our labeling method is robust and reproducible, 
provided the cochlea is subjected to suffi cient hydrau-
lic forces to achieve circulation of the antibody 
throughout the cochlear duct. Incubation with agita-
tion that is too weak, or in containers that do not allow 
suffi cient fl uid motion, will fail to label the tissue. 
Conversely, excessive dissection risks damaging 
exposed sensory structures if the specimen tumbles 
freely within the incubation vessel. In general, a degree 
of dissection that allows access to the lower or mid 
turns, the apex, the oval and round windows will be 
suffi cient if the combination of vial dimensions, volume 
and degree of agitation can produce a noticeable wave 
motion on the surface of the incubation medium. 

 Type I and type II afferent fi bers are known 
to label for 200 kD neurofi lament (13), as are effer-
ent fi bers innervating the mouse OHC (14). The 
small nerve fi bers predominately labeled for par-
valbumin in this study might be type II afferent 
fi bers based on their relatively small size, arrange-
ment below the OHC, and shape of their synapses 
(15,16), but they appeared to be unlabeled for 
200 kD neurofi lament. Nerve fi bers of similar 
appearance and parvalbumin labeling have been 
reported to be lightly labeled for 200 kD neurofi la-
ment (17) using a shorter post-fi xation exposure. 
Differences in antibody specifi cities and labeling 
methodologies may be responsible for the range of 
immunolabeling fi ndings in the inner ear (18). 
Additional work with combinations of antibodies 
specifi c for markers associated with neuronal mark-
ers, such as pre- and post-synaptic proteins, would 
be required to positively identify where these nerve 
fi bers form synapses on the OHC (14,19,20). 

 The nerve fi bers within the modiolar bone and 
osseous spiral lamina display a dramatic differ-
ence in label intensity compared to those that have 
emerged from the habenula perforata. This suggests 
inhibition of antibody penetration that may be due 
to the dense connective tissue or the presence of 
membranes from myelin sheaths within the modio-
lar structures. 

 In summary, a simple means has been presented 
for reducing the effect of spherical aberrations 
in fi xed preparations of the mammalian inner ear. 
High quality images may be obtained by confocal 
microscopy through the full working distance of any 
objective lens. This method does not require any 
specialized optics, hardware or custom software. 
The method is also compatible with deconvolution 
of three-dimensional optical volumes collected by 
epifl uorescent wide-fi eld microscopy (not shown). 
Furthermore, this study emphasizes the importance 
of matching the specimen, the mounting media RI 
and the coverslip thickness to the requirements of 
the specifi c objective lens being utilized in order to 

  Table I. Refractive indices for some common media.  

Medium RI

Vacuum 1.0000
Air 1.0003
Water 1.3333
90% glycerol 1.4605
100% glycerol 1.4746
Immersion oil ∗ 1.518
MSBB ∗  ∗ 1.556

    ∗ Cargille, Type B immersion oil.   
  ∗  ∗ The reported RI varies from 1.536 to 1.5409.   
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Reference to Erratum: Audiological Medicine Mar 2011, Vol. 9, No. 1: 51–51. 
 
Read More: http://informahealthcare.com/toc/aum/9/1 
 
Erratum 
Three-dimensional Confocal Microscopy of the Mammalian Inner Ear 
Glen H MacDonald, Edwin W Rubel 

Audiological Medicine 2010, 8(3): 120–128. doi: 10.3109/1651386X.2010.502301 

It has come to our attention that this article was published without inclusion of final revisions.  The 
following corrections were omitted: 

On page 122 the sentence 

The RI of this clearing mixture was calculated to be 1.556 by multiplying the proportion of each 
reagent in the final mixture by its RI and summing the results. 

Should have read 

The RI of this clearing mixture was calculated to be 1.548 by multiplying the proportion of each 
reagent in the final mixture by its RI and summing the results. 

 
On page 126 figure 5 

In the figure; "Water: RI1 = 1.518" should have read "Water: RI1 = 1.333".  
The last line of the caption should read "The RI of the coverglass (1.523) is sufficiently close to that 
of the RI2 (1.518),...". 

 
On page 128 reference 10 

Buytaert JAN, Dirckx J. Tomographic imaging of macroscopic biomedical objects in high resolution 
and three dimensions using orthogonal-plane fluorescence optical sectioning. Appl Optics. 
2009;48:941–8. 

Should have read 

Buytaert JAN, Dirckx JJJ. Tomographic imaging of macroscopic biomedical objects in high 
resolution and three dimensions using orthogonal-plane fluorescence optical sectioning. Appl 
Optics. 2009;48:941–8. 

 
An incorrect version of Table I was published. The correct version is shown below. 
 
Table 1. Refractive indices for selected mounting/clearing media. 
 

Medium RI 
Water* 1.3333 
90% Glycerol (calculated) 1.4605 
100% Glycerol* 1.4746 
Xylene* 1.494 
Immersion oil ** 1.518 
Methyl salicylate*** 1.536 
MSBB (calculated) 1.548 
Benzyl benzoate* 1.568 

 
* Merck Index, 10th Ed. Rahway(NJ): Merck & Co., Inc; 1983. 
** Type B, Cargille Laboratories, Cedar Grove, NJ. 
*** Polysciences, Inc, Warrington, PA, Lot #546391. Varies from 1.536 to 1.541. 
 
 
The editors and authors regret any confusion that may have resulted. 
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ABSTRACT
The avian nucleus laminaris (NL) is involved in computa-

tion of interaural time differences (ITDs) that encode

the azimuthal position of a sound source. Neurons in

NL are bipolar, with dorsal and ventral dendritic arbors

receiving input from separate ears. NL neurons act as

coincidence detectors that respond maximally when

input from each ear arrives at the two dendritic arbors

simultaneously. Computational and physiological studies

demonstrated that the sensitivity of NL neurons to coin-

cident inputs is modulated by an inhibitory feedback

circuit via the superior olivary nucleus (SON). To under-

stand the mechanism of this modulation, the topogra-

phy of the projection from SON to NL was mapped,

and the morphology of the axon terminals of SON neu-

rons in NL was examined in chickens (Gallus gallus).

In vivo injection of AlexaFluor 568 dextran amine into

SON demonstrated a coarse topographic projection

from SON to NL. Retrogradely labeled neurons in NL

were located within the zone of anterogradely labeled

terminals, suggesting a reciprocal projection between

SON to NL. In vivo extracellular physiological recording

further demonstrated that this topography is consistent

with tonotopic maps in SON and NL. In addition, three-

dimensional reconstruction of single SON axon

branches within NL revealed that individual SON neu-

rons innervate a large area of NL and terminate on

both dorsal and ventral dendritic arbors of NL neurons.

The organization of the projection from SON to NL sup-

ports its proposed functions of controlling the overall

activity level of NL and enhancing the specificity of fre-

quency mapping and ITD detection. J. Comp. Neurol.

519:358–375, 2011.

VC 2010 Wiley-Liss, Inc.

INDEXING TERMS: auditory brainstem; axonal projection; c-aminobutyric acid (GABA); interaural time difference (ITD);

tonotopic organization

Common components of neuronal networks in the cen-

tral nervous system include long-distance excitatory pro-

jections and local inhibitory connections. In addition, inhi-

bition can also be provided by long-range connections

between separate nuclei, such as the GABAergic connec-

tion from the deep cerebellar nucleus to the inferior olive

(Hesslow, 1986; Nelson et al., 1989) and the GABAergic

projections from diverse cell populations in the caudal

diencephalon and brainstem to the superior colliculus

(Appell and Behan, 1990). However, little is known about

how long-range inhibitory projections are organized. In

the auditory system, a few inhibitory long-range pathways

have been studied, including 1) the GABAergic aural dom-

inance bands in the inferior colliculus arising from bilat-

eral projections of the dorsal nucleus of the lateral lem-

niscus in cat (DNLL; Shneiderman et al., 1988); 2) the

well-described precise tonotopic connection from the

medial nucleus of the trapezoid body (MNTB) to the lat-

eral superior olive in mammals (LSO; Boudreau and Tsu-

chitani, 1968; Sanes and Rubel, 1988); and 3) the

GABAergic projection from the superior olivary nucleus
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(SON) to nucleus laminaris (NL) in the chicken brainstem

(Lachica et al., 1994; Yang et al., 1999; Burger et al.,

2005). The SON projection to NL provides an opportunity

to study the organization of inhibitory input in a system in

which the excitatory circuit is precisely organized and

well characterized. Additionally, understanding the orga-

nization of SON inhibition will provide insight into the role

of NL neurons in azimuth sound localization. Here, we

investigate the topography of the GABAergic projection

from SON to NL.

Interaural time differences (ITDs), the submillisecond

differences in the arrival time of sound to the two ears,

are a critical cue for binaural localization of sound sour-

ces. The avian NL, similar to the mammalian medial supe-

rior olive (MSO), is the first neural center to receive exci-

tatory input from both ears. The chicken NL is composed

of a compact monolayer of bitufted neurons with segre-

gated dorsal and ventral dendrites. Excitatory input from

either the ipsilateral or the contralateral ear is relayed in

a phase-locked manner through nucleus magnocellularis

(NM) and conveyed to the dorsal or ventral dendritic

arbor, respectively (Parks and Rubel, 1975; Smith and

Rubel, 1979; Young and Rubel, 1983). Individual NL neu-

rons are sensitive to changes in ITDs, responding maxi-

mally when input from the ipsilateral and contralateral

NM arrives at the two dendritic arbors simultaneously

(Carr and Konishi, 1990; Overholt et al., 1992). In addi-

tion, NL is characterized by systematic shifts of frequency

representation, tonotopy, along its rostromedial to caudo-

lateral axis (Rubel and Parks, 1975). Orthogonal to its

tonotopic map, NL is arranged by preferred ITD such that

neighboring neurons have adjacent receptive fields along

the azimuth (Parks and Rubel, 1975; Young and Rubel,

1983, 1986; Köppl and Carr, 2008).

A fundamental requirement for NL neurons to localize

sound effectively is to remain sensitive to ITDs across a

large dynamic range of firing rates of their inputs. The firing

rate of NM fibers increases threefold or more with increas-

ing sound level (Warchol and Dallos, 1990). One mecha-

nism that preserves ITD sensitivity in NL across sound lev-

els is inhibitory feedback (Nishino et al., 2008). GABAergic

inhibitory inputs are abundant on the cell body as well as

both dorsal and ventral dendritic laminae of NL (Carr et al.,

1989; Code et al., 1989). The inhibitory input arises from a

small population of interneurons in the surrounding neuro-

pil (von Bartheld et al., 1989) and a prominent projection

from the ipsilateral SON (Lachica et al., 1994; Yang et al.,

1999; Burger et al., 2005). SON receives excitatory input

from the ipsilateral NL and nucleus angularis (NA) and pro-

vides inhibition to the ipsilateral NL, NM, and NA (Lachica

et al., 1994; Yang et al., 1999; Monsivais et al., 2000; Bur-

ger et al., 2005). Using a computational model of the avian

auditory brainstem network, previous studies demon-

strated that sound-level-dependent feedback inhibition

from the SON can significantly expand the dynamic range

of the avian ITD coding system and improve ITD sensitivity

(Peña et al., 1996; Dasika et al., 2005).

Individual SON neurons project to multiple ipsilateral

target nuclei and thus provide an interaction between the

auditory pathways specialized for processing temporal

features (NM to NL) and the pathways that process other

aspects of sound (Burger et al., 2005). In addition, a sepa-

rate population of SON neurons projects to the contralat-

eral SON, which has been suggested to serve to decrease

the effects of level imbalances to the two sides (Burger

et al., 2005).

The physiological properties of the SON allow these

neurons to integrate inputs over long time periods and to

respond to the overall activity level of their inputs,

instead of encoding precise temporal information about

the stimulus structure. Compared with NM neurons,

chicken SON neurons show poor phase locking and rel-

atively long time constants and excitatory postsynaptic

potential (EPSP) durations (Lachica et al., 1994; Yang

et al., 1999; Kuo et al., 2009). Furthermore, direct stim-

ulation of the SON evokes a GABA-mediated inhibition

in NL neurons lasting on the order of tens to hundreds

of milliseconds (Hyson et al., 1995; Funabiki et al.,

1998; Yang et al., 1999; Monsivais et al., 2000; Lu and

Trussell, 2001; Monsivais and Rubel, 2001), in contrast

to the rapid glutamatergic responses (Raman et al.,

1994). In NL, GABAergic input from the SON has been

shown to reduce the amplitude and shorten the gluta-

matergic EPSPs, which may facilitate coincidence

detection of the bilateral excitatory inputs (Peña et al.,

1996; Funabiki et al., 1998; Yang et al., 1999). This

slow inhibition of the glutamatergic response by

GABAergic input is consistent with the presumed role of

the SON in regulating the gain of the network in order to

maintain temporal sensitivity in NL, particularly over

variations in sound level.

Although physiological and computational studies have

established the critical role of inhibition in ITD coding, the

neuronal mechanisms remain unknown. Is the SON regu-

lating NL in a frequency-specific manner or an ITD-spe-

cific manner? Is the SON-NL loop homotopic, such that

an NL neuron receives inhibitory feedback from the same

SON neurons to which it projects? Are SON arborizations

confined to specific laminae in NL, suggesting independ-

ent regulation of input from each ear within this nucleus?

By using in vivo anterograde and retrograde tract tracing

methods, the current study examined the topography of

the projection from SON to NL and determined the

detailed morphology of SON terminals within NL. Our

observations also raise the possibility of a tonotopic rep-

resentation in SON.

Topography of SON projection to NL
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MATERIALS AND METHODS
White leghorn hatchlings at postnatal days 4–6 were

used for all experiments. All procedures were carried out

in accordance with the National Institutes of Health Guide

for the care and use of laboratory animals and were

approved by the University of Washington Institutional

Animal Care and Use Committee. All efforts were made

to minimize pain or discomfort of the animals and to mini-

mize animal numbers.

Surgery preparation
Chickens were anesthetized with an intramuscular injec-

tion of 40 mg/kg ketamine and 12 mg/kg xylazine.

Throughout recording and injections, the animal’s tempera-

ture was maintained at 40!C using a heating pad. The head

was fixed to a head holder, and a metal rod was attached to

the top of the cranium with dental cement. The skull was

exposed, and a hole was made above the cerebellum.

In vivo recordings
Free-field sound stimuli were presented, and the sound

pressure level was calibrated at the beginning of each

experiment. The maximum sound intensity was 110 dB

SPL and the sound frequency range was 100–6,000 Hz.

Sound calibration and electrophysiological recordings

were made in an electrically shielded, double-walled,

sound-attenuated room. Acoustic stimuli were either

pure-tone or white-noise pulses (200 msec duration, 2

msec rise and fall time for a triangular envelope, 3

pulses/second). The recording electrode was a glass

micropipette (2–5 MX) filled with 5 mM AlexaFluor 568

dextran (D22913; Invitrogen, Eugene, OR) in 3 M sodium

acetate. The recording electrode was inserted vertically

1.8–2.0 mm lateral to the midline and 0–0.5 mm rostral

to the middorsal sinus. The SON was located by monitor-

ing neuronal responses to a white-noise stimulus (80 dB

SPL) while lowering the electrode into the brainstem

using a motor driven micromanipulator (model PMC100;

Newport, Irvine, CA). Neuronal action potentials were

recorded extracellularly with a neuroprobe amplifier

(model 1600; A-M Systems, Carlsborg, WA) and bandpass

filtered between 80 Hz and 10 kHz (two-pole). Data were

collected at 50 kHz sampling frequency with 12-bit reso-

lution. Customized software (SPIKE; B. Warren, University

of Washington, Seattle), written in Python, controlled

sound presentation and data acquisition.

After isolating a unit or multiunit cluster from back-

ground noise, the best frequency (BF) was obtained. The

BF was defined as the sound frequency, presented for

200 msec at 70 dB SPL, that elicited the greatest spike

rate. Each stimulus was presented 20–30 times in a

randomized sequence. For six cases, we obtained a tuning

curve to a series of sound frequencies (15–25 frequencies

at logarithmic intervals between 0.1 and 6 kHz, Fig. 1). Fir-

ing threshold was defined as the sound intensity that

induced spiking greater than 2 SD above the spontaneous

firing rate. Characteristic frequency (CF) was defined as

the frequency with the lowest threshold. Spike sorting and

analysis of frequency tuning curves were performed using

customized software written by David M. Schneider (Co-

lumbia University, New York, NY) in MatLab (Mathworks;

Natick, MA).

In vivo tracer injection
After the BF of a recording site had been determined,

100–500 nl of AlexaFluor 568 dextran was injected using

a pressure device (PicoSpritzer III; General Valve, Fair-

feild, NJ), followed by ionophoresis (positive current, 250

nA for 15–20 minutes). In early experiments, we observed

that the combination of pressure and current injection

methods resulted in increased transport of tracer to the

distal axonal processes compared with the results of

using either method alone. It also appeared that short-du-

ration pressure pulses (<20 msec) resulted in relatively

more anterograde labeling whereas longer duration pres-

sure pulses (>100 msec) resulted in more retrogradely

labeled NL neurons. After injection, the micropipette was

retracted, the wound was closed, and the animal was

allowed to recover.

Immunohistochemical staining
After a survival time of 2 days, animals were anesthe-

tized with ketamine and xylazine and transcardially per-

fused with 0.9% saline, followed by chilled 4% paraformal-

dehyde (PFA) in phosphate buffer (0.1 M, pH 7.4). The

brains were removed from the skull and postfixed over-

night in PFA at 4!C.

Microtubulin-associated protein 2 (MAP2), glutamate

decarboxylase 65 (GAD65), and gephyrin were immunola-

beled using a procedure described by Wang and Rubel

(2008). Briefly, brainstems were cut coronally at 60 or

300 lm using a Vibratome (TPI, St. Louis, MO), and sec-

tions were collected in phosphate-buffered saline (PBS;

0.01 M, pH 7.4). Free-floating sections were incubated with

primary antibody solutions diluted 1:1,000 in PBS with 0.3%

Triton X-100 and 5% normal goat serum overnight at 4!C,

followed by incubation with AlexaFluor secondary antibod-

ies (1:200; Invitrogen) for 2 hours at room temperature.

After immunohistochemistry, tissue sections were

dehydrated in a series of ethanol steps and placed into a

clearing solution (3:5 mixture of benzyl benzoate and

methyl salicylate) to increase the optical transparency of

fluorescently labeled tissue slices and to allow confocal

images to be collected from the entire depth of the tissue

slice (MacDonald and Rubel, 2008).

Tabor et al.
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Antibody characterization
See Table 1 for a list of all antibodies used.

MAP2
Mouse anti-MAP2 monoclonal antibody (MAB3418; lot

LV1486526; clone AP20; Chemicon, Temecula, CA) was

raised against bovine brain MAP2 (aa 997–1332). The

antibody was characterized by Western blot analysis,

which showed that this antibody stains high-molecular-

weight MAP2 isoforms in adult rat of approximately 300

kD (manufacturer’s technical information; Matsunaga

et al., 1999). MAP2 associates with microtubules, neuro-

filaments, and actin filaments and is confined to neuronal

cell bodies and dendrites, although small amounts were

shown to exist in some axons (Caceres et al., 1984). Our

staining results from chicken NL produced a pattern of

MAP2 immunoreactivity similar to that described from

previous studies (Wang and Rubel, 2008).

GAD65
Polyclonal anti-GAD65 (AB5082; lot LV1580833;

Millipore, Billerica, MA) was raised in rabbit against

human GAD65 from baculovirus-infected cells. According

to the manufacturer’s product information, this antibody

Figure 1. Normalized response to pure tones. Firing rate as a function of tone frequency is plotted for six units recorded in the SON.

Response rates to pure tones (0.1–6 kHz) presented at 70 dB SPL (black solid lines), threshold (gray lines), and 5 dB below threshold

(black dotted lines) are shown. Each function (A–F) was normalized to the maximum firing rate obtained at 70 dB SPL; 85, 77, 98, 132,

88, and 90 spikes/sec, respectively. Error bars represent SEM and are shown for alternating data points for clarity. Threshold is noted at

the top of each panel. Insets show 6-msec voltage traces of 100 overlaid waveforms. For five units (A,C–F), a single frequency evoked

the maximum firing rate at both 70 dB SPL and threshold; BF ¼ 0.49, 0.96, 1.04, 1.45, and 2.0 kHz, respectively. One unit (B) exhibited

frequency-specific suppression. In this case, the BF (1.04 kHz) was defined as the frequency that induced the greatest suppression of

spontaneous rate. Units were recorded from the SON immediately preceding tracer injection.

Topography of SON projection to NL

The Journal of Comparative Neurology |Research in Systems Neuroscience 361



reacts strongly with GAD65-containing nerve terminals

and recognizes a 65-kD protein corresponding to GAD65

by Western blot of mouse brain extract. GAD65 is respon-

sible for catalyzing the production of GABA from L-glu-

tamic acid and is localized to the presynaptic cell mem-

brane. The GAD65 immunolabeling pattern we observed

in chicken NL is similar to the distribution pattern previ-

ously described for GABAergic synapses in chicken and

owl NL; GAD65-positive puncta were located throughout

NL and appeared densely distributed on the cell body and

proximal dendritic laminae (Carr et al., 1989; Code et al.,

1989; Code and Churchill, 1991; Nishino et al., 2008).

Gephyrin
Mouse monoclonal anti-gephyrin (147011; lot 147011/

21; clone mAB7a; Synaptic Systems, Goettingen, Ger-

many) was raised against purified rat gephyrin. By West-

ern blot, this antibody stains the brain-specific 93-kD

splice variant and was shown to detect the N-terminus of

gephyrin (manufacturer’s technical information; Pfeiffer

et al., 1984). Gephyrin is a postsynaptic scaffolding pro-

tein essential for synaptic clustering of inhibitory neuro-

transmitter receptors. Our staining results from chicken

NL produced a pattern of gephyrin immunolabeling similar

to the pattern of GAD65 immunostaining (see Fig. 9A) and

the distribution pattern previously described for GABAergic

synapses in chicken NL (Code et al., 1989; Code and

Churchill, 1991; Nishino et al., 2008).

Fluorescence microscopy
Slices were imaged with an Olympus Fluoview FV300

confocal microscope (Tokyo, Japan) with # 25 (NA 0.8;

oil) or # 60 (NA 1.4; oil) objectives. To determine the over-

lap of AlexaFluor 568 dextran and anti-GAD65 labeling,

single optical planes (0.594 lm) of confocal images were

analyzed offline in MetaMorph (Molecular Devices; Sun-

nyvale, CA) and Amira (Mercury Systems; Chelmsford,

MA) software. Other image data were collected as z-se-

ries of images for offline analyses.

Imaging and data analyses
Four analyses were conducted to measure 1) the vol-

ume of the fluorescently labeled injection site in SON

(n ¼ 16 animals), 2) the distribution of anterogradely la-

beled axonal terminals in NL (n ¼ 16 animals), 3) the dis-

tribution of retrogradely labeled cell bodies in NL (n ¼ 17

cells), and 4) the morphology of individual axonal arbori-

zations in NL (n ¼ 5 arborizations). These measurements

were performed on three-dimensional reconstructions of

the nuclei, labeled terminals and neurons from serial con-

focal z-stack images containing SON or NL.

Reconstruction
Injection site

Serial z-stack images of the entire ipsilateral SON were

aligned by using anatomical markers such as blood ves-

sels and fluorescently labeled processes that crossed

successive slices. The borders of an injection site were

operationally defined by the coalesced appearance of

labeling. Contours were traced around the injection site

in the coronal plane at 10-lm intervals. Labeled cell

bodies within SON but outside the injection site were

observed occasionally and marked individually. Contours

were concatenated to reconstruct the injection site vol-

ume in Neurolucida Explorer (MBF Bioscience; Williston,

VT). The sizes of injection sites were measured based on

the reconstructed volumes.

Terminal fields and cell bodies
Serial z-stack images containing NL were aligned by

using anatomical markers as described above. Positions

of retrogradely labeled cell bodies within NL were individ-

ually marked. The drawings were edited in Adobe Illustra-

tor and Adobe Photoshop software (Adobe Systems,

Mountain View, CA). Axon labeling in NL was recon-

structed in three dimensions in Amira software. Occa-

sionally we observed sparsely distributed, small satellites

of anterograde label. We did not include these small sat-

ellites in calculations relating the positions of injections

to the positions of terminal arbors. Examples of these

small satellites are seen on the 2-kHz line and the 1-kHz

line in Figure 2A,B, respectively. With this exception, all

voxels included in the reconstructed images were

weighted equally to calculate the center of mass of the la-

beled terminal distributions within NL. The area and

TABLE 1.

Primary Antibodies Used

Antigen Immunogen

Manufacturer, species in which antibody was

raised; mono- vs. polyclonal; catalog No.; lot No. Dilution used

Microtubulin-associated
protein 2 (MAP2)

Bovine brain MAP2
(aa 997–1332)

Chemicon; mouse; monoclonal; clone AP20;
MAB3418; lot LV1486526

1:1,000

Glutamate decarboxylase
65 (GAD65)

Human GAD65 from
baculovirus-infected cells

Millipore; rabbit; polyclonal; AB5082;
lot LV1580833

1:1,000

Gephyrin Purified rat gephyrin Synaptic Systems; mouse; monoclonal,
clone mAB7a; 47011; lot 147011/21

1:1,000

Tabor et al.

362 The Journal of Comparative Neurology |Research in Systems Neuroscience



Figure 2. A–F: Line drawings depicting injection sites in SON of six representative cases that received a single injection and anterograde

labeling in the ipsilateral NL. Within each panel, the location of the injection (black areas) is shown in serial coronal sections through SON

arranged from rostral to caudal (left). The distribution of anterograde labeling in NL (gray dashes) is shown in a series of coronal sections

through NL (center) and on horizontal planar projection of NL (right). Black lines indicate the border of SON or NL. White lozenges repre-

sent the centers of mass of the terminal fields (see Materials and Methods). Gray lines indicate isofrequency bands across NL. Character-

istic frequencies (CF) were calculated as described by Rubel and Parks (1975) and listed in A. BFs of the injection sites are listed at the

top right of each panel. Examples show injections localized to the rostral (E,F), caudal (B,C), lateral (F), medial (A–D), dorsal (A,B,D), or

ventral (F) SON. Anterograde labeling was found in rostral (D–F) or caudal regions of NL (A,B). E: This case shows anterograde labeling

across the majority of the tonotopic axis in NL. For this case, the center of mass was determined using all anterograde labeling except for

the small satellite of labeled terminals located in the 1.5-kHz CF region of NL. The frequency response curves of B,D,E are shown in Figure

1B,E,F, respectively. NL, nucleus laminaris; SON, superior olivary nucleus; BF, best frequency; c, caudal; d, dorsal; l, lateral; m, medial; r,

rostral; v, ventral. Scale bar ¼ 500 lm.
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tonotopic spread of the terminal labeling were based on

planar projections reconstructed for each case.

To compare across animals, labeled terminal fields were

transformed to fit a template of the NL planar projection.

We represented the labeled terminal field within NL by draw-

ing a contour circumscribing the terminals. Sparsely distrib-

uted, small satellites of anterograde label were not included

inside this boundary. Transforming planar projections to the

template caused a shift in the predicted CF range spanned

by the terminal field (<200 Hz) that was less than the stand-

ard error of estimate calculated for the linear regression

equation (281 Hz; Rubel and Parks, 1975; see below).

Calculating characteristic frequency
from location within NL

The CFs of NL neurons were predicted from the linear

relationship between CF and the mediolateral and rostrocau-

dal location in NL (Rubel and Parks, 1975; see Fig. 4A–C):

CF ¼ 0:027r þ 0:014m % 0:088;

where CF ¼ predicted CF (in kHz) of the NL neuron, r ¼
caudal-to-rostral percentile position in NL, and m ¼ lat-

eral-to-medial percentile position in NL. This regression

analysis provides a robust prediction of the CF in NL and

has been extensively used to categorize structural and

functional properties of NL neurons and determine cellu-

lar and physiological specializations that vary across the

tonotopic axis (Smith and Rubel, 1979; Smith et al.,

1983; Lippe and Rubel, 1985; Parks et al., 1987; Reyes

et al., 1996; Person et al., 2004; Kuba et al., 2005;

Yamada et al., 2005; Nishino et al., 2008).

Nuclei borders
To calculate the percentage of SON or NL occupied by

labeling, we reconstructed the entire nucleus. We traced

the contours of the nucleus based on either background

fluorescence or MAP2 immunoreactivity. Contours were

traced at 10-lm intervals through coronal sections of the

entire nucleus. The reconstructed SON volume was

divided by bisecting the mediolateral, dorsoventral, and

rostrocaudal dimensions of SON. Only injection sites

completely confined to a hemisphere of SON were cate-

gorized as medial (n ¼ 8) or lateral (n ¼ 3), dorsal (n ¼ 5)

or ventral (n ¼ 4), rostral (n ¼ 4) or caudal (n ¼ 7) and

included in the topographic analyses. To analyze the to-

pography of SON projections, labeled terminal distribu-

tions in NL were compared between injection site posi-

tions in each of these dimensions.

Axonal arborizations
Arborizations of labeled individual SON axonal

branches were reconstructed from serial coronal 300-lm
sections in Amira software. Cut ends of an axon in one

section were connected properly to the corresponding

cut ends of the same axon in the successive section. Only

axon branches that were well labeled and isolated from

other axons were reconstructed.

Image processing
Digital images of selected sections and terminals were

acquired using the confocal microscope. Images were fur-

ther processed in Photoshop to enhance contrast and al-

ter brightness. No corrections were made for tissue

shrinkage, because the distribution of labeling, but not

the absolute length or volume, was the focus of the cur-

rent study.

Statistical analyses
Statistical evaluations were made via Mann-Whitney U

test, linear regression analysis, and Spearman’s ranked

correlation coefficient analysis. Values are presented as

mean 6 SEM. In figures, an asterisk represents a statisti-

cal significance of P < 0.05.

RESULTS

Data presented in the current paper resulted from

small injections of a bidirectional tracer, AlexaFluor 568

dextran amine, into the SON in vivo. The criteria for inclu-

sion of a case in this study were that the injection site

resided completely within the boundaries of SON and

occupied less than one-eighth of the total volume of SON.

Small injection sites were necessary to elucidate whether

the SON projections to NL were topographically organ-

ized. Among 16 such cases, injection sites were distrib-

uted throughout the dorsoventral, rostrocaudal, and

mediolateral dimensions of SON. The organization and

morphology of the projections from SON to the ipsilateral

NL are the main focus of the current study. Observations

and analyses of the labeling outside the ipsilateral NL are

not presented.

Topographic organization of the SON-NL
projection

In three cases, anterograde labeling occupied more

than half of the area of NL (99%, 70%, and 60%), suggest-

ing the existence of a nontopographic projection from

SON to the ipsilateral NL (see Fig. 6A). In 13 cases, NL

received a topographically organized projection from the

ipsilateral SON. In these cases, the ipsilateral NL exhib-

ited a relatively confined distribution of anterograde label-

ing, which occupied less than half of the area of the nu-

cleus. The anatomical location of anterogradely labeled

terminals in NL correlated with the location of the injec-

tion site in SON. Figure 2 demonstrates the labeling pat-

tern of six representative cases. In all cases (Fig. 2A–F),
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the data are presented as the left side of the brain, with

the lateral aspect to the left and rostral aspect toward

the top of the figure. Within each panel, the location of

the injection is shown in a series of coronal sections

through SON arranged from rostral to caudal (left). The

distribution of anterograde labeling in NL is shown both in

serial coronal sections through NL (center) and on planar

projections of NL (right). Planar projections were con-

structed from the series of coronal sections to show a

horizontal view of NL. CFs were calculated as described

by Rubel and Parks (1975) and are shown in Figure 2A.

BFs of the injection sites presented in Figure 2 ranged

from 0.5 to 3.29 kHz. Figure 2A illustrates a case with an

injection into the rostrodorsomedial SON. The BF

recorded at the injection site in the SON was 0.5 kHz,

lower than the CF region of NL spanned by labeled SON

axons, 1–2 kHz. The predominant anterograde labeling

was located in the caudomedial NL; however, a satellite

of labeled axons was located more rostrally and laterally

in NL. The observed satellite terminals in NL may result

from either the main injection site or the labeled SON

neurons whose cell bodies reside outside the main injec-

tion site. Figure 2B shows a small injection into the

caudodorsomedial region of SON (BF 1.04 kHz) and an-

terograde label restricted to the caudal NL. The spatial

position and extent of anterograde labeling were similar

to those in Figure 2A. Figure 2C illustrates a case with an

injection into the caudomedial SON (BF 1.2 kHz). The ma-

jority of anterograde label was located in the lateral NL

between 1 and 2.5 kHz. In addition, a smaller satellite of la-

beled terminals was located more caudally in NL. Figure 2D

illustrates a case with an injection into the rostrodorsome-

dial SON, similar to Figure 2A. In this case, the labeled ter-

minal field was broadly distributed across the rostral NL.

The BF of the injection site was 1.45 kHz. Figure 2E,F

shows two cases with the injection sites (BF 2.0 kHz and

3.29 kHz, respectively) in the rostroventral SON. Both

injections labeled axons innervating the rostral NL, but the

case illustrated in Figure 2E showed more extensive label-

ing, possibly because the injection site, although small,

covered more of the dorsoventral extent of SON at its ros-

tral end. The frequency response curves for the cases in

Figure 2B,D,E are shown in Figure 1B,E,F, respectively. We

were unable to determine whether SON neurons exhibiting

inhibitory and excitatory frequency responses have differ-

ent projection patterns because of the limited number of

injections at locations of frequency-specific suppression (n

¼ 2) and the multiple SON cells labeled by each injection.

To examine the topography of the SON-NL connections

better, we compared the position of anterograde labeling

in NL between cases in which injections were confined to

one half of the SON. For these analyses, the SON was di-

vided in half along the rostrocaudal, mediolateral, and

dorsoventral axes, and all cases in which the injection

was limited to any one hemisphere were included in the

analyses presented in Figure 3. For each case, a contour

Figure 3. Comparative distribution of terminal fields in NL following injections into disparate halves of SON. Contours of labeled terminal

fields superimposed onto a single horizontal planar projection of NL (gray). Calculated CFs of the isofrequency bands (black lines) are listed

in C. A: Distribution of terminal fields arising from injections restricted to either the rostral (red contours; n ¼ 4) or the caudal (blue con-

tours; n ¼ 7) SON. No apparent separation of blue and red contours suggests no topography between the rostrocaudal axis of SON and an-

terograde labeling in NL. White arrow indicates red contour of terminal field illustrated in Figure 2A. B: Red and blue contours represent

terminal fields following injections into lateral (n ¼ 3) and medial (n ¼ 8) SON, respectively. The red and blue contours overlap, suggesting

no topography between the mediolateral axis of SON and anterograde terminal fields in NL. Arrow indicates red contour of terminal field illus-

trated in Figure 2F. C: Terminal fields from injections into dorsal (blue contours; n ¼ 5) or ventral (red contours; n ¼ 4) SON appear reason-

ably well segregated, suggesting a topographic projection from the dorsal SON to caudal NL and from the ventral SON to rostral NL. Arrow

indicates blue contour of the terminal field illustrated in Figure 2D. NL, nucleus laminaris; SON, superior olivary nucleus; c, caudal; l, lateral.

Topography of SON projection to NL
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circumscribing the labeled terminal field in NL was color

coded to indicate the location of the injection site within

the SON. Each panel of Figure 3 shows contours of termi-

nal fields from all cases meeting the injection site criteria

mapped onto a single planar projection of NL (gray). Dis-

tribution of terminal fields arising from injections

restricted to either the rostral (n ¼ 4) or the caudal (n ¼ 7)

half of SON showed no apparent separation, suggesting a

lack of topography between the rostrocaudal axis of SON

and anterograde terminals in NL (Fig. 3A). Similarly,

extensive overlap of contours of terminal fields resulting

from injections into either the medial (n ¼ 8) or the lateral

(n ¼ 3) half of SON suggests no topography between the

mediolateral axis of SON and anterograde terminals in NL

(Fig. 3B). On the other hand, terminal fields from injec-

tions into either the dorsal (n ¼ 5) or the ventral (n ¼ 4)

SON appeared reasonably well segregated, indicating a

topographic projection from dorsal SON to caudal NL and

from ventral SON to rostral NL (Fig. 3C).

Figure 4 shows quantification of 1) the relationships

between the anatomical position of SON injection sites

and the CFs of NL spanned by the labeled terminals

(Fig. 4A–C) and 2) the relationships between the loca-

tions and BFs of injection sites within SON (Fig. 4D–F).

These data are derived from the same cases shown in Fig-

ure 3. In Figure 3A–C, the lozenges and squares indicate

tonotopic positions of the center of mass of the terminal

fields. Bars represent the frequency range of NL inner-

vated by labeled SON axons. Consistent with the illustra-

tions in Figure 3, CFs of NL at the center of terminal fields

were not significantly different between cases with cau-

dal (average of cases: 1.92 6 0.23 kHz; lozenges) and

rostral (2.39 6 0.38 kHz; squares) SON injections sites

(Fig. 4A) or between cases with medial (1.62 6 0.19 kHz;

lozenges) and lateral (2.036 0.36 kHz; squares) injection

sites (Fig. 4B). In contrast, projections from the dorsal

(lozenges) SON innervated a significantly lower frequency

region of NL (1.56 6 0.31 kHz) than projections from the

ventral (squares) SON (2.72 6 0.06 kHz; P ¼ 0.032, U ¼
1.5, two-tailed; Fig. 4C). Figure 4D–F shows quantifica-

tion of the organization of frequency tuning within SON.

Lozenges and squares designate BFs at injection sites in

SON. The BFs were not significantly different between

recordings at caudal (1.46 6 0.28 kHz) and rostral (1.81

6 0.58 kHz) injection sites (Fig. 4D) or between BFs

recorded from the medial (0.87 6 0.14 kHz) vs. lateral

Figure 4. Topography of SON projections to NL. Cases are aligned along the abscissa by CF at the center of labeled terminal field in NL.

A–C: Extent of terminal fields across the frequency axis in NL. Lozenges and squares indicate tonotopic position of the centers of mass of

the terminal fields (see Materials and Methods). Bars represent the frequency range of NL innervated by labeled SON axons. A: Cases

with tracer injections localized to caudal (lozenges; n ¼ 7) and rostral (squares; n ¼ 4) SON. NL frequencies at the center of terminal

fields were not different between rostral and caudal groups (P ¼ 0.53). Black and white arrows indicate two cases with axonal labeling

covering greater than half of the area of NL. B: Cases with medial (lozenges; n ¼ 8) and lateral (squares; n ¼ 3) injection sites. NL fre-

quencies at the center of the terminal fields were not different between medial and lateral groups (P ¼ 0.50). C: Cases with injections

into dorsal (lozenges; n ¼ 5) and ventral (squares, n ¼ 4) SON. Projections from the dorsal SON innervated a lower frequency region of

NL than projections from the ventral SON (P ¼ 0.032). D–F: Lozenges and squares designate BFs at injection sites in SON. D: BFs of cau-

dal injection sites (lozenges) and rostral injection sites (squares) were not significantly different (P ¼ 0.53). E: BFs of medial (lozenges)

and lateral (squares) injection sites were not significantly different (P ¼ 0.085). F: BFs of dorsal (lozenges) injection sites were significantly

lower than that of ventral (squares) injections (P ¼ 0.016).
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(1.86 6 0.71 kHz) SON (Fig. 4E). In contrast, we found a

significant difference between the BFs recorded from the

dorsal (0.86 6 0.21 kHz) vs. ventral (2.75 6 0.30 kHz)

SON (P ¼ 0.016, U ¼ 0.00, two-tailed; Fig. 4F).

The results from Figures 3 and 4 indicate the SON-NL

projections were topographically organized such that neu-

rons of the ventral SON innervated the rostral NL and neu-

rons of the dorsal SON contacted the caudal NL. In addi-

tion, the dorsoventral axis of the SON appeared to be

tonotopically organized; SON neurons with higher BFs were

located ventrally, and SON neurons with progressively

lower BFs were located more dorsally within the nucleus.

To examine further the topographic organization of the

SON-NL projection in 15 cases, we ranked the cases by

the location of the injection site along the dorsoventral,

mediolateral, or rostrocaudal axis of SON. We found sig-

nificant correlations between the ventral-to-dorsal rank-

ing and the CF at the center of the terminal field (r2 ¼
0.61, P ¼ 0.0006) and between the lateral-to-medial

ranking and the CF at the center of the terminal field

(r2 ¼ 0.37, P ¼ 0.016), but not between the rostral-to-

caudal ranking and the CF at the center of the terminal

field (r2 ¼ 0.03, P ¼ 0.532; Supp. Info. Fig. 1).

Tonotopic organization of the SON-NL
projection

To visualize the relationship between frequency tuning

of SON neurons and the location of their axonal arbors in

NL, Figure 5A shows contours of SON terminal fields (n ¼
15) mapped onto a single planar projection of NL (gray).

One case was excluded from the analysis because it

showed anterograde labeling extending across the entire

tonotopic axis in NL and no tonotopicity of the SON-NL

projection. The color of the contours represents the BF

recorded at the injection site using a color scale (Fig. 5A,

left). Terminal fields largely occupied the caudal two-

thirds of NL following tracer injections in SON locations

with low BFs (Fig. 5A, cool colors). In contrast, terminal

fields mostly occupied the rostral two-thirds of NL follow-

ing injections in locations with high BFs (Fig. 5A, warm

colors). Figure 5B shows the BF at the injection sites plot-

ted against the frequency range of NL innervated by an-

terogradely labeled terminals. The CF of NL at the center

of the terminal labeling was correlated with the BF

recorded at the injection site in SON (r2 ¼ 0.68, P <
0.001, n ¼ 15). The six representative cases illustrated in

Figure 2 are indicated with an asterisk in Figure 5B.

The data presented above indicate that the projection

from SON to NL is topographically, and tonotopically

organized. On the other hand, organization of this inhibi-

tory projection appears to be far less precise than the

excitatory pathway from NM to NL (Parks and Rubel,

1975; Young and Rubel, 1983). Although this conclusion

agrees with previous findings using retrograde labeling

methods (Burger et al., 2005), it could also result from

diffusion and uptake of tracer through a much greater vol-

ume of SON than we detected. If the extent of the termi-

nal fields in NL was governed largely by the size of the

injection site in SON, then there should be a correlation

between these parameters. The scatterplots shown in

Figure 6 suggest that there was no reliable relationship

between the size of the injection sites in SON and the

overall area (Fig. 6A) or tonotopic extent (Fig. 6B) of the

Figure 5. Tonotopic projections of the SON to NL. A: Planar projection of NL illustrating tonotopic organization of the SON projection to NL.

Calculated CFs of isofrequency bands (lines) and the tonotopic axis of NL (arrow) are shown. Distribution of SON terminal fields (n ¼ 15 ani-

mals) mapped onto a single planar projection of NL (gray). The color of the contours represents the BF recorded at the injection site in SON

using a color scale (left). B: Tonotopic position of labeled terminal fields in NL correlates with BF recorded at injection site in SON (r2 ¼ 0.68,

P < 0.001, n ¼ 15). For each case, the BF at the injection site is plotted against the CF of NL innervated by anterogradely labeled terminals.

Lozenges indicate the CF of NL at the center of mass of the terminal field; bars indicate the CF range of NL innervated by the terminal field.

For one of the two cases with BF ¼ 1.04 kHz, the BF is slightly offset to 1.06 kHz and the center lozenge is outlined in white for visualization.

Asterisks identify cases illustrated in Figure 2. NL, nucleus laminaris; SON, superior olivary nucleus; BF, best frequency; l, lateral; r, rostral.

Topography of SON projection to NL

The Journal of Comparative Neurology |Research in Systems Neuroscience 367



anterograde labeling in NL. All of the injection sites in

SON were relatively small (less than 12.5% volume of

SON), yet the spatial extent of anterograde labeling in the

ipsilateral NL varied greatly, ranging from 8% to 99% the

area of NL. Therefore, the tonotopic organization of the

SON projection to NL was not a reflection of the tracer

injection methods.

Distribution of retrogradely labeled
NL neurons

In vivo tracing methods used in this study were opti-

mized for anterograde transport of tracer; however, in

seven cases, we observed retrogradely labeled NL neu-

rons. Eighty-eight percent (15 of 17) of retrogradely

labeled NL neurons were positioned within the antero-

gradely labeled terminal field. Figure 7 is an image of the

intermediate CF region of NL showing a retrogradely

labeled NL neuron (open arrowhead) surrounded by

labeled SON axonal arbors (solid arrowheads). These obser-

vations suggest that NL neurons receive inhibitory input

from roughly the same region of SON that they contact.

Morphology of SON axonal arborizations
in NL

We confirmed that SON axons innervated the rostro-

caudal and mediolateral extent of NL and that these ter-

minals were distributed throughout the dorsal, ventral,

and cell body laminae of the nucleus. Figure 8 shows a

section through NL double-labeled with AlexaFluor 568

dextran amine (yellow) following an injection into SON,

and MAP2 immunolabeling (red) illustrating dendrites and

cell bodies of NL neurons. The monolayer arrangement of

NL neurons is apparent with the dorsal dendrites above

and the ventral dendrites below the cell body lamina. We

observed that SON axons enter NL from both the dorsal

and the ventral sides and that thin SON axon branches

wind through NL, forming large varicosities on all laminae.

SON axonal swellings in NL are GABAergic. In six

cases, following in vivo injections labeling SON axons pro-

jecting to NL, tissue sections were immunostained

against GAD65 to visualize the distribution of GABAergic

terminals along the labeled SON axonal arbors. To test

the specificity of the GAD65 antibody, we colabeled NL

using an antibody against the GABAergic postsynaptic

marker gephyrin (Fig. 9A). The evident colocalization of

GAD65- and gephyrin-positive puncta suggests that the

GAD65 antibody is labeling GABAergic terminals. The

Figure 6. Size of the injection site in SON is not correlated with

area and frequency range of labeled terminal fields in NL. The

injection size ranged from 4% to 12% (6.5% 6 2.8%) of the vol-

ume of the SON. A: The size of the injection site was not corre-

lated with the percentage of NL innervated by the labeled

terminal field (r2 ¼ 0.006, P ¼ 0.79, n ¼ 16). The innervated

area of NL ranged from 8% to 99% (31% 6 24%). B: The size of

the injection site in SON was not correlated with the frequency

range of NL innervated by labeled axons (r2 ¼ 0.059, P ¼ 0.36,

n ¼ 16).

Figure 7. Intermediate CF region of NL (between 1 and 2.5 kHz)

showing a retrogradely labeled NL neuron (open arrowhead) sur-

rounded by labeled SON axons (white; examples indicated with

solid white arrowhead). m, Medial; v, ventral. Scale bar ¼ 20 lm.
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merged images in Figure 9D,E show that bouton-like vari-

cosities along the axons colocalized with GAD65 labeling,

suggesting that these varicosities were GABAergic terminals.

To control for random overlap of GAD65-positive puncta and

labeled axonal terminals, the GAD65 image was rotated 90!

clockwise before merging with the image of labeled SON

axons (Fig. 9F). The GAD65-positive puncta rarely over-

lapped the labeled SON terminals in the rotated image.

Morphology of individual SON axonal
arborizations in NL

The morphology of five isolated SON axonal branches

was investigated in greater detail. It is unknown how

much of the SON neuron’s total axonal arbor was repre-

sented by the branches we describe below because we

were not able to trace an axon back to its cell body in

SON. However, we were able to follow each SON arbor to

a single large-diameter axon outside NL. Figure 10 shows

two representative SON axonal branches innervating

high- and low-CF regions of NL. The SON axonal arboriza-

tions formed bouton-like axonal swellings across all lami-

nae of NL regardless of whether they innervated the cau-

dal, low-CF region of NL (Fig. 10A) or the rostral, high-CF

region of NL (Fig. 10B).

We calculated the CF ranges of NL innervated by indi-

vidual SON axonal branches. In contrast to excitatory

Figure 8. SON axonal arborizations in NL. SON axons visualized with AlexaFluor 568 dextran amine (yellow) innervate NL. MAP2 immuno-

reactivity (red) reveals the dendrites and cell bodies of NL neurons. A: Fine SON axon branches with bouton-like swellings on all laminae.

White rectangle shows location of the magnified images in B,C. B: Magnified image of the SON axon that entered NL dorsally, branched,

and formed large varicosities. C: Immunostaining for MAP2 shows this SON axon branch formed varicosities on cell bodies and ventral

dendrites of NL. l, Lateral; v, ventral. Scale bars ¼ 50 lm in A; 10 lm in C (applies to B,C).

Topography of SON projection to NL
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inputs that innervate a narrow frequency band of NL,

SON inhibitory inputs ramify broadly across the tonotopic

axis (312 6 74 lm, 0.86 6 0.6 kHz, n ¼ 5). This average

distance (312 lm) represents about one-third of the total

distance along the tonotopic axis (Seidl et al., 2010). The

spread of SON arborizations across the mediolateral axis

varies widely (448 6 298 lm, n ¼ 5), accounting for over

half of this axis on average. Thus, it is likely that single

axons ramify broadly within NL.

Burger et al. (2005) used retrograde tracing methods

to show that single SON neurons innervate multiple audi-

tory nuclei. We confirmed this finding by observing that

individual SON axons formed branches and bouton-like

structures within NL and NM (not shown) or NL and NA.

Figure 11 shows an SON axon (white) that formed

branches and bouton-like swellings through the lateral

edge of NL, exited NL, and innervated NA, where it

formed an intricate arborization. The borders of nuclei are

indicated with dotted lines. The axonal varicosities

located in NL and NA are enlarged and presented in Fig-

ure 11B,C, respectively. One possibility is that labeled

arborizations innervating multiple auditory brainstem

nuclei did not necessarily originate from SON neurons

but originated from neurons that were retrogradely la-

beled and sent axon collaterals into NL and NM or NA. On

the other hand, no study has reported an axon projection

from NA coursing through NL or NM, and NL axons do not

send collaterals to NM or NA (Burger et al., 2005). Hence

our working hypothesis is that SON axons often project

to multiple ipsilateral nuclei in the dorsal brainstem.

DISCUSSION
The aim of these experiments was to understand better

the anatomical organization of inhibitory input to the low-

frequency sound localization circuit in birds. The present

study demonstrates that the GABAergic projection from

superior olivary nucleus (SON) to nucleus laminaris (NL)

Figure 9. SON axonal swellings in NL are GABAergic. A: GAD65

immunolabeling (magenta) of GABAergic presynaptic site and

gephyrin immunolabeling (green) of inhibitory postsynaptic sites

are colocalized in NL (examples, arrows). Asterisks indicate NL

cell bodies. B: Single plane confocal image of NL showing SON

axons labeled with AlexaFluor 568 dextran amine (magenta).

Arrows indicate locations of varicosities. C: GAD65 immunolabel-

ing (green) in NL. D: Combined channel image shows labeled axo-

nal varicosities colocalized with GAD65 puncta (white). E: High-

magnification images. Combined channel image shows labeled

axonal varicosities colocalized with GAD65 immunoreactivity (left;

arrowheads). AlexaFluor 568 dextran amine (center; magenta)

and GAD65 (right; green) labeling are shown separately. F: Com-

bined channel image with the GAD65 image rotated 90! clock-

wise. The GAD65 puncta (green) show sparse colocalization with

fluorescent tracer (magenta). Image taken from the cell body lam-

ina in the intermediate region of NL. Scale bars ¼ 20 lm in A; 3

lm in E; 10 lm in F (applies to B–D,F).
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is organized in a broad tonotopic pattern. Single SON axo-

nal arborizations terminate on both dendritic laminae as

well as the cell body layer and extend across large

regions of NL. The SON-NL feedback loop is homotopic;

NL neurons receive inhibitory input from the same region

of the SON to which they project. In addition, our data

demonstrated that single SON neurons project to multi-

ple ipsilateral nuclei in the auditory brainstem, which is

consistent with a previous study (Burger et al., 2005).

Below we compare the topographic organization of the

SON-NL connection to inhibitory projections in other au-

ditory systems and to the excitatory inputs to NL and dis-

cuss functional implications of the SON axonal arbor or-

ganization in NL.

Methodological considerations
In this study, the structural patterning of the axonal

projection from SON to NL was examined by using in vivo

anterograde and retrograde tract tracing methods. In sev-

eral cases, we were able to isolate and reconstruct axonal

arbors that originated from single SON axons. Because

the anterograde tracing methods used in this study did

not allow the reconstruction of an SON axon from its ori-

gin at the soma, the total extent of axonal arbors of single

SON neurons could not be determined.

Labeling of axonal terminals in NL following injections

into SON was considered to be due to uptake of the trac-

ers by SON neurons because no other known inputs to NL

pass through or nearby SON in chickens. Recent studies

reported a sparse projection from the ventral nucleus of

the lateral lemniscus to NL in zebra finches (Wild et al.,

2009, 2010). This projection is not GABAergic, whereas la-

beled terminals in the current study express GAD65.

Retrogradely labeled neurons in NL may either inner-

vate SON or extend their axons through SON before

innervating the lateral lemnisicus and nucleus mesence-

phalicus lateralis pars dorsalis (Boord, 1968; Conlee and

Parks, 1986; Takahashi and Konishi, 1988). However, the

possibility of two populations of retrogradely labeled NL

neurons does not affect our conclusion that the SON-NL

feedback loop is homotopic, because the vast majority of

labeled neurons, regardless of their nature, were found

within the anterogradely labeled terminal fields.

Broad topography of the projection
from SON to NL

The topography of long-range inhibitory projections has

received relatively little attention. Studying the topo-

graphic organization of these pathways has provided criti-

cal insights into the function of the inhibitory input in

these systems. For example, the inhibitory connection

from the deep cerebellar nucleus (DCN) to the inferior

olive (IO) follows a precise topographic arrangement so

that a closed loop is formed among neurons of the IO,

DCN, and cerebellar cortex (Hesslow, 1986; Nelson et al.,

1989). This arrangement forms independent inhibitory

feedback loops that each regulates the background activ-

ity of a microzone of Purkinje cells to control of cerebellar

learning. We found that, in contrast to the DCN-IO con-

nection, the SON shows a broad pattern of innervation

within NL.

Figure 10. SON axonal branches ramifying in low-CF and high-CF

regions in NL. AlexaFluor 568 dextran amine labeled SON axons

(white) extending across all laminae of NL. In both examples, the

axon branch enters NL from the dorsolateral brainstem; however,

we observed axons entering NL from both the dorsal and ventral

sides. Dotted lines indicate the boundaries of NL, gray lines indi-

cate boundaries of cell body laminae within NL. A: Caudal, low-CF

region of NL innervated by an SON axonal arbor. Image is a maxi-

mum intensity projection through a 200-lm-thick optical stack. B:

Rostral, high-CF region of NL innervated by an SON axonal arbor.

Image is a maximum intensity projection through a 300-lm-thick
optical stack. l, lateral; v, ventral. Scale bars ¼ 20 lm.

Topography of SON projection to NL
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Another example of a long-range inhibitory pathway is

the commissural projection between the two superior col-

liculi (SC). This GABAergic projection follows a hetero-

topic organization. The medial SC contacts neurons in the

lateral region of the contralateral SC and the lateral SC

projects to the medial contralateral SC (Takahashi et al.,

2007). This heterotopic arrangement allows regions of

the SC representing upward saccades to inhibit contralat-

eral regions representing downward saccades and visa

versa. In contrast, our findings suggest that NL neurons

receive inhibitory feedback from SON neurons that they

contact. However, based on the methods used in the

present study alone, we were unable to determine the

total number of SON cells contacting a single NL neuron

or to ascertain what portion of these SON neurons

receives input from this single NL cell.

The mammalian auditory brainstem possesses well-

characterized inhibitory projection pathways. Two well-

studied examples are the projection from the medial

nucleus of the trapezoid body (MNTB) to the lateral supe-

rior olive (LSO; Boudreau and Tsuchitani, 1968; Sanes

and Rubel, 1988) and the projection from the MNTB to

the medial superior olive (MSO), the mammalian analogue

to NL (Grothe and Sanes, 1993, 1994). Both inhibitory

pathways are involved in sound localization circuits and

show topographic organizations with precision similar to

that of the excitatory inputs from cochlear nuclei to LSO

and MSO (Werthat et al., 2008). This organization allows

neurons in the MSO and LSO to integrate timing informa-

tion from multiple inputs at specific frequencies.

Likewise, in the avian auditory brainstem, the excita-

tory input from nucleus magnocellularis (NM) to NL

shows a precise topography, with narrow terminal arbori-

zation orthogonal to the tonotopic dimension (Parks and

Rubel, 1975; Young and Rubel, 1983). In stark contrast to

the precision of the NM-NL connection, GABAergic neu-

rons in small regions of SON innervate extensive territo-

ries of NL. In most cases, SON axonal terminations were

distributed in a broadly topographic manner; i.e., the ven-

tral SON innervates primarily the rostromedial region of

NL, and the dorsal SON neurons innervate mainly the cau-

dolateral NL, but injection sites that appeared to occupy

less than one-eighth of SON typically labeled terminal

arbors covering 30–60% of the frequency axis of NL.

When we were able to trace single SON axons as they

entered NL, we found that they traversed about one-third

(0.9 6 0.6 kHz, n ¼ 5) of the tonotopic axis of NL. Our

observations suggest that the topography of SON to NL

connection is mapped mainly in the dorsoventral axis but

not in the rostrocaudal and mediolateral axes. Occasion-

ally, small injection sites labeled axonal terminals that

occupied an even larger area of NL, and once even the

Figure 11. SON axonal arborization innervating multiple auditory nuclei. A: Labeled SON axon (white) courses dorsolateral through NL

(arrowhead) and turnes ventrolateral, forming branches and bouton-like swellings in the lateral NL, then innervates nucleus angularis (NA).

Borders of the nucles are indicated with dotted lines. Rectangles show location of magnified images in B,C. B: Magnified image of the la-

beled SON axonal arbor within NL. C: Magnified image of the labeled SON axonal arbor within NA. NA, nucleus angularis; NL, nucleus lam-

inaris; m, medial; v, ventral. Scale bars ¼ 50 lm in A; 10 lm in B (applies to B,C).

Tabor et al.

372 The Journal of Comparative Neurology |Research in Systems Neuroscience



whole nucleus. Although the cause of this variability

remains to be determined, it raises the possibility that

the projection from SON to NL contains both nontopo-

graphic and broadly topographic projections. The poten-

tial functional significance of these projection patterns is

discussed below (see under Functional implications of

the projection from SON to NL).

Tonotopic relationship of SON and NL
A fundamental organizing principle of auditory regions

of the brain is tonotopy, the orderly representation of the

sound frequency to which neurons are most sensitive.

Tonotopy arises from the coding of frequency along the

receptor organ and the topographic organization through-

out the ascending auditory pathways. Physiological meth-

ods are usually necessary to map the tonotopic organiza-

tion and frequency tuning of auditory nuclei, but the

tonotopy of projections can be studied anatomically

when the tonotopic organization of the target structure is

known and injections are made at positions where

recordings are made.

The precise tonotopic organization of NL in hatchling

chickens was quantitatively mapped by Rubel and Parks

(1975), and several investigators have used this map to

assess other physiological and anatomical properties of

this nucleus (see Materials and Methods). Our results

demonstrate that, overall, the SON projection to NL shows

a tonotopic organization, but the arrangement is consider-

ably less precise than the bilateral excitatory inputs from

NM to NL. The complete tonotopic spread of single axon

arborizations has not been determined but these small

injections along with reconstructions of single axonal

branches suggest that some SON axons extend across one

to three octaves of the tonotopic dimension of NL.

A better understanding of the affect of coarsely organ-

ized inhibition in NL on ITD detection will require detailed

tonotopic mapping of the SON. Although the tonotopic or-

ganization of the avian SON has not been examined in

detail, Moiseff and Konishi (1983) reported a dorsal (low

frequency) to ventral (high frequency) tonotopic organiza-

tion in the barn owl. Our study suggests the existence of

a similar tonotopic organization in hatchling chickens. We

saw no evidence of a tonotopic representation in the ros-

trocaudal or mediolateral dimensions; however, these

interpretations should be viewed as preliminary until a

thorough three-dimensional tonotopic map is published.

Organization of individual SON
axonal terminals within NL

Occasionally, small injections confined to a subregion

of SON produced little overlap of labeled axons and

allowed us to reconstruct large terminal branches of indi-

vidual axons. We observed that individual SON arbors ter-

minate in both the dorsal and the ventral dendritic lami-

nae, as well as the cell body layer of NL, which is

consistent with previous tracing and immunohistochemi-

cal studies showing that inhibitory terminals are distrib-

uted across all laminae of NL (Code et al., 1989; Code

and Churchill, 1991; Lachica et al., 1994; Nishino et al.,

2008). In contrast, inhibitory synapses in the mammalian

MSO appear to be mostly confined to the cell bodies

(Clark, 1969; Perkins, 1973; Kapfer et al., 2002).

We also observed that branches from a single SON

axon extended across roughly one-third of the distance

along the tonotopic axis and half of the mediolateral

dimension of NL. The large spread of individual SON axo-

nal branches is thus consistent with the broad topogra-

phy of the inhibitory projection to NL that we observed.

The SON receives excitatory input from NL and nucleus

angularis (NA) and provides inhibition to NL, NA, and NM

(Lachica et al., 1994; Yang et al., 1999; Monsivais et al.,

2000; Burger et al., 2005). Our reconstructions further

showed that individual SON neurons project to both NA

and NL or to both NM and NL, corroborating previous

conclusions by Burger and colleagues (2005).

Functional implications of the
projection from SON to NL

Our results provide insight into the functional role of

this inhibitory feedback circuit on frequency mapping and

ITD detection. In the majority of cases, we found a broad

topographic organization along the tonotopic axis of NL.

This organization of inhibition is desirable to enhance the

recognition of a target signal among competing back-

ground signals having similar spectral properties, as

described by Lewicki (2002). In addition, in a few cases,

we found a nontopographic SON-NL projection. This pro-

jection pattern may further regulate the overall gain of

the NL responses. This arrangement is highly beneficial

under conditions of high background noise. The organiza-

tion of SON input may allow NL to adapt to the overall

sound level of the acoustic environment, by resetting the

gain of the system to an optimal position on the input–

output function. This interpretation is supported by physi-

ological data suggesting that SON neurons integrate

inputs over a long time scale and provide relatively long-

lasting inhibition to NL neurons (Yang et al., 1999; Monsi-

vais et al., 2000). Our data are consistent with the pro-

posed integrative role of the SON in controlling the gain

of the ITD processing system, especially at high sound

levels (Burger et al., 2005; Nishino et al., 2008; Nishino

and Ohmori, 2009).

We found two SON units that displayed frequency-spe-

cific suppression of their spontaneous spike rates. The

responses of these two units may be shaped by a strong

Topography of SON projection to NL
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frequency-specific inhibition from the contralateral SON.

This SON-SON projection has been shown previously

(Burger et al., 2005).
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Burger RM, Fukui I, Ohmori H, Rubel EW. Inhibition in the balance: binaurally
coupled inhibitory feedback in sound localization circuitry. J Neurophysiol 106: 4–14,
2011. First published April 27, 2011; doi:10.1152/jn.00205.2011.—Interaural time dif-
ferences (ITDs) are the primary cue animals, including humans, use to localize
low-frequency sounds. In vertebrate auditory systems, dedicated ITD processing
neural circuitry performs an exacting task, the discrimination of microsecond
differences in stimulus arrival time at the two ears by coincidence-detecting
neurons. These neurons modulate responses over their entire dynamic range to
sounds differing in ITD by mere hundreds of microseconds. The well-understood
function of this circuitry in birds has provided a fruitful system to investigate how
inhibition contributes to neural computation at the synaptic, cellular, and systems
level. Our recent studies in the chicken have made significant progress in bringing
together many of these findings to provide a cohesive picture of inhibitory function.

coincidence detection; interaural time disparity; efferent; phase locking; !-ami-
nobutyric acid

BINAURAL HEARING provides important perceptual information
for localizing acoustic information in space and for enhancing
signal detection in noisy environments. Localization of low-
frequency sounds depends on the accurate computation of
interaural time differences (ITDs), an acoustic cue that varies
systematically with sound source position in space (Rayleigh
1907; Blauert 1983; Konishi 2003; Grothe et al. 2010). Spe-
cialized neural circuitry in both mammals and birds is devoted
to processing ITDs, and these circuits share many fundamental
properties (see Fig. 1 for an ITD cue primer). These include
anatomic and physiological specializations in excitatory path-
ways that ultimately lead to binaural “coincidence-detecting”
neurons that compute ITDs in the analogous medial superior
olive (MSO) of mammals and the nucleus laminaris (NL) of
birds (Goldberg and Brown 1969; Yin and Chan 1990; Carr
and Konishi 1990; Overholt et al. 1992). Such specializations
include fast channel kinetics, secure synapses, and neuron
morphologies that function to enhance the processing of tem-
poral information (Oertel 1997; Reyes et al. 1994, 1996;
Trussell 1997; Burger and Rubel 2008). In addition, both
systems feature inhibitory feedback to monaural and binaural
centers from neurons located in the superior olivary complex in
mammals or the superior olivary nucleus (SON) in birds
(Thompson and Schofield 2000; Grothe 2003; Yang et al.
1999; Burger and Rubel 2008). However, these systems differ

in important ways, both with respect to the arrangement of
excitatory inputs and their complement and function of inhib-
itory inputs (for comparative reviews, see Grothe 2003, 2010;
Schnupp and Carr 2009).

Over the past decade, this circuitry in the avian brain stem
has been intensively studied by several laboratories (Lu and
Trussell 2000; Monsivais and Rubel 2001; Kuba et al. 2005;
Köppl and Carr 2008). Understanding of the biological func-
tion of this circuitry combined with detailed knowledge of the
anatomy of excitatory pathways in birds has provided a fruitful
substrate for investigation of the anatomy and cellular physi-
ology of inhibitory processes in the avian brain stem. These
studies, in turn, have led to specific testable hypotheses regard-
ing exactly how inhibition transforms and enhances auditory
computation in vivo. For example, models from our laborato-
ries and others have predicted how processing acoustic stimuli
from one ear influences the processing of input to the other ear
at multiple levels of the circuitry. Our recent work testing these
models has revealed several modes of influence that inhibition
exerts on binaural computation in the auditory brainstem of
birds.

In this review, we highlight some of the significant progress
in understanding this circuitry in the last 10–15 yr and focus on
recent work shedding new light on the nature of inhibitory
function in binaural processes. The major findings of our recent
studies broadly demonstrate that this inhibitory input serves
several simultaneous functions in the pathway leading to and
including the NL. First, it is involved in conditioning the input
for coincidence-detecting neurons from the nucleus magnocel-
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lularis (NM) by 1 ) extending the dynamic range of NM
responses to sound by preventing spike rate saturation,
2 ) enhancing temporal coding by restricting the temporal
window available for monaural temporal integration in the
NM, and 3 ) balancing the binaural excitatory drive such that
interaural intensity differences (IIDs) are negated between the
bilateral inputs to the NL. Second, it acts directly upon binaural
coincidence-detecting neurons to maintain a full dynamic mod-
ulation range in responses to ITD stimuli, and it sharpens the
coincidence window in NL neurons. In the sections below, we
first describe the circuit’s functional connectivity. We then

describe recent findings that provide new insights into inhibi-
tory function in sound localization.

Anatomy of the Avian Brain Stem ITD Processing Circuitry

The avian auditory brain stem circuitry devoted to process-
ing ITDs is composed of just four major nuclei (Fig. 2).
Primary afferents (nVIII) branch upon entering the brain stem
to innervate two cochlear nuclei: the nucleus angularis (NA)
and NM. The nVIIIth synapse in the NM, the end bulb of Held,
is the first major specialization of the pathway devoted to
processing ITDs (Konishi 2003; Burger and Rubel 2008). The

Fig. 1. The interaural time difference (ITD) cue: generation and computation. The difference in the arrival time of sound to the two ears varies systematically
with the position of a sound source along the azimuth (A). A particular ITD value depends on 1 ) the acoustic distance between the ears, 2 ) the speed of sound,
and 3 ) the angle of incidence of the sound to the listener. For example, a sound source emanating from a position in space on the midline with respect to the
listener (yellow speaker) arrives at both ears simultaneously, yielding an ITD of 0 "s. This value will systematically increase as the sound is shifted laterally
such that a sound source at roughly 90° to the midline will lead in the ipsilateral ear by the maximal ITD, a value that is generally determined by the distance
between the two ears. For humans, the maximal ITD is !700 "s, whereas for small animals, such as the chicken, it is in the range of !100 "s. B: model circuit
for computing ITDs adapted from Jeffress (1948). The model includes an array of coincidence-detecting neurons, each of which fires optimally when action
potentials arrive simultaneously from the two ears. These neurons are innervated by axons of systematically varying length or “delay lines.” The opposing axon
length gradients generate systematically increasing conduction delays that offset the binaural acoustic delays. This arrangement imparts differential spatial
selectivity on the coincidence-detecting neurons. In A–D, neuron color corresponds to selectivity for speaker positions in A. In birds, anatomic delay lines arise
in the nucleus magnocellularis (NM) projection to the nucleus laminaris (NL) and are not bilaterally symmetrical. Rather, the delay is a function of axon length
gradient seen in the contralateral axon from the NM to NL. C: axonal arrangement observed in the chicken. The red axon arises from the contralateral NM,
forming a delay line that imparts spatial selectivity on NL neurons (colored circles) (adapted from Young and Rubel 1983). The green axon originates ipsilaterally
and projects with roughly equal segment lengths to the ipsilateral NL, giving rise to an “isodelay” input. Conduction speed is further “tuned” by the asymmetry
in axon diameter and internodal distances among the inputs to NL neurons (not shown). D: schematic representation of the bilateral delay line arrangement in
the chick (A and D were adapted from Seidl et al. 2010).
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end bulb is an electrically secure synapse, ensuring reliable
transmission of nVIII information. The NM is composed of a
rather homogeneous population of large, round neurons ar-
ranged tonotopically with low frequencies represented cau-

dolaterally and high frequencies represented rostromedially
(Rubel and Parks 1975). NA neurons have a diverse array of
cell types and response properties and appear to be involved in
processing many features of acoustic stimuli (Soares and Carr
2002; Fukui and Ohmori 2003; Köppl and Carr 2003). Axons
emanating from NM neurons bifurcate to innervate the nucleus
laminaris (NL) bilaterally, as shown in Fig. 1C (Parks and
Rubel 1975; Jhavari and Morest 1982; Young and Rubel
1983). In chickens, the ipsilateral branch ramifies to innervate
a roughly medial-to-lateral ribbon of NL neurons running
orthogonal to its tonotopic organization such that the length of
each axon segment is approximately equal. In contrast, the
contralateral projection, which is roughly twice the length of
the ipsilateral branch (Seidl et al. 2010), innervates a medial-
to-lateral ribbon of NL neurons with systematically short to
long axon segments. Young and Rubel (1983) proposed that
this systematic arrangement of axons gives rise to the “delay
lines” that could underlie the coincidence detection mechanism
of ITD computation (see Fig. 1C). Recent anatomic and mod-
eling analysis of this arrangement found that, in addition to
variations in the length of different axon segments, the action
potential propagation through the delay lines is substantially
tuned by differential myelin internodal lengths and axon diam-
eters in the ipsilateral and contralateral branches (Carr and
Konishi 1990, Seidl et al. 2010). Numerous physiological
studies have confirmed that this arrangement (or a similar
pattern of delay lines in owls) is the primary mechanism for
ITD computation in birds (Sullivan and Konishi 1986; Carr and
Konishi 1988, 1990; Overholt et al. 1992; Joseph and Hyson
1993; Köppl and Carr 2008).

Pathways originating in both the NA and NL project to
higher-order auditory nuclei in the pons and midbrain. How-
ever, NA and NL axon collaterals also innervate a fourth brain
stem nucleus, the ipsilateral SON. SON neurons are densely
immunostained by antisera directed against the inhibitory neu-
rotransmitter GABA or its synthesizing enzyme glutamic acid
decarboxylase (Carr et al. 1989; Code et al. 1989; Lachica et al.
1994; von Bartheld et al. 1989), and we have recently shown
that many SON neurons also appear to contain glycine (Cole-
man et al. 2011). The SON has two major output pathways,
arising from separate populations of neurons (shown in Fig.
2B) and constituting the dominant source of inhibition in the
circuit (Burger et al. 2005a). The first is a descending pathway
containing axons that ramify to innervate the NA, NM, and NL
ipsilaterally. The second pathway innervates the contralateral
SON and higher-order targets (Conlee and Parks 1986; Mon-
sivais et al. 2000; Burger et al. 2005a). Immunohistochemical
evidence has suggested that GABA and glycine appear to be
coreleased at all SON targets. However, physiological re-
sponses to the glycinergic component have only been shown in
the NA and SON (Kuo et al. 2009; Coleman et al. 2011). The
inhibitory nature of the contralateral projecting pathway is
predicted based on the prominence of GABA/glycine immu-
noreactivity in the SON (Code et al. 1989; Lachica et al. 1994;
Coleman et al. 2011), and, while this has not been directly
demonstrated, our recent studies have suggested that this is
indeed the case for the SON-SON projection (Nishino et al.
2008; Fukui et al. 2010).

When viewed as an integrated system, as shown schemati-
cally in Fig. 1C, the auditory brain stem is composed of two
inhibitory feedback loops, one on each side of the brain stem.

Fig. 2. Anatomic arrangement of excitatory and inhibitory pathways in the avian
brain stem auditory system. A: sound is transduced by hair cells, which synapse on
primary afferents (nVIII). nVIII axons branch upon entering the brain to innervate
two cochlear nuclei: the nucleus angularis (NA) and NM. In the NM, nVIII axons
form large end bulb synapses. Each NM neuron projects bilaterally and forms the
sole excitatory input to coincidence-detecting neurons in the NL. NM axons form
delay lines in the contralateral projection. Both the NA and NL project to
higher-order targets, including the superior olivary nucleus (SON), a major source
of GABAergic inhibition in the circuit. B: the SON has two output pathways
within the brain stem, a descending (feedback) pathway to the ipsilateral NA, NM,
and NL and an ascending pathway that innervates the contralateral SON, forming
a mutually inhibitory interaction. C: simple schematic model of this circuitry
composed of two inhibitory feedback loops, which are negatively coupled to each
other via the SON-SON connectivity. This arrangement suggests that elevated
activity in one unilateral feedback loop will tend to disinhibit targets on the
opposing side, bilaterally balancing overall activity.
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The output of the NA and NL drives activity in the SON,
which, in turn, provides inhibitory feedback to all three lower
nuclei: the NA, NM, and NL. Furthermore, the crossed recip-
rocal pathway between the SONs negatively couples these
feedback loops to one another. Thus, the inhibitory input from
the SON is well situated to influence processing in both
second-order monaural neurons (the NM and NA) and in
third-order binaural neurons (the NL), the site of ITD compu-
tation. Next, we review the influence of inhibition on the
computational function of the NM and then move on to discuss
the binaural interactions of the SON circuitry.

SON Inhibition in the Cochlear Nucleus Influences Spike
Rate, Spike Timing, and Frequency Tuning

The NM provides the sole excitatory input to the NL, and
information processing in the NM can be considered in one of
two ways. First, with its large and secure synapses, the NM
may be thought of as a relay, ideally transmitting one output
discharge for each phase-locked, presynaptic, nVIII input
spike. Alternatively, the NM may be viewed as integrative,
computing its outputs from several inputs that may differ
slightly in tuning or phase selectivity. There is compelling
evidence that both scenarios apply in the NM and that the bias
toward one mode of transmission or the other depends on
stimulus frequency and intensity as well as the recruitment of
inhibition in the circuit (Brenowitz and Trussell 2001; Fukui et

al. 2006, 2010; Howard and Rubel 2010, Kuba and Ohmori
2009).

A key feature of NM neuron responses is that their dis-
charges phase lock to the fine structure of the acoustic stimulus
(Fig. 3). Phase-locking behavior provides the temporally pre-
cise information to the NL required for ITD computation. In
the chicken NM, robust phase locking is maintained up to !2
kHz (Warchol and Dallos 1990; Fukui et al. 2006), whereas in
the owl it persists to much higher frequencies (!8–9 kHz)
(Köppl 1997). This exquisite precision is achieved via contri-
butions from a number of factors, including those that influ-
ence synaptic transmission at NM neurons. First, mature NM
neurons receive only a few nVIII inputs (Parks and Rubel
1978; Hackett et al. 1982; Jackson et al. 1982). However, each
synapse is anatomically large, kinetically fast, and electrically
secure (Reyes et al. 1994; Zhang and Trussell 1994; Fukui and
Ohmori 2004). Second, each NM neuron receives many small
terminals that stain positively for GABA (Code and Rubel
1989; Carr et al. 1989; Kuo et al. 2009). This GABAergic input
is unusual in that it is depolarizing with a reversal potential
near "35 mV even into maturity (Hyson et al. 1995; Lu and
Trussell 2000, 2001; Monsivais and Rubel 2001; Howard et al.
2007). In contrast to the fast excitatory input, the kinetics of the
GABAergic response are remarkably slow and give rise to
plateau potentials (Hackett et al. 1982; Lu and Trussell 2000).
The strength and speed of the depolarizing input is tempered by
GABAB receptors on presynaptic GABAergic terminals limit-

Fig. 3. GABAergic inhibition in the NM
influences both phase locking and frequency
tuning. A: NM neurons receive excitatory
input from a few end bulb nVIII synapses
and inhibitory input predominantly from
small GABAergic SON terminals. Record-
ings were made from NM neurons in vivo
using multibarrel piggyback electrodes com-
posed of one recording barrel (blue) and drug
barrels (red) containing bicuculline, a GABA
antagonist. This arrangement allowed for the
independent manipulation of inhibition dur-
ing acoustic stimulation experiments. B: NM
neuron responses phase lock to the fine struc-
ture of tone stimuli, and this phase locking is
GABA dependent. Iontophoretic application
of bicuculline caused a degradation of phase
selectivity that is observable in the raster
display of the response and the accompany-
ing phase histograms. C: NM neuron fre-
quency selectivity is also inhibition depen-
dent. Blockade of GABAergic signaling
broadens NM tuning functions, particularly
at high intensities.
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ing GABA release (Burger et al. 2005b; Lu et al. 2005).
Despite the depolarizing nature of this input, it is strongly
inhibitory and sufficient to suppress discharges in response to
excitatory input (Monsivais and Rubel 2001; Fukui et al.
2010).

The potency of this inhibition derives from two physiolog-
ical mechanisms coupled to the slow, mild depolarization.
First, membrane resistance is reduced both by the activation of
GABAA Cl" channels and by the simultaneous activation of
low-voltage-gated K# channels. Reduced membrane resistance
shortens the membrane time constant, speeding voltage
changes evoked by excitatory postsynaptic conductances and
narrowing the window for coincidence detection (Fig. 4).
Second, a significant fraction of voltage-gated Na# channels
inactivate at the depolarized potential and become unavailable
for spike generation (Monsivais and Rubel 2001; Howard et al.
2007; Howard and Rubel 2010). The net inhibitory effect of
this depolarizing input is so powerful that it can render the
membrane refractory, even in response to a subthreshold ex-
citatory postsynaptic conductance (Howard and Rubel 2010).
Howard and Rubel (2010) showed that the coincidence win-
dow for an inhibited NM cell is as brief as 0.5 ms. This
property has important implications for how phase-locked
responses are generated in the NM from the summation of
presynaptic inputs. Poorly timed or noncoincident input fails to
evoke postsynaptic responses because the temporal constraints
imposed by GABAergic depolarization are so restrictive.

The requirement for the summation of multiple inputs to
evoke discharges in the NM serves several functions. It can
extend the dynamic range of intensities encoded by these
neurons. In addition, and potentially of greater significance, it
can improve phase locking and facilitate the rejection of poorly
timed inputs or jitter. There is evidence that all of this does
occur in the NM and that each depends on auditory stimulus
characteristics and on inhibition. Two studies by Fukui and
colleagues have shown in vivo that phase locking in the NM is
indeed improved relative to nVIII fibers over the low frequency
range ($800 Hz) and that this process depends partially on
inhibition (Fukui and Ohmori 2006; Fukui et al. 2010). Appli-
cation of bicuculline, a GABA antagonist, to NM neurons in
vivo results in a reduction in temporal precision, especially in
response to intense stimuli, demonstrating that inhibition con-
tributes to phase locking (Fukui et al. 2010). In contrast,
high-characteristic frequency (CF) neurons have fewer inputs
(!2–3), but these inputs are roughly an order of magnitude
larger than in low-CF NM neurons (low CF: 1.0 % 0.25 nA and
high CF: 12.84 % 1.80 nA) (Fukui and Ohmori 2004). The
benefit of this arrangement is that low-CF NM neurons im-
prove phase locking by generating output responses from the
summation of multiple jittery inputs. The cost of integrating
multiple small inputs is a tendency for these inputs to reduce
membrane excitability by activating low-voltage-gated K#

channels and inactivating Na# channels, especially when input
synchrony is low. Kuba and Ohmori (2009) showed that these
low-CF neurons overcome this problem with a larger comple-
ment of voltage-gated Na# channels in the initial axon segment
sufficient to compensate for Na# channel inactivation caused
by their smaller, temporally dispersed excitatory input.

Across the population of high-CF NM neurons, phase-
locking precision does not significantly exceed that of their
nVIII inputs (Fukui et al. 2006). Nevertheless, recordings in

high-CF neurons, in which inhibition was blocked, showed that
inhibition does sharpen phase locking in these cells (Fukui et
al. 2010) (Fig. 3B). The smaller number of inputs observed in
high-frequency NM neurons is likely due to temporal con-

Fig. 4. Depolarizing inhibition reduces excitability and coincidence window in
NM neurons. NM neurons were presented with pairs of subthreshold excitatory
postsynaptic conductances (EPSGs) without stimulation of the GABAergic input
(A) and with stimulation of the GABAergic input (B). The black trace shows the
first synaptic input, EPSG1, followed by a second, EPSG2, at systematically
increasing intervals. In A, EPSGs sum to suprathreshold values over a relatively
broad range of delays (green traces, arrows), giving rise to a relatively wide
interval over which inputs can sum to produce an output spike indicated by the
“coincidence window.” Receipt of EPSG1 mildly and transiently raises the EPSG2
threshold, illustrated as a “hump” in the blue dotted line. However, at longer
delays, the summed value falls below threshold (gray traces). In B, the NM neuron
is inhibited, raising the overall threshold for EPSG summation (red dotted line)
from the control level (blue dotted line). In addition, the GABAergic depolariza-
tion coupled with EPSG1 causes rapid inactivation of Na# channels and activation
of low-voltage-gated K# current, rendering the membrane refractory after this
initial subthreshold excitatory input. No increase in EPSG magnitude is sufficient
to evoke a response, and the threshold for EPSG2 is functionally infinite indicated by
refractory window and light gray EPSGs. The combination of increased GABAA and
low-voltage-gated K# conductance with Na# channel inactivation compresses the
coincidence window green gradient to as little as !0.5 ms. Functionally, the net effect
of inhibition is to improve temporal precision in NM neurons by restricting the time
window over which synaptic input will sum to evoke a spike.
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straints on the cells that process these frequencies. As stimulus
frequency increases, the duration of the stimulus cycle de-
clines, approaching the temporal limits of membrane responses
(Howard and Rubel 2010). Finally, a study by Fukui et al.
(2010) demonstrated that GABAergic input also influenced
NM frequency tuning. Application of bicuculline broadened
the frequency selectivity of NM neurons, especially at high
intensities (Fig. 3C). Sharper frequency tuning in NM neurons
should result in improved temporal signaling as phase locking
in individual NM neurons would be constrained to narrower
bandwidth signals. GABAergic input to the NM in conjunction
with the tonotopic variation in afferent and postsynaptic fea-
tures of the NM may underlie the observation that phase
locking is more robust at the level of the cochlear nucleus than
the nVIII (Köppl 1997; Fukui et al. 2006).

As we have shown, GABAergic input to the NM improves
frequency tuning and phase locking, both of which are advan-
tageous for ITD processing. Additionally, inhibition derived
from the SON influences the firing rate in NM neurons, but
does so in an interesting and elegant way when one considers
the role of the NM in sound localization. To fully convey the
impact of this rate modulation, we discuss it below in the
context of the ITD circuit in its entirety.

Functional Implications of the SON Circuitry for Binaural
Processing

SON-dependent inhibition influences processing at the level
of the NL in two ways. First, as we have shown, the SON
indirectly impacts the NL through its interactions with NM
inputs, modulating frequency selectivity and phase locking. In
this section, we discuss how the SON also bilaterally couples
activity in the two NMs to reduce or eliminate firing rate
differences between them. Second, the SON also acts directly
on the NL through its synaptic connectivity with ipsilateral NL
neurons.

The binaural influences of the SON are mediated through a
key feature of its circuitry, the robust reciprocal projections
between the SONs. We and others have proposed that this
coupling is essential for ITD processing in the NL (Monsivais
et al. 2000; Burger et al. 2005a; Dasika et al. 2005). Our recent
work, in which this pathway was disrupted by pharmacological
or electrolytic lesion, supports these hypotheses (Nishino et al.
2008; Fukui et al. 2010).

A fundamental challenge to the auditory system is to main-
tain ITD selectivity and computational stability over a large
dynamic range of input levels. For NL neurons, which are
likely to receive input from multiple NM cells, the task is
particularly exacting for several reasons. First, single NM
neurons may change their firing rate severalfold over a 30- to
50-dB range of intensities (Sachs and Sinnott 1978; Warchol
and Dallos 1990; Fukui et al. 2010). Second, while binaural
coincidence results in maximal firing rates in the NL, these
neurons respond quite well to monaural stimuli in a level-
dependent manner in both barn owls and chickens (Rubel and
Parks 1975; Overholt et al. 1992; Joseph and Hyson 1993;
Pena et al. 1996). Third, an air-filled canal acoustically couples
the middle ears in birds, effectively expanding the range of
ITDs beyond that which is predicted by the distance between
the two ears (Rosowski and Saunders 1980; Calford and
Piddington 1988; Hyson et al. 1994). However, another con-

sequence of this coupling is that lateralized sounds induce de
facto IIDs at the level of the tympanic membranes (Hyson et al.
1994), and these IIDs may generate large differences in firing
rates between the two NMs according to their steep and
generally monotonic rate level functions. This bilateral asym-
metry in firing rates generates a computational challenge for
the NL. Put simply, a given NL neuron must have mechanisms
to distinguish between a more intense monaural input and an
ideally timed binaural input. Imbalanced input could cause the
firing rate and phase selectivity of coincidence-detecting neu-
rons to be dominated by the stimulus at the louder ear, causing
systematic errors in sound localization. Interestingly, earlier
models of binaural interaction developed by Durlach and
colleagues in the 1970s included the necessity to normalize and
bilaterally equalize input magnitude for ITD computations
(Colburn and Durlach 1978) but did not identify neural mech-
anisms to serve this function. The SONs are well positioned to
eliminate bilateral imbalances in NM activity through their
putatively mutually inhibitory interactions. Our recent data
have demonstrated that a single SON inhibits the ipsilateral
NM while simultaneously disinhibiting the contralateral NM
(Fukui et al. 2010).

Figure 5 shows the experimental method used by Fukui et al.
(2010) for revealing the bilateral SON function by manipulat-
ing signaling from a single SON with pharmacological lesions.
For efficiency, we will consider the left ear ipsilateral to the
stimulus and the manipulated SON and the right ear contralat-
eral to each. Figure 5A shows a recording electrode placed in
the left NM, and the speaker is in the left hemifield generating
tone signals. As stimulus intensity increases, more excitation
from nVIII inputs drives NM neurons to very high firing rates, but
it also recruits feedback inhibition from the ipsilateral SON that is
driven by a parallel pathway through the NA. The resulting
input-output functions of NM neurons are generally monotonic
but with a mild depression for high-intensity stimuli. After elim-
ination of the ipsilateral SON input by iontophoresis of TTX into
the SON, NM firing rates increased, suggesting that the ipsilateral
SON was indeed contributing to spike suppression during intense
stimulation. This type of feedback inhibition is rather straightfor-
ward and commonly observed in sensory processing. However,
the left SON also has interesting effects on the response properties
of the right (contralateral) NM.

Figure 5B shows the same stimulus and SON manipulation
arranged as in Fig. 5A; however, the recording electrode has
been moved to the right NM, contralateral to the speaker,
where the stimulus at the ear is less intense. The right NM
receives two primary inputs. The first input is the excitatory
input from ipsilateral nVIII fibers, and the second input is from
the right (ipsilateral) SON. However, the right SON is itself
inhibited by activity in the left SON. The stimulus intensity
bias to the left ear preferentially drives the left SON, which
disinhibits the right NM. When the left SON was inactivated
with TTX, thereby removing its disinhibitory influence on the
right SON feedback circuit, the activity in the right NM was
suppressed compared with controls.

The picture that has emerged from these experiments con-
firms that the SONs function in a dynamic equilibrium oppos-
ing each other. When stimuli favor one ear, the balance of
inhibition is shifted toward that ear by greater activation of the
ipsilateral inhibitory feedback and simultaneous disinhibi-
tion of the contralateral SON-NM projection. This process
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equalizes the bilateral input magnitudes for coincidence
detectors in the NL. Thus, the SON influences the NL
indirectly. This mutual inhibition within the SON feedback
system factors out the disruptive influence of relative NM
input magnitude, leaving only relative timing information
for ITD computation.

Direct Modulation of NL Neuron Activity by GABAergic
SON Inputs

Studies in both the chicken and barn owl have shown clear
evidence for remarkable stability in ITD selectivity (Peña et al.
1996; Nishino et al. 2008) by NL neurons. Several interrelated
mechanisms may contribute to this property in addition to those
we have discussed so far. First, synaptic depression at the NM to

NL synapse may reduce inputs to the NL under high-intensity
stimulus conditions (Kuba et al. 2002; Cook et al. 2003). Second,
nonlinear summation of inputs in dendrites may limit the impact
of an overall increase in input strength (Agmon-Snir et al. 1998).
Third, the high expression levels of low threshold K# conduc-
tances in the NL reduces the temporal window for summation,
effectively increasing the threshold for coincidence of inputs
(Reyes et al. 1996; Kuba et al. 2005). Finally, inhibition, espe-
cially inhibition that is scaled to sound input level, dynamically
influences ITD processing directly in the NL by shifting the action
potential threshold, speeding kinetics of excitatory postsynaptic
potentials, and reducing the duration of the coincidence window.

GABAergic signaling in the NL operates through both
GABAA and GABAB receptors. GABAA signaling in the NL,

Fig. 5. The SON influences the NM bilaterally through its inhibitory connection with the contralateral SON. A: lateralized sound source that generates an ITD
but also an intensity disparity favoring the left ear. Activity in the ipsilateral NA drives the recruitment of ipsilateral SON-derived inhibition to the NM and
suppresses firing in the NM. Inactivation of the ipsilateral SON by iontophoresis of TTX relieves this inhibition and raises firing rates in the NM ipsilateral to
the sound source. B: effect of the SON on the contralateral NM. Sound lateralized to the contralateral (left) ear evokes activity in the left SON. This activity
inhibits the ipsilateral (right) SON, thereby disinhibiting the right NM. In this case, inactivation of the left SON by TTX causes a reduction in firing rates in the
right NM, contralateral to the sound source.
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like in the NM, is depolarizing (Hyson et al. 1995). Addition-
ally, NL neurons are enriched with low-voltage-gated K#

channels (Kuba et al. 2003, 2005). Thus, GABAergic input to
the NL is likely to evoke both Cl" and K# conductances that
may impact coincidence detection in a manner similar to the
NM. To investigate the effect of GABAergic input to the NL
functionally, Funabiki et al. (1998) used a slice preparation
where ITDs were simulated in vitro by pairing intracellular
depolarizing current with unilateral afferent stimulation where
the timing between the two inputs was systematically varied.
When exogenous GABA was applied to these preparations, the
halfwidth of the ITD response was decreased by &50%,
enhancing computational precision. In this way, the net inhib-
itory effect of GABA signaling in the NL enhances ITD
encoding by reducing the temporal window over which con-
vergent excitatory inputs from each NM can sum to evoke a
response and potently inhibits spike generation when excit-
atory postsynaptic potentials arrive just outside that window
(Howard and Rubel 2010).

The role of SON input for ITD coding has also been
investigated in vivo. Nishino et al. (2008) recorded from NL
neurons before and after electrolytic lesion of the ipsilateral
SON. The results are shown in Fig. 6. In control conditions,
chicken NL neurons showed stable ITD selectivity with in-
creasing stimulus intensity and strong modulation of the firing
rate as ITD varied, especially for low-CF neurons. These
results were similar to those observed in the barn owl by Pena
and colleagues (1996). When the SON was eliminated from the
circuit, there were two major outcomes. First, the dynamic

range of the ITD rate modulation became compressed. The
peak firing rates were similar to those in the control condition,
but the response rate minima did not extend below spontaneous
rates, as they did in control recordings (Fig. 6C). This was
particularly the case for high-intensity stimuli, as predicted
from several previous models (Peña et al. 1996; Burger et al.
2005a; Dasika et al. 2005). Second, elimination of SON input
strongly influenced the phase selectivity of NL neurons. In the
control condition, NL neuron phase selectivity was stable and
narrow, reflecting the summation of coincident phase delays
between bilateral NM input spikes. However, after SON
lesion, the NL neurons’ best phase shifted with ITD and
appeared to shift in concordance with the stimulus phase at
the ipsilateral ear (Fig. 6D). The latter result suggests that
lesion of the ipsilateral SON caused an imbalance in the
input magnitude, allowing the ipsilateral NM to dominate.
This “imbalanced input” feature of NL processing is com-
plementary to the findings of Fukui et al. (2010), which
showed that the SON circuitry binaurally equalizes activity
between NMs.

Inhibitory Feedback in Mammalian ITD Circuitry

What does the investigation of inhibitory circuitry in birds
offer to inform us about mammalian hearing? The role of
inhibition in ITD processing in mammals has been the subject
of rather intense research effort over many years by several
laboratories. Recently, much of this attention has been directed
toward revealing the contributions of a prominent feedforward

Fig. 6. ITD and phase selectivity in the NL
depend on feedback from the SON. A and
B: schematic arrangement for NL recording
and circuitry during in the intact (A) and
lesioned (B) SON. C: illustration of typical
ITD functions for low-characteristic fre-
quency neurons before (blue trace) and after
(red trace) a SON lesion. Lesion of the SON
compresses rate modulation with ITD pri-
marily by elevating the response minima
above the spontaneous rate (indicated by the
gray dashed line). The corresponding effect
of lesion on phase selectivity is shown in C,
where lesion of the ipsilateral SON causes
shifting phase selectivity in the NL with
ITD. The shift corresponds to the phase
change of the ipsilateral input, suggesting
that the ipsilateral NM becomes the domi-
nant input in the absence of the balancing
influence of the SON.
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glycinergic inhibition to the MSO from the medial nucleus of
the trapezoid body (MNTB), an input that does not appear to
have an analog in birds (for reviews, see McAlpine and Grothe
2003; Joris and Yin 2007; Grothe et al. 2010). The glycinergic
input has been shown to actively shift the ITD selectivity of
MSO neurons to preferentially respond to stimuli that lead in
the contralateral ear (Brand et al. 2002; Pecka et al. 2008).
Glycinergic inhibition via the MNTB in mammals is hypoth-
esized to create the internal delay to compensate for ITD by a
phase-locked inhibition rather than by the delay line mecha-
nism that is present in birds. The internal delay determines the
characteristic delay, and the nature of phase-locked inputs
determines the characteristic phase. Both have been well stud-
ied in low-frequency binaural mammalian neurons in the infe-
rior colliculus and MSO (Rose et al, 1966; Goldberg and
Brown 1969; Stillmann 1971; Yin and Kuwada 1983; Yin and
Chan 1990); however, little is understood in birds (but see
Wagner et al. 2005; Köppl and Carr 2008). This feedforward
glycinergic pathway clearly differentiates mammalian and
avian binaural circuitry. However, mammals also possess
many hallmarks of inhibitory feedback circuitry that may be
functionally akin to those observed in birds.

Anatomic and physiological evidence for this feedback in-
hibition in the mammalian cochlear nucleus is abundant and
arises from studies of several species. All subdivisions of the
mammalian cochlear nucleus receive glycinergic and GABAergic
input from periolivary regions, in particular, the contralateral
ventral nucleus of the trapezoid body, the ipsilateral MNTB,
and the lateral nucleus of the trapezoid body (Adams 1983;
Spangler et al. 1987; Schofield 1994; Warr and Beck 1996;
Ostapoff et al. 1997). Physiological studies have demonstrated
inhibitory modulation of responses in several classes of mam-
malian cochlear nucleus neurons. These studies used pharma-
cological manipulations to assess the acute impact of inhibition
at the postsynaptic neuron and have shown that spike rate and
frequency tuning depend on this inhibitory feedback (Caspary
et al. 1994; Ebert and Ostwald 1995a, 1995b; Kopp-
Scheinpflug et al. 2002).

A major function of the SON in birds appears to be the
equalization of bilateral input magnitude for coincidence-
detecting neurons. The binaural balance function that we
revealed in the NM when inactivating the contralateral SON
has not been observed in mammals. However, a functionally
similar mechanism appears to operate at the level of the
cochlea. An excellent study by Darrow et al. (2006) showed
that lesion to the lateral olivochoclear bundle, which pro-
vides feedback to the outer hair cells of the ear, caused
imbalances in nVIII activity reminiscent of those we ob-
served at the level of the cochlear nucleus (NM) with SON
inactivation. This study strongly suggests that bilateral in-
hibitory coupling is a feature of the olivocochlear system.
Thus, candidate feedback mechanisms exist in mammals
that may serve similar functions in binaural hearing to those
that depend on the SON in birds, although at multiple levels
of processing.

Summary

The results of recent studies in birds highlight the essential
role of brain stem inhibitory circuitry in shaping the binaural
processes required for sound localization and signal detection.

The SON inhibits the cochlear nucleus to improve phase
selectivity and narrow frequency tuning. Both effects result in
improved temporal information for binaural coincidence detec-
tion, a process that takes place in the NL. In the NM and NL,
temporal acuity is gained via depolarizing GABAergic in-
put that influences an extensive group of membrane properties.
This input shortens integration time, speeding electrical signal-
ing such that in the NM, where the input threshold is extremely
plastic, neurons can become refractory after a strong but
subthreshold input. The inhibition, of course, also suppresses
the firing rate in the NM, but in an interesting and elegant way.
The negatively coupled SONs interact and generate inhibitory
feedback bilaterally that offsets imbalances in acoustic inten-
sity at the two ears. This offset reduces the firing rate in the
NM ipsilateral to loud sounds and elevates the firing rate at the
contralateral NM via a disinhibitory process. These effects
are also observable at the level of the NL, where neurons
become preferentially phase selective to ipsilateral NM inputs
after SON lesion. Finally, we showed that modulation of the
firing rate across ITDs in the NL is highly dependent on SON
input, especially for low-CF neurons.

The studies highlighted in this review from our laboratories
and others have generated a rather thorough understanding of
inhibitory function in the brain stem auditory system in birds.
However, a complete picture of this circuit awaits further work
on the role of glycinergic input and on the nature of the SON
itself, where many important questions remain. Only recently
have we and others demonstrated that the SON provides
GABAergic and glycinergic output to its targets by the core-
lease of both transmitters (Kuo et al. 2009; Coleman et al.
2011). Coleman et al. (2011) showed that many SON neurons
phase lock to acoustic stimuli and that phase-locking precision
in the SON is tuned by both GABA and glycinergic inputs. It
is not yet understood how corelease of GABA and glycine
imparts functionally distinct modulation to neurons in the NA,
NM, or NL, with the notable exception that rapid glycinergic
inhibitory postsynaptic currents have been observed in the NA
(Kuo et al. 2009). It is also unknown how the neurons in the
feedforward and feedback circuits relate to each other anatom-
ically and physiologically within the nucleus. How are the
SON’s inputs from the NA and NL integrated or segregated?
More broadly, how does this pattern of circuit organization and
function relate to mammalian hearing?

The computational challenges shared by avian and mamma-
lian auditory systems and the simplicity of this circuit in birds
support the notion that the avian system remains a very useful
experimental preparation for studying the cellular and systems
level impact of efferent feedback in vertebrate auditory func-
tion. Ongoing work in our laboratories aims to address these
issues in an effort to achieve a holistic and mechanistic under-
standing of binaural computation in auditory neuroscience.
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Relative Input Strength Rapidly Regulates Dendritic
Structure of Chick Auditory Brainstem Neurons
Staci A. Sorensen1 and Edwin W. Rubel2*
1Allen Institute for Brain Science, Seattle Washington 98113
2University of Washington, Seattle, Washington 98195-7923

ABSTRACT
Competition between presynaptic inputs has been sug-

gested to shape dendritic form. This hypothesis can be

directly tested on bitufted, auditory neurons in chicken

nucleus laminaris (NL). Each NL neuron contains two

relatively symmetrical dendritic arbors; the dorsal den-

drites receive excitatory glutamatergic input from the

ipsilateral ear, and the ventral dendrites receive corre-

sponding input from the contralateral ear. To assess

the effect of relative synaptic strength on NL dendrites,

we used single-cell electroporation; electrophysiology;

and live, two-photon laser scanning microscopy to

manipulate both the amount and the balance of synap-

tic input to the two matching sets of dendrites. With si-

multaneous activation, both sets of dendrites changed

together, either growing or retracting over the imaging

period. In contrast, stimulation of only one set of den-

drites (either dorsal or ventral) resulted in the unstimu-

lated dendrites losing total dendritic branch length,

whereas the stimulated dendrites exhibited a tendency

to grow. In this system, balanced input leads to bal-

anced changes in the two sets of dendrites, but imbal-

anced input results in differential changes. Time-lapse

imaging revealed that NL dendrites respond to differen-

tial stimulation by first decreasing the size of their

unstimulated dendrites and then increasing the size of

their stimulated dendrites. This result suggests that the

relative activity of presynaptic neurons dynamically con-

trols dendritic structure in NL and that dendritic real

estate can rapidly be shifted from inactive inputs to

active inputs. J. Comp. Neurol. 519:2838–2851, 2011.

VC 2011 Wiley-Liss, Inc.

INDEXING TERMS: dendrites; activity; competition; auditory; time-lapse imaging

Activity-dependent competition between neuronal

inputs has been suggested to play an important role in

nervous system development. By this mechanism, com-

munication between pre- and postsynaptic neurons facili-

tates the maintenance of active presynaptic inputs and

the elimination of less active inputs. This process sug-

gests that the pattern of activation, rather than the pres-

ence or absence of input, is most important for regulating

synaptic strength. This mechanism has been particularly

well studied in the establishment of neuromuscular syn-

apses (Balice-Gordon and Lichtman, 1994; Lichtman and

Colman, 2000; Personius and Balice-Gordon, 2001) and

cortical and cerebellar connections (Hashimoto et al.,

2009; Hata et al., 1999; Hua et al., 2005; Katz and Shatz,

1996). Much work has been done to understand how the

presynaptic axons are affected by the relative activity of

neighboring inputs, but the effect on the dendritic proc-

esses is not well understood.

The third-order nucleus of the chicken auditory system,

nucleus laminaris (NL), provides a useful model system in

which to address questions about the effect of synaptic

input on the structure of individual dendrites. Specifically,

NL neurons have two sets of relatively symmetrical den-

drites, a dorsal and a ventral domain (Deitch and Rubel,

1984; Smith, 1981; Smith and Rubel, 1979). Segregated

inputs from nucleus magnocellularis (NM) provide each

set of dendrites with excitatory information from one ear;

ipsilateral and contralateral NM axons form synapses

with the dorsal and ventral dendrites, respectively. The

convergence of inputs from the two ears allows NL neu-

rons to function as coincidence detectors in a neuronal

circuit involved in sound localization (Carr and Konishi,

1990). For our purposes, it also allows us to selectively
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manipulate excitatory input to one or both of the match-

ing sets of dendrites

Previous in vivo work demonstrated that dendrites in

NL, and the mammalian medial superior olivary nucleus

(MSO), depend on afferent input for their development

(Feng and Rogowski, 1980; Parks, 1981; Parks et al.,

1987; Russell and Moore, 1999) and maintenance

(Benes et al., 1977; Deitch and Rubel, 1984, 1989).

More recent work demonstrated that glutamatergic

input maintains NL dendrite length in vitro and that the

pattern, not the absolute amount, of glutamatergic syn-

aptic input regulates NL dendrite structure. Specifically,

stimulation of the dorsal dendrites led to growth of

stimulated dendrites and retraction of the unstimulated

dendrites on the opposite side of the cell, suggesting

that NM inputs might compete for synaptic space on NL

dendrites.

The current experiments used electrophysiology and

time-lapse, two-photon laser scanning microscopy to test

the hypothesis directly. By employing multiple stimulation

conditions, we found that relative input strength regulates

the relative size of the two NL dendritic arbors on a very

short time scale; stimulation of either dorsal or ventral

dendrites resulted in decreased dendritic length in the

unstimulated dendrites and growth of the stimulated den-

drites. Time course studies demonstrated that NL den-

drites responded to differential stimulation by first

decreasing the size of their inactive dendrites and then

increasing the size of their active dendrites. In contrast,

bilaterally stimulated and unstimulated, control dendrites

either grew or retracted together over the imaging period.

These data indicate that balanced input maintains the rel-

ative sizes of the two sets of NL dendrites, and unbalanc-

ing these inputs leads to rapid, input-specific changes in

dendritic structure.

MATERIALS AND METHODS
Slicing procedures

Acute brainstem slices were made from white leghorn

chicken embryos, at embryonic day 14–19 as previously

described (Monsivais et al., 2000). At this age, chicks

have functional hearing (Rebillard and Rubel, 1981; Saun-

ders et al., 1974), but the dendrites (Rubel et al., 1981)

and electrical properties (Gao and Lu, 2008) of NL neu-

rons are still developing. Embryos were removed from the

egg and rapidly decapitated. The brainstem was quickly

dissected out into room temperature oxygenated artificial

cerebral spinal fluid (ACSF; 130 mM NaCl, 2.5 mM KCl,

1.25 NaH2PO4, 26 mM NaHCO3, 1 mM MgCl2, and 2 mM

CaCl2 in filtered dH2O) and blocked for further sectioning.

Coronal sections were then cut at 400 lm thickness

using a vibratome (Technical Products International, St.

Louis, MO). Vibratome sections were placed in a slice

chamber containing oxygenated ACSF heated to 34–

36!C and allowed to equilibrate for 30 minutes to 1 hour.

The University of Washington animal care committee

approved all procedures.

Electroporation procedures
After equilibration, slices were transferred to a Leica

MZFLIII fluorescent dissecting microscope (Leica, North-

vale, NJ), and individual NL neurons were filled with ani-

onic tracer using a method for single-cell electroporation

adapted from Haas et al. (2001) and described in detail

by Sorensen and Rubel (2006). Briefly, slices were placed

in a Sylgard-coated chamber containing oxygenated

ACSF and a reference electrode. A stimulating electrode

containing anionic tracer was positioned on the surface

of the slice within the line of NL cell bodies. An Electro

Square Porator (model ECM 830; BTX, San Diego, CA)

was used to apply a voltage (25–40 V, 50 msec duration,

train of two to eight pulses) to the slice. This procedure

instantaneously labeled the cell body and dendrites of

single NL neurons. For these experiments, we used a so-

lution of 5–10% Alexa 594 dextran (Molecular Probes,

Eugene, OR) in sterile saline to label one or two NL cells

on both sides of the slice. After electroporation, slices

were briefly returned to the holding chamber, before

being transferred to the multiphoton microscope

described below.

Imaging procedures
Slices were kept alive during imaging experiments by

continual perfusion with oxygenated ACSF (perfusion

ACSF contained 3 mM CaCl2) warmed with an in-line solu-

tion heater (model SF-28; Warner Instruments, Hamden,

CT) to 34!C. Digital images of NL cells were captured

with a Zeiss 510 Multi-Photon NLO microscope system

coupled to a Zeiss Axiovert 200 stand using AIM for

LSM510 scanning control software (LSM 510 MP-NLO;

Carl Zeiss Microimaging). The light source used was a

Coherent Mira 900 titanium:sapphire femtosecond pulse

laser. All cells were imaged with a Plan Neofluar " 40 oil

immersion objective (NA 1.3, 0.12 mm working distance).

Images were acquired once per hour for up to 5 hours.

Imaging parameters varied with the tenfold change in

dendritic length along NL’s tonotopic map (Smith and

Rubel, 1979). Neurons taken from the high-frequency

region of the nucleus have smaller dendrites and could

be imaged with a higher resolution (0.17–0.25 lm/pixel)

than neurons taken from the low-frequency region of the

nucleus, where the dendrites are much larger (0.26–0.45

lm/pixel). When possible, neurons from the middle

region of the nucleus were studied. For images acquired
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at the beginning (0 hours) and the end of experiments

(final hour), a z-series of 100–200 consecutive images

(with a distance of 0.4–0.5 lm between images) was

taken through the entire extent of the neuron (512 "
512). For images acquired at the intervening time points,

only NL dendrites (and not their cell bodies) were imaged

using the region of interest tool in the LSM software. All

images shown are Z-stack projections. For qualitative

comparison of dendrites across time points, images were

first split into dorsal and ventral regions, and then aligned

to the cell body and/or to the base of the primary

dendrites. When images of the two time points are

presented together, the same image adjustment parame-

ters in Adobe Photoshop 7.0 were used for both time

points. Whole-cell images are not shown because

changes in the cell body throughout the imaging period

did not allow both sets of dendrites to be aligned in the

same image.

In vitro physiological stimulation and
recording procedures
Selective stimulation of the dorsal or
ventral dendrites.

To stimulate the dorsal dendrites of NL neurons selec-

tively, a concentric, bipolar stimulating electrode (FHC,

Bowdoinham, ME) was placed on NM ipsilateral to the NL

neuron being imaged (see schematic in Fig. 2A). To stimu-

late the ventral dendrites of NL neurons selectively, a

concentric, bipolar stimulating electrode (FHC) was

placed on NM contralateral to the NL neurons being

imaged (see schematic in Fig. 3A). An A-M Systems 2100

Isolated Pulse Stimulator was used to apply voltage

pulses of 10–20 V and 1 msec duration at 10–25 Hz for

4–5 hours. Borosilicate recording electrodes filled with 1

M NaCl (1–10 MX) were used to confirm the effect of the

stimulation throughout the experiment. The recording

electrode was placed in the lateral portion of NL, ipsilat-

eral to the neuron being imaged. This recording electrode

position was used for all the stimulation experiments

described here. NL neurons were imaged only in slices in

which postsynaptic field potentials were confirmed. The

strength of the stimulus was adjusted throughout the

experiment such that the strongest possible field poten-

tial could be recorded. The postsynaptic component of

the field potential was determined in separate experi-

ments by blocking with 0.1 M DNQX and 0.1 M AP-5.

Bilateral stimulation of both sets of NL
dendrites.

To activate both sets of NL dendrites simultaneously,

two stimulating electrodes (described above) were placed

on the brainstem, one on NM on each side of the slice

(see schematic in Fig. 4A). For these experiments, the

contribution of the ipsilateral and contralateral NM nuclei

was confirmed at the beginning of the experiment by

demonstrating that each stimulating electrode alone

could elicit a postsynaptic field potential.

Three-dimensional morphological
analysis procedures

Huygens Essential software was used to deconvolve

each image stack (version 2.7.3p3; Scientific Volume

Imaging B.V., Hilversum, The Netherlands). Deconvolved

stacks were then imported into Object Image 2.11, and a

series of substack projections was made to create image

stacks for analysis with an effective z-step of # 1 lm.

Analyzed image stacks consisted of 30–80 images.

In Object Image, the dorsal and ventral dendrites of

each neuron were separately analyzed in each 3D z-stack

for either the total dendritic branch length (TDBL) or

length of individual dendritic branches and branch dy-

namics. It is important to note that, for all images, the ex-

perimenter was blind to the imaging time point and the

type of dendrite being analyzed (dorsal vs. ventral and

stimulated vs. unstimulated). The macros used for these

analyses were kindly provided by Hollis Cline’s laboratory

(http://clinelab.cshl.edu/methods.html).

For branch length and dynamics analyses, the z-stacks

from each time point were opened simultaneously. Within

the z-stack, a single dendritic branch was chosen and

then located (if present) in all other z-stacks. Within each

z-stack, a line was then drawn through the center of the

dendrite from its terminal tip through each successive z-

section to its origin at the cell body or parent dendrite. All

individual dendritic branches from each cell were ana-

lyzed in this way. If any individual dendrite was cut off in

any plane, or at any time point, it was not included in the

analysis. Z-axis rotations were routinely made to confirm

that dendrites were not cut off in this plane. Each den-

drite was assigned a number, which allowed us to track

changes in the length of individual dendritic branches

across imaging time points. By summing individual branch

lengths at each time point, changes in the total dendritic

branch length (TDBL) of the whole dendritic tree could be

calculated. For each neuron, TDBL was measured sepa-

rately for dorsal and ventral dendrites. Thus, each neuron

had two measures of TDBL at each time point. The mean

dorsal TDBL and ventral TDBL for each group were then

calculated at each time point. For all cells, the percentage

change in TDBL was compared between the initial and

the final time points. Quantitative comparisons between

TDBL changes for an entire set of dendrites and TDBL for

only 60 of the neuron’s dendrites indicated that there

was little difference between the changes detected with
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the two measurements (data not shown). Thus, for some

neurons, only a subset of the dendrites was measured

and included in the analysis of TDBL. We also compared

the percentage difference between the initial TDBL and

the TDBL at each subsequent time point for control, bilat-

eral, and dorsal-only stimulation of neurons. To be consid-

ered branch growth or retraction, the change between

the initial length measurement and the measurement at a

subsequent time point had to be at least 10%. Using this

threshold, the mean percentage of branches that grew,

retracted, or remained stable (within 10% of their original

length) at each time point was also compared. These per-

centages add up to 100%. Statview (SAS institute Inc.,

Cary, NC) was used for statistical analyses. Significance

was determined by using an ANOVA and individual Fisch-

er’s PLSD test; P < 0.05 was considered statistically

significant. Unless otherwise noted, all data are shown as

mean 6 SE.

For these experiments, five control neurons and four

bilateral stimulation neurons were analyzed, for a total of

312 control dendritic branches and 270 bilaterally stimu-

lated dendritic branches. For ventral stimulation experi-

ments, seven neurons were used, for a total of 415

dendritic branches. For dorsal stimulation experiments,

four neurons were used, for a total of 189 dendritic

branches. For all experiments, electroporated NL neurons

that exhibited aberrant changes in morphology were not

included in our analyses.

RESULTS
We examined the effect of different electrophysiologi-

cal stimulation conditions on the two sets of dendrites of

single dye-filled NL neurons in vitro using time-lapse, mul-

tiphoton imaging. For these experiments, NL neurons

were imaged before stimulation began (0 hours) and then

once per hour for 4–5 hours during stimulation of the dor-

sal and/or ventral dendrites (see schematic in Figs. 2A,

3A for example physiological traces). For comparison, we

also imaged unstimulated control neurons using these

same imaging parameters. In the absence of external

stimulation, these slices do not fire spontaneous action

potentials. Figures 1–4 show representative z-projection

images of control, dorsal-only, ventral-only, and bilaterally

stimulated NL neurons at the 0 and 4–5 hours imaging

Figure 2. Schematic of the dorsal-only stimulation paradigm

(A). A bipolar stimulating electrode was placed in NM ipsilateral

to the NL neuron being imaged (arrows). Field potentials (aver-

aged and shown at right) were recorded from the lateral portion

of NL. With this configuration, only the dorsal dendrites, and not

the ventral dendrites, were activated. Examples of stimulated dor-

sal (B,C) and unstimulated ventral (D,E) NL dendrites. Images at

left were taken at 0 hours. The same dendrites imaged 4 hours

later are shown at right. Several branches of the stimulated, dor-

sal dendrites grew between the imaging time points (B,C), while

many branches of the unstimulated ventral dendrites retracted

(D,E). Scale bar ¼ 25 lm.

Figure 1. Representative example of unstimulated, control dorsal

(A,B) and ventral (C,D) dendrites from one NL neuron imaged at

0 and 4 hours. Images at left were taken at 0 hours. The same

dendrites imaged 4 hours later are shown at right. Both sets of

dendrites remained fairly stable between the imaging periods, but

several branches can be observed to retract between the imaging

periods (arrows). Scale bar ¼ 20 lm.

Rapid dendritic regulation in auditory neurons

The Journal of Comparative Neurology | Research in Systems Neuroscience 2841



time points. Figure 1 shows a representative example of

an unstimulated, control NL neuron. There are few

obvious changes in the dendrites between the two imag-

ing time points. In contrast, with differential stimulation

of the inputs to the dorsal and ventral dendrites, dendritic

branches appear much less stable across imaging time

points. Dramatic examples of NL neurons that received

unilateral stimulation of either their dorsal or their ventral

dendrites are shown in Figures 2 and 3, respectively. A

qualitative comparison of the initial (0 hours) and final

images for both manipulations indicated that many of the

stimulated dendrites remained stable between the imag-

ing time points. However, several stimulated branches

displayed substantial growth (arrowheads in Figs. 2B,C,

3D,E). Conversely, a number of the unstimulated

dendrites in Figures 2D,E and 3B,C appeared to retract in

response to the relative deprivation (arrows in images).

Unexpectedly, with bilateral stimulation for 4 hours

(Fig. 4), both sets of dendrites remained fairly stable over

the imaging period, although examples of growing and

retracting branches can be observed.

Balanced synaptic input to the two sets
of NL dendrites maintains their relative
dendritic branch lengths

To quantify the changes in dendritic branch length,

total dendritic branch length (TDBL) measurements were

made in three-dimensional image stacks at the 0 hours

and the 4–5 hours time point. The percentage change in

Figure 4. Schematic of the bilateral stimulation paradigm (A). A

bipolar stimulating electrode was placed in NM on each side of

the slice. Field potentials were recorded from the lateral portion

of NL on one side of the slice. With this configuration, both the

dorsal and the ventral dendrites are activated. Representative

example of bilaterally stimulated dorsal (B,C) and ventral (D,E)

dendrites from one NL neuron imaged at 0 and 4 hours. Images

at left were taken at 0 hours. The same dendrites imaged 4 hours

later are shown at right. Both sets of dendrites remained fairly

stable, but several branches can be observed to retract between

the imaging periods (arrows). Scale bar ¼ 20 lm.

Figure 3. Schematic of the ventral-only stimulation paradigm

(A). A bipolar stimulating electrode was placed in NM contralat-

eral to the NL neuron being imaged (arrows). Field potentials

(averaged and shown at right) were recorded from the lateral por-

tion of NL. With this configuration, only the ventral dendrites, and

not the dorsal dendrites, are activated. Examples of unstimulated

dorsal (B,C) and stimulated ventral (D,E) NL dendrites. Images at

left were taken at 0 hours. The same set of dendrites imaged

4 hours later is shown at right. Several branches of the unstimu-

lated dorsal dendrites lost length between the imaging time

points (B,C), while several branches of the stimulated ventral den-

drites grew (D,E). Scale bar ¼ 25 lm.
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TDBL between the two imaging periods is shown in Figure

5A. In unstimulated and bilateral stimulation conditions,

both the dorsal and the ventral dendrites exhibited a

small change in dendritic length during the imaging

period. The dorsal dendrites of bilaterally stimulated

neurons lost –0.8% 6 2.1% of their length compared with

unstimulated, control neurons, which lost –1.7% 6 2.0%.

The changes for the ventral dendrites were equally small:

–1.8% 6 1.1% for the bilaterally stimulated neurons com-

pared with –2.1% 6 2.2% for control neurons. There were

no significant differences for either group in the percent-

age change in TDBL between imaging time points. These

results indicate that, at least on this short time scale, bal-

anced, action-potential-mediated signaling does not

induce significant changes in the two sets of NL dendrites

beyond that observed for the unstimulated, control condi-

tion. It should be noted that the bilateral stimulation con-

dition might be more representative of normal physiologi-

cal conditions than our unstimulated, ‘‘control’’ neurons,

insofar as the inputs from NM fire at high rates even in

the absence of sound (Born et al., 1991). It is important

to note that there were no differential changes between

the dorsal and the ventral dendrites in either the bilateral

stimulation condition or the unstimulated, control condi-

tion. When we looked at the changes in TDBL for individ-

ual neurons (Fig. 5B), we found that half of the neurons in

each group had dendrites that grew, whereas the other

half had dendrites that lost length. Interestingly, for all

neurons analyzed from the unstimulated, control and

bilateral stimulation conditions, both sets of dendrites

always changed in the same direction, whether this was

by adding or by decreasing total dendritic length.

Input-dependent changes in NL dendritic
length with differential stimulation of the
two sets of dendrites

When we quantitatively compared the mean percent-

age change in TDBL between the dorsal and the ventral

dendrites for the unilateral stimulation conditions at the

initial and final imaging time points (Fig. 5A), we found

that each set of stimulated dendrites changed signifi-

cantly relative to the unstimulated dendrites on the

opposite side of the cell. Specifically, with selective stim-

ulation of the dorsal dendrites for 4 hours, there was a

small, but reliable, increase in TDBL (2.4% 6 1.7%),

whereas the unstimulated, ventral dendrites on the

Figure 5. Effect of unstimulated, control, bilateral stimulation and unilateral stimulation conditions on the two sets of NL dendrites. Mean

total dendritic branch length (TDBL) was measured separately for the dorsal and ventral dendrites of NL neurons imaged at 0 hours and

then again after 4–5 hours for each of the four conditions: the unstimulated control condition, bilateral stimulation, dorsal stimulation, and

ventral stimulation. A: Bar graph showing the mean percentage change 6 SE in TDBL between imaging periods for the control condition

and the three stimulation conditions. NL dendrites changed very little in the unstimulated control condition or with bilateral stimulation.

With both manipulations, the dorsal and ventral dendrites lost a small amount of TDBL, and there were no significant differences between

the two groups or the two sets of dendrites in each group. Differential stimulation of either the dorsal dendrites or the ventral dendrites

led to a small increase in the size of the stimulated dendrites and a decrease in the size of the unstimulated dendrites. For each stimula-

tion condition, the two sets of dendrites differed significantly from one another. B: Changes in TDBL for individual neurons. Control neu-

rons and bilaterally stimulated neurons exhibited both increases and decreases in dendritic length over the imaging period. However, for

each neuron, both sets of dendrites changed in the same direction, either adding or decreasing TDBL. In contrast, with either dorsal

or ventral stimulation, all unstimulated dendrites lost TDBL over the imaging period, while the majority of stimulated dendrites

increased TDBL.
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opposite side of the same cells lost a larger amount of

TDBL (–7.3% 6 1.3%, P < 0.005). The losses in TDBL

from unstimulated dendrites were also significantly differ-

ent from the control and bilaterally stimulated ventral

dendrites (P < 0.04 and P < 0.03, respectively). Similarly,

with selective stimulation of the ventral dendrites, there

was a small, but significant increase in the length of the

stimulated ventral dendrites (1.0% 6 1.3%) relative to the

decrease in the length of the unstimulated dorsal

dendrites, which lost –4.4% 6 1.2% with 4 hours of rela-

tive deprivation (P < 0.01).

When we looked at TDBL changes for each individual

neuron (Fig. 5B), we found that the unstimulated den-

drites of all differentially stimulated neurons lost TDBL.

The stimulated dendrites of differentially stimulated neu-

rons did not exhibit such a uniform response for either

dorsal-only or ventral-only stimulation. However, for the

majority of neurons (7 of 11) the stimulated dendrites

displayed increases in TDBL, whereas the remaining

cells lost only a very small amount of TDBL. These

results are quite different from what we found for indi-

vidual bilaterally stimulated and unstimulated control

neurons. For these neurons, the two sets of dendrites

either grew or retracted to a similar degree over the

imaging period.

For all manipulations, we also compared the initial

and final sizes of individual dendritic branches in order

to understand how branches of different lengths were

affected by our different stimulation conditions. Figure

6A shows all individual dendritic branches from

neurons exposed to 4–5 hours of unilateral synaptic

stimulation of the dorsal dendrites. For NL neurons,

the majority of dendritic branches are smaller than 10

lm. With dorsal-only stimulation, a fairly balanced

number of the small branches of unstimulated ventral

dendrites grew (# 44%) or retracted (# 56%) between

the imaging time points, whereas the majority (# 83%)

of longer branches (20 lm and above) lost length over

the imaging period. The same was not true for the

stimulated dorsal dendrites. For branches of all lengths

(including the longest branches), a relatively equal

number grew (# 49%) and retracted (# 51%) during the

stimulation period. We obtained similar results when

we performed individual branch length analyses on NL

neurons that received unilateral synaptic stimulation of

their ventral dendrites (Fig. 6B). For the unstimulated,

dorsal dendrites, the majority of the longer branches

(longer than 20 lm) lost length over the imaging period

(# 74%), whereas shorter branches grew or retracted in

equal numbers. As with dorsal-only stimulation, all

branches of stimulated ventral dendrites grew (# 42%)

and retracted (# 58%) to a similar extent. Thus, for

both unilateral stimulation conditions, the imbalance of

input promotes retraction of the unstimulated

branches, particularly branches longer than 20 lm,

regardless of the set of dendrites that is deprived.

Figure 6. Scatterplot comparisons of the change in individual branch length between 0 and 4–5 hours of live imaging with unilateral stim-

ulation conditions. The initial branch length at 0 hours is indicated on the x-axis, and the amount of length lost or gained at the final time

point is indicated on the y-axis. A: The branches of differentially stimulated dorsal dendrites (circles) exhibited fairly balanced growth and

retraction over the imaging period, although a number of branches grew by 5–10 lm. In contrast, the majority of longer branches (20 lm

and above) of unstimulated ventral dendrites (triangles) lost length in response to the relative lack of stimulation (# 83%). B: The branches

of differentially stimulated, ventral dendrites (triangles) exhibited fairly balanced growth and retraction over the imaging period though sev-

eral branches exhibited large (þ 10 lm) increases in length. Conversely, the majority of longer branches of unstimulated, dorsal dendrites

(circles) exhibited a decrease in branch length over the imaging period (# 74%).
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In contrast, few individual branches of bilaterally

stimulated or control neurons exhibited large changes in

length (data not shown). With these conditions, individ-

ual dendritic branches remained fairly stable between

imaging time points, and the two sets of dendrites had a

relatively equal number of growing and retracting

branches. These findings further suggest that balanced

input, in the form of either action-potential-mediated sig-

naling (bilateral stimulation) or spontaneous glutamate

release (unstimulated, control condition) encourages

branch stability and maintains the relative sizes of the

two sets of dendrites.

Progressive changes in TDBL with
differential stimulation

To assess further the NL dendritic changes over time

with unilateral or bilateral synaptic stimulation, we ana-

lyzed the percentage change in TDBL each hour during

the experimental period. Figure 7A illustrates the time

course of changes in NL dendrites with selective stimula-

tion of the dorsal dendrites. With this manipulation, NL

neurons exhibited an early decrease in the size of the

unstimulated ventral dendrites after just 2 hours of rela-

tive deprivation (–5.8% 6 1.5%, P < 0.05, relative to 1

hour). This decrease continued at the 3-hour (–6.3% 6
1.1%, P < 0.03, relative to 1 hour) and 4-hour (–7.5% 6
1.9%, P < 0.02, relative to 1 hour) time points, though

at a slower rate of change compared with earlier

time points. The change in the stimulated, dorsal den-

drites was delayed relative to the unstimulated ventral

dendrites. There were no significant differences in the

TDBL of the stimulated, dorsal dendrites until the 4-hour

time point, when there was a significant increase in the

size of the stimulated, dorsal dendrites (3.5% 6 1.9%),

compared with all other time points (1 hour: P < 0.04, 2

hours: P < 0.05, 3 hours: P < 0.02). Across the imaging

period, the changes in TDBL also differed significantly

between the two sets of dendrites (2 hours: P < 0.04, 3

hours: P < 0.01, 4 hours: P < 0.02). These results dem-

onstrate that, with an imbalance of synaptic input, NL

dendrites respond by first decreasing the length of their

unstimulated dendrites and then increasing the length of

their stimulated dendrites.

To determine how branch dynamics changed over the

imaging period with dorsal-only stimulation, we quantified

the proportion of growing, retracting, and stable branches

(these numbers add up to 100%) at each of these time

points (Fig. 7B–D). For both sets of dendrites, # 50% of

the dendritic branches remained stable over the imaging

period, and the remaining 50% grew or retracted in rela-

tively equal proportion. These findings show that the

TDBL lost with the relative lack of stimulation likely

resulted from decreases in the length of individual

branches (particularly branches longer than 20 lm; see

Fig. 6) rather than increases in the proportion of retract-

ing dendrites. These results are reflected in the images of

dorsal-only stimulation neurons in Figure 2D,E, in which

several individual branches of unstimulated ventral den-

drites lost substantial length between the two imaging

time points.

Figure 7. Progressive changes in NL neurons with differential stimulation of the dorsal dendrites. The mean percentage change 6 SE

between TDBL at 0 hours compared with TDBL at 1, 2, 3, and 4 hours of differential stimulation. A: Dorsally stimulated NL neurons exhib-

ited an early decrease in the size of the unstimulated ventral dendrites that was significantly different from the dorsal dendrites after just

2 hours of relative deprivation. TDBL continued to decrease at the 3-hour and 4-hour time points. Growth of the stimulated dorsal den-

drites was delayed relative to that of the retraction of the unstimulated ventral dendrites. At the 1–3-hour time points, TDBL changed little,

but by 4 hours there was a significant increase in the size of the stimulated dorsal dendrites compared with the unstimulated ventral den-

drites. B–D: Branch dynamics with dorsal-only stimulation. The bar graphs show the mean percentage of all dendritic branches that grew

(B), retracted (C), or remained stable (D) within 10% of their original length 6 SE, during the imaging period. For both sets of dendrites,

# 50% of the branches remained stable throughout the imaging period, and the remaining # 50% either grew or retracted in relatively equal

proportions. Differential stimulation does not significantly alter branch dynamics within the 4-hour time period.
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Unlike NL neurons that received selective stimulation

of their dorsal dendrites, bilaterally stimulated and

unstimulated control NL neurons did not display reliable

and continuous differential changes in TDBL over time

(Fig. 8A). There were no significant differences in TDBL

across the imaging time points for either set of dendrites,

with either condition. The dorsal and ventral sets of

dendrites changed together, exhibiting increases or

decreases in TDBL over the imaging period. Branch dy-

namics were also fairly similar for the two sets of den-

drites under these conditions and reflected the results

seen for dorsal-only stimulation of neurons. In both the

bilateral stimulation and the unstimulated, control condi-

tions, half of the dorsal and ventral dendritic branches

remained stable during the imaging period, whereas the

remaining half displayed balanced growth and retraction.

Interestingly, we did observe a progressive increase in the

proportion of stable branches with bilateral stimulation for

both dorsal and ventral dendrites over the imaging period.

When we compared branch dynamics at the initial and

final imaging time points for all cells, for all manipulations,

a slightly different picture of branch dynamics emerged

(Fig. 9). The least amount of dendritic stability was

detected for the control dendrites, which grew, retracted,

and remained stable in relatively equal proportions

(# 30%). In contrast, the selectively stimulated dorsal den-

drites had a nearly significant increase in the proportion

of growing branches (39.6% 6 8.1%) relative to the unsti-

mulated ventral dendrites on the opposite side of the cell

(18.0% 6 5.0%, P ¼ 0.08). The selectively stimulated ven-

tral dendrites exhibited a decrease in the proportion of

retracting branches relative to the unstimulated dorsal

dendrites and a surprising increase in the proportion of

stable dendrites (48.9% 6 5.3%) relative to growing

(26.7% 6 3.0%) and retracting (24.4% 6 5.3%) branches

(P < 0.006). With this condition, the unstimulated dorsal

dendrites on the opposite side of the cell displayed a

decrease in the proportion of growing branches (21.0% 6

Figure 8. A: Progressive changes in NL neurons with the bilateral stimulation or unstimulated control conditions. The mean percentage

change 6 SE between TDBL at the 0 hours compared with TDBL at the 1-, 2-, 3-, and 4-hour imaging time points. With bilateral stimula-

tion, there were no significant changes in TDBL over the imaging period. The small, initial increase in TDBL of the stimulated dorsal and

ventral dendrites at the 1-hour and 2-hour time points was not maintained at 3 hours and 4 hours. In contrast, the ventral dendrites of

unstimulated control neurons exhibited a decrease in length at the 2-hour and 3-hour time points, but this decrease was not maintained

at 4 hours, and the dorsal dendrites of unstimulated control neurons remained stable throughout the imaging time period. Dynamic

changes in individual branches with bilateral stimulation (B–D) and unstimulated control (E–G) conditions. The bar graphs indicate the

mean percentage 6 SE of dendritic branches that grew, retracted, or remained stable (within 10% of their original length) during the imag-

ing period. For both the dorsal (d) and the ventral (v) sets of dendrites, for both manipulations, # 50% of the branches remained stable

throughout the imaging period, and the remaining # 50% either grew or retracted in relatively equal proportion. However, for the dorsal

and ventral dendrites of bilaterally stimulated neurons, there appeared to be a trend toward an increase in the proportion of stable

branches over the imaging period. Neither manipulation altered the relative sizes of the two sets of dendrites (bilateral stimulation, n ¼ 2;

control, n ¼ 3).
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5.2%) relative to the proportion of stable branches (43.4%

6 8.6%, P < 0.03). These results suggest that differential

synaptic input increases individual branch stability, sup-

presses branch retraction, and enhances growth of stimu-

lated dendrites relative to unstimulated dendrites on the

opposite side of the cell.

In summary, our data show that NL dendrites rapidly

respond to relative changes in synaptic input by changing

their TDBL; the length of their individual branches; and

the proportion of growing, retracting, and stable

branches. Furthermore, TDBL appears to be first lost

from one dendritic arbor in response to a relative

decrease in synaptic input, then added to the other den-

dritic arbor in response to a relative increase in input.

DISCUSSION
The goal of this study was to understand how the rela-

tive activity of axonal inputs influences the short-term

stability and plasticity of dendritic structure in NL neu-

rons. The symmetry of the two sets of NL dendrites and

the segregation of their excitatory inputs allowed us to

test this relationship directly. For these experiments, we

imaged single, dye-filled NL neurons via two-photon laser

scanning microscopy while using electrophysiology to

manipulate the amount and pattern of synaptic input to

the two sets of dendrites. Input-dependent structural

changes in whole sets of dendrites have been suggested

by in vivo studies in other systems (for review see Red-

mond, 2008). For example, in response to behavioral or

afferent deprivation, the orientation of dendrites shifts

away from inactive afferents, toward active afferents

(Katz and Constantine-Paton, 1988; Kossel et al., 1995;

Tailby and Metha, 2004). However, these studies were

unable to demonstrate whether this change occurred as

a result of a physical displacement of existing dendrites

or whether existing dendrites were first eliminated and

then replaced by new dendrites. Input-dependent dendri-

tic remodeling has been convincingly demonstrated in

vitro for small subsets of dendritic spines (Engert and

Bonhoeffer, 1999; Maletic-Savatic et al., 1999). However,

the spatial and temporal dynamics of input-dependent

changes for whole sets of dendrites have not been inves-

tigated. By manipulating both the presence and the pat-

tern of input to the two sets of NL dendrites, we were

able to demonstrate that relative, but not absolute, input

determines dendritic length in NL on a very rapid

time scale.

Balanced input maintains the relative sizes
of the two sets of dendrites in NL

Simultaneously stimulating the two sets of NL den-

drites for 4–5 hours in vitro (bilateral stimulation) led only

to small, balanced changes in TDBL and the length of indi-

vidual branches. In fact, balanced, suprathreshold input

to the two sets of dendrites actually increased branch

stability over the imaging time points. Similarly, unstimu-

lated, control neurons, which received only subthreshold

spontaneous glutamatergic input over the imaging period,

also displayed only small changes in TDBL over the imag-

ing period and a relatively high level of branch stability.

Previous studies from our laboratory suggested that

spontaneous glutamate release is sufficient for maintain-

ing NL dendrites under control conditions in vitro (Soren-

sen and Rubel, 2006). Surprisingly, the higher level of

balanced, glutamatergic input induced by bilateral

stimulation also appears to maintain dendritic length in

NL (at least over this short time scale).

Although we hypothesized that the pattern of synaptic

input would be critical for regulating the relative sizes of

NL dendrites, we also thought that an overall increase in

Figure 9. Dynamic changes in individual branches with bilateral

stimulation, unilateral stimulation, and unstimulated control condi-

tions. The bar graph indicates the mean percentage 6 SE of den-

dritic branches that grew, retracted, or remained stable (within

10% of their original length) during the imaging period. For both

the dorsal and the ventral sets of control dendrites and bilaterally

stimulated dendrites, relatively equal proportions of dendrites

grew, retracted, and remained stable over the imaging period. For

the two differential stimulation conditions, dorsal stimulation and

ventral stimulation, # 50% of the dendritic branches remained sta-

ble throughout the imaging period, and the remaining # 50% ei-

ther grew or retracted in relatively equal proportions. However,

for the stimulated dorsal dendrites, there was a nearly significant

increase in the proportion growing branches compared with the

unstimulated ventral dendrites on the opposite side of the cell.

Similarly, with ventral-only stimulation, there was a decrease in

the proportion of retracting branches for the stimulated ventral

dendrites relative to the unstimulated dorsal dendrites on the op-

posite side of the cell. Both differential stimulation conditions

appeared to enhance stability of individual branches relative to

the control and bilateral stimulation conditions.

Rapid dendritic regulation in auditory neurons
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action-potential-mediated (APM) signaling beyond control

conditions might promote growth of both sets of stimu-

lated dendrites. Although in many sensory systems APM

signaling is not required for dendrite development (Rajan

and Cline, 1998; Rajan et al., 1999; Wong et al., 2000),

elevated glutamatergic input and/or KCl induced depola-

rization has been found to promote dendritic outgrowth

(Vaillant et al., 2002). Experimental limitations might

have prevented us from fully testing the effect of bal-

anced APM input on the regulation of NL dendrites in the

current studies. Specifically, these experiments were rel-

atively short, lasting for only 4–5 hours. A longer period

of stimulation may be required to promote stable dendri-

tic growth in this system. Additionally, the frequency of

stimulation we used to activate NL dendrites (10–25 Hz)

might have enhanced their maintenance rather than their

growth. In the hippocampus, very low (1 Hz) and high

(100 Hz) stimulation rates have dramatically different

effects on dendrite structure. High-frequency stimulation

induces growth of dendritic spines, whereas low-fre-

quency stimulation promotes spine loss (Nagerl et al.,

2004; Zhou et al., 2004) and stabilization of dendritic

shafts (Lin et al., 2005).

The pattern of synaptic input regulates
the relative sizes of the two sets of
NL dendrites

In contrast to the bilateral stimulation and control con-

ditions, in response to selective stimulation of the dorsal

dendrites we saw an increase (# 3–4%) in the size of the

stimulated dorsal dendrites and a significant decrease

(# 7.5%) in the size of the unstimulated ventral dendrites.

This result supports our previous findings on slightly older

NL neurons (Sorensen and Rubel, 2006). Moreover, when

we selectively stimulated ventral NL dendrites, we also

found a small increase in the size of stimulated dendrites

and a significant decrease (# 4.5%) in the size of the unsti-

mulated dorsal dendrites on the opposite side of the cell.

These findings demonstrate that relative synaptic input

regulates both sets of dendrites, regardless of which set

is differentially activated.

For both unilateral manipulations (dorsal only and ven-

tral only stimulation), we also saw large changes (# 75–

85%) in the percentage of longer dendritic branches that

exhibited losses in branch length in response to relative

deprivation. This finding is somewhat unusual. Activity-de-

pendent branch length changes are typically observed for

shorter, terminal branches (Sin et al., 2002). However, at

this developmental age, branch length in NL neurons is

being altered across the entire dendritic arbor (Smith,

1981; Smith and Rubel, 1979). This finding might suggest

that during development longer dendrites, such as

primary dendrites, are the regions of NL neurons that

integrate changes (particularly losses) in presynaptic

inputs by altering their morphology. On the other hand,

stimulated dendrites displayed either increases in the

proportion of growing branches (stimulated dorsal) or

decreases in the proportion of retracting branches (stimu-

lated ventral) in response to differential stimulation. How-

ever, these changes were small. Thus it is likely that mod-

erate changes in the length of individual dendritic

branches, along with more modest changes in the propor-

tion of growing and retracting branches, underlie the

changes in TDBL observed for the two sets of NL den-

drites with differential stimulation.

To understand the time course over which the two sets

of differentially stimulated dendrites respond to changes

in presynaptic input, we also analyzed TDBL and branch

dynamics once per hour throughout the 4 hours of dorsal-

only stimulation. We found that retraction of the unstimu-

lated dendrites preceded growth of the stimulated den-

drites by several hours. These results suggest that, in NL,

dendritic branch length can rapidly shift from inactive

dendrites to active dendrites. This is one of the first dem-

onstrations of localized, input-dependent changes in

whole sets of dendrites in which losses of membrane sur-

face from inactive dendrites appear to be replaced by

additions to active dendrites in the same neuron within a

very short period. It is unclear from our current work

whether membrane is actively transferred from one set of

dendrites to the other or whether the membrane losses

and additions result from distinct but coordinated proc-

esses. Activity-dependent endo- and exocytosis could

lead to changes in membrane surface area (Kennedy

et al., 2010; Newpher and Ehlers, 2009; Peebles et al.,

2010), but targeted, activity-dependent trafficking of

membrane remains to be investigated.

Inter- and intracellular mechanisms
regulating NL dendrites

So far, the intracellular signaling cascades underlying

dendritic regulation by afferent input have not been fully

elucidated. This process could be mediated by a limited

distribution of 1) ‘‘maintenance or growth’’ signals (Van

Aelst and Cline, 2004; Wong and Ghosh, 2002) and/or 2)

‘‘retraction’’ signals (Fu et al., 2007; Hata et al., 1999;

Mironov et al., 2009) found throughout the neuron.

Putative maintenance/growth signals that have been sug-

gested by experiments in other systems include neurotro-

phins, glutamate, and intracellular calcium (Lohmann and

Wong, 2005; McAllister et al., 1996, 1997; Redmond,

2008). In our system, maintenance of NL dendrites

requires glutamatergic input (Sorensen and Rubel, 2006).

Glutamate-induced, intracellular calcium signaling might

function as both a maintenance/growth and a retraction

Sorensen and Rubel
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signal capable of communicating relative changes in syn-

aptic strength between the two sets of NL dendrites. In

other systems, local calcium release from internal stores

is known to influence dendritic stability (Lohmann et al.,

2002). In this study, the unilateral stimulation protocol

that alters dendritic stability also induces rapid and differ-

ential changes in intracellular calcium signaling within

each set of NL dendrites [S.A.S, unpublished personal

observation, but see Blackmer et al. (2009) for the cal-

cium response to individual action potentials]. Locally

regulated calcium signaling has also been observed in

vivo in other developing sensory systems in response to

physiological stimuli (Bollman and Engert, 2009). Local

changes in calcium signaling can alter the activation of

kinases and transcriptional regulators (Wong and Ghosh,

2002) and influence gene expression (Flavell and Green-

berg, 2008; Redmond and Ghosh, 2005) as well as the

expression and localization of glutamate receptors

(Martin and Henley, 2004; Wang et al., 2009) and cytos-

keletal elements (Ciani and Salinas; Luo, 2002; Okamoto

et al., 2004; Zheng and Poo, 2007), all of which can shape

dendritic form. In NL, cytoskeletal changes are known to

accompany deafferentation- and deprivation-induced

losses in dendrite structure (Deitch and Rubel, 1989;

Wang and Rubel, 2008), and rapid changes in calcium

regulatory proteins have also been observed (Wang et al.,

2009). On this short time scale, the relative decrease in

activity in the unstimulated dendrites could lead to cal-

cium-regulated destabilization of the cytoskeleton, result-

ing in a local, rapid loss in dendritic length. The slower

time scale associated with growth of the stimulated den-

drites may result from the increased time required to

have additional proteins and membrane synthesized

and/or shipped to the correct location. Studies combin-

ing electrophysiology, pharmacology, and time-lapse

calcium imaging will help to identify the intracellular

signals involved in differentially regulating NL dendrite

structure.

Another important possibility to consider is whether

the dendritic remodeling observed in these studies

occurred in response to intercellular, rather than intracel-

lular, signals (Cline and Haas, 2008; Haas et al., 2006).

Specifically, our differential stimulation protocol might

have induced structural or functional changes in the pre-

synaptic inputs to NL. In other systems, depolarization-

enhanced growth of stimulated axons has been shown to

initiate the degradation of less active inputs to the same

neurons (Singh and Miller, 2005). In this scenario, unsti-

mulated NL dendrites may lose TDBL in response to

degeneration or complete inactivation of their unstimu-

lated presynaptic terminals, whereas stimulated termi-

nals and their postsynaptic dendrites either grow or are

maintained. Indeed, in this system, input-dependent

changes in calcium regulation within presynaptic termi-

nals have been suggested (Wang et al., 2009). Simultane-

ous imaging of pre- and postsynaptic structures will shed

light on whether presynaptic changes facilitate and/or

accompany changes in postsynaptic structure in NL.
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Abstract

The lateral line sensory system, found in fish and amphibians, is used in prey detection, predator avoidance and schooling
behavior. This system includes cell clusters, called superficial neuromasts, located on the surface of head and trunk of
developing larvae. Mechanosensory hair cells in the center of each neuromast respond to disturbances in the water and
convey information to the brain via the lateral line ganglia. The convenient location of mechanosensory hair cells on the
body surface has made the lateral line a valuable system in which to study hair cell damage and regeneration. One way to
measure hair cell survival and recovery is to assay behaviors that depend on their function. We built a system in which
orientation against constant water flow, positive rheotaxis, can be quantitatively assessed. We found that zebrafish larvae
perform positive rheotaxis and that, similar to adult fish, larvae use both visual and lateral line input to perform this
behavior. Disruption or damage of hair cells in the absence of vision leads to a marked decrease in rheotaxis that recovers
upon hair cell repair or regeneration.
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Introduction

Mechanosensory hair cells are specialized cells with protruding
apical stereocilia whose deflection leads to voltage changes that are
transmitted to the central nervous system. The auditory system,
vestibular system and mechanosensory lateral line system utilize
these sensory cells as the first stage of processing information about
the environment. The lateral line system, present in fish and
amphibians, allows these organisms to respond to mechanical
stimuli generated from water motion in their surroundings. This
system is composed of sensory organs named neuromasts, which
are located in canals or deposited on the body surface of the
developing larvae [1,2]. The mechanosensory hair cells reside in
the center of neuromasts and are surrounded by interdigitating
glial-like support cells [2,3]. Behaviors such as schooling [4], prey
detection [5,6] and escape [7,8] have been shown to be dependent
on the proper function of the lateral line system.

Unlike their mammalian counterparts, hair cells of birds [9,10],
amphibians [3,11] and fish [12,13,14,15] regenerate following cell
damage [16]. The easily accessible mechanosensory lateral line has
emerged as an excellent system in which to study hair cell death
and regeneration in the hopes of understanding the mechanisms
underlying these processes and identifying potential therapeutic
solutions for hearing and balance disorders. Since lateral line
mechanosensory hair cells are able to regenerate, developing a
functional assay following hair cell perturbation is of particular
interest.

In adult fish, rheotaxis, the ability to align against current,
partially depends on the lateral line system [17,18,19]. While there

is evidence that larval zebrafish can swim under flow conditions
[20,21], it is not known to what extent larval rheotaxis depends on
lateral line function. To address this issue, we developed methods
to evaluate rheotaxis under constant flow conditions. We then
varied flow rate, lighting conditions and presence, damage,
absence or regeneration of lateral line hair cells and tested their
effect on rheotaxis. Of most interest, we report that of hair cells or
damage to stereocilia bundle integrity disrupts rheotaxis, and that
normal rheotaxis resumes upon repair of bundle integrity or with
regeneration of hair cells.

Methods

Ethics statement
All experiments were approved by the University of Washington

Institutional Animal Care and Use Committee, AWA number
A3464-01.

Rheotaxis apparatus and assay
A 1.1 m length63.7 cm width65.1 cm height clear plastic

flume was connected to a peristaltic pump (Dynamax, RP-1,
Rainin,) to create a closed flow system (Figure 1A). The flume was
filled with E2 (embryo medium) [22] to a depth of 2.8 cm, and the
pump generated flow up to 0.2 cm/s. Two stainless steel screens
were placed 5 cm apart toward the middle of the flume,
partitioning an observation area. We initially placed drinking
straws upstream of the observation chamber to act as collimators,
but found that the screens were sufficient to create laminar flow
within the observation area. To test for laminar flow, we applied
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2% phenol red upstream of the first screen and imaged dye
movement from the side. We observed a boundary layer effect in
the bottom 0.5 cm of the flume that caused no turbulence to the
rest of the column. A Dage-MTI (Michigan City, IN) CCD72
camera was placed above the observation chamber for imaging. A
water heater (Visi-therm 25 W, Aquarium Systems, Mentor, OH)
was placed downstream of the observation chamber to maintain
temperature of re-circulating medium between 26–28uC. In
experiments in which we sought to eliminate visual input to

larval, we captured images under infrared illumination, lighting
the chamber from above with an IR LED light array (920 nm IR-
TILE, PolarisUSA, Norcross, GA).

We used the AB strain in all experiments. Embryos were
collected and kept at 28uC in a 14 hr/10 hr light/dark cycle.
Larvae were assayed at 5 days post fertilization (dpf), when they
reached ,0.33 cm in length. 5 dpf larvae were dark-adapted for
at least 30 min (EDTA experiments) or 3–4 hr (all other
experiments) prior to testing. All experiments were performed at

Figure 1. Zebrafish larvae can rheotax in flow conditions. A) We built a clear plastic, rectangular flume in which to test rheotaxis. 20–30 larvae
are placed in observation chamber and their alignment is recorded. B) Using ImageJ (NIH) macros, images are cropped, ellipses are fitted around each
larva, and their alignment angle against current is calculated. Larvae display a preference for aligning against current in flow conditions (0.14 cm/s) as
shown by frequency distribution (D), mean (E) and median (F) of alignment. C) Larvae show no left-right preference; therefore, their alignment is
calculated in a 0–180u scale (C). Experiment performed in IR.
doi:10.1371/journal.pone.0029727.g001
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the same time of day since larval locomotor activity is affected by
circadian rhythms [23,24]. For each experiment, 20–30 larvae
were placed in the observation chamber, allowed to explore their
new environment for 3 min and then imaged 10 times, 10 sec
apart, to determine alignment under no-flow condition. The pump
was then turned on, and larvae swam for 3 min before another set
of 10 images, 10 sec apart, was acquired. No larvae experienced
flow before being tested, except in the EDTA treatment and the
regeneration experiments. For EDTA experiments, larvae were
tested both acutely (from 30–90 min post treatment), and after
recovery (from 4–5 hr hours post treatment (hpt)). For regener-
ation experiments, larvae were tested at 4–5 hpt and again at 52–
53 hpt, enough time for hair cell regeneration to occur [12,25].

Image analysis
BTVPro (BenSoftware) was used to control the camera and

capture images (Figure 1A,B). ImageJ (NIH) was used for analysis.
We initially cropped images to exclude the 0.5 cm boundary layer,
but found that results were not changed when this area was
included in calculations. Subsequently, images were cropped only
to the edges of the observation area. A background subtraction
macro was applied to smooth any differences in background
illumination. A threshold macro recognized larvae in the image,
and an ellipse was fitted around selected objects (Figure 1B). A line
drawn from the center of the ellipse to the center of mass of each
object resulted in a vector representing the long axis of larvae. This
vector was compared to flow direction to provide an alignment
angle for each larva. We manually checked the alignment angle of
more than 600 larvae and found that this macro assigned angles
appropriately. Larvae crossing each other or touching the sides of
the cropped image were excluded from analysis. Larvae that did
not change their position in subsequent images were presumed to
be stuck at the bottom of flume and were excluded; these
represented a small fraction (3–4%) of all larvae.

After determining the alignment of larvae in each frame, data
were pooled across the 10 frames of a single experiment, and the
frequency distribution of the alignment with respect to flow was
calculated. Angles of alignment were represented in a 0–180u
scale, since larvae showed no left-right preference of alignment.
Each experiment was repeated 4–5 times with a different group of
larvae and the mean of means was plotted. All the data we present
shows this mean of means +/2 1 SD.

Drug treatments
Lateral line hair cells were killed by incubating the larvae for

1 hr with 50–400 mM neomycin (Sigma, St Louis, MO) [12].
Larvae were incubated with drug in the dark at 28uC. The
effectiveness of hair cell death was monitored by incubation with
0.005% DASPI stain after the rheotaxis assay was completed. To
break hair cell tip-links, we incubated the larvae for 20 min in
1 mM EDTA in embryo medium [26]. To confirm the
effectiveness of treatment we treated larvae with 150 mM FM1–
43 (Invitrogen, Carlsbad, CA) for 1 min and then assessed dye
uptake by hair cells [27,28,29].

Results

Five day-old zebrafish larvae were tested for rheotaxis in
continuous, non-turbulent flow. At this stage of development,
lateral line hair cells are functional as shown by physiological
recordings, vital dye uptake and their susceptibility to damage by
aminoglycosides [30,31]. We placed larvae in a flow of 0.14 cm/s,
and measured their cumulative overall alignment 3 min after flow
onset (Figure 1D). In the absence of flow, larvae show random

alignment with respect to the water entry point, with mean and
median alignments close to 90u (Figure 1E,F, black bars). By
contrast, in the presence of flow, the overall mean and median
alignments are significantly closer to the opposite direction of flow
(Figure 1E,F, open bars). Under flow conditions, at any given time
larvae are engaged in several different behaviors, including
rheotaxis, turning or directed swimming (Movie S1). These
different behaviors are apparent when the distribution of
orientation angles is examined (Figure 1D). About half of larvae
are oriented within 30u of the direction of flow and about 90% are
oriented within 90u, whereas under no-flow conditions no bias for
directions exists (Figure 1D).

A first step in our analyses was to determine the optimum
conditions for testing lateral line hair cell contribution to rheotaxis.
Toward this end, we tested rheotaxis in different lighting
conditions and various flow rates. In both cases, the importance
of lateral line hair cells was assessed by acute destruction of
functional lateral line hair cells with neomycin exposure [12,31].
Both visual and lateral line input have been shown to play a role in
rheotaxis in adult fish [18,19,32]. To determine the relative
importance of these stimuli for zebrafish larval behavior, we tested
rheotaxis in both ambient light (AL) and infrared light (IR) in
untreated controls and after ablation of lateral line hair cells with
200mM neomycin (Figure 2A). Bath-application of neomycin does
not kill auditory and vestibular hair cells or lead to balance
phenotypes (data not shown), therefore, we do not expect the
auditory and vestibular systems to be affected. To present the
larvae with controlled visual cues we covered the sides of our clear
flume with a vertically striped black and white paper (1 cm apart).
To statistically distinguish among different conditions, we repeated
each experiment 6 times on different days and compared the mean
statistics, since the day-to-day variation proved to be greater than
within-day variation. For all experiments we found that comparing
means, medians or frequency of alignment within 30u of the flow
did not change the outcome of statistical analysis. Hence, the rest
of the results are reported as frequency of alignment within 30u,
which we define as rheotaxis. When we removed lateral line input
and tested larvae in AL, fewer larvae undergo rheotaxis, although
this difference is not statistically significant (Figure 2A). When we
removed visual input (IR condition) in addition to lateral line
input, we found that the frequency of rheotaxis of treated larvae
decreased significantly when compared to untreated controls.
These results suggest that removing inputs from both the lateral
line and the visual system is more detrimental to rheotaxis than
removing the lateral line input alone. It is interesting to note that
the trend of alignment in untreated larvae is less in AL then in IR
illumination (although not significant), suggesting that other
directed movements in these conditions may obscure the
measurement of rheotaxis. Since significant differences in
rheotaxis were observed only in IR, all subsequent experiments
were performed under IR illumination.

To determine if flow velocity affects the likelihood of larvae to
perform rheotaxis, we exposed control and neomycin-treated
larvae to different rates of flow, specifically: 0.075 cm/s, 0.15 cm/
s, and 0.2 cm/s. We found that alignment improves for untreated
larvae when we increase the flow speed from 0.075 cm/s to
0.2 cm/s (Figure 2B). Alignment did not improve significantly
when the flow speeds were increased beyond 0.15 cm/s,
suggesting the existence of an upper limit for the larval lateral
line input. In contrast, changing the flow rate had no significant
effect on rheotaxis after lateral line damage. All further studies
were conducted in flow rates of 0.14–0.16 cm/s.

To further assess the relationship between lateral line hair cell
function and rheotaxis, we treated the embryos with a 1 mM
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solution of the calcium chelator, EDTA, which presumably breaks
tip-links and therefore disrupts mechanotransduction, but does not
destroy the hair cells. Other calcium chelators have been shown to
break hair cell tip-links in order to disrupt mechanotransduction
[33,34], and significantly reduce rheotaxis in adult blind cave fish
[26]. To assess whether treatment with EDTA blocked mechan-
otransduction, we assayed FM1–43 uptake, a fluorescent dye that
accumulates in hair cells in a mechanotransduction-dependent
manner [27,28,29]. When we applied FM1–43, 30 min after
washing out the EDTA, we found that its uptake was largely
inhibited (Figure 3A). However, when this procedure was repeated
at 4–5 hpt (hours post EDTA treatment), we saw that FM1–43
uptake was restored to qualitatively normal levels, suggesting that
tip-links are restored by this time. We found similar effects on
rheotaxis. Significantly fewer larvae performed rheotaxis at 30–
90 min after EDTA treatment, but rheotaxis had fully recovered
at 4–5 hpt (Figure 3B). We do not believe that EDTA treatment
affects the hair cells of inner ear sensory patches since no circling
or balance behaviors were observed. However, we were not able to
confirm this by FM1–43 dye uptake since the inner ear hair cells
are not directly exposed to the embryo medium. Given that EDTA
treatment recapitulates the effect of neomycin on rheotaxis, we feel
confident that lateral line hair cell activity is important for
rheotaxis in the zebrafish larvae.

We next tested whether differential damage to the lateral line
system is reflected in systematic changes in rheotaxis. Lateral line
hair cells are ablated by aminoglycoside antibiotics in a dose-
dependent manner, with little damage occurring at 50 mM and
almost complete damage at 200mM [12,31,35]. We find a dose-
dependent change in rheotaxis, with decreasing alignment as the
dose is increased (Figure 3C). As previously demonstrated for hair
cell loss, decreases in rheotaxis reached a maximum at 200mM
(Movie S2), showing little differences at higher concentrations.
These experiments provide evidence that hair cell damage leads to
a significant decrease in the ability to orient against flow in 5 dpf
zebrafish larvae, therefore, indicating that lateral line input is
important for flow detection as early as the initial stages of larval
development.

Since both neomycin and EDTA treatments implicate lateral
line hair cells in rheotaxis, we wanted to know if this behavior is
restored when hair cells regenerate. Two days after neomycin-
induced damage, the majority, but not all, of hair cells have
regenerated and neurons have made contacts [25,36,37]. When
we ablate hair cells using neomycin and assay rheotaxis at 4–5 hpt,
we find that the larvae’s ability to align against flow is significantly
reduced (Figure 3D). However, at 52–53 hpt the treated larvae
display near-normal rheotaxis. We conclude that rheotaxis is
restored following hair cell regeneration.

Discussion

Rheotaxis, defined as ‘‘alignment in a stream’’, is one of several
behaviors employed by fish to position themselves in an
appropriate position for catching food floating downstream, for
migration, for reaching spawning sites, etc (reviewed by Arnold
[17]). Similar to previous observations [20,21], our results show
that zebrafish larvae can align by positive rheotaxis (i.e., aligning
to face the oncoming flow) under moderate flow conditions. In
their natural habitat, zebrafish spawn in areas of low flow [38], but
we do not know if zebrafish larvae perform rheotaxis under
natural conditions. Nevertheless, the fact that larvae are capable of
performing positive rheotaxis demonstrates that the sensory and
motor systems responsible for this behavior are in place and
functional at larval stages.

Early experiments by Lyon [32] attributed rheotaxis of fish
mainly to the visual system, suggesting that fish orient to
movements across the visual field. Orientation to movement of
stimuli across the visual field results in optomotor behavior in
zebrafish larvae, where fish swim in the direction of perceived
motion [39]. Montgomery and colleagues [19] showed that lateral
line of adult fish is also critical for orientation. Likewise, we find
that in 5 dpf zebrafish larvae, the visual system and the lateral line
system are important for rheotaxis. At an intermediate flow rate,
we find that vision and lateral line can compensate for each other
during rheotaxis when either input is inhibited. However, when
inputs from both systems are removed rheotaxis is greatly reduced.
Montgomery and colleagues [19] attribute the input from the

Figure 2. Zebrafish larvae use the lateral line system to align in flow. Alignment of larvae at 30u is shown. A) Removing visual cues and
lateral line input leads to reduced rheotaxis (n = 5) (flow = 0.16 cm/s). AL: ambient light illumination; sides of flume covered by paper with vertical
stripes; IR: infrared illumination. B) Untreated larvae align better with increased flow rates, while alignment of lateral-line-impaired larvae does not
change significantly at different flow rates (n = 5). Statistics: ANOVA with Tukey post-test. Error bars show standard deviation. *** p,0.001.
doi:10.1371/journal.pone.0029727.g002
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superficial neuromasts and not canal neuromasts to be responsible
for the lateral line dependent rheotaxis. Superficial neuromasts in
torrent fish, Antarctic fish, and blind cavefish are activated at
lower flow rates (up to 1 body lengths per second (bl/s), 0.25 bl/s,
and 1.6 bl/s respectively), while canal neuromasts are activated at
higher flow (1.7 bl/s, 0.4 bl/s, and 2.9 bl/s respectively). In 5 dpf
larval zebrafish only superficial neuromast are developed. We find
that at flow rates up to 0.6 bl/s lack of hair cells in superficial
neuromasts leads to a decrease in rheotaxis, which is consistent
with findings in adults.

Despite the considerable reduction in rheotaxis, when both the
lateral line and visual inputs are eliminated, the larvae still display
significant alignment, suggesting that input from other sensory
systems must feed into the rheotaxis circuitry. Lyon and
Montgomery [19,32] suggested that somatic inputs are also
important for rheotaxis. We observed that larvae come in contact
with the side or bottom of the chamber, also suggesting that they
may use touch for orientation. Whether larvae are more likely to
use touch for orientation after lateral line damage would require
additional monitors to track behavior in several dimensions. Fish

can also use chemotaxis in combination with the lateral line system
for additional guidance cues [18]. Performing the rheotaxis assay
in an open system as opposed to the re-circulating system, showed
no statistical difference between the two (data not shown).
Therefore, the potential release of odorants by the larvae in the
re-circulating system was not sufficient to affect rheotaxis. It would
be interesting to see if adding other odorants can increase the
percentage of larvae aligning against current at any given time.

We found that regeneration of lateral line hair cells restores
rheotaxis perturbed by neomycin treatment. Rheotaxis was
restored to near normal levels by 48–52 hrs after neomycin
exposure, even though the hair cell regeneration was incomplete at
this time [25], suggesting that perhaps there is a threshold of input
needed from the lateral line above which the behavior does not
change. Similar results were found by McHenry et al. [40], who
measured lateral line-mediated escape response. A full comple-
ment of hair cells within lateral line organs may provide sensitivity
to stimuli not measurable under either assay.

Our work has established a behavioral assay by which we can
assess lateral line function. Because lateral line hair cells are

Figure 3. Rheotaxis depends on level of hair cell impairment or damage and is restored during regeneration. A) Mechanotransduction,
as shown by FM1–43 dye uptake, is blocked when tip-links are broken at ,30 min after EDTA treatment (acute) and is restored again at 4–5 hours
post treatment (recovery) (flow = 0.16 cm/s). B) Rheotaxis is impaired acutely after EDTA treatment and restored to control levels after recovery
(n = 5). C) Ablating the lateral line input by different neomycin doses leads to a dose dependent rheotaxis impairment (n = 6) (flow = 0.14 cm/s). D)
Rheotaxis is restored during mechanosensory hair cell regeneration (n = 5) (flow = 0.16 cm/s). Statistics: C) Statistics: ANOVA with Tukey post-tests.
B,D) Paired t-test. Error bars show standard deviation. * p = 0.01–0.05, ** p = 0.01–0.001, *** p,0.001.
doi:10.1371/journal.pone.0029727.g003
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situated on the body surface during larval development, zebrafish
have proved to be an accessible model for investigating hair
cell death, protection, regeneration, and synaptogenesis [12,13,
14,15,35,36,37,41,42,43,44]. Studying these mechanisms in such
an accessible model could potentially shed light on similar
processes of other types of hair cells, namely those found in the
auditory and vestibular systems, which are not as amenable to
perturbations and in vivo analyses. Finally, our assay could be
beneficial in isolating functional mutants that affect not only the
mechanosensory hair cells but their neuronal circuitry as well.

Supporting Information

Movie S1 5 day-old zebrafish larvae perform rheotaxis.
Larvae orient when placed in a flow of 0.16 cm/s. Larvae are
engaged in several behaviors, including rheotaxis, turning and
directed swimming.
(MOV)

Movie S2 Perturbation of lateral line hair cells decreas-
es the ability of 5 day-old zebrafish larvae to perform
rheotaxis. After treatment with 200 mM neomycin, larvae show
decreased rheotaxis while still engaging in other behaviors.
(MOV)
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Abstract

Mechanosensory hair cell death is a leading cause of hearing and balance disorders in the human population. Hair cells are
remarkably sensitive to environmental insults such as excessive noise and exposure to some otherwise therapeutic drugs.
However, individual responses to damaging agents can vary, in part due to genetic differences. We previously carried out a
forward genetic screen using the zebrafish lateral line system to identify mutations that alter the response of larval hair cells
to the antibiotic neomycin, one of a class of aminoglycoside compounds that cause hair cell death in humans. The
persephone mutation confers resistance to aminoglycosides. 5 dpf homozygous persephone mutants are indistinguishable
from wild-type siblings, but differ in their retention of lateral line hair cells upon exposure to neomycin. The mutation in
persephone maps to the chloride/bicarbonate exchanger slc4a1b and introduces a single Ser-to-Phe substitution in zSlc4a1b.
This mutation prevents delivery of the exchanger to the cell surface and abolishes the ability of the protein to import
chloride across the plasma membrane. Loss of function of zSlc4a1b reduces hair cell death caused by exposure to the
aminoglycosides neomycin, kanamycin, and gentamicin, and the chemotherapeutic drug cisplatin. Pharmacological block of
anion transport with the disulfonic stilbene derivatives DIDS and SITS, or exposure to exogenous bicarbonate, also protects
hair cells against damage. Both persephone mutant and DIDS-treated wild-type larvae show reduced uptake of labeled
aminoglycosides. persephone mutants also show reduced FM1-43 uptake, indicating a potential impact on mechan-
otransduction-coupled activity in the mutant. We propose that tight regulation of the ionic environment of sensory hair
cells, mediated by zSlc4a1b activity, is critical for their sensitivity to aminoglcyoside antibiotics.
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Introduction

The aminoglycoside antibiotics are structurally related com-
pounds that include familiar drugs such as neomycin, kanamycin,
gentamicin, and streptomycin. Aminoglycosides are routinely used
to treat gram-negative bacterial infections, and some gram-positive
and mycobacterial infections (e.g. M. tuberculosis). The first clinical
use of aminoglycosides, streptomycin in 1944, was followed shortly
by reports of ototoxicity and nephrotoxicity [1]. Hearing loss from
aminoglycoside exposure occurs primarily through death of the
mechanosensory hair cells of the inner ear–the cells that first
convert fluid pressure changes generated by sound into synaptic
activity. Nephrotoxicity arises from death of proximal kidney
tubule epithelia [2]. Additionally, aminoglycoside-induced death
of hair cells in the vestibular system causes balance disorders [3].
Although numerous natural and synthetic aminoglycosides have

been identified, all are associated with significant risk of hearing
loss [4–7]. Despite these contraindications, and despite the
absence of a pharmaceutical intervention to prevent their
ototoxicity, aminoglycoside antibiotics remain in use today as
effective therapeutics against life-threatening infections. If amino-
glycoside toxicity to hair cells and renal proximal tubule cells could
be blocked or attenuated, the resultant increase in the therapeutic
window would greatly improve the efficacy and safety of
aminoglycoside therapy [8].

To identify genetic factors that control hair cell sensitivity to
aminoglycoside exposure, and to find candidate targets for drugs
that could block the ototoxic effects of aminoglycosides, we
developed a genetic screen for modulators of aminoglycoside hair
cell toxicity in the zebrafish [9]. The location of mammalian inner
ear hair cells within the temporal bone poses a challenge to large-
scale screening. Zebrafish (Danio rerio), like most aquatic vertebrates,
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have hair cells on their surface in structures called neuromasts [10–
12], and therefore provide a convenient model in which to study
hair cell death. These external hair cells are part of the lateral line, a
sensory system used by fish and amphibians to detect movement in
surrounding water [13,14]. The superficial hair cells of the lateral
line are structurally and functionally similar to mammalian hair cells
and are easy to observe and monitor [15]. We evaluated lateral line
hair cell sensitivity to aminoglycoside exposure in an F3 forward
genetic screen and identified zebrafish mutants that retain hair cells
when exposed to neomycin [9].

In this study we show that the zebrafish mutant persephone
protects hair cells from aminoglycoside-induced hair cell death
due to a mutation in slc4a1b, encoding an anion exchanger of
the solute carrier 4 (Slc4) family of bicarbonate transporters.
We show that the missense mutation in slc4a1b results in failure
of the protein to traffic to the plasma membrane and in
consequent loss of exchange activity. We find that increasing
bath bicarbonate concentration or pharmacological inhibition
of anion exchanger activity protects wildtype hair cells from
aminoglycoside exposure. Lastly, we show that the protection
conferred by loss of the bicarbonate/chloride exchanger likely
reflects reduced aminoglycoside entry into hair cells, and that
this is potentially influenced by a decrease in mechanotrans-
duction activity in the mutant.

Results

persephone confers resistance to neomycin damage m
The persephone mutant was identified in a genetic screen by its

ability to retain lateral line mechanosensory hair cells following a
30 min exposure to 200 mM neomycin [9]. Hair cells of 5 days
post-fertilization (dpf) wildtype zebrafish show robust labeling with
the vital dye DASPEI, appearing as bright puncta on the larval
surface (Figure 1A, top panel) [16]. Treatment of wildtype
zebrafish larvae with neomycin kills .85% of lateral line hair
cells, resulting in loss of DASPEI staining (Figure 1A, middle
panel). In contrast, homozygous persephone (pers) mutant larvae
retain most of their lateral line hair cells after neomycin treatment

(Figure 1A, bottom panel). Notably, persephone mutants are
otherwise indistinguishable from their wildtype siblings; they show
normal swim bladder inflation, normal jaw and otolith develop-
ment, normal pigmentation, etc. (see DIC panels). We confirmed
resistance of pers hair cells to neomycin treatment by staining them
with an antibody to the hair cell marker parvalbumin [17,18].
Using this assay, hair cell protection in neomycin-treated persephone
fish (Figure 1B) was comparable to that found in untreated pers
mutants assayed with DASPEI staining.

We next tested whether the resistance of pers mutant hair
cells to neomycin exposure is simply the consequence of a
delay in hair cell death. We exposed animals to neomycin as
before (30 min at 200 mM), then washed the larvae in fresh
embryo media, and maintained them in the absence of
aminoglycosides for 24 hrs, a period of time long enough to
observe any additional hair cell loss but before any substantial
hair cell regeneration takes place [19]. No additional cell death
was noted, suggesting that hair cell protection is due to stable
inhibition of toxicity in persephone, not to a delay in the lethal
response to neomycin (Figure 1C).

persephone carries a lesion in the bicarbonate/chloride
exchanger Slc4a1b

The strong degree of hair cell protection in the persephone
mutants makes it possible to separate mutants from their siblings.
The hair cells of wildtype larvae are very sensitive to neomycin
exposure (Figure 2A). In a cross of persephone mutant heterozygous
carriers, hair cell survival in offspring following exposure to
200 mM neomycin and subsequent DASPEI staining shows a
bimodal distribution (Figure 2B). We initially used this distribution
to designate an individual as wildtype (, = midpoint of lower
peak) or mutant (. = midpoint of the higher peak). For genetic
mapping, individual fish were phenotyped, and DNA was isolated
from 80 individuals to create 2 mutant and 2 wildtype pools for
bulk segregant analysis [20]. Initial linkage mapping was
confirmed using DNA from individual mutant and wildtype
animals. A region of chromosome 12 bound by the markers
Z23536 and Z22103 co-segregated with the persephone mutation,
and this region was refined using SNP markers to identify the
genetic interval schematized in Figure 2C. We sequenced the four
genes present in this linkage region using genomic DNA. In three
of these genes there were no coding changes relative to the
reference genome other than those also present in wildtype
populations. However, we identified a cytosine-to-thymine point
mutation in the formerly uncharacterized ORF LOC561787, now
annotated as slc4a1b [21]. This point mutation converts Serine 298
to Phenylalanine (Figure 2D). Clustal analysis of slc4a1b homologs
shows that this serine is invariant across diverse taxa (Figure 2E,
also Figure S1).

The S298F mutation co-segregates with hair cell protection; all
mutants carry the serine to phenylalanine missense mutation. The
mutation is fully recessive; S298F heterozygotes exhibit normal
neomycin-sensitivity, and are morphologically indistinguishable
from wildtype individuals. There is no lethality associated with
persephone among 5–9 dpf zebrafish. We have observed reduced
viability of persephone homozygotes during juvenile development,
although some individuals can survive to adulthood and are fertile.
The mutation does not appear to alter mRNA stability. In situ
analysis of zSlc4a1b expression using a full-length probe showed
high mRNA expression in ionocytes in the skin, as well as weak
expression throughout the embryo, as previously reported by Lee
et al [21]. pers mutants exhibit the same expression pattern (data
not shown).

Author Summary

The majority of hearing loss in humans is caused by death
of inner ear mechanosensory hair cells. The aminoglyco-
sides, a family of antibiotics, cause permanent hearing loss
and transient vestibular disorders in this fashion. If we can
find ways to reduce the hair cell toxicity of these
antibiotics, we will be better able to treat tuberculosis,
meningitis, and infections arising from chronic conditions
like cystic fibrosis. Our lab uses zebrafish as a tool to
identify ways to block hair cell death. Zebrafish have hair
cells on their surface that are killed by aminoglycosides.
We generated a pool of mutants and identified fish that
retain hair cells when exposed to aminoglycosides. Here
we describe why one of these mutants, persephone,
protects hair cells from aminoglycosides. persephone has
a mutation in a chloride/bicarbonate exchanger. This
mutant protein fails to move chloride across cell mem-
branes. Loss of the protein’s activity decreases aminogly-
coside entry into hair cells. We speculate that the
exchanger mutated in persephone may be a critical
regulator of ionic conditions that promote entry of
aminoglycosides into hair cells. The persephone mutant
furthermore suggests that transiently altering the ionic
environment of hair cells may be a useful approach to
protect hair cells from aminoglycoside exposure.

Loss of Slc4a1b Function Protects Hair Cells
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persephone mutants protect hair cells from multiple hair
cell toxins

We next tested the response of persephone mutants to a panel of
hair cell toxins over a range of concentrations, using DASPEI
staining or hair cell counts and subsequent genotyping of
individual larvae. Heterozygote pers siblings and wildtype larvae
showed equivalent degrees of hair cell death when exposed to
neomycin (Figure 3A). In contrast, homozygous persephone larvae

showed hair cell protection over neomycin doses ranging from 50
to 400 mM. At 400 mM, hair cell death in pers larvae is substantial,
but hair cell survival in mutants is still .5 fold higher than that
seen in wildtype siblings (Figure 3A). pers larvae exposed to the
aminoglycosides kanamycin (Figure 3B) and gentamicin

(Figure 3C) also showed resistance compared to wildtype siblings.

The persephone mutation also protected hair cells exposed to the

chemotherapeutic drug cisplatin, a well-described hair cell toxin

Figure 1. Phenotype of the persephone mutant. (A) Hair cell protection in homozygous persephone mutants. 5 dpf zebrafish (progeny of a
heterozygous incross) were treated with or without 200 mM neomycin for 30 min, and then rinsed. After 1 hr recovery in fresh embryo media, hair
cells were labeled with the vital dye DASPEI. Left panels are differential interference contrast (DIC) images and right panels are corresponding
fluorescent images. Top, wildtype sibling (+/+), mock-treated, Middle, wildtype sibling (+/+), treated with 200 mM neomycin, and Bottom, persephone
homozygote treated with 200 mM neomycin. Red arrows indicate examples of neuromasts present in the untreated wildtype and treated persephone
larvae. Mutant larvae show dramatic retention of hair cells relative to their siblings. (B) Parvalbumin antibody staining of hair cells in representative
fish from an in-cross of persephone heterozygotes. Wildtype siblings show loss of hair cells when treated with 200 mM neomycin. Homozygous
persephone mutants show a dramatic retention of parvalbumin-stained hair cells following neomycin treatment, consistent with DASPEI hair cell
staining results. (C) Protection observed in persephone is not due to a delay in neomycin-induced hair cell death. persephone mutants (blue line)
exposed to neomycin for 1 hr, rinsed and maintained for 6 or 24 hr in fresh EM, and then assessed for hair cell death, do not show significantly
greater hair cell death than those assayed after 1 hr. Hair cell death is not delayed in persephone. Wildtype siblings treated in parallel (green line) are
shown for comparison. (n = 10 fish, 10 neuromasts per fish; Error bars: S.D.; p value,0.001).
doi:10.1371/journal.pgen.1002971.g001

Loss of Slc4a1b Function Protects Hair Cells
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[22,23] (Figure 3D). The degree of protection from a 24 hour
cisplatin exposure is markedly lower; we were only able to observe
this using hair cell counts of antibody-stained tissue–a method
more discriminating than DASPEI staining. However, protection
from cisplatin is significant. These findings suggest that persephone
mutants likely either affect an early stage in hair cell sensitivity
common to aminoglycosides and cisplatin, or a very late stage in
death commitment.

persephone protects from the earliest intracellular
changes induced by aminoglycoside exposure

We previously showed that mitochondrial swelling is one of the
first morphological changes seen in lateral line hair cells after
neomycin treatment, and is the prevalent change with low (25 mM)
neomycin exposure [24]. Treatment with high aminoglycoside

concentration (200 mM) for 15 min to 1 hr results in more dramatic
changes including mitochondrial dysmorphology, evulsion of the
cuticular plate, stereocilia fusion, nuclear condensation/pyknosis,
and cellular condensation. To determine whether persephone
mutant larvae display the changes in ultrastructure after
aminoglycoside exposure seen in wildtype larvae, we prepared
persephone mutants and their wildtype siblings for TEM analysis,
saving a portion of tissue for genotyping. Hair cells of mock-
treated persephone homozygotes were indistinguishable from
wildtype siblings (compare Figure 4A, 4D and 4G, 4J). Hair
cells in wildtype animals treated with 200 mM neomycin for
1 hr displayed damage similar to that previously described.
Most neuromasts showed extensive loss of hair cells; remaining
hair cells showed dramatic morphological changes including
severely swollen mitochondria and disrupted stereocilia structure

Figure 2. Mapping the persephone mutant. (A) Histograms showing the distribution of hair cell labeling in wildtype fish. 40 individual wildtype
fish were mock-treated (light green bars) or treated with 200 mM neomycin for 30 min (dark green bars). Mock-treated wildtype larvae show a
distribution centered near 85%. The distribution is dramatically reduced in larvae exposed to neomycin (mean centered near 10%). (B) Histogram
showing distribution of hair cell retention in progeny from an in-cross of persephone heterozygotes. Individual larvae were assayed for hair cell
staining, and then genotyped (see Materials and Methods). Orange bars show binned hair cell staining of homozygous persephone mutants; blue bars
show binned hair cell staining of wildtype siblings (both pers/+ and +/+). The distribution of hair cell retention in persephone homozygotes is
dramatically shifted with a mean broadly centered around 80%. In contrast, heterozygous and homozygous wildtype siblings do not show protection
from neomycin exposure; their mean distribution is centered around 5%. (C) Schematic diagram of the region of zebrafish chromosome 12 that
cosegregates with the persephone mutation. Genetic markers used for fine mapping are indicated with the number and % of recombinants observed.
Positions on the heat shock (HS) genetic map and the physical map are from the Zv9 genomic assembly. (D) Sequencing chromatogram of a
persephone heterozygote showing the mutated codon and the two preceding codons. The CRT mutation in persephone converts the wildtype Ser to
Phe at amino acid 298 in the mutant allele. (E) Alignment of zslc4a1b homologs shows evolutionary conservation of Ser 298 mutated in the
persephone mutant. The indicated serine residue is invariant across a diverse range of taxa; see also Figure S1.
doi:10.1371/journal.pgen.1002971.g002
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and organization (Figure 4C, 4I). In contrast, persephone mutants
treated with 200 mM neomycin for 1 hr typically exhibited
modest changes in mitochondrial morphology. Many mitochon-
dria appeared normal. Kinocilia and stereocilia also largely
showed normal structure and organization (Figure 4F, 4L and
Table 1). The level of damage in persephone mutants treated with
200 mM neomcycin was roughly comparable to wildtype
zebrafish treated with 25–50 mM neomycin (Figure 4B, 4H).
These observations indicate that persephone attenuates aminogly-

coside responses prior to their induction of detectable changes

in hair cell ultrastructure.

Slc4a1b(S298F) fails to localize to plasma membrane or
permit ion transport

Slc4a1b belongs to the Na+-independent, electroneutral chlo-
ride/bicarbonate subfamily of Slc4 anion transporters. The most
extensively characterized of these, human AE1 (human Slc4A1), is
a closely related ortholog of zebrafish Slc4a1b [21]. Its role in the
exchange of bicarbonate for chloride across the basolateral
membranes of cells in collecting duct Type A intercalated cells
of mammalian kidney has been extensively studied [25,26]. The
persephone mutation we identified as D. rerio Slc4a1b S298F
corresponds to residue human AE1 S443, located in the middle

Figure 3. Protection of hair cells in the persephone mutant. (A) Neomycin dose response curve for progeny from a persephone incross.
Homozygous persephone mutants (orange line) show dramatic protection at all tested neomycin concentrations (50, 100, 200 and 400 mM) as
compared to wildtype (green line) and heterozygous siblings (blue line) that show no protection. (n$10 fish per group, 10 neuromasts per fish. Error
bars: S.D.; ANOVA p value,0.0001) (B) persephone protects hair cells from loss induced by the aminoglycoside kanamycin. Larvae were maintained in
embryo media with kanamycin (0, 50, and 200 mM) for 24 hr prior to assaying hair cell death. Mutants (orange line) are protected as compared to the
combined wildtype and heterozygous siblings (teal line). (n$10 fish per group, 10 neuromasts per fish. Error bars: S.D.; ANOVA p value,0.0001) (C)
persephone protects hair cells from loss induced by the aminoglycoside gentamicin. Larvae were maintained in embryo media with gentamicin (0, 50,
and 200 mM) for 6 hr prior to assaying hair cell death. Mutants (orange line) are protected as compared to the combined wildtype and heterozygous
siblings (teal line). (n$10 fish per group, 10 neuromasts per fish. Error bars: S.D.; ANOVA p value,0.0001) (D) persephone protects against the hair cell
toxin cisplatin. Larvae were exposed for 24 hr to cisplatin (50, 100 or 200 mM) and assayed for hair cell survival by hair cell counts prior to genotyping.
Homozygous persephone mutants (orange line) show modest but significant protection compared to wildtype siblings (teal line) (n$10 fish per
group, 3 neuromasts per fish. Error bars: S.D.; ANOVA p value,0.0001.).
doi:10.1371/journal.pgen.1002971.g003
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of the predicted second transmembrane domain. Human AE1
S443 is flanked on one side by the Eosin-59-maleimide binding site
at K430 in the preceding extracellular loop, and on the other by

the PCMBS binding site C479 located at the extracellular end of
the third transmembrane span. The distal renal tubular acidosis
(dRTA) mutation C479W (Band 3 Edmonton) disrupts AE1

Figure 4. persephone hair cells have normal morphology and show only modest ultrastructural changes when treated with
neomycin. Zebrafish (5 dpf) treated with or without neomycin were euthanized, tails were removed for genotyping, and heads were fixed for
transmission electron microscopy. Images of transverse sections through neuromasts are shown. (N: hair cell nuclei, m:mitochondria, sc: support cell,
k: kinocilia. Top panels A–C and bottom panels G–I show hair cells from wildtype siblings. Top panels D–F and bottom panels J–L show hair cells from
persephone homozygotes. Panels were either mock-treated or exposed to 50 mM or 200 mM neomycin. Hair cells of mock-treated wildtype siblings
and persephone mutants show organized stereocilia, a large central nucleus, and normal mitochondrial morphology. There are no readily apparent
differences between the wildtype siblings and persephone mutants. Hair cells of persephone mutants treated with 50 mM neomycin show either mild
mitochondrial swelling (E,K) or are indistinguishable from mock-treated wildtype siblings. In comparison wildtype siblings (B,H) show swollen
mitochondria and fused stereocilia. Most neuromasts from wildtype siblings treated with 200 mM neomycin lack hair cells, and remaining hair cells
exhibit severe damage including condensed nuclei and severely swollen mitochondria or signs of cytolysis (C,I). Hair cells of persephone mutants
treated with 200 mM neomycin show minimal damage. Stereocilia are typically oraganized and intact; some but not all hair cells show modestly
swollen mitochondria (F,L). See Table 1 for quantification of neomycin-induced damage across genotypes. Top scale bar = 5 mm; Bottom scale
bar = 1 mm.
doi:10.1371/journal.pgen.1002971.g004
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trafficking in renal epithelial cells [27,28]. We speculated that the
S298F mutation in the zebrafish Slc4a1b protein might interfere
with proper trafficking through the secretory pathway and/or
delivery to the plasma membrane. To test this idea, we fused green
fluorescent protein (GFP) to wildtype and mutant forms of Slc4a1b
at the carboxy-terminus, and evaluated the localization of these
chimeric proteins in zebrafish embryos. Injected mRNA expres-
sion for both the wildtype and mutant forms was broadly seen
throughout 2 dpf embryos. In all expressing cells, wildtype
Slc4a1b-GFP readily trafficked to the cell surface and strongly
labeled the plasma membrane (Figure 5A). The mutant form
Slc4a1b(S298F)-GFP showed a strikingly different localization.
The protein failed to reach the cell surface, and instead appeared
in puncta throughout the cell (Figure 5B). The distribution pattern
of either wildtype or mutant protein was unchanged across all
tissues examined. Based on these observations, we predicted that
disruption of trafficking of the anion exchanger to the cell surface
might disrupt its exchange activity at the cell surface.

Structural similarities with its orthologs suggest that zebrafish
Slc4a1b carries out influx of chloride and efflux of bicarbonate.
We therefore asked whether we could detect zebrafish Slc4a1b-
mediated import of chloride. Chloride transport across the plasma
membrane can be assayed directly by expressing transporters in
Xenopus laevis oocytes and measuring movement of radiolabeled
chloride [29]. We used this system to evaluate whether chloride
transport is mediated by zebrafish Slc4a1b, and whether this
activity is compromised in the S298F mutant protein. WT and
mutant cRNAs were injected into Xenopus oocytes. Oocytes were
maintained for 3 days to allow protein expression and surface
delivery. The oocytes were then assayed for chloride transport.
Oocytes exogenously expressing either human Slc4A1 (used as a
positive control) or wildtype zebrafish Slc4a1b exhibited nearly 10-
fold elevation of chloride uptake above background (Figure 5C).
Notably, transport by zebrafish Slc4a1b and by human SLC4A1

was abolished by treatment with the disulfonic stilbene DIDS–an
inhibitor of Slc4-mediated solute transport. Zebrafish Slc4a1b also
mediated extracellular Cl2-dependent 36Cl2 efflux that was
sensitive to inhibition by DIDS (not shown), consistent with a
transport mechanism of anion exchange. However, Zebrafish
Slc4a1b-mediated uptake of 36Cl2 influx was unaffected by
200 mM gentamicin (not shown).

The failure of mutant Slc4a1b to localize at the cell surface was
consistent with its inability to facilitate chloride uptake into oocytes
(Figure 5D). Notably, the fusion of Slc4a1b with GFP also showed
robust chloride transport activity at levels comparable to that of
the untagged polypeptide, suggesting that the GFP fusion does not
compromise the structure of the exchanger (Figure 5D). Zebrafish
Slc4a1b-GFP therefore likely recapitulates trafficking of the
wildtype protein. The aberrant intracellular localization of the
mutant Slc4a1b-GFP, and the inability of the untagged mutant
form to transport chloride are both consistent with the coding
change in persephone acting as an Slc4a1b loss-of-function mutation
due to a trafficking failure.

Inhibition of Slc4 transporter activity protects hair cells
from aminoglycosides

Because loss of Slc4a1b activity appears to protect persephone
mutants from neomycin-induced hair cell loss, we hypothesized
that acute pharmacological inhibition of Slc4a1b activity in
wildtype fish would protect hair cells from neomycin. No specific
inhibitor for Slc4a1b has been described; however, as shown above
in the oocyte assay, the disulfonic stilbene derivative DIDS
inhibited zSlc4a1b activity in membranes. Both DIDS and a
related compound SITS have been used extensively to inhibit
activity of the Slc4 family of exchangers when applied in the
extracellular medium, although they also block other anion
channels [30,31]. We therefore tested if treatment with DIDS
and SITS could protect hair cells from exposure to neomycin. 5
dpf wildtype zebrafish were treated for 1 hr with a range of SITS
or DIDS concentrations prior to 30 min co-exposure with
neomycin. After one hr recovery in fresh media, fish were
euthanized, fixed and immunostained with anti-parvalbumin
antibody to detect hair cells. Both DIDS and SITS significantly
protect hair cells from neomycin-induced cell death (Figure 6A,
6B). All concentrations of DIDS tested showed a slight but
significant protection from 200 mM neomycin (Figure 6A). The
protective effect of SITS treatment showed a more marked
concentration dependence, including a 3-fold increase in the
number of surviving hair cells with 200 mM SITS treatment after
exposure to 200 mM neomycin (Figure 6B). It is unclear why
DIDS is less effective than SITS. However, its more subtle
protection agrees with its effects on GTTR uptake discussed
below. The results with DIDS and SITS suggest that inhibition of
Slc4 type channels (including Slc4a1b) prior to and during
neomycin exposure is sufficient to protect hair cells in wildtype
fish.

Bicarbonate alters susceptibility to neomycin
Because zSlc4a1b is an exchanger, we hypothesized that both

chloride influx and bicarbonate efflux via zSlc4a1b are inhibited in
the persephone mutant. The wildtype protein is predicted to efflux
bicarbonate; therefore loss of Slc4a1b activity may result in
elevated intracellular bicarbonate levels. To mimic this condition,
we altered bicarbonate concentrations of the media and tested
whether this affected survival of wildtype hair cells exposed to
neomycin. We reasoned that elevated external bicarbonate would
both favor import of bicarbonate via other import mechanisms,
and antagonize net export of bicarbonate via Slc4a1b. In this

Table 1. Ultrastructural damage is strongly reduced in
persephone homozygotes versus wild-type siblings after
neomycin exposure.

Treatment Genotype A–B C D E

mock pers/pers 4 0 0 2

pers/+ 3 0 0 2

+/+ 4 2 0 4

50 mM Neo pers/pers 7 1 0 2

pers/+ 3 2 0 2

+/+ 2 0 0 2

200 mM Neo pers/pers 5 2 1 2

pers/+ 0 0 3 2

+/+ 1 0 5 4

n = number of fish in each category.
Damage scale:
A = All hair cells of the neuromast appear normal.
B = Slight mitochondrial swelling (modest within range of mock-treated
controls).
C = One or more hair cells exhibit some mitochondrial swelling. One or more
hair cells also exhibit some nuclear condensation.
D = Many hair cells show severe damage, including distended mitochondria,
highly pycnotic nuclei, or condensation of the entire cell.
E = Hair cells are absent, or all hair cells show severe damage, including severely
distended mitochondria, highly pycnotic nuclei, or condensation of the entire
cell.
doi:10.1371/journal.pgen.1002971.t001
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respect, it could mimic loss of bicarbonate exchange in the
persephone mutant. Media were made with concentrations of
bicarbonate ranging from 1 to 10 times the bicarbonate
concentration in standard media (0.7–7 mM) and preparations
were adjusted to pH 7.2. Embryos were incubated in these media
for 1 hr before addition of neomycin, and then during the 30 min
neomycin exposure. Elevated bicarbonate levels significantly
reduced hair cell death caused by neomycin (Figure 6C). Notably,
we ran these experiments in our standard media supplemented
with additional bicarbonate, which showed a pH drift of not more
than 0.15 pH units per 30 min, as well as in media buffered with
HEPES which prevented any pH drift during the course of the
experiment (Figure S2). In both cases, hair cells showed significant
protection from aminoglycosides when bicarbonate amounts were
elevated in the external media. This protection showed concentra-
tion dependence. At the highest concentration (106 bicarbonate:

7 mM), we observed a 7-fold increase in hair cell survival (Figure 6C,
blue line).

We next evaluated whether persephone mutants displayed
differential sensitivity to bicarbonate exposure. We treated
animals with 500 mM neomycin to avoid a ceiling effect; at
lower neomycin concentrations persephone mutants already show
significant hair cell protection. persephone mutants and their
wildtype siblings were exposed to either 16, 56 or 106
bicarbonate concentration (0.7, 3.5 or 7 mM) for 1 hr. 500 mM
neomycin was then added for 30 min. Following rinse and
recovery, individual fish were scored for hair cell survival and
subsequently genotyped. Data were then parsed based on
genotype. Homozygous persephone mutants showed a dramatic
enhancement in hair cell protection mediated by elevated
extracellular bicarbonate. pers mutants were roughly 4-fold more
protected than their wildtype or heterozygous siblings (Figure 6D).

Figure 5. Mutant Slc4a1b is mislocalized and fails to transport chloride. (A) Confocal images of zebrafish embryos transiently expressing
wildtype Slc4a1b–GFP. mRNA was injected into one cell stage embryos. Cells along the anterior dorsal aspect of embryos were imaged at 48 hpf.
Wildtype protein is localized to the plasma membrane. B) Confocal images of zebrafish embryos expressing mutant Slc4a1b(S298F)-GFP. Slc4(S298F)-
GFP is present in intracellular vesicles, with complete loss of plasma membrane localization. (C) Chloride influx into Xenopus laevis oocytes expressing
either zebrafish Slc4a1b (zSlc4a1b) or the closest human homolog, SLC4A1 (hSlc4a1). Zebrafish Slc4a1b transports radiolabeled chloride across oocyte
membranes as efficiently as its nearest human homolog. This activity is blocked by DIDS (200 mM), an inhibitor of Slc4 family-mediated anion
exchangers. (D) Comparison of chloride influx into Xenopus laevis oocytes expressing wildtype or mutant (S298F) zSlc4a1b, or wildtype zSlc4a1b-GFP.
zSlc4a1(S298F), the persephone gene product, exhibits complete loss of chloride influx activity. Notably, GFP-tagged wildtype slc4a1b exhibits no
significant reduction of chloride transport activity. (n indicated above each sample; Error bars = SEM).
doi:10.1371/journal.pgen.1002971.g005
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Thus the loss of function mutation of Slc4a1b and application of
bicarbonate show synergistic effects.

Aminoglycoside uptake is reduced in persephone
mutants

The resistance to aminoglycosides observed in the persephone
mutant may reflect reduced uptake of aminoglycoside by persephone

hair cells. To test this idea, we evaluated uptake of gentamicin
fused to Texas Red (GTTR), used as a fluorescent indicator of
uptake and trafficking of the aminoglycoside gentamicin [32,33].
Individual 5 dpf larvae were pulse-labeled with GTTR for 3 min
before being washed in standard media and imaged. GTTR

labeling appeared both as diffuse signal and puncta that very

specifically appear in lateral line hair cells. GTTR labeling was

Figure 6. Protection of hair cells by zSlc4a1b inhibitors and substrates. (A) Treatment with the Slc4 inhibitor DIDS protects hair cells from
exposure to neomycin. 5 dpf zebrafish were pretreated with DIDS for 1 hr; then co-treated with DIDS and neomycin for 1 hr. Treatment with DIDS
resulted in modest but significant reduction in hair cell death. (n$10 larvae per group, 3 neuromasts per larvae. Error bars: S.D.; ANOVA p value
indicating significance of DIDS to protection: ,0.001) (B) Treatment with the Slc4 inhibitor SITS protects hair cells from neomycin toxicity. SITS
protects hair cells in a concentration-dependent manner against hair cell loss caused by exposure to 200 mM neomycin. (n$10 fish per group, 3
neuromasts per fish. Error bars: S.D.; ANOVA p value indicating significance of SITS to protection: ,0.0001) (C) Increased bicarbonate in the embryo
media protects hair cells from exposure to neomycin. 5 dpf zebrafish were exposed for 1 hr to embryo media with a 10 fold range of bicarbonate
concentrations (0.714 mM to 7 mM). Neomycin was then added at the indicated concentrations for 30 min. Larvae were rinsed three times in fresh
media, and allowed to recover for 1 hr. Bicarbonate protects hair cells in a concentration-dependent manner. (n$10 fish per group, 3 neuromasts per
fish. Error bars: S.D.; ANOVA p value indicating significance of bicarbonate to protection: ,0.001). See also Figure S2. (D) persephone mutants show
dramatically increased bicarbonate-mediated hair cell protection relative to heterozygous and homozygous wildtype siblings. Progeny of an in-cross
of persephone heterozygotes (5 dpf) were exposed for 1 hr to embryo media with bicarbonate added at the indicated concentrations, and then
treated an additional 1 hr with or without 500 mM neomycin. Fish were allowed to recover for 1 hr, then were assayed individually for hair cell
survival prior to euthanasia and genotyping by dCAPS. Whereas 106 [bicarbonate] only modestly protected wildtype and heterozygous siblings
(solid blue line), persephone mutants (solid orange line) were dramatically protected. (n$10 fish per group, 3 neuromasts per fish. Error bars: S.D.;
ANOVA p value indicating significance of genotype to protection: ,0.0001).
doi:10.1371/journal.pgen.1002971.g006
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reduced in persephone mutants versus their wildtype siblings;
however it still appeared in intracellular structures (Figure 7A).
After collecting 3-D image stacks of GTTR pulse-labeled larvae,
the fluorescent signal was quantified to determine the amount of
GTTR that entered hair cells during the exposure. (See Figure S3
for an example of GTTR signal quantification.) After quantifying
GTTR fluorescence in three neuromasts of 10 different fish, larvae
were genotyped. Fluorescence data was then grouped by genotype.
Quantified GTTR uptake differed markedly between persephone
mutants and wildtype siblings. pers mutants showed an 85%
reduction in GTTR uptake relative to their wildtype siblings
(Figure 7B). This reduction was still significantly above the 97%
reduction seen in the mechanotransduction mutant sputnik (cdh23),
indicating a decrease, but not a block, in entry of aminoglycosides.

We next asked whether the conditions we used to mimic loss of
function of zSlc4a1b-mediated exchange reduced Gentamicin-Texas

Red entry into wildtype hair cells. We first evaluated GTTR uptake
in wildtype larvae pretreated with either SITS or DIDS, shown
above to protect hair cells from neomycin exposure. Pharma-
cological blockade of wildtype zSlc4a1b activity by either
200 mM SITS or 200 mM DIDS significantly reduced GTTR
uptake in lateral line hair cells (Figure 8A, Green and Red
columns). Notably, at concentrations of DIDS and SITS that
did not protect hair cells, we saw no reduction in GTTR
fluorescence (data not shown). We also asked whether high
bicarbonate concentration decreased entry of Gentamicin-Texas
Red into hair cells. Increasing bicarbonate in the embryo media
10-fold significantly reduced GTTR entry (Figure 8A, Teal
columns). These experiments were carried out in HEPES to
prevent pH drift. The fact that loss of Slc4a1b activity,
pharmacological inhibition of Slc4 family mediated exchange,
and altering Slc4a1b substrates all reduce aminoglycoside uptake

Figure 7. persephone, SLC4 inhibitors, and high bicarbonate all reduce gentamicin uptake. (A) Gentamicin-Texas Red (GTTR) labeling is
shown in neuromasts in a wildtype sibling (top panels) and persephone mutant (bottom panels). Top down and cross sectional views are shown with
identical image adjustments made to all GTTR channel images. persephone mutants show dramatically reduced intracellular GTTR signal. (B)
Quantified GTTR signal after a 3 min exposure is reduced in persephone mutants compared to homozygous wildtype and heterozygous siblings. Free-
swimming fish were exposed to GTTR for 3 min and rinsed by basket transfer. Neuromasts of individual fish were immediately imaged and total
fluorescence signal from GTTR was quantified as described in Materials and Methods and Figure S3. After imaging, fish were individually genotyped
by dCAPS. (n$10 larvae per group, 3 neuromasts per larvae. Error bars: S.D., p value: 0.003 for difference in means between wildtype siblings and
persephone larvae.) (C) SITS, DIDS and high bicarbonate reduce hair cell GTTR uptake. For all conditions: free-swimming wildtype 5dpf fish were
treated 1 hr with either vehicle carrier, 200 mM SITS or DIDS, or 106[bicarbonate] buffered with HEPES, and then exposed for 3 min to GTTR as in (B).
GTTR uptake is significantly reduced in fish treated with concentrations of SITS, DIDS, and bicarbonate that protect hair cells from neomycin
exposure. (n = 10 fish, 3 neuromasts per fish. Error bars: S.D. p value: ,0.0001 for difference in means between 0 and 200 mM SITS, 0 and 200 mM
DIDS, and 16 and 106bicarbonate).
doi:10.1371/journal.pgen.1002971.g007
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strongly suggests that entry of aminoglycosides into hair cells
can be regulated by chloride or bicarbonate ion concentrations.

Several channels have been reported to mediate aminoglycoside
entry into hair cells [33,34]. Activity of the mechanotransduction
channel is clearly a key regulator of aminoglycoside entry [35].
Lateral line hair cells lacking mechanotransduction activity do not
die when exposed to aminoglycosides, and do not take up labeled
aminoglycosides to an appreciable degree. We asked whether
mechanotransduction channel activity is altered in the persephone
mutant. The styryl dye FM1-43 is a fluorescent molecule that
intercalates into phospholipid bilayers. It specifically labels lateral
line hair cells in live zebrafish larvae. Mechanotransduction
mutants like sputnik (cdh23) show severely reduced FM1-43 hair
cell labeling. FM1-43 can been used to block mechanotransduc-
tion in cochlear hair cells, and is a proxy for mechanotransduction
activity [36,37]. We therefore evaluated whether persephone mutants
show reduced FM1-43 labeling relative to their wildtype siblings.
A clutch from a heterozygous incross was pulse-labeled for 1 min

with 0.35 mM FM1-43FX. Individual larva were washed and
imaged immediately, and the FM1-43FX signal was quantified
using the approach described for GTTR. Larvae were genotyped
after fluorescent signal quantification, and the data were parsed by
genotype. Consistent with decreased mechanotransduction activ-
ity, persephone mutants show a marked decrease in FM1-43 labeling
(Figure 8B). The decreased uptake of both fluorescent aminogly-
coside analogs and FM1-43 suggest that a fundamental effect
mediating hair cell survival in persephone may be decreased
mechanotransduction activity.

Discussion

Although aminoglycoside antibiotics are effective against
systemic infections, the associated risk of hair cell death coupled
to irreversible hearing loss and vestibular deficits presents
significant impediments to their clinical use. We identified
persephone in a genetic screen based on the ability of this mutant

Figure 8. FM1-43 uptake—used as a proxy for mechanotransduction activity—is reduced in persephone mutants. Free swimming 5dpf
progeny of an incross of persephone heterozygotes were individually exposed to FM1-43 for 1 min and rinsed by basket transfer. Neuromasts of
individual fish were immediately imaged and total fluorescence signal from FM1-43 was quantified as described for GTTR quantification in Materials
and Methods. After imaging, fish were individually genotyped by dCAPS. (n$10 larvae per group, 3 neuromasts per larvae. Error bars: S.D., p value:
0.003 for difference in means between wildtype siblings and persephone larvae. +/+ and pers/+ larvae are not significantly different (p value 0.15).
Uptake in persephone is significantly higher than in the loss of mechanotransduction mutant sputnik (p value 0.02.).
doi:10.1371/journal.pgen.1002971.g008
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to suppress aminoglycoside-induced lateral line hair cell loss in
zebrafish larvae [9]. We mapped the genetic lesion to slc4a1b,
which encodes a chloride/bicarbonate anion exchanger. The
mutation results in a missense substitution that abolishes the
chloride transport function of the exchanger. Pharmacological
inhibition of the SLC4 family of proteins or exposure to increased
bicarbonate (a substrate of Slc4a1b) protects hair cells of wildtype
fish. In persephone and in these conditions that mimic the mutant
phenotype, aminoglycoside entry is decreased. This reduction in
aminoglycoside entry may be a consequence of decreased
mechanotransduction (MET) activity; FM1-43 labeling, used as
a proxy for MET activity [37,38], is significantly decreased in
persephone. While we cannot rule out that the inhibitors of SLC4
activity (DIDS and SITS) may have interactions with other
channels, our data supports that there are likely anion gradients
regulated by Slc4a1b, which in turn regulate aminoglycoside entry
into lateral line hair cells. Furthermore, this regulation may act
through effects on the mechanotransduction channel.

Zebrafish Slc4a1b is a member of the Slc4 family of anion
transporters that are ubiquitous among eukaryotes, and expressed
in occasional marine bacteria [21,39]. Zebrafish Slc4a1b is most
closely related to the Na+ independent, electroneutral chloride/
bicarbonate exchangers SLC4A1, SLC4A2, and SLC4A3 which
regulate intracellular bicarbonate and chloride for pHi buffering,
osmotic control and regulation of cell size [25,40]. Cell-specific
functions of SLC4A1 include distal urinary acidification and
bicarbonate reabsorption by renal collecting duct Type A
intercalated cells [26]. In gastric parietal cells, SLC4A2 promotes
gastric acid secretion through basolateral chloride influx and
bicarbonate efflux [41]. In neurons, SLC4A3 is reported to
influence electrochemical potential via chloride exchange, in turn
affecting neuronal excitability [42–45]. Mutations in the SLC4
class of exchangers are associated with several human diseases:
hereditary spherocytic anemia, hereditary overhydrated stomato-
cytic anemia, and distal renal tubular acidosis (dRTA) [28,46].
Although sensorineural hearing has been observed in patients with
dRTA, it is most often seen in patients with mutations in other
genes [47].

Several studies report SLC4 family protein expression in the
mammalian cochlea [48]. SLC4A2 (AE2) has been observed in the
guinea pig inner ear, and may play a role in maintenance of
endolymphatic pH [48]. AE2 may also participate in regulating
outer hair cell rigidity. However, this is likely via its function
linking plasma membrane and cytoskeletal elements, rather than
its anion exchange activity [49]. In the zebrafish, Slc4a1b is
strongly expressed in ionocytes of the skin that regulate salt and
pH balance, in particular in the HR (H+ ATPase-rich) ionocyte
subtype [21]. These ionocytes maintain pH homeostasis by
secreting acid from the surface of the fish [50]. While slc4a1b
shows broad expression, its locus of action relative to hair cell
function remains to be determined.

Because the reported activities of Slc4a1b may broadly affect
physiology and intracellular processes, it is unclear at this time how
exactly loss of its activity protects lateral line hair cells from
aminoglycoside exposure. It is reasonable to assume that persephone
mutants have altered intracellular conditions in lateral line hair
cells that decrease aminoglycoside toxicity. Previous studies have
shown that protonation of aminoglycoside amine groups is critical
for aminoglycoside binding to ribosomal RNA and other
macromolecular targets [51,52]. However, the pKa of gentamicin
is 8.2. Without severely affecting intracellular pH, it is unlikely this
mechanism is the major route for protection in persephone. Altered
intracellular pH can also affect the function of mitochondria, a
locus of aminoglycoside toxicity [24,53,54]. However, persephone

mutants do not show overt changes in the morphology of
mitochondria or other intracellular structures in the absence of
aminoglycosides. Micrographs of untreated persephone larvae are
indistinguishable from micrographs of their wildtype siblings.
Additionally, 5 dpf persephone mutants are morphologically and
behaviorally indistinguishable from their wildtype siblings. These
observations suggest that protection in persephone likely occurs
through a hair cell specific effect rather than a broad physiological
or developmental effect.

An alternative way to decrease toxicity of aminoglycosides is to
alter their loading into hair cells. MET channels in the stereocilia
facilitate aminoglycoside entry into hair cells, either directly or
indirectly [55]. Mutations and small molecules that decrease
activity of the mechanotransduction channels in hair cells both
inhibit aminoglycoside entry and decrease aminoglycoside-
induced hair cell death [20,35,36]. In the persephone mutant,
uptake of the fluorescent aminoglycoside analog Gentamicin-
Texas Red into hair cells is reduced. It is very unlikely this is due to
changes in movement of aminoglycosides through the mutated
Slc4a1b channel itself. Both the charge characteristics and size of
SLC4 substrates preclude aminoglycosides as substrates of the
exchanger [39]. It is much more likely that intracellular conditions
influenced by Slc4a1b activity affect entry of aminoglycosides into
the lateral line hair cells. Notably, hair cell loading of the styryl dye
FM1-43, used as a proxy for mechanotranduction in zebrafish
lateral line hair cells, is significantly reduced in persephone hair cells;
however, FM1-43 labeling in persephone is reduced less than in
mutants with no mechanotransduction—e.g. cadherin23 [36], myosin
6b [56] and protocadherin 15a [57]. persephone larvae also do not
exhibit behavioral phenotypes seen in mutants that have lost
mechanotransduction—e.g. reduced startle behavior or minimal
spontaneous swimming activity. It appears instead that persephone
has compromised activity that is sufficient to reduce aminoglyco-
side (and FM1-43) uptake but not abolish all signaling from the
lateral line system.

We do not at this time know how Slc4a1b activity affects lateral
line hair cells. We favor the idea that compromised anion
exchange activity of Slc4a1b perturbs the ionic microenvironment
of the MET channel and thereby impacts aminoglycoside entry
into hair cells. Previous reports indicate SLC4 proteins may assist
in regulating endolymphatic potential in the mammalian cochlea
[48]. Slc4a1b may similarly affect the composition of the lateral
line hair cell environment. Although these hair cells are superficial,
they maintain a unique apical microenvironment—the cupula–a
gelatinous matrix covering the stereocilia and kinocilia [58]. Both
the cupula and endolymph maintain high concentrations of
potassium and chloride ions [59,60]. pH regulation might
influence endolymph potassium grandients, and aminoglycoside
entry into mammalian hair cells is sensitive to ion gradients
[49,61]. Slc4a1b-mediated exchange of bicarbonate and chloride
therefore may be important for maintaining local ionic conditions
that enable mechanotransduction channel activity. Perturbation of
the cupula environment is hypothesized to reduce the ability of
aminoglycosides to either transit the MET channel directly or
transit MET-dependent pathways [61].

From a clinical standpoint, transiently altering endolymph ion
composition may offer a way to protect hair cells from
aminoglycoside exposure, if the ionic balance can later be
restored. In mammals, aminoglycosides appear to move from
the stria vascularis into the endolymph and finally through the
apical domain of hair cells [62]. The ionic composition of the
endolymph is therefore plausibly a key regulator of aminoglycoside
entry into hair cells. The persephone mutant indicates that zebrafish
may provide a useful tool to look for manipulations of the hair cell
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ionic environment that decrease hair cell activity and aminogly-
coside toxicity.

Materials and Methods

Fish
Adult Danio rerio (zebrafish) were maintained in the University of

Washington zebrafish facility. The persephone mutant stock was
maintained as heterozygotes on the *AB wildtype background by
successive backcrossing. persephone mutant and wildtype (pers/+ and
+/+) larvae were produced from paired matings of pers heterozy-
gotes. Experiments were carried out on larvae raised to 5 days
post-fertilization (dpf) in embryo media (14.97 mM NaCl, 500 mM
KCl, 42 mM Na2HPO4, 150 mM KH2PO4, 1 mM CaCl, 1 mM
MgSO4, 0.714 mM NaHCO3, pH 7.2) unless otherwise indicated.
All animal work was conducted according to relevant national and
international guidelines with approval of the University of
Washington IACUC.

Mapping
Heterozygous mutant carriers were outcrossed to the polymor-

phic WIK wildtype zebrafish strain for mapping. Hybrid *AB/
WIK carriers were identified phenotypically and intercrossed to
produce progeny for linkage marker analysis. 5 dpf zebrafish were
exposed to neomycin as described for the initial screen [9]. A
bimodal response to neomycin was observed. To ensure accurate
phenotyping after exposure to 200 mM neomycin, we designated
individuals with hair cell retention greater or equal to the midpoint
of the second peak of the bimodal distribution as mutants (typically
,75% hair cell retention or better). We designated individuals
with hair cell retention less than or equal to the midpoint of the
lower peak of the bimodal distribution as wildtype (typically ,5%
hair cell retention or less). For bulk segregant analysis, two pools of
mutant and two pools of wildtype DNAs were composed. Each
pool included DNAs from 20 individuals. Distribution of markers
was compared to DNA from fin clips of *AB/WIK parents and
founder grandparents. Microsatellite markers for each chromo-
some were amplified by PCR and evaluated for cosegregation with
mutant phenotypes. Linked markers were further evaluated with
individual DNAs from mutant fish and wildtype fish (including
both heterozygous and homozygous wildtype siblings).

For fine mapping, the following PCR primers were developed to
several single nucleotide polymorphisms (SNPs) found in the
course of sequencing neighboring genes. snp 1: (ndufa)

F: ATGCTTGCAACCGTGATGAAAC
R: AAATGTCCTCAACATTCCTTCGC
snp 2: (ngfr 39)
F: GAGCACACCAAAATTAATACCTGTTAA
R: GATGTTTTTATGCTTTCCCTTGTTC
snp 3: (ngfr 59)
F: TCTTCTGATGTTTGCGATGATGAG
R: TCTGGTTCAGTGAGTTTCTGTGGA
snp 4: (ataxin 59)
F: GCATGACAAAATGAGGAAGTGAGG
R: CCACATTCAGCGTTCAATCTCTT
snp 5: (fb57a07 int3/4)
F: TGTTGGCCTCAATCTCTGTATCAGT
R: AACCAGAGAGTAACTCTACCTGCACA

Genotyping
Primers were designed for derived Cleaved Amplified Polymor-

phic Sequence analysis (dCAPS) to enable PCR-based identifica-
tion of heterozygous and mutant forms of slc4a1b [63]. The

following PCR primers introduce an Xmn1 restriction enzyme site
in an amplified fragment only if the S298F mutation is present:

F: GCT GAT AAG GTG GAT AAC ATG ATG GGA GTG
TCG GAG CTG AAG ATC T

R: CAC CAG CCA AAT GCC CAC CCA CAC TCG GCC
TAC GAT GTA CTC

The wildtype fragment is 213 bp. Digestion with XmnI reduces
the mutant fragment size from 213 bp to 170 bp while wildtype
DNA remains uncut. Bands were visualized on 2% Nusieve gels
run at 90 volts for 1.5 hr.

Drug treatments
For handling and rapid transfer, zebrafish were place in tissue

culture baskets submerged in 6-well tissue culture plates containing
6 mL of media or drug solutions. Neomycin (Sigma-Aldrich
N1142), gentamicin (Sigma-Aldrich G1397), kanamycin (Sigma-
Aldrich K1876), and cisplatin (Sigma-Aldrich P4394) solutions
were diluted in embryo medium to the indicated concentrations.
Animals were treated with or without drugs for 30 min
(neomycin), 6 hr (gentamicin), 24 hrs (kanamycin), or 24 hrs
(cisplatin), then washed by basket transfer four times in fresh
embryo medium. For neomycin treatment, fish were allowed to
recover for one hr in embryo media before assessing hair cell
death.

4-acetamido-49-isothiocyanatostilbene-2,29-disulfonic acid (SITS;
Sigma-Aldrich A0554) and 4,49-diisothiocyano-2,29-stilbenedisulfo-
nic acid (DIDS; Sigma-Aldrich S347523) were freshly dissolved in
DMSO to stock concentrations of 1 mM. Appropriate volumes of
SITS or DIDS were added to embryo medium to the indicated
concentrations with final DMSO concentrations #0.05% in both
experimental and control incubations. Fish were incubated 2 hrs in
either SITS or DIDS, in the absence or presence of 200 mM
neomycin during the second hr. Larvae were rinsed in standard
embryo media three times, allowed to recover for 1 hr in fresh
embryo media, then euthanized, fixed and immunostained with anti-
parvalbumin antibody as described below. Bicarbonate media
formulations were made by adjusting the amount of bicarbonate
used in the standard media formulation (normally 0.7 mM). Solutions
were subsequently adjusted to pH 7.2 with HCl/NaOH. Fish were
maintained in embryo media formulations of indicated bicarbonate
concentrations for 1 hr prior to addition of neomycin to a final
concentration of 200 mM, and were then incubated for an additional
30 min. Fish were rinsed in standard embryo media four times,
allowed to recover for 1 hr in the final rinse of embryo media, and
assayed for hair cell survival by DASPEI staining as described below.

Hair cell labeling
DASPEI. To evaluate hair cells in vivo, zebrafish were labeled

with 0.005% solution of the vital dye DASPEI, (2-N-ethylpyr-
idinium iodide, Invitrogen Molecular Probes) for 15 min as
previously described [16], then rinsed twice in fresh embryo
media, and anesthetized with 0.0025% MS222 (3-aminobenzoic
acid ethyl ester, methanesulfonate salt, Sigma-Aldrich). Anesthe-
tized fish were transferred with wide-bore pipettes to wide
depression slides and examined on an upright fluorescent
dissection scope with a DASPEI filter. 10 neuromasts of the
anterior lateral line (SO1-2, IO1-4, M2, MI1-2 and O2) were
examined in each fish. Each neuromast was scored 2 (wildtype
bright staining, normal neuromast morphology), 1 (reduced
staining/altered morphology) or 0 (little or no staining) for a total
score per animal of 0–20. For a given treatment/dose, 8–12 fish
(80–120 neuromasts) were evaluated. Scores were normalized as a
percentage of mock-treated wildtype controls.
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Immunofluorescence microscopy. To count hair cells
directly, animals were labeled with a hair cell-specific antibody
(anti-parvalbumin; Millipore). Collected embryos were eutha-
nized and fixed overnight in 4% paraformaldehyde/PBS at 4uC.
Fixed embryos were washed in PBS/0.1% Tween20 (PBST),
blocked with 2% goat serum in 16PBS, .2% Triton, 1% DMSO,
.02% sodium azide, and 2 mg/ml BSA), incubated overnight at
4uC in 1:500 mouse anti-parvalbumin antibody, washed again 4
times, and then incubated overnight at 4uC with 1:1500 goat
anti-mouse secondary conjugated to Alexa-568 (Invitrogen).
Stained embryos were rinsed in PBST, and stored in 50%
glycerol/PBS/sodium azide for imaging. Hair cells were counted
in 5 neuromasts of the anterior lateral line (IO4, M2, MI1, MI2
and O2).

mRNA expressionc
DNAs encoding Slc4a1b were reverse-transcribed from both

wildtype and mutant fish using RNA from embryos at 5 dpf. For
expression in zebrafish embryos, coding sequences for wildtype
and mutant slc4a1b were moved into the Gateway shuttle
cloning system by PCR to generate slc4a1b wildtype and mutant
middle entry clones (pME-slc4a1b and pME-slc4a1b(S298F).
The Green Fluorescent Protein (GFP) coding sequence was
added to the 39 end of the slc4a1b wildtype and mutant coding
sequence by Gateway recombination using vectors p5E-CMV,
pME-slc4a1b or pME-slc4a1b(S298F), p3E-GFP-PolyA, and
pDEST in 3-way LR recombinase reactions. For expression in
Xenopus laevis oocytes, slc4a1b and slc4a1b-GFP wildtype and
mutant forms were subcloned into the pXT7 mRNA expression
construct by PCR based cloning using primers
PXT7FwdSLC4EcoRI and either PXT7RevSlc4BstEII (un-
tagged version) or PXT7REVSLC4GFPBstEII (GFP-tagged
version). Linearized pXT7 plasmids encoding transporters were
transcribed with SP6 RNA polymerase using mMessageMa-
chine (Ambion).

Primer sequences
PXT7FwdSLC4EcoRI:
GTACCGAATTCGGTGTGATGATGCTGGACAGAGAG-

GAGAAGACGCTCTCC
PXT7RevSlc4BstEII:
GAGCTTATAGGTTACCTTACAGTGGCATCT-

GAGTTTCAGAATACAC
PXT7REVSLC4GFPBstEII:
GAGCTTATAGGTTACCTTAGTACAGCTCGTC-

CATGCCGAGAGTGATCC

Transmission electron microscopy
For ultrastructural analysis, zebrafish larvae were treated for

1 hr with neomycin (50 or 200 mM) or mock-treated, and then
euthanized and fixed in ice cold 4% paraformaldehyde. The
caudal half of each fish was excised and used for DNA isolation
and rostral half of fish was fixed in gluteraldehyde in 0.1 M
sodium cacodylate +0.001% CaCl2 (pH 7.4, 583 mOsm) for 1 hr
at 25uC with gentle agitation, and then with fresh fixative
overnight at 4uC. Separate groups of larvae from the same clutch
were assessed by in vivo DASPEI labeling of hair cells to verify
efficacy of the neomycin treatment. After fixation, samples were
washed three times for 10 min with 0.1 M sodium cacodylate
(pH 7.4)+0.001% CaCl2, post-fixed in 1% osmium tetroxide in
0.1 M sodium cacodylate (pH 7.4)+0.001% CaCl2 for 30 min on
ice in the dark, with agitation, and then washed three times for
10 min with 0.1 M sodium cacodylate (pH 7.4)+0.001% CaCl2.
Samples were dehydrated in a graded ethanol series (10 min each

in 35% EtOH, 70% EtOH, 95% EtOH, and twice in 100%
EtOH), washed twice for 10 min in propylene oxide, and once for
one hr each in 1:2 and then 2:1 mixtures of propylene oxide:
Eponate resin (Electron Microscopy Sciences, Ft. Washington,
PA, made per manufacturer’s instructions). Tissue was then
immersed 1 hr in 100% Eponate resin, and placed in fresh 100%
Eponate resin overnight for infiltration. Fish were embedded in
100% Eponate resin in silicone rubber molds (Ted Pella,
Redding, CA, catalog no. 10504) with zebrafish oriented
lengthwise, rostral to caudal. Blocks were baked at 60uC for
18–24 hr. Sections were typically taken from mid-eye to just
posterior to the eye to allow evaluation of several neuromasts in
the same section (including neuromasts SO1, SO2, IO3, IO4,
M2, MI1, O1, O2, OC1,and/or OP1 using the nomenclature of
Raible and Kruse [64]. Semi-thin sections (,2 mm) were cut and
stained with 1% toluidine blue in 1% sodium borate. When a
semi-thin section was observed in which neuromasts were
present, ultrathin sections of ,90 nm were collected on 200
mesh Athene thin-bar grids (Ted Pella, Redding, CA). Tissue was
contrasted with 5% uranyl acetate in 50% methanol for 20 min,
rinsed with 50% methanol and counterstained with 0.3% lead
citrate in 0.1 N NaOH for 4 min then rinsed with distilled water.
Samples were examined with a JEOL1200EXII transmission
electron microscope and photographed digitally. The entire
image was adjusted to optimize the contrast and brightness, and
cropped. A trained microscopist (R.P.) blind to the treatment
group and to genotype evaluated neuromast images. 50006
images of 2–3 neuromast per fish were evaluated for degree of
hair cell damage. The severity of damage was graded as follows:
1 = normal hair cells; 2 = normal with occasional minor mito-
chondrial swelling; 3 = moderate damage including some nuclear
condensation, single hair cells with cytolytic appearance (light
cytoplasm, swollen cell), swollen mitochondria in many hair cells;
4 = hair cells present but all severely affected with large swollen
mitochondria or pronounced nuclear condensation, flatter
neuromast (fewer hair cells present); 5 = neuromast devoid of
hair cells or few hair cells that are present exhibit severe damage
(pyknosis, fused stereocilia).

Chloride influx assay
Ovarian segments were excised from female Xenopus laevis

anesthetized with 0.17% tricaine according to protocols approved
by the Institutional Animal Care and Use Committee of Beth
Israel Deaconess Medical Center (Department of Systems Biology,
Harvard Medical School, MA, USA). Stage V–VI oocytes were
defolliculated following overnight incubation at 19uC of ovarian
fragments with 1.3 mg/ml collagenase Type A (Boehringer
Mannheim, Germany) in MBS solution (containing (in mM): 85
NaCl, 1 KCl, 2.4 NaHCO3

2, 0.41 CaCl2, 0.33 Ca(NO3
2)2, 0.82

MgSO4
22, 10 HEPES, pH 7.40) with added 50 ng/ml gentamicin

and 2.5 mM sodium pyruvate. Wildtype and mutant cRNAs
encoding zSlc4a1b or the GFP fusion proteins were transcribed
from linearized template (mMessage Machine, Ambion), and
oocytes were injected with 50 nL of H2O with or without 10 ng
cRNA unless otherwise indicated. Injected oocytes were then
maintained for 3–4 days at 19uC in MBS with gentamicin and
pyruvate. Na36Cl was from GE Healthcare (Piscataway, NJ, USA).
4,49-Diisothiocyanostilbene-2,29-disulfonic acid, disodium salt
(Na-DIDS) was obtained from Calbiochem (San Diego, CA,
USA).

Unidirectional 36Cl2 influx studies were carried out in 150 mL of
solution containing (in mM) 96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, 5
HEPES, pH 7.4. Total bath [Cl2] was 103.6 mM (0.5 mCi/well).
In Cl2-free solutions, NaCl was replaced isosmotically with 96 mM
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sodium isethionate, and equimolar gluconate salts of K, Ca and Mg
were substituted for the corresponding Cl2 salts. In some
experiments, influxes were performed in the presence of DIDS.
Oocytes expressing wildtype and mutant proteins were subjected to
parallel measurements. Samples were counted for 3–5 min such
that the magnitude of 2 SD was ,5% of the sample mean.

Slc4a1b-GFP localization
Single cell embryos were microinjected with 80 ng mRNA

encoding Slc4a1b-GFP or Slc4a1b(S298F)-GFP. At 48 hpf,
embryos were mounted on cover glass chambers in 1% LMP
agarose/embryo media with MS222 and imaged using an inverted
Marianas spinning disk system (Intelligent Imaging Innovations
[3i], Denver, CO) with a Zeiss C-Apochromat 636/1.2NA Water
Objective. Images shown are maximum intensity projections from
5 slices taken at 0.33 mm steps.

GTTR uptake
Gentamicin was conjugated to Texas Red as described in [65].

Stock gentamicin Texas Red labeled solution (GTTR) was diluted
1:1000 into 6 mL embryo media. Individual fish (5 dpf) were
transferred to GTTR in embryo media and incubated for the
indicated times. Larvae were then washed 36 in embryo media,
and immediately imaged using an inverted 3i Marianas spinning
disk system. Larvae were anesthetized in MS222 and immobilized
by placement under a weighted mesh for image stability. 3-D
image stacks were collected of entire neuromasts at Z increments
of 0.33 mm. Total fluorescence of neuromasts was calculated using
3i Slidebook Image Analysis software. A mask was drawn around
visually identified neuromasts. An identical mask outside the
neuromast was used to quantify background. Neuromast and
background signals were segmented to discard points less than 2
standard deviations above the mean background value. The value
of the neuromast signal was then divided by the background signal
to yield the relative intensity of the neuromast signal relative to
background.

Statistics
Graphpad Prism (GraphPad Software) was used for statistical

analyses. To evaluate whether mutant and wildtype larvae showed
differential response to a concentration range of a drug or
treatment, two-way ANOVA tests were performed. To evaluate
whether genetic background or drug treatment affected GTTR
uptake, t-tests were performed.

Supporting Information

Figure S1 Alignment of zslc4a1b homologs shows evolutionary
conservation of Ser 298 mutated in the persephone. The serine
residue is invariant across a diverse range of taxa.
(TIF)

Figure S2 Bicarbonate-mediated hair cell protection in EM
buffered with HEPES. 5 day old zebrafish were exposed for
1 hour to embryo media with either the standard amount of
bicarbonate (0.714 mM) or 10 fold this amount (0.7 mM). Both
solutions were held at pH 7.2 by addition of 10 mM HEPES.
Neomycin was added at the indicated concentrations for
30 minutes. Larvae were rinsed three times in fresh media, and
allowed to recover for 1 hour. Hair cell survival was assessed by
hair cell counts. (n$10 fish per group, 3 neuromasts per fish. Error
bars: S.D.; ANOVA p value indicating significance of bicarbonate
to protection: ,0.001).
(TIF)

Figure S3 Quantification of GTTR signal. To quantify
GTTR signal, 3-D image stacks were collected of entire
neuromasts at z-increments of 0.4 mm. Total fluorescence of
neuromasts was calculated in individual neuromasts using 3i
Slidebook Image Analysis software. A mask was drawn around
visually identified neuromasts. The image on the top left shows a
mask outlining a neuromast. Pixels within this mask are shown
in blue; GTTR signal is red. A second identical mask was placed
outside the neuromast to quantify background. Neuromast and
background signals were segmented to discard points less than 2
standard deviations above the mean background value. The
pixels that meet this criteria are shown in blue in the top right
image. These two masks were then combined to generate a
mask (the signal mask) that contained the region of the
neuromast and required that values in that the mask be at least
the mean value of the background plus two standard deviations.
The bottom panels show this mask at different z-planes for the
neuromast shown in the top panel. Blue points represent those
points included in the mask. We calculated the mean intensity of
the blue points in the signal mask. This mean value of the
neuromast signal was then divided by the mean background
signal to yield the relative intensity of the neuromast signal
relative to background.
(TIF)
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Identification of Modulators of Hair Cell Regeneration in the
Zebrafish Lateral Line

Parhum Namdaran,1,2 Katherine E. Reinhart,1,2 Kelly N. Owens,1,2 David W. Raible,1,3 and Edwin W Rubel1,2

1Virginia Merrill Bloedel Hearing Research Center, and Departments of 2Otolaryngology–Head and Neck Surgery and 3Biological Structure, University of
Washington, Seattle, Washington 98195

The external location of the zebrafish lateral line makes it a powerful model for studying mechanosensory hair cell regeneration. We have
developed a chemical screen to identify FDA-approved drugs and biologically active compounds that modulate hair cell regeneration in
zebrafish. Of the 1680 compounds evaluated, we identified two enhancers and six inhibitors of regeneration. The two enhancers, dexa-
methasone and prednisolone, are synthetic glucocorticoids that potentiated hair cell numbers during regeneration and also induced hair
cell addition in the absence of damage. BrdU analysis confirmed that the extra hair cells arose from mitotic activity. We found that
dexamethasone and prednisolone, like other glucocorticoids, suppress zebrafish caudal fin regeneration, indicating that hair cell regen-
eration occurs by a distinctly different process. Further analyses of the regeneration inhibitors revealed that two of the six, flubendazole
and topotecan, significantly suppress hair cell regeneration by preventing proliferation of hair cell precursors. Flubendazole halted
support cell division in M-phase, possibly by interfering with normal microtubule activity. Topotecan, a topoisomerase inhibitor, killed
both hair cells and proliferating hair cell precursors. A third inhibitor, fulvestrant, moderately delayed hair cell regeneration by reducing
support cell proliferation. Our observation that hair cells do not regenerate when support cell proliferation is impeded confirms previous
observations that cell division is the primary route for hair cell regeneration after neomycin treatment in zebrafish.

Introduction
Mechanosensory hair cells of the inner ear allow vertebrates to
sense sound and orient in space. Normal aging, genetic predispo-
sitions, prolonged or excessive exposure to high sound levels,
environmental toxins, and some medications can readily induce
damage or loss of hair cells, often leading to permanent hearing
deficits and balance disorders. Mammals, including humans,
have a full complement of hair cells at birth, but lack the capacity
to regenerate lost hair cells (Roberson and Rubel, 1994; Oesterle
and Stone, 2008; Warchol, 2010).

Replacement of damaged and dying sensory hair cells is robust
in both developing and mature non-mammalian vertebrates
(Cotanche, 1987; Cruz et al., 1987; Corwin and Cotanche, 1988;
Jørgensen and Mathiesen, 1988; Ryals and Rubel, 1988; Stone and
Cotanche, 2007; Edge and Chen, 2008; Brignull et al., 2009). Can-
didate molecules have been assessed for their role in hair cell
regeneration, including Atoh1, members of the Notch signaling
pathway, p27 Kip1, Rb, and TGF-! (Chen and Segil, 1999; Löwen-
heim et al., 1999; Stone and Rubel, 1999; Zheng and Gao, 2000; Li
et al., 2003; Izumikawa et al., 2005; Sage et al., 2005, 2006; Cafaro

et al., 2007; Breuskin et al., 2008; Collado et al., 2008; Oesterle and
Stone, 2008; Brigande and Heller, 2009; Groves, 2010). However,
many questions remain about the precise pathways responsible
for initiating, maintaining and limiting hair cell regeneration in
non-mammalian vertebrates, and correspondingly, what molec-
ular pathways prevent regeneration of hair cells in the mamma-
lian inner ear.

To identify novel and unexplored pathways that can regulate
hair cell regeneration, we undertook a chemical screen for mod-
ulators of hair cell regeneration using zebrafish lateral line neu-
romasts as a platform. Zebrafish larvae have been used in many
high-throughput drug-screening assays for studying cell death
and regeneration (Fleming et al., 2005; Ton and Parng, 2005;
Mathew et al., 2007; Coffin et al., 2010; Oppedal and Goldsmith,
2010; Ou et al., 2010). The hair cells located within neuromasts of
the zebrafish lateral line system share structural and molecular
similarities with mammalian inner ear hair cells (Whitfield, 2002;
Nicolson, 2005; Brignull et al., 2009). Like mammalian hair cells,
zebrafish hair cells are sensitive to damage from ototoxic drugs
such as aminoglycoside antibiotics. Unlike mammals, zebrafish
have the capacity to renew the full complement of hair cells
within 72 h (Williams and Holder, 2000; Harris et al., 2003;
Hernández et al., 2006; López-Schier and Hudspeth, 2006; Ma et
al., 2008). The ability to directly visualize lateral line hair cells and
manipulate environmental exposure in concert with an array of
genetic tools and high fecundity makes the zebrafish lateral line a
useful system for understanding hair cell regeneration.

We have developed a chemical screen that takes advantage of
neuromasts in the larval zebrafish lateral line system to evaluate
FDA-approved drugs and bioactives for modulators of hair cell
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regeneration. Two drugs were found to enhance hair cell regen-
eration while six others retarded regeneration. We report dose–
response relationships and experiments to assess the targets
and the mechanisms by which these drugs modulate hair cell
regeneration.

Materials and Methods
Zebrafish. Adult zebrafish were housed and maintained at 28.5°C in the
University of Washington zebrafish facility (Westerfield, 1995). All ze-
brafish procedures and protocols were approved by the University of
Washington Animal Care and Use Committee. Zebrafish embryos were
obtained from paired matings and raised at 28.5°C in fish embryo me-
dium (EM; 1 mM MgSO4, 150 "M KH2PO4, 4 "M Na2HPO4, 1 mM CaCl2,
500 "M KCl, 15 mM NaCl, and 714 "M NaHCO3 in dH2O). Larvae were
kept at a density of 50 animals per 100 mm 2 Petri dish in !30 ml of EM.
At 4 days post-fertilization (dpf), larvae were fed live rotifers and dry
food, and then transferred into fresh EM. For our experiments, in addi-
tion to the wild-type *AB strain, we used Tg(pou4f3:gap43-GFP) ze-
brafish, a transgenic line that endogenously expresses green fluorescent
protein (GFP) in both immature and mature hair cells of the lateral line
and inner ear under the control of the pou4f3 (brn3c) promoter (courtesy
of H. Baier, University of California-San Francisco, San Francisco, CA).
In these fish, GFP is targeted to the plasma membrane with a GAP-43
membrane targeting sequence (Xiao et al., 2005).

Drug libraries. Two drug libraries were used: the NINDS Custom Col-
lection II (Microsource) and the FDA-approved drug library (Enzo Life-
Sciences). The NINDS library consists of 1040 drugs and bioactive
compounds dissolved in dimethylsulfoxide (DMSO) at 10 mM concen-
tration. Some drugs in this library are not FDA-approved, but all have
known biological activity. The Enzo library contains 640 FDA-approved
compounds dissolved in DMSO at 2 mg/ml, all of which have confirmed
and well characterized bioactivity. The identities of the individual com-
pounds were blinded during the primary and confirmatory screens.

Primary screening protocol. Larvae from Tg(pou4f3:gap43-GFP) het-
erozygote crosses were collected and initially screened for GFP expres-
sion in hair cells at 2 dpf. At 5– 6 dpf, all free-swimming larvae (except
untreated controls; see below) were treated with 400 "M neomycin sul-
fate (Sigma, catalog #N1142) in EM for 1 h and immediately rinsed four
times in fresh EM (Harris et al., 2003; Murakami et al., 2003; Santos et al.,

2006). Larvae were distributed using a wide-bore glass pipette into 48-
well plates (Corning, catalog #3338) at a density of 3 fish per well. The
volume in each well was adjusted to 1 ml with fresh EM. Each 48-well
plate contained 8 control wells and 40 experimental wells (Fig. 1 A). The
control wells included: fish that received no neomycin exposure and were
subsequently held in drug-free EM (mock treatment; 2 wells); neomycin-
treated fish, subsequently held in drug-free EM (neomycin-only treat-
ment; 2 wells); neomycin-treated fish, subsequently held in either 0.1%
(control for NINDS library) or 0.2% (control for Enzo library) DMSO
(neomycin " drug vehicle treatment; 2 wells); and neomycin-treated fish
subsequently held in 50 "M DAPT (N-[N-(3,5-difluorophenacetyl)-L-
alanyl]-( S)-phenylglycine t-butyl ester), a #-secretase inhibitor (positive
control; 2 wells). DAPT has been previously shown to diminish Notch
signaling by preventing cleavage and release of the Notch intracellular
domain (Geling et al., 2002), which results in an increase in the number
of zebrafish lateral line hair cells regenerated after neomycin exposure
(Ma et al., 2008). Experimental drugs from the NINDS Custom Collec-
tion II library were diluted in EM to a final concentration of 10 "M drug
in 0.1% DMSO. Drugs from the Enzo FDA-approved drug library were
diluted to a final concentration of 4 "g/ml in 0.2% DMSO. While con-
centrations of drugs varied, 93% were between 1 and 20 "M concentra-
tion and none had a concentration #35 "M. Larvae were fed live rotifers
24 h after the neomycin treatment and monitored daily for general drug
toxicity. After 48 h in the experimental drug, larvae were anesthetized in
buffered 0.001% MS-222 (ethyl 3-aminobenzoate methanesulfonate;
Sigma, catalog #E10521) before observation and scoring.

Larvae were examined and scored under epifluorescent illumination
using a 40$ objective (NA % 0.75) on a Zeiss Axioplan 2ie epifluores-
cence microscope. Each fish was scored for degree of neuromast hair cell
regeneration on a scale from 1 to 5 (Fig. 1 B), with 1 being greatly reduced
or absent regeneration, 3 indicating normal regeneration as seen in drug-
free and DMSO controls, and 5 being excessive regeneration, such as that
seen with DAPT treatment. At least eight neuromasts per fish were eval-
uated before assigning a score and three or more fish were scored per
drug. To control for variation between experiments, scores for each
round of screening experiments were calibrated to the DMSO controls in
that experiment. All scoring was performed by the same investigator.

Drugs (hereafter termed “regeneration modulators”) with average
scores $ 3.5 were considered putative enhancers of regeneration while

Figure 1. Chemical screening protocol for modulators of hair cell regeneration. A, Schematic diagramming the regeneration screen. Five to 6 dpf Tg(pou4f3:gap43-GFP) zebrafish expressing
membrane-bound GFP under the pou4f3 promoter were treated with 400 "M neomycin for 1 h, rinsed and transferred into 48-well plates. Fish were then either treated for 48 h with a test drug,
DMSO vehicle, or DAPT (a positive control for enhanced hair cell regeneration) and subsequently scored for GFP" hair cells on a 1–5 scale, with a score of 3 representing normal regeneration. B,
Fluorescent images of the MI1 neuromasts illustrate the scoring scale used in the screen for regeneration modulators. Examples from Tg(pou4f3:gap43-GFP) larval zebrafish that would have received
a score of 1, 3, and 5 are shown. Scale bar, 10 "m.
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drugs with average scores % 2.5 were considered putative inhibitors of
regeneration. All regeneration modulators were retested twice following
an identical protocol to verify the effect of the modulator on regenera-
tion. Drugs that consistently had high or low scores across the three
replicates (initial screen " two rescreens) were established as putative
“hits” and further tested.

Regeneration modulators that caused a reduction in the number of
regenerated hair cells (inhibitors) were tested for hair cell toxicity. To
discriminate between inhibition of hair cell regeneration and toxicity,
three larvae were treated with only the inhibitor for 48 h (no prior
neomycin-induced hair cell death) at the same concentrations as in the
primary screen. Fish were then anesthetized and scored as before.

Dose–response functions. We next assessed the dose–response relation-
ships of all putative regeneration modulators to determine the lowest
concentration that produced the maximum modulation effect. Wild-
type *AB larval zebrafish (5– 6 dpf) were treated with 400 "M neomycin
for 1 h and rinsed 4 times in fresh EM. Groups of 10 –12 neomycin-
treated larvae were then transferred by Netwell baskets (Corning, catalog
#3480) into separate wells of a 6-well plate containing concentrations of
experimental drug, ranging from 0.1 to 100 "M, for 48 h at 28.5°C. To
standardize the DMSO concentration among the different test drug con-
centrations, DMSO concentrations were (with 1 exception) adjusted to
1.0% for all conditions. The exception was topotecan, which is not solu-
ble in DMSO; hence, topotecan was dissolved in water. DAPT treatment
and no-drug treatment controls were also evaluated in each experiment.

For rapid assessment, lateral line hair cells were labeled with
the fluorescent vital dye DASPEI (2-(4-(dimethylamino)styryl)-N-
ethylpyridinium iodide; 0.005% final concentration in EM; Invitrogen,
catalog #D426) for 15 min (Harris et al., 2003; Murakami et al., 2003;
Owens et al., 2008, 2009; Coffin et al., 2009). Larvae were then rinsed
twice in fresh EM, anesthetized and visualized using a Leica MZFI111
epifluorescent dissecting microscope equipped with a DASPEI filter set
(excitation 450 – 490 nM and barrier 515; Chroma Technologies). Ten
neuromasts were evaluated per fish: supraorbital (SO1, SO2), infraorbital
(IO1– 4), mandibular (M2), middle (MI1, MI2), and otic (O2; Raible and
Kruse, 2000). Each was assigned a score of 0 –2: 0 (little/no staining), 1
(reduced staining), and 2 (normal staining) for a combined score be-
tween 0 and 20 per fish. Eight to 12 fish were assessed for each condition
and scores were averaged for each group (&1 SD).

Hair cell immunohistochemistry. To count hair cells, Tg(pou4f3:gap43-
GFP) transgenic larvae were killed and fixed in 4% paraformaldehyde
(PFA) in 0.1 M PBS at pH 7.2, overnight at 4°C. After fixation, larvae were
rinsed 3 times for 20 min in PBS with 0.1% Triton X-100 (PBS-T),
washed for 30 min in distilled water, and incubated for 1 h with blocking
solution (1% bovine serum albumin, 1% DMSO, and 0.02% sodium
azide in PBS-T) plus 5% normal goat serum to prevent nonspecific
antibody binding. Larvae were subsequently held overnight in rabbit
anti-GFP antibody (1:500 in blocking solution; Invitrogen, catalog
#G10362), rinsed 3 times for 20 min with PBS-T, and incubated for 5 h in
a goat anti-rabbit IgG antibody conjugated with Alexa-488 (1:500 in
blocking solution; Invitrogen, catalog #A11008). Larvae were rinsed 3
times in PBS-T, mounted in 50% glycerol/PBS on bridged coverslips and
visualized with a Zeiss Axioplan 2ie epifluorescence microscope under a
40$ objective (NA % 0.75). GFP-positive hair cells were counted in
seven neuromasts per fish (MI1–2, O1–2, M2, IO4, OP1; Raible and Kruse,
2000) for 10 fish per group. Data are presented as mean summed hair
cells in these seven neuromasts (&1 SD), compared with control fish
maintained in the same conditions within the same experiment.

Cell proliferation labeling. To assess mitotic events in neuromasts of the
lateral line during the first 24 h of the regeneration period, fish were
co-treated with 5'-bromo-2'-deoxyuridine (BrdU; Sigma, catalog
#B5002) with and without each modulatory drug. Following neomycin
exposure, larvae were simultaneously incubated with the optimal con-
centration of drug as determined in dose–response tests and 5 mM BrdU
in EM (adjusted to a 1% DMSO concentration) for 24 h (for inhibitors)
or 48 h (for enhancers) at 28.5°C. The fish were then killed, fixed in 4%
PFA overnight at 4°C, and rinsed several times in PBS-T. To visualize hair
cells as well as BrdU incorporation, fish were first immunostained with
rabbit anti-GFP and Alexa 488-conjugated goat anti-rabbit. BrdU immu-

nohistochemical processing was then performed as described previously
(Harris et al., 2003; Ma et al., 2008), with several modifications. Fixed
larvae were rinsed three times for 20 min in PBDT (PBS, 1% DMSO,
0.1% Tween 20). Due to the superficial nature of hair cells and neuro-
masts, methanol dehydration/rehydration and proteinase K were not
used. Instead, samples were incubated with 1 N hydrochloric acid for 1 h
at room temperature and rinsed 3 times in PBDT for 5 min. Before the
addition of antibodies, larvae were placed in blocking solution (10%
normal goat serum in PBDT) for 1 h at room temperature. Mouse anti-
BrdU (BD PharMingen, catalog #555627) was used at a 1:250 dilution in
blocking solution. Samples were then incubated in goat anti-mouse IgG
secondary antibody conjugated with Alexa-568 (1:500 dilution in block-
ing solution; Invitrogen, catalog #A11004). Larvae were finally rinsed
several times in PBS-T and stored in 50% glycerol/PBS at 4°C before
visualization.

To assess cells in M-phase, whole-mount immunohistochemistry was
performed to detect phospho-histone H3 (Ma et al., 2008). Fish were
placed in 400 "M neomycin for 1 h, rinsed 4 times in fresh EM, and
treated with the optimal concentration of inhibitor drug (1% DMSO
adjusted) in EM for 24 h at 28.5°C. Larvae were then anesthetized with
MS-222, fixed in 4% PFA overnight at 4°C and rinsed several times for 20
min in PBS-T. Hair cell labeling was first performed using the rabbit
anti-GFP antibody and Alexa 488-conjugated goat anti-rabbit IgG before
immunostaining for phospho-histone H3. Larvae were then washed
in distilled water for 30 min, treated with 5% normal goat serum in
blocking solution and incubated overnight with rat anti-phospho-
histone H3 (ser10) primary antibodies (1:500 dilution in blocking
solution; Millipore, catalog #06 –570). Following three washes with
PBS-T for 20 min, samples were labeled for 5 h with Alexa-568-
conjugated goat anti-rat IgG (1:500 dilution in blocking solution).
Larvae were finally rinsed three more times in PBS-T and stored in
50% glycerol/PBS at 4°C before visualization.

For evaluating total cell numbers within neuromasts, *AB wild-type
zebrafish larvae were killed and fixed in 4% PFA overnight at 4°C. After
several rinses in PBS-T, fish were incubated in the pan-nuclear dye,
SYTOX Green (1:10,000 in PBS-T; Invitrogen; catalog #S7020), which
stains nucleic acids with high-affinity, and therefore both hair cells
and support cells. After 5 min, larvae were rinsed several times in
PBS-T and stored in 50% glycerol/PBS at 4°C before imaging.

Samples were mounted in 50% glycerol/PBS on bridged coverslips and
observed on a Zeiss LSM5 Pascal confocal microscope under a 40$ ob-
jective (NA % 1.3). Double-labeled cells were counted in seven neuro-
masts per fish (MI1–2, O1–2, M2, IO4, OP1) and compared with values
from vehicle-only control fish. Images were processed using ImageJ, Pas-
cal, and Adobe Photoshop CS4 software. Counts are presented as mean
total cell numbers per fish (&1 SD). We calculated t tests and ANOVA
(one- and two-way) to evaluate statistical significance (! % 0.05).

Caudal fin amputation. Wild-type *AB zebrafish embryos were dechor-
ionated at 2–3 dpf, anesthetized with MS-222 and transferred to a glass
depression slide. Using a surgical blade (Fine Science Tools, catalog
#10015-00 and #10007-12), the caudal fin primordia was amputated poste-
rior to the notochord (Mathew et al., 2007). Larvae were then photographed
under a Zeiss Axioplan 2 bright field microscope with a differential interfer-
ence contrast filter using a 10$objective (NA%0.17) to document the point
of amputation. Fish was then placed in individual wells of a 48-well plate
containing the optimal concentration of a modulator drug in 1 ml of EM
(1% DMSO adjusted) and allowed to recover at 28.5°C for 72 h. Each fish
was anesthetized with MS-222 and the caudal fin was re-imaged. Caudal fin
regeneration was assessed by subtracting the distance from the caudal fin tip
to the notochord immediately after amputation from that measurement at
72 h post-amputation. The caudal fin tip was defined as the point at the end
of the fin directly along the midline from the notochord.

Results
Rapid screening for modulators of hair cell regeneration
Using the zebrafish lateral line system, we screened for novel
drugs and small drug-like compounds that affect the rate or
amount of hair cell regeneration (Fig. 1A). To induce regenera-
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tion, we exposed zebrafish larvae at 5 dpf to 400 "M neomycin for
1 h, which kills #90% of mature lateral line hair cells. Regenera-
tion occurs rapidly in wild-type animals, reaching control levels
within !72 h after aminoglycoside exposure (Williams and
Holder, 2000; Harris et al., 2003; Murakami et al., 2003; López-
Schier and Hudspeth, 2006; Hernández et al., 2007; Ma et al.,
2008). To facilitate visualization and assessment of regeneration,
we used Tg(pou4f3:gap43-GFP) zebrafish, a transgenic line that
expresses membrane-bound GFP in hair cells under the control
of the pou4f3 promoter. These animals are otherwise wild-type
and show aminoglycoside-induced hair cell death (Fig. 2A) and
regeneration comparable to control animals (Fig. 2B). To test
whether a drug modulates regeneration, neomycin-treated ani-
mals were placed in 48-well plates and immediately exposed to
test drug for a 48 h period. At 48 h post-treatment, we assessed the
regeneration of hair cells of several anterior lateral line neuro-
masts. Larvae were assigned a score on a scale from 1 to 5 based on
the degree of neuromast hair cell regeneration, with a score of 1
reflecting attenuated or absent regeneration, 3 representing nor-
mal regeneration as seen in drug-free and DMSO controls, and 5
indicating excessive regeneration (Fig. 1B).

Results from initial screening of the 1680 drugs in two custom
libraries are shown in Table 1. We identified 176 drugs as poten-
tial inhibitors of regeneration and 115 drugs as potential enhanc-
ers of regeneration. Similar “hit” rates were observed in the two
libraries, with 18.2% (189/1040) and 15.9% (102/640) identified
from the NINDS Custom Collection II and the Enzo FDA-
approved library, respectively. During testing, 243 compounds
from both libraries were determined to be lethal to fish. We did
not assess whether lower concentrations of these drugs would
allow animals to survive but affect hair cell regeneration. It
should be noted that none of the compounds identified potenti-
ated regeneration to the extent of that routinely seen with expo-

sure to DAPT; most of the putative enhancers were given a score
between 3 and 4 based on our screening method, while the
DAPT-treated fish reliably produced scores of 5.

Our initial screen was designed to maximize sensitivity and
thus we expected to have many false-positives and ideally few
false-negatives for the drugs and concentrations tested. Each po-
tential modulator of regeneration was tested twice more under
the same conditions as described in the initial screen to assess
reliability and thereby eliminate false-positives. We confirmed 10
compounds that putatively enhanced hair cell regeneration and
40 that putatively inhibited regeneration (Table 1). All putative
modulatory drugs were then tested for ototoxicity in the absence
of neomycin and a dose–response function was determined using
a range of concentrations of each modulatory drug. From these
validation experiments, we confirmed two drugs that reliably en-
hanced hair cell regeneration and six drugs that consistently in-
hibited regeneration (Table 2).

The synthetic glucocorticoids dexamethasone and
prednisolone enhance hair cell regeneration in a
dose-dependent manner
To find the lowest dose that produced the maximal modulation
effect, we exposed larvae to varying concentrations of each en-
hancer drug for 48 h after 400 "M neomycin treatment. Both
dexamethasone and prednisolone induced a significant increase
in regenerated hair cells relative to DMSO controls (Fig. 3). Anal-
ysis of these data with two-way ANOVA showed significant main
effects of drug and concentration (control vs drug exposure), as
well as an interaction effect (p ( 0.001). Bonferroni post hoc tests
indicated that the lowest concentration of prednisolone and
dexamethasone that induced a significant increase in hair cells
was 1 "M (p ( 0.01 and p ( 0.001 respectively). Beyond 5 "M,
there was no additional increase in the number of hair cells with
increasing dosage.

Each compound was also assessed for any noticeable effect in
the absence of aminoglycoside-induced hair cell death. We found
that both dexamethasone and prednisolone promoted hair cell
addition in the absence of neomycin damage (Fig. 3B,C;
squares). Larvae treated in dexamethasone or prednisolone for
48 h had more hair cells relative to DMSO vehicle controls at drug
concentrations of 1 "M or greater. The relative increase in the
number of hair cells with exposure to either enhancer was similar
to that seen after regeneration was induced by neomycin. A two-
way ANOVA revealed significant main effects of drug and con-
centration (control vs drug exposure), as well as an interaction
effect (p ( 0.0001). The lowest concentration of prednisolone

Figure 2. A, Hair cell death in Tg(pou4f3:gap43-GFP) fish is similar to that of *AB wild-type
fish. Five dpf zebrafish larvae were treated with 0, 100, 200, or 400 "M neomycin for 1 h. Graph
displays the mean total number of parvalbumin-labeled hair cells in seven neuromasts from
each fish (n % 10 fish/group). B, Hair cell regeneration in Tg(pou4f3:gap43-GFP) fish is similar
to that of *AB wild-type fish. Five dpf zebrafish larvae were treated with 400 "M neomycin for
1 h and then held in EM for 1, 24, 48, or 72 h. Graph displays the mean total number of
parvalbumin-labeled hair cells in seven neuromasts of 10 fish for each group. Error bars
indicate &1 SD.

Table 1. Numerical results (and percentages) from the regeneration screen and
subsequent rescreens

Library Initial screen Rescreen
Confirmed by dose–
response analysis

NINDS Custom Collection II
Number of drugs evaluated 1040 189 5

Number of putative enhancersa 86 (8.3%) 2 (0.2%) 2 (0.2%)
Number of putative inhibitorsb 103 (9.9%) 3 (0.3%) 0

Enzo FDA-approved
Number of drugs evaluated 640 102 45

Number of putative enhancersa 29 (4.5%) 8 (1.3%) 0
Number of putative inhibitorsb 73 (11.4%) 37 (5.8%) 6 (0.9%)

A matrix of the numerical results from the regeneration screen and subsequent rescreens. Listed are the numbers of
putative enhancers and inhibitors identified in both the primary screen and subsequent rescreens.
aPutative enhancers average scored $ 3.5.
bPutative inhibitors average scored % 2.5.
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and dexamethasone inducing a significant
increase in hair cell numbers was again 1
"M (p ( 0.001 and p ( 0.001 respectively;
Bonferroni post hoc). Neither enhancer
was toxic to hair cells at the concentra-
tions tested (0.1–50 "M).

Dexamethasone- and prednisolone-
induced hair cells arise mitotically
Increased numbers of regenerated hair
cells can arise from enhanced hair cell pre-
cursor proliferation, promotion of differ-
entiation of postmitotic precursors,
transdifferentiation of other cells into new
hair cells, or prevention of hair cell death.
To help determine which of these possi-
bilities occur, we assessed the incorpora-
tion of the thymidine analog, BrdU,
during the 48 h regeneration period fol-
lowing neomycin-induced hair cell loss in
the presence of dexamethasone or pred-
nisolone. As Figure 4 illustrates, groups
treated with 5 "M dexamethasone or
prednisolone showed an increase in the
number of GFP" hair cells compared
with the DMSO vehicle control fish (t test;
p % 0.011 and p % 0.021, respectively).
There was a similar increase in the num-
ber of BrdU" hair cells, suggesting that
most of the regenerated hair cells arose from dividing precursors
(t test; p ( 0.001). In samples treated with BrdU and glucocorti-
coids only (no prior neomycin treatment), a significant increase in
BrdU" hair cells was noted in both dexamethasone and
prednisolone-treated groups (t test; p % 0.0019 and p % 0.0202,
respectively). These observations indicate that dexamethasone and
prednisolone act by stimulating presumptive hair cell precursors to
divide. We observed an increase of !1–4 additional hair cells per
neuromast, indicating that these glucocorticoids stimulate a 10–
25% increase in the number of hair cells in just 48 h. These new hair
cells may arise from either additional support cells entering the cell
cycle, an interference with signaling that limits the number of hair
cells produced during regeneration, or a faster cell cycle that allows a
daughter cell to divide multiple times.

Glucocorticoids inhibit zebrafish caudal fin regeneration
Studies on another zebrafish tissue capable of regeneration, the
caudal fin, have shown that activation of the glucocorticoid re-
ceptor (GR) using exogenous glucocorticoids was sufficient to
block regeneration following fin amputation (Mathew et al.,
2007). Specifically, glucocorticoids were found to impair wound
epithelium and blastema formation, as well as reduce prolif-
eration of cells just beneath the plane of amputation in an
inflammation-independent manner. To determine whether ei-
ther dexamethasone or prednisolone have a similar effect, we
performed a fin regeneration assay similar to that described by
Mathew et al. (2007). Larvae were dechorionated at 2 dpf and
anesthetized. We then amputated their caudal fins and photo-
graphed them before exposure to glucocorticoids (Fig. 5A). After
3 d with or without glucocorticoid treatment, the caudal fins

Figure 3. The glucocorticoids dexamethasone and prednisolone enhance hair cell regeneration. A, Fluorescent confocal images
of GFP" hair cells treated continuously for 48 h with DMSO vehicle (left), 5 "M dexamethasone (middle) or 5 "M prednisolone
(right), after 400 "M neomycin treatment for 1 h. Scale bar, 2.5 "m. B, C, An increase in total number of hair cells occurs following
exposure to either dexamethasone (B) or prednisolone (C). Graphs indicate the mean total number of GFP"hair cells among seven
neuromasts from 10 fish after neomycin damage (triangles) or mock treatment (squares) and subsequent 48 h exposure to
dexamethasone or prednisolone (open symbols and dotted lines) compared with DMSO vehicle-only (filled symbols and solid
lines). Analysis by two-way ANOVA showed significant main effects of drug, concentration and an interaction for dexamethasone
and prednisolone compared with DMSO control fish in both neomycin and mock-treated groups. Error bars indicate &1 SD.

Table 2. Drugs that modulate hair cell regeneration, identified in screen and confirmed upon retesting

Candidate drug
Direction of
modulation EC50

a
Optimal
rangeb Drug category; known activity

Artesunate Inhibitor 5.39 5–10 "M Derivative of artemisinin; antimalarial treatment.
Dexamethasone Enhancer 0.13 5–10 "M Synthetic glucocorticoid; anti-inflammatory/immunosuppressant; treatment for autoimmune and

inflammatory conditions.
Dipyridamole Inhibitor 1.07 5–50 "M Thromboxane synthase inhibitor; inhibits thrombus formation and induces vasodilation.
Fenoprofen Inhibitor 5.81 10 –50 "M Nonsteroidal anti-inflammatory drug; inhibits cyclooxygenase activity and prostaglandin synthesis;

treatment for pain, swelling, and stiffness caused by osteoarthritis.
Flubendazole Inhibitor 0.65 1–5 "M Benzimidazole anthelmintic; treatment of gastrointestinal parasites.
Fulvestrant Inhibitor 3.25 5–10 "M Selective estrogen receptor downregulator; treatment for hormone receptor-positive metastatic

breast cancer.
Prednisolone Enhancer 0.58 5–10 "M Synthetic glucocorticoid; anti-inflammatory/immunosuppressant; treatment of autoimmune and

inflammatory conditions.
Topotecan Inhibitor 4.93 10 –50 "M Topoisomerase I inhibitor; treatment of ovarian and lung cancer.

Confirmed modulatory drugs from our screening protocol that alter hair cell regeneration in zebrafish. Listed are the candidate modulatory drugs, their EC50 and optimal drug range, based on dose–response testing and previously
characterized drug activity.
aCalculated from dose–response functions.
bOptimal range is the drug dose that confers maximal change in regeneration (inhibition or enhancement) without noticeable toxicity to the fish.
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were reimaged to assess regeneration (Fig. 5B). Tail fin regen-
eration was quantified as additional distance from the fin tip
directly midline to the notochord of the regenerated fin com-
pared with fin distance directly after amputation. In our hands,
two of the strongest inhibitors from Mathew et al. (2007), beclo-
methasone and clobetasol, severely inhibited regeneration at a
concentration of 5 "M (Fig. 5C,E). A characteristic V-shaped fin
was always observed. Dexamethasone and prednisolone also pro-
duced a strong inhibitory affect at 5 "M (Fig. 5D,E), though to a
somewhat lesser degree than beclomethasone and clobetasol.
These results suggest but do not prove that dexamethasone and
prednisolone inhibit fin regeneration via the GR pathway. Inter-
estingly, in one regenerative tissue, the caudal fin, dexametha-
sone and prednisolone inhibit regeneration, while in another, the
lateral line, they enhance regeneration. This hints that there may
be mechanistic differences in regeneration and may reflect a dif-
ference in the cell types responsible for regeneration of these two
tissues.

Testing putative inhibitors of regeneration for hair cell
toxicity
A decrease in the number of regenerated hair cells might occur
from impairment of proliferation, delay or inhibition of hair cell
differentiation, or death of newly generated hair cells. To differ-
entiate between inhibition of hair cell regeneration and toxicity,
we tested each putative inhibitor in the absence of neomycin. All
three inhibitors identified in the NINDS library (Table 1) showed
significant hair cell toxicity in the absence of neomycin treat-
ment. Of the 37 inhibitors identified from the Enzo FDA-
approved drug library, 21 were toxic. Since these drugs do not
affect regeneration, per se, no further tests were conducted using
these compounds. However, these drugs may provide new tools
to evaluate hair cell death.

Dose–response relationships of regeneration inhibitors
Drugs identified as hair cell regeneration inhibitors that were not
overtly toxic to hair cells were more thoroughly tested for dose-
dependent effects. Six of these drugs significantly inhibit hair cell
regeneration in a concentration-dependent manner (Fig. 6). We
observed two general dose–response profiles: moderate (e.g.,
fenoprofen) and severe inhibition (e.g., flubendazole). Several

drugs showed additional hair cell toxicity
or overall lethality at concentrations #50
"M. The lowest concentration of drug that
induced the maximal inhibition of regen-
eration without direct toxicity was used
for further experiments (Table 2). Of
the 6 regeneration inhibitors identified,
the two strongest were flubendazole and
topotecan. These drugs reduced hair cell
regeneration by 77% and 64% of controls
at 5 and 50 "M concentrations, respec-
tively. Fulvestrant, a moderate inhibitor,
reduced hair cell regeneration by 46% at a
concentration of 10 "M. Flubendazole, to-
potecan, and fulvestrant, two strong and
one moderate inhibitor of regeneration,
were further pursued for more thorough
characterization.

Hair cell regeneration is halted by
topotecan and flubendazole and
delayed by fulvestrant

Drugs that inhibit hair cell regeneration may alter regenera-
tion by preventing proliferation, delaying parts of the process,
preventing cell maturation, or promoting hair cell or hair cell
progenitor death. During our screening and dose–response
experiments, we analyzed hair cell regeneration only at 48 h
post-treatment. To more precisely define when regeneration
inhibitors act, we evaluated the effects of inhibitors on hair cell
replacement over a 72 h time-span. As demonstrated in Figure
7, both 5 "M flubendazole and 10 "M topotecan were strong
inhibitors of regeneration throughout the 72 h period tested;
few to no GFP" hair cells were observed in neuromasts at any
of the time points evaluated. In the absence of neomycin treat-
ment, flubendazole showed little hair cell toxicity before 72 h,
after which there was a slight but significant decrease in hair
cell numbers ( p ( 0.01; Fig. 7A). Topotecan alone began no-
ticeably killing hair cells after 48 h of treatment, with complete
hair cell death by 72 h (Fig. 7B). The inhibitory effects of
topotecan are noticeable within 24 h of regeneration after
neomycin treatment, while the overall toxicity of the drug
does not take noticeable effect until 48 h, suggesting that this
drug does indeed inhibit the machinery involved in regenera-
tion. Thus, flubendazole seems to act predominantly on the
process of regeneration while topotecan may block regenera-
tion through two modes, one that occurs early in the regener-
ation process and perhaps later on as well, affecting hair cell
differentiation or mature hair cells. In samples treated with 5
"M fulvestrant, hair cell regeneration does occur but there is a
slight decrease or delay in the number of hair cells produced at
48 and 72 h (Fig. 7C). Analysis of these data by two-way
ANOVA yielded significant main effects of group and time,
and a significant interaction (all p values ( 0.0001). Pairwise
comparisons (Bonferroni) yielded highly significant de-
creases in hair cell production by fulvestrant at 48 and 72 h of
recovery following neomycin exposure (Fig. 7C; p ( 0.001,
regeneration; filled and open triangles) and a marginally sig-
nificant decrease in hair cell numbers due to fulvestrant treat-
ment at 72 h in groups not receiving prior neomycin treatment
(normal neuromast growth; filled and open squares in Fig. 7C;
p ( 0.05).

Figure 4. Dexamethasone and prednisolone potentiate support cell proliferation. A, In fish co-treated with 5 "M dexametha-
sone (Dex) or prednisolone (Pred) and BrdU without prior neomycin treatment (No Neo), there is an increase in the number of
GFP-positive cells ( p ( 0.0001) and a comparable increase in the number of GFP"/BrdU" hair cells ( p ( 0.01), suggesting that
the increase in hair cells arose from support cell proliferation and differentiation of new hair cells. B, In larvae treated with 400 "M

neomycin (Neo) and then allowed to recover in 5 "M dexamethasone or prednisolone for 48 h in the presence of BrdU, there was
a significant increase of GFP-labeled hair cells ( p ( 0.0001) and a comparable increase in BrdU-labeled hair cells ( p ( 0.0001) for
dexamethasone and prednisolone-treated groups compared with DMSO vehicle controls. Means of total hair cells in seven neuro-
masts per fish (n % 10 fish/group) are presented. Error bars indicate 1 & SD.
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Impact of inhibitors on proliferation
We next determined whether flubenda-
zole, topotecan, and fulvestrant affect
proliferation during regeneration. After
neomycin exposure, fish were allowed to
recover for 24 h in EM containing 5 "M

BrdU and the inhibitor. Previous studies
indicate that the majority of support cell
proliferation begins soon after exposure
to neomycin and the majority of new hair
cells arise from mitotic events within 24 h
of neomycin exposure (Harris et al., 2003;
Ma et al., 2008). Following the 24 h incu-
bation period, we assessed the number of
GFP" cells, GFP"/BrdU" cells and
GFP) /BrdU" cells in seven neuromasts
of 10 fish per group (Fig. 8). GFP) /
BrdU" cells were presumed to be divid-
ing support cells. Hair cell counts in the
absence of neomycin-induced regenera-
tion were not affected by 5 "M flubenda-
zole or fulvestrant, but significantly
diminished with 10 "M topotecan (t test;
p ( 0.001; Fig. 8B, compare white bars
between No Neo groups with and without
inhibitor). Notably, some GFP) cells
incorporated BrdU in and around the
neuromast of mock-treated controls, indi-
cating that ongoing cell division is occurring
in the absence of damage (Fig. 8, black bars
in No Neo groups without inhibitor). How-
ever, there is a six-fold decrease in the num-
ber of GFP) /BrdU" cells with either
flubendazole or topotecan, showing that
both drugs dramatically inhibit division of
at least a subset of the support cells in the
absence of damage to hair cells (t test; p (
0.0001; compare black bars in No Neo
groups with and without inhibitor). Sam-
ples treated with fulvestrant without prior
neomycin-induced damage showed no sig-
nificant change in the number of GFP) /
BrdU" cells when compared with controls.

In fish treated with neomycin and al-
lowed to recover in vehicle only (DMSO
or embryo media) for 24 h, we see many
newly formed GFP" hair cells (Fig. 8,
white bars between Neo groups). Of these cells, the majority are
BrdU", indicating they arose from proliferating support cells
(Fig. 8, compare white bars to striped bars). In flubendazole and
topotecan-treated groups, fewer hair cells arise and virtually none
of these hair cells are labeled with BrdU. The number of these
GFP"/BrdU) hair cells is consistent with the number of imma-
ture, neomycin-insensitive hair cells expected (Murakami et al.,
2003; Santos et al., 2006). Notably, there is a substantial decrease
in GFP) /BrdU" support cells. We do not observe a repopula-
tion of GFP" hair cells that are BrdU) in the presence of these
mitotic inhibitors after neomycin treatment.

In fulvestrant-treated groups, most of the GFP" hair cells that
regenerated after 24 h are also BrdU", similar to control groups
(Fig. 8C, compare white bars to striped bars in neo groups). There
is a slight decrease in support cell proliferation, seen as fewer
GFP) /BrdU" cells (t test; p ( 0.01). Thus, the mild decrease or

delay in hair cell regeneration in larvae treated with fulvestrant
may be attributed to a moderate decrease in support cell division.
The effects of fulvestrant on hair cell numbers may not occur
until beyond the 24 h time-point.

To assess whether the inhibitors are overtly toxic to non-
dividing support cells within the neuromast, total cell counts
were performed for each neuromast. Fish were exposed to inhib-
itor drugs for 48 h without prior neomycin treatment and subse-
quently labeled using the SYTOX Green nucleic acid stain.
Examination with high-magnification confocal microscopy re-
vealed no obvious DNA condensation or fragmentation within
cells of the neuromast in any treatment or control group, nor was
there any evidence of large gaps of missing cells. In particular,
groups that were treated with inhibitor drugs in the absence of
initial neomycin exposure did not exhibit significantly fewer cells
than their mock-treated vehicle controls (data not shown). This

Figure 5. Dexamethasone and prednisolone suppress fin regeneration in zebrafish. Caudal fins of 2 dpf zebrafish larvae were
amputated and then exposed to glucocorticoids or left untreated in EM (or EM " DMSO) for 72 h. A, Brightfield image displaying
the caudal fin of a fish immediately after amputation. B–D, Brightfield images of caudal fin 72 h post-amputation when exposed
to DMSO only, 5 "M beclomethasone or 5 "M dexamethasone in DMSO. E, All four glucocorticoids, each tested at a 5 "M

concentration, significantly inhibit fin regeneration compared with vehicle controls (t test; Becl: **p ( 0.0001; Clob: **p (
0.0001; Dex: **p ( 0.0001; Pred: *p % 0.0014). Five fins were examined per condition. Error bars indicate 1 & SD.
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suggests that topotecan, flubendazole, and fulvestrant do not
cause death of non-dividing support cells either alone at the con-
centrations used or during the 48 h after neomycin treatment.

Recovery from inhibition
While flubendazole and topotecan appear to prevent hair cell
regeneration by affecting the mitotically active precursor cells
destined to repopulate the neuromast with hair cells, it is not
clear whether these drugs are halting cells in the cell cycle or
actually killing precursors. To determine whether precursors can
recover from inhibitor treatment, we exposed fish to inhibitor
drugs for 24 h following neomycin treatment. We then rinsed the
fish thoroughly and allowed recovery for up to an additional 72 h.
Hair cell counts were performed at 1, 24, 48, 72, and 96 h after
onset of neomycin treatment (Fig. 9). Control larvae exhibit ro-
bust regeneration of hair cells with numbers that return to pre-
treatment levels between 72 and 96 h post-treatment. Incubation
with flubendazole for 24 h initially blocks hair cell production,
but robust regeneration resumes after inhibitor washout at a rate
similar to control fish, though delayed (Fig. 9A). By contrast,
topotecan has lasting effects on regeneration (Fig. 9B). As ex-
pected, no new hair cells were produced in fish treated with to-
potecan at 24 h after neomycin treatment. However, after
topotecan was removed, hair cell regeneration was greatly atten-
uated, even 72 h after washout of the inhibitor (Fig. 9B, compare
black and white triangles). Interestingly, treatment with topote-

can alone for 24 h resulted in delayed loss
of hair cells (Fig. 9B, white squares), sug-
gesting that topotecan may kill maturing
hair cells. It has yet to be determined
whether topotecan kills dividing cells,
newly formed hair cells, or both.

Flubendazole arrests dividing cells
in M-phase
Previous literature suggests that flubenda-
zole may inhibit microtubule assembly
and function, resulting in cell cycle arrest
(Cumino et al., 2009; Spagnuolo et al.,
2010). To test this idea, fish from control
and neomycin-treated groups were ex-
posed to flubendazole for 24 h and then
immunolabeled with phospho-histone
H3 antibody (hereafter anti-PH3), a
marker of cells in mitosis. While cells la-
beled with anti-PH3 were rare in control
groups, we found a notable increase in the
number of cells in M-phase with
flubendazole (t test; p ( 0.0001; Fig. 10A).
Fish exposed to flubendazole in the ab-
sence of neomycin-induced hair cell death
also exhibited significantly more cells la-
beled with anti-PH3 (t test; p ( 0.0001),
presumably halting those cells dividing in
the process of normal neuromast growth.
It should be noted that this effect of
flubendazole was not limited to the neu-
romasts, as there were more anti-PH3-
labeled cells along the entire fish body
after flubendazole treatment.

If flubendazole blocks hair cell regen-
eration primarily through cell cycle arrest,
we hypothesized that it would only effec-

tively block regeneration if larvae were treated during the peak of
proliferation. Characterization of proliferative events during ze-
brafish hair cell regeneration has revealed a transient increase in
support cells entering S-phase, peaking between 12 and 21 h after
neomycin-induced hair cell death, and a peak in M-phase cells
occurring !3– 6 h later (Harris et al., 2003; Ma et al., 2008). We
therefore exposed groups of neomycin-treated fish with
flubendazole or DMSO vehicle alone for either 0 –14, 14 –28, or
28 – 42 h after neomycin treatment. All larvae were collected 48 h
after the exposure to neomycin and immunolabeled for hair cells.
As shown in Figure 10B, hair cell numbers were reduced only in
fish treated with flubendazole between 14 and 28 h after neomy-
cin treatment (t test; p ( 0.0001), further supporting the idea that
flubendazole delays hair cell regeneration by arresting cells in
M-phase.

Discussion
We used the inherent regenerative capacity of zebrafish lateral
line hair cells to develop an efficient assay to screen through drug
libraries for novel modulators of hair cell regeneration. While
others have surveyed selected compounds that have potential
to influence proliferation in mammalian vestibular epithelia
(Montcouquiol and Corwin, 2001), this study represents the first
broad chemical screen directed toward identifying compounds
that alter hair cell regeneration. Two drug libraries composed of
1680 compounds yielded two enhancers and six inhibitors of

Figure 6. Dose–response functions for six confirmed regeneration inhibitors. Fish were acutely exposed to 400 "M neomycin
(Neo) in embryo media for 1 h (or mock-treated; No Neo), and then incubated in 0, 0.1, 1, 5, 10, 50, and 100 "M of the noted
inhibitor drug in EM for 48 h during the regeneration period. Hair cell regeneration was assessed using the DASPEI scoring system.
For each fish (n % 10 –12 fish/group), 10 neuromasts were scored, and total DASPEI score was recorded. Means & 1 SD are shown.
All six inhibitor drugs show significant suppression of hair cell regeneration over samples that received no neomycin treatment
( p ( 0.01). For both artesunate and fenoprofen, significant drug toxicity was noted in the mock-treated controls at high
concentrations.

Namdaran et al. •Modulators of Hair Cell Regeneration J. Neurosci., March 7, 2012 • 32(10):3516 –3528 • 3523



regeneration, a 0.48% modulator compound “hit rate.” Addi-
tionally, we identified 34 chemicals that were ototoxic over a 48 h
incubation period (Table 1). Drugs were tested at concentrations
between 1 and 35 "M. Our experience has shown that there is little
toxicity at these concentrations (Ou et al., 2009). We anticipate
that there are false-negatives among the drugs tested, that we
overlooked compounds that would have altered hair cell regen-
eration at higher concentrations, and that compounds originally
identified as lethal or toxic to hair cells may have modulated
regeneration at lower concentrations.

We identified two compounds that enhanced regeneration.
Dexamethasone and prednisolone are both synthetic glucocorti-
coids that regulate several physiological processes, including the
immune response. Both drugs are thought to act primarily as
anti-inflammatory agents, inhibiting macrophage activation and
cytokine production (Isobe and Lillehoj, 1992; Hübner et al.,
1996; Rhen and Cidlowski, 2005; Schaaf et al., 2009). Alteration
of immune response might underlie their effects on hair cell re-

generation. During tissue damage, leukocytes are recruited to
sites of injury and play an important part in tissue repair. In birds,
the resident population of leukocytes in the inner ear sensory
epithelia increases after trauma, before the proliferation of hair
cell progenitors (Warchol, 1997, 1999; Bhave et al., 1998; War-

Figure 7. Hair cell regeneration is differentially suppressed during 72 h inhibitor exposure.
Fish were treated with 400 "M neomycin for 1 h (triangles) or mock-treated (squares), and
allowed to recover in each inhibitor for 72 h (open symbols, dotted lines) or in vehicle (filled
symbols, solid lines). GFP" hair cell counts were performed at 1, 24, 48, and 72 h following
treatment. A, Fish treated with neomycin and subsequently with 5 "M flubendazole (open
triangles) displayed essentially no hair cell regeneration, while controls (filled triangles)
showed complete recovery by 72 h. Flubendazole alone (open squares) produce a small (and
significant, p ( 0.001) decrease in total hair cell number at 72 h (filled squares). B, Hair cell
regeneration in fish treated with neomycin and then exposed to 10 "M topotecan (open trian-
gles) is also virtually totally suppressed relative to controls (filled triangles). In addition, treat-
ment with topotecan in control fish causes toxicity at 48 h and beyond (open squares vs filled
squares). C, 5 "M fulvestrant (open triangles) modestly reduced the number of regenerated hair
cells versus controls (filled triangles) following neomycin pretreatment ( p ( 0.01 at 48 and
72 h after neomycin treatment). Fish treated with fulvestrant alone (open squares) did not show
any significant hair cell loss relative to mock-treated controls (filled squares). For each group,
seven neuromasts were examined (n % 10 fish). Error bars indicate &1 SD.

Figure 8. Inhibitor compounds prevent support cell division. Fish were treated with 400 "M

neomycin (or mock-treated) for 1 h, and then exposed to 5 "M BrdU plus inhibitor (5 "M

flubendazole,10 "M topotecan, or 5 "M fulvestrant) for 24 h. At 24 h after neomycin treatment,
animals were fixed and immunolabeled for hair cells and BrdU. A, Fish mock-treated (No Neo)
and then incubated in DMSO have virtually no GFP"/BrdU" hair cells, as is observed in fish
mock-treated and exposed to flubendazole. The number of GFP) /BrdU" cells is greatly di-
minished between these groups suggesting that flubendazole is suppressing cell division in the
absence of hair cell death. In fish treated with neomycin (Neo) and DMSO, significant regener-
ation is observed after 24 h (open bar), most of which are co-labeled with BrdU (striped bar).
GFP) /BrdU" cell counts are substantially elevated (black bar), due to the fact that support cell
division is occurring at a rapid pace to replace lost hair cells. In fish treated with neomycin and
subsequently with flubendazole (Flu), significantly fewer hair cells are produced, and of those
hair cells visible, almost none are labeled with BrdU. The number of BrdU-labeled support cells
is dramatically reduced as well. B, An almost identical pattern of GFP and BrdU labeling is
observed in samples treated with topotecan (Top) as seen above. GFP) /BrdU" labeling is
dramatically reduced in fish treated with topotecan, regardless of neomycin treatment, indi-
cating that the drug is suppressing all cell divisions. After neomycin treatment and subsequent
incubation in topotecan for 24 h, there are significantly fewer hair cells regenerated, and of
those few hair cells, none are co-labeled with BrdU. In mock-treated fish (No Neo), there is a
noticeable decrease in the number of hair cells in fish exposed to topotecan, consistent with the
idea that topotecan also kills mature hair cells. C, Mock-treated fish (No Neo) that were incu-
bated in 5 "M fulvestrant (Fulv) display an essentially identical pattern of GFP and BrdU labeling
to mock-treated fish incubated in DMSO. There is no significant GFP" hair cell or GFP) /
BrdU" support cell loss between these groups. In fish treated with neomycin and later incu-
bated in fulvestrant, GFP" hair cell and GFP"/BrdU" hair cell counts are similar to controls.
However, GFP) /BrdU" cell counts in fulvestrant-treated groups were slightly diminished
( p ( 0.01) compared with DMSO controls. For each fish, seven neuromasts were examined
(n % 10 fish/group). Error bars indicate &1 SD.
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chol et al., 2001; Oesterle et al., 2003; O’Halloran and Oesterle,
2004). Secretion of TGF-! and TNF-! by macrophages has been
implicated in promoting the proliferation of avian utricular sup-
porting cells after damage (Warchol et al., 2001). In contrast to
our findings, the use of glucocorticoids was shown to reduce regen-
erative proliferation after hair cell lesions in birds (Warchol, 1999).
In zebrafish, fin regeneration is severely inhibited by GR activation
and expression of GR target genes (Mathew et al., 2007).

Our data suggest that dexamethasone and prednisolone may
enhance hair cell regeneration in zebrafish by mechanisms other
than immunosuppression. We observed that glucocorticoids
promote an increase in hair cell numbers in the absence of neo-
mycin exposure, demonstrating that they also affect hair cell ad-
dition independent of damage. Furthermore, other classes of
anti-inflammatory compounds in our drug libraries, including
nonsteroidal anti-inflammatory drugs, had no effect on hair cell
regeneration. Dexamethasone and prednisolone may instead be
acting on hair cell precursors directly. Since we see only a modest
increase in hair cell numbers, it is possible that they act on a
subset of precursors that are “primed” to divide. Alternatively,
glucocorticoids may interfere with cessation of the regeneration
process. While it is possible that glucocorticoids may act on im-
mune cells to maintain hair cell numbers as a normal part of
regeneration, this has not been observed in time-lapse imaging of
hair cell regeneration after neomycin exposure (López-Schier
and Hudspeth, 2006; Wibowo et al., 2011). Nevertheless, our data
do not directly address the issue of immunosuppression. Whether
the effects of dexamethasone and prednisolone on hair cells are due
to GR activation is also unknown. Further studies will be needed to
carefully explore these possibilities.

We find it surprising that so few enhancers of regeneration
were identified in our screen. To date, the #-secretase inhibitor

DAPT has been the only drug in zebrafish that is capable of pro-
ducing excessively large increases in regenerated hair cells. DAPT
works by interfering with Notch signaling, a pathway found to be
important in regulating the number of hair cells regenerated in
both fish and birds (Lanford et al., 1999; Stone and Rubel, 1999;
Ma et al., 2008; Brigande and Heller, 2009; Daudet et al., 2009).
The relative paucity of regeneration enhancers may reflect the
composition of the libraries screened; interrogating a more di-
verse set of small molecules might reveal new compounds capable
of promoting regeneration.

The inhibitors of hair cell regeneration identified from the
primary and secondary screens are diverse in structure and func-
tion. We further characterized the inhibitors flubendazole, topo-
tecan and fulvestrant. Flubendazole and topotecan produced the
strongest inhibitory profile. Fulvestrant was selected as an exam-
ple of one of the moderate inhibitors because of the drug’s pre-
viously established pharmacological profile (Osborne et al.,
2004).

Flubendazole is a benzimidazole antihelmintic that acts by
binding to the colchicine-sensitive site of tubulin, thus inhibiting
its polymerization or assembly into microtubules (Cumino et al.,
2009; Spagnuolo et al., 2010). Flubendazole treatment of ze-
brafish larvae appears to arrest cells in M-phase, as indicated by
increased staining with the phospho-histone H3 antibody. When
flubendazole is removed, hair cell regeneration resumes, suggest-
ing that its effects on microtubules are reversible. Since flubenda-

Figure 9. Flubendazole and topotecan arrest, but do not eliminate, hair cell regeneration.
Fish were treated with neomycin, exposed to flubendazole or topotecan for 24 h (or mock-
treated with DMSO; cross-hatched area on abscissa), and then placed in fresh embryo media for
an additional 72 h. A, Hair cell numbers in fish treated with flubendazole remain low while
flubendazole is present (through 24 h). When flubendazole was removed, hair cell regeneration
resumes, and by 96 h, hair cell numbers in flubendazole-treated and DMSO-treated controls are
not significantly different. B, Similar suppression of hair cell regeneration is seen in fish treated
with topotecan for 24 h. However, when the inhibitor drug was removed, hair cell regeneration
was greatly attenuated. Hair cells were counted in seven neuromasts per fish (n % 10 fish per
group). Error bars indicate &1 SD.

Figure 10. Flubendazole induces increased number of cells in M-phase. A, Five dpf fish were
either treated with 400 "M neomycin (Neo) or mock-treated in embryo medium for 1 h, and
then exposed to flubendazole (Flu) or vehicle (DMSO) for 48 h. Fish were immunostained with
an antibody to phospho-histone H3 to assess the number of cells in M-phase at the time of
death. Increased numbers of PH3" cells are present in flubendazole-treated fish, regardless of
whether native hair cells were killed by neomycin or not ( p ( 0.001) and more labeled cells
were seen in neuromasts after neomycin treatment (Neo) than controls after flubendazole
exposure. B, Flubendazole reduces hair cell regeneration primarily between 14 and 28 h post-
damage. Fish were treated with 400 "M neomycin for 1 h, and then treated with DMSO vehicle
or 5 "M flubendazole for one of three time periods (0 –14 h, 14 –28 h, or 28 – 44 h after
neomycin). Larvae were then held in EM only for the remainder of time before fixation at 48 h
and immunostained for GFP" hair cells. There is a marked decrease in the number of hair cells
when proliferating cells are suspended in M-phase specifically during the 14 –28 h incubation
period after neomycin treatment, but not during other periods. For each fish, seven neuromasts
were examined (n % 10 fish/group). Error bars indicate &1 SD.
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zole reversibly arrests cell division, it appears that the signals
controlling the hair cell regeneration process are maintained and
promote full recovery after the delay. Flubendazole is very similar
in structure to fenbendazole and albendazole, two drugs identi-
fied as ototoxic in our screen of the NINDS Custom Collection II
library. It is interesting that subtle changes in structure or side-
groups produce markedly different effects.

The other strong inhibitor, topotecan, blocks regeneration
almost completely, and repopulation of the neuromasts remains
severely depressed for the entire period studied. Topotecan is a
topoisomerase I inhibitor and is most commonly used as a che-
motherapeutic agent. This drug is thought to act on tumor cells
by stabilizing the covalent complex of topoisomerase I enzyme
and strand-cleaved DNA, eventually inducing cell death (Koll-
mannsberger et al., 1999; Staker et al., 2002; Koster et al., 2007;
Lorusso et al., 2010). This suggests that topotecan may act by
killing the dividing support cells responsible for repopulating
hair cells. Several authors have suggested that while a subset of
support cells divide to give rise to new hair cells, another subset
divide to replenish the depleted hair cell precursors (Jones and
Corwin, 1996; López-Schier and Hudspeth, 2006; Ma et al.,
2008). The delay in hair cell regeneration after topotecan is re-
moved may reflect the time needed to restore the hair cell precur-
sor population eliminated by topotecan treatment. It is also
possible that topotecan does not wash out of cells readily, result-
ing in the observed delay.

Both flubendazole and topotecan suppress regeneration by
inhibiting support cell division. This observation is in agreement
with other studies suggesting that hair cell regeneration in the
zebrafish lateral line is accomplished solely through mitotic re-
placement of lost hair cells (Harris et al., 2003; López-Schier and
Hudspeth, 2006; Ma et al., 2008; Wibowo et al., 2011). This is in
sharp contrast to regeneration in the inner ear of birds and am-
phibians, where substantial transdifferentiation normally occurs
and is accentuated by blocking the mitotic response (Adler and
Raphael, 1996; Baird et al., 1996; Roberson et al., 1996; Baird et
al., 2000; Roberson et al., 2004; Taylor and Forge, 2005).

We observe 1–3 GFP"/BrdU) hair cells within neuromasts
of fish treated with flubendazole after neomycin treatment. These
hair cells are likely to have been immature hair cells not suscep-
tible to neomycin-induced death at the time of treatment (Santos
et al., 2006). Nevertheless, we currently lack markers to distin-
guish between support cells and immature post-mitotic hair cells,
thus we cannot rule out the possibility that some direct transdif-
ferentiation occurs in zebrafish after neomycin treatment.

The more moderate inhibitor of regeneration, fulvestrant, is
an estrogen receptor (ER) antagonist. Fulvestrant is thought to
act by downregulating and degrading estrogen and progesterone
receptors (Wakeling et al., 1991; Howell et al., 2000; Osborne et
al., 2004). Support cell divisions in the neuromast are reduced in
the presence of fulvestrant, suggesting that the drug may be af-
fecting the signaling pathways involved in cellular proliferation.
It is unknown whether fulvestrant acts on ER signaling in hair
cells and if so, which ERs are affected. Estrogen signaling has been
implicated in proliferative signaling during avian hair cell regen-
eration (McCullar and Oesterle, 2009) and a microarray study
detected significant upregulation of estrogen receptors after ei-
ther aminoglycoside antibiotic or laser damage of chicken audi-
tory and vestibular epithelia (Hawkins et al., 2007). The esr2a and
esr2b estrogen receptor transcripts are abundant in both hair cells
and support cells within zebrafish lateral line neuromasts during
development (Tingaud-Sequeira et al., 2004); blocking esr2a ex-
pression prevents hair cell development without affecting sup-

port cells (Froehlicher et al., 2009). Hence, fulvestrant may be
suppressing hair cell regeneration by interfering with ER
signaling.

The predominant cause of hearing loss in humans is the death
of the mechanosensory hair cells of the inner ear. In 1987, it was
discovered that birds regenerate damaged and lost inner ear hair
cells (Cotanche, 1987; Cruz et al., 1987). Since that time, consid-
erable progress has been made (Collado et al., 2008; Löwenheim
et al., 2008; Brigande and Heller, 2009; Groves, 2010), but robust
regeneration is yet to be achieved in the inner ear of mature
mammals. Our results demonstrate that the zebrafish lateral line
system provides a platform for high throughput screening to
identify new modulators of hair cell regeneration. Extension of
the methods described here to new compound libraries may pro-
vide additional tools to dissect regeneration in systems that can
normally undergo this process and perhaps promote regenera-
tion in those that do not.

References
Adler HJ, Raphael Y (1996) New hair cells arise from supporting cell con-

version in the acoustically damaged chick inner ear. Neurosci Lett
205:17–20.

Baird RA, Steyger PS, Schuff NR (1996) Mitotic and nonmitotic hair cell
regeneration in the bullfrog vestibular otolith organs. Ann N Y Acad Sci
781:59 –70.

Baird RA, Burton MD, Lysakowski A, Fashena DS, Naeger RA (2000) Hair
cell recovery in mitotically blocked cultures of the bullfrog saccule. Proc
Natl Acad Sci U S A 97:11722–11729.

Bhave SA, Oesterle EC, Coltrera MD (1998) Macrophage and microglia-like
cells in the avian inner ear. J Comp Neurol 398:241–256.

Breuskin I, Bodson M, Thelen N, Thiry M, Nguyen L, Belachew S, Lefebvre
PP, Malgrange B (2008) Strategies to regenerate hair cells: identification
of progenitors and critical genes. Hear Res 236:1–10.

Brigande JV, Heller S (2009) Quo vadis, hair cell regeneration? Nat Neurosci
12:679 – 685.

Brignull HR, Raible DW, Stone JS (2009) Feathers and fins: non-
mammalian models for hair cell regeneration. Brain Res 1277:12–23.

Cafaro J, Lee GS, Stone JS (2007) Atoh1 expression defines activated pro-
genitors and differentiating hair cells during avian hair cell regeneration.
Dev Dyn 236:156 –170.

Chen P, Segil N (1999) p27(Kip1) links cell proliferation to morphogenesis
in the developing organ of Corti. Development 126:1581–1590.

Coffin AB, Reinhart KE, Owens KN, Raible DW, Rubel EW (2009) Extra-
cellular divalent cations modulate aminoglycoside-induced hair cell
death in the zebrafish lateral line. Hear Res 253:42–51.

Coffin AB, Ou H, Owens KN, Santos F, Simon JA, Rubel EW, Raible DW
(2010) Chemical screening for hair cell loss and protection in the ze-
brafish lateral line. Zebrafish 7:3–11.

Collado MS, Burns JC, Hu Z, Corwin JT (2008) Recent advances in hair cell
regeneration research. Curr Opin Otolaryngol Head Neck Surg
16:465– 471.

Corwin JT, Cotanche DA (1988) Regeneration of sensory hair cells after
acoustic trauma. Science 240:1772–1774.

Cotanche DA (1987) Regeneration of hair cell stereociliary bundles in the
chick cochlea following severe acoustic trauma. Hear Res 30:181–195.

Cruz RM, Lambert PR, Rubel EW (1987) Light microscopic evidence of hair
cell regeneration after gentamicin toxicity in chick cochlea. Arch Otolar-
yngol Head Neck Surg 113:1058 –1062.

Cumino AC, Elissondo MC, Denegri GM (2009) Flubendazole interferes
with a wide spectrum of cell homeostatic mechanisms in Echinococcus
granulosus protoscoleces. Parasitol Int 58:270 –277.

Daudet N, Gibson R, Shang J, Bernard A, Lewis J, Stone J (2009) Notch
regulation of progenitor cell behavior in quiescent and regenerating au-
ditory epithelium of mature birds. Dev Biol 326:86 –100.

Edge AS, Chen ZY (2008) Hair cell regeneration. Curr Opin Neurobiol
18:377–382.

Fleming A, Sato M, Goldsmith P (2005) High-throughput in vivo screening
for bone anabolic compounds with zebrafish. J Biomol Screen
10:823– 831.

Froehlicher M, Liedtke A, Groh K, López-Schier H, Neuhauss SC, Segner H,
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ABSTRACT
Topographic maps are salient features of neuronal orga-

nization in sensory systems. Inhibitory components of

neuronal circuitry are often embedded within this orga-

nization, making them difficult to isolate experimentally.

The auditory system provides opportunities to study the

topographic organization of inhibitory long-range projec-

tion nuclei, such as the superior olivary nucleus (SON).

We analyzed the topographic organization of response

features of neurons in the SON of chickens. Quantita-

tive methods were developed to assess and communi-

cate this organization. These analyses led to three main

conclusions: 1) sound frequency is linearly arranged

from dorsal (low frequencies) to ventral (high frequen-

cies) in SON; 2) this tonotopic organization is less pre-

cise than the organization of the excitatory nuclei in

the chicken auditory brainstem; and 3) neurons with

different response patterns to pure tone stimuli are

interspersed throughout the SON and show similar

tonotopic organizations. This work provides a predictive

model to determine the optimal stimulus frequency for

a neuron from its spatial location in the SON. J. Comp.

Neurol. 520:1493–1508, 2012.

VC 2011 Wiley Periodicals, Inc.

INDEXING TERMS: auditory; inhibitory; superior olivary nucleus; three-dimensional tonotopic organization

Topographic organization is a robust and salient fea-

ture of sensory and motor areas in the vertebrate brain.

Anatomic and physiologic topography is thought to pro-

vide a neuronal substrate critical for processing sensory

information. For example, location of a visual stimulus is

encoded at the retina and then represented in ‘‘retinotopi-

cally’’ organized structures throughout the visual path-

ways. Similarly, in the auditory system, sound frequency

encoded along the sensory epithelium gives rise to ‘‘tono-

topic’’ maps throughout the central auditory pathways.

Descriptions of maps provide information to understand

how an external stimulus is represented and processed in

the nervous system. Moreover, quantitative maps provide

predictive tools to determine the optimal stimulus for a

particular neuron based on its location in the tissue.

Using this information investigators can 1) relate anatom-

ical, biophysical, and pharmacological characteristics of a

neuron to sensory processing based on stimulus selectiv-

ity (Smith and Rubel, 1979; Kuba et al., 2005); and 2)

compare the precision of processing across sensory

areas or across species.

Inhibitory components of many neuronal circuits com-

prise interneurons residing alongside principal neurons

(Huang et al., 2007). Thus, independent evaluation of the

organizing features of these circuit components is diffi-

cult. However, in the auditory brainstem, inhibitory neu-

rons often reside in nuclei that project to one or more tar-

gets, thus providing opportunities to study sensory

mapping in inhibitory long-range projection nuclei (Tsu-

chitani and Boudreau, 1966; Sanes and Friauf, 2000; Kim

and Kandler, 2003). In the current study we use a
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quantitative strategy to describe the 3D tonotopic organi-

zation of the superior olivary nucleus (SON) in chicken.

The avian SON comprises inhibitory neurons that provide

long-range c-aminobutyric acid (GABA)ergic and possibly

glycinergic inhibition to other auditory nuclei in the brain-

stem (Yang et al., 1999; Kuo et al., 2009; Coleman et al.,

2011). Inhibition from the SON expands the dynamic

range and sharpens temporal coding of auditory neurons

to enable sound localization (Burger et al., 2005; Nishino

and Ohmori, 2009; Fukui et al., 2010).

The goal of the current study is to analyze the topo-

graphic organization of 1) sound frequency and 2) physio-

logically identified cell types. Specifically, is the tonotopic

organization of the brainstem auditory pathway preserved

in the SON? Past studies in the owl (Moiseff and Konishi,

1983) and chicken (Lachica et al., 1994; Tabor et al.,

2011) have suggested that stimulus frequency may be

systematically represented in the SON. Furthermore, the

SON contains a heterogeneous mixture of response pat-

terns to tone stimulation (Moiseff and Konishi, 1983;

Tabor et al., 2011; Coleman et al., 2011). However, a

detailed topographic map of these response features

remains to be determined.

In addition to the physiological heterogeneity in SON,

anatomical evidence suggests that the SON contains

functionally distinct classes of neurons. Anatomically,

multiple auditory pathways converge in the SON. One

major input arises from the binaural coincidence detect-

ing neurons in the nucleus laminaris (NL), whereas

another arises from the ipsilateral nucleus angularis (NA)

(Moiseff and Konishi, 1981, 1983; Takahashi et al.,

1984). Also, distinct populations of SON neurons give rise

to two projections, one to ipsilateral targets and the other

to the contralateral SON and higher order centers (Conlee

and Parks, 1986; Westerberg and Schwartz, 1995; Burger

et al., 2005). Whether the physiologically distinct cell

types correspond to the apparent functional classes of

SON neurons revealed by anatomical projections remains

unknown. Because SON neurons provide the majority of

inhibition to all auditory nuclei in the dorsal brainstem

(Lachica et al., 1994; Yang et al., 1999; Burger et al.,

2005), it is important to understand how auditory infor-

mation is processed in the SON.

By using in vivo single- and multiple-unit recordings we

classified the characteristic frequency (CF), frequency

selectivity, threshold, and response patterns of SON

neurons. 3D reconstructions and quantitative analyses

determined that CF is linearly mapped in the SON. This

tonotopic organization is less precise than that of other

auditory nuclei in the avian brainstem (Rubel and Parks,

1975). In addition, we found that SON neurons with onset

and sustained response patterns are interspersed

throughout the entire structure of the SON, and that both

types show similar tonotopic organizations. These results

suggest that both phasic and tonic SON responses are

generated for all sound frequencies processed in the

chicken auditory system. The quantitative 3D tonotopic

map of the SON provides a powerful tool for future stud-

ies of neuronal circuitry in this system. These analytical

methods will be broadly applicable to other sensory and

motor system circuitry.

MATERIALS AND METHODS

Experiments were conducted on white leghorn chicken

hatchlings (Gallus gallus domesticus) 7–15 days old. All

procedures were carried out in accordance with the

National Institutes of Health Guide for the Care and Use

of Laboratory Animals and approved by the Lehigh Univer-

sity Institutional Animal Care and Use Committee. All

efforts were made to minimize pain and discomfort of the

animals used and to minimize the animal number.

Detailed experimental methods were reported previously

(Coleman et al., 2011).

Surgery
Chickens (54–157 g) were anesthetized with an intra-

muscular injection of ketamine (80 mg/kg; Ketaset, Fort

Dodge Animal Health, Fort Dodge, IA), an intraperitoneal

injection of pentobarbital (80 mg/kg; Sigma-Aldrich, St.

Louis, MO), and an intramuscular injection of urethane (4,

0.625 g/kg doses separated by 20–30 minutes; Sigma-

Aldrich). Additional urethane (0.625 g/kg) was injected in

some cases to maintain the level of anesthesia. The bird’s

body temperature was maintained at 40!C throughout all

procedures by using a heating pad. A tracheotomy was

performed to facilitate breathing during the experiment.

The head was fixed to a stereotaxic stage and a brass rod

was fastened to the top of the cranium with dental

cement. After the cement cured, the animal was trans-

ferred to a customized stereotaxic apparatus inside a

sound attenuation booth. The skin covering the skull was

removed, and the skull was opened to expose the cere-

bellum. A slit was made in the dura mater for electrode

penetration. Care was taken not to injure the large ve-

nous sinus.

Sound presentation and data acquisition
Freely available software (Spike; Brandon Warren, Uni-

versity of Washington) controlled acoustic stimuli genera-

tion and data acquisition. Sound stimuli were output

through an HB7 Headphone Driver (Tucker-Davis Technol-

ogies, Alachua, FL) to an Eartone 3A Insert earphone

coupled to the ipsilateral ear with a tube insulated with

acoustic foam (Etymotic Research, Elk Grove Village, IL).

The sound pressure level (SPL) was calibrated using a 1=4’’

Tabor et al.
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free-field microphone (model 2520; Larson-Davis, Provo,

UT) and microphone preamp (model 221; Larson-Davis).

The maximum sound intensity was 90 dB SPL, and the

sound frequency range was 50–6,000 Hz. Tone duration

was 20 or 40 ms with a 5-ms rise and fall time for a

triangle-shaped envelope.

In vivo recording
Tungsten recording electrodes (5–8 MX; no. 575300, A-

M Systems, Sequim WA) were inserted 2.1–2.3 mm lat-

eral and 0.0–0.5 mm rostral to the venous sinus. SON

neuronal units were located by presenting a white-noise

stimulus (65–70 dB SPL, 50-ms duration, 3 pulses/s) to

the ipsilateral ear while advancing the electrode using a

remotely driven actuator (MC1000e-1 Controller; Sis-

kiyou Design Instruments, Grants Pass, OR). Neuronal

action potentials were bandpass-filtered between 300 Hz

and 3 kHz (model 3362 filter; Krohn-Hite, Brockton, MA)

and amplified with a Neuroprobe Amplifier Model 1600

(A-M Systems, Carlsborg, WA). Both analog voltage traces

and action potential event times were simultaneously

recorded. Analog traces were collected with 12-bit reso-

lution at 50-kHz sampling frequency. Action potential

event times were recorded by using a voltage window dis-

criminator (model 121; World Precision Instruments, Sar-

asota, FL). Both signals were processed by an RX6 Multi-

function Processor (Tucker-Davis Technologies).

After isolation of a neuronal unit or cluster from back-

ground noise, the frequency tuning of the neuronal

response was coarsely mapped to determine whether the

unit responded to low-, middle-, or high-frequency acoustic

stimuli. A high-resolution frequency response function was

derived by presenting a series of low (0.05–2 kHz), middle

(1–4 kHz), or high (2–5 or 6 kHz) tone stimuli (12 logarith-

mic steps, 20- or 40-ms duration, 10 pulses/s) at levels

ranging from 0 to 90 dB SPL (10-dB steps). If responses

from a neuronal unit spanned two frequency ranges, both

stimulus sets were presented. Each stimulus was

presented 20 times in a pseudo-randomized sequence.

After recordings, small electrolytic lesions (" 100 lm in

diameter, 15 lA, 20 seconds to 1 minute) were made to

mark the position of the electrode penetrations (see

Fig. 4B) and to facilitate 3D reconstruction of SON.

Analysis of electrophysiological data
Single- and multiple-unit activity were sorted by using a

freely available PostHawk program (David Schneider,

Woolley Lab, Columbia University, New York, NY) written

in MatLab (Mathworks, Natick, MA). Spike counts were

obtained from a time window equal to the duration of the

stimulus and adjusted to the minimum first latency of the

response. For multiple-unit recordings, neuronal events

were counted when the voltage trace exceeded two-thirds

the peak voltage of the recording. We used event counts

to calculate the rates of multiple-unit activity. Response

threshold was defined as the intensity at which the spike

rate (or rate of multiple-unit activity) during the stimulus

time exceeded the average spontaneous rate by two SDs.

Characteristic frequency (CF) was defined as the fre-

quency with the lowest response threshold. Response pat-

terns of neurons were classified from post-stimulus time

histograms to tones of CF presented 20 dB above

response threshold (Fig. 1). Frequency tuning curves were

assessed by analyzing Q10, defined as the CF divided by

the response bandwidth 10 dB above threshold.

Nissl staining
Following electrophysiological recording, animals were

transcardially perfused with phosphate-buffered saline

(PBS; 0.1 M, 7.2–7.4 pH) followed by chilled 4% parafor-

maldehyde in PBS. The brains were removed from the

skull and postfixed overnight in the paraformaldehyde so-

lution. Each brain was cut coronally at 40 lm on a freez-

ing stage of a sledge microtome, and each section was

collected in PBS. Sections were maintained in order and

stained for Nissl with thionin.

Imaging and 3D reconstruction
Brightfield images were captured by using a Zeiss Axio-

plan 2ie microscope (Carl Zeiss Microimaging, Thorn-

wood, NY) equipped with a 4# (NA 0.09) objective and a

CoolSnap HQ monochrome digital camera (Princeton

Instruments, Trenton, NJ) and collected in Slidebook (ver-

sion 4.0.2.8; Intelligent Imaging Innovations, Denver, CO).

Selected images were further processed in Adobe Photo-

shop (Adobe Systems, Mountain View, CA) to enhance

contrast and alter brightness for inclusion in figure illus-

trations. Images of all brainstem sections containing the

right SON were aligned to form a z-stack using freely

available stackreg plugin (Thevenaz et al., 1998) for

ImageJ software (W.S. Rasband; NIH, Bethesda, MD).

SONs were reconstructed in 3D from the aligned image

stack by using Amira software (Visage Imaging, Berlin,

Germany).

For each case, coordinates of electrolytic lesions and

electrode tracks in the aligned image stack were com-

pared with stereotaxic coordinates taken at the brain sur-

face for each electrode penetration in order to map re-

cording sites in the reconstructed SON (see Fig. 4).

Multilinear regression analysis (MRA) with linear and log

equations was used to examine the tonotopic organiza-

tion of each case (Table 1).

For each SON reconstruction, we determined the ratio

of lengths of the medial-lateral to dorsal-ventral to ante-

rior-posterior axes (mean 6 SD, 0.70 6 0.07 to 0.59 6
0.05 to 1). Also, we determined the orientation of the

Organization of SON in chicken brainstem
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major axis of each SON reconstruction. For all cases, the

anterior ends of the major axes pointed 17 6 10! medial

and 9 6 6! ventral to the anterior-posterior axis.

We created a standardized SON containing all recording

sites of 19 reconstructed SONs by using three steps. First,

we translated the reconstructed SONs to overlay their

centroids. Second, we rotated the reconstructed SONs to

align their major axes to the mean orientation of the popu-

lation (see above). Third, we normalized the lengths of the

medial-lateral, dorsal-ventral, and anterior-posterior axes

of all reconstructed SONs. All analyses of the combined

dataset containing all recording sites used these normal-

ized anatomical coordinates ranging from 0 to 1 along

each axis. However, to visualize the standardized SON and

its topographic organization, the lengths of the medial-

lateral, dorsal-ventral, and anterior-posterior axes were

scaled by the mean ratio of the population (0.7 to 0.59 to

1; see above) to preserve the anatomical shape of SON.

Principle component analysis (PCA) and MRA were

used to determine the major tonotopic axis across the

standardized SON. Three key steps were used to apply

PCA to our experimental dataset. First, we organized the

combined dataset into a 4 # 659 matrix. Each of the four

rows contained one measurement type (medial-lateral

coordinate, dorsal-ventral coordinate, anterior-posterior

coordinate, CF) and each column contained data from

one recording location. Second, we subtracted the mean

and normalized the range of each measurement type, or

row of the matrix. Third, we computed the eigenvectors

and eigenvalues of the covariance matrix to determine

the principal components. The orientation of the first prin-

cipal component was visualized in three spatial dimen-

sions by using the first three values of the eigenvector

associated with the medial-lateral, dorsal-ventral, and

anteior-posterior dimensions, respectively.

MRA was performed on the combined dataset by using

linear and log equations. The data were best fit by the

multilinear regression function:

CF ¼ 0:01 þ 0:32I þ 4:09v & 0:55a (1)

where CF is the characteristic frequency in kHz, l is the

normalized medial-lateral coordinate (lateral edge is 1),

v is the normalized dorsal-ventral coordinate axis (ven-

tral edge is 1), and a is the normalized anterior-poste-

rior coordinate (anterior edge is 1).

To visualize the tonotopic dimensions (see Figs. 5, 6,

and 8), we show the orientations of the first principal

component and the multilinear regression equation with

arrows passing through the ‘‘center of mass’’ of the re-

cording sites. The center of mass of recording sites was

defined as the mean of their positions in 3D.

For isolated neuronal responses, the spatial distribu-

tions of two physiological types of neurons (sustained

and onset) were visualized and analyzed in the standar-

dized SON. The tonotopic organization of each type was

examined by using MRA (Table 1).

Figure 1. SON neurons show three classes of response patterns

to ipsilateral tones. Post-stimulus time histograms constructed

from responses to 20 presentations of CF tones at 20 dB above

response threshold. See histograms for CF of neurons and

stimulus intensity. A–D: Histograms show sustained (including

primary-like [A] and pauser-like [B] types), onset (C), and sup-

pressed (D) firing patterns. Gray bars indicate 20-ms tone presen-

tations with 5-ms rise and fall times for triangle-shaped

envelopes. Binwidth: 2 ms.

Tabor et al.
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Statistical evaluations were made by using Student’s

t-test or r2 correlation, and statistical significance was

achieved when P < 0.05. All data are presented as mean

6 SD.

RESULTS
The results are presented in three main sections. First,

we characterize several properties of SON neurons impor-

tant for auditory processing: response patterns, fre-

quency tuning and selectivity, and response threshold.

Second, the 3D spatial organization of frequency tuning is

reconstructed for each individual SON. Finally, these rep-

resentations are projected onto a 3D standardized SON

to provide a predictive tonotopic map and examine the

spatial distribution of two neuronal response patterns in

the SON.

Response patterns, frequency tuning and
selectivity, and response threshold

By using in vivo recordings, we characterized the

response properties of neurons in the SON to ipsilateral

tones. Response patterns, CFs, widths of tuning curves,

and response thresholds varied widely between SON

neurons.

Figure 1 illustrates the response patterns of isolated

single SON neurons to ipsilateral tones of CF presented

at 20 dB above response threshold. Seventy-three per-

cent of isolated neurons generated sustained responses,

either primary-like (Fig. 1A) or pauser-like patterns (Fig.

1B), 25% of isolated neurons produced onset response

patterns (Fig. 1C), and 2% suppressed activity in response

to ipsilateral tones (Fig. 1D). These activity patterns, and

the relative proportion of each response type are consist-

ent with our previous characterization of the SON in

chickens (Coleman et al., 2011). Complexity and diversity

of SON neuronal responses may derive from their multi-

ple inputs. SON responses resemble the varied response

types observed in NA neurons (Sachs et al., 1978; Carr

and Soares, 2002; Koppl and Carr, 2003). Additionally,

sustained responses in SON may also be evoked by sus-

tained NL neuron inputs, which are weakly driven by mon-

aural stimulation (Pena et al., 1996).

To examine frequency tuning of SON neurons, we con-

structed their frequency-level response maps. The pat-

terns of excitatory and suppressed response regions of

tuning curve plots differed widely between neurons. Rep-

resentative tuning profiles are shown in Figure 2. Figure

2A shows a response map of an isolated neuron with a

V-shaped excitatory region (gray lines) and suppressed

TABLE 1.

Individual Superior Olivary Nucleus (SON) Reconstructions and Standardized SON Show Tonotopic Organization1

Case

No. of

recording

sites

CF mean 6
SD (Hz)

Sampled

region of SON

Regression

function type r2 F value P value

HM-L

(degrees)

HA-P

(degrees)

100726 21 1,864 6 800 L Linear 0.51 5.8 <0.01 & 0.8 39.8
100727 55 1,612 6 975 A, P, and L Linear 0.51 17.7 <0.001 & 19.5 & 19.9
100729 24 2,328 6 869 L Linear 0.62 10.7 <0.001 & 31.5 19.1
100801 59 1,475 6 944 A, P, and M Linear 0.6 28.1 <0.001 & 42.2 7.7
100803 75 1,992 6 1,352 A, P, and M Linear 0.61 36.5 <0.001 & 28.6 5.6
100804 25 2,101 6 1,527 P Linear 0.81 30.6 <0.001 & 5.6 & 17.8
100810 12 2,542 6 1,107 P >0.05
100811 51 2,478 6 1,453 P Linear 0.85 86.7 <0.001 & 0.1 & 5.8
100812 67 1,770 6 1,228 M Linear 0.58 28.6 <0.001 & 4.6 & 5.7
100813 28 1,493 6 860 P Linear 0.83 39.4 <0.001 & 23.8 & 8.4
100816 19 1,786 6 1,008 M and L Log 0.49 48 <0.05 51 & 6.9
100817 29 1,773 6 1,333 P and L Linear 0.69 18.1 <0.001 2.3 & 49.8
100818 13 2,055 6 1,207 A Linear 0.86 18.5 <0.001 83.1 & 52.6
110224 32 2,452 6 1,216 P Linear 0.67 18 <0.001 & 73.7 & 39.5
110226 43 1,889 6 1,102 M Log 0.67 26.9 <0.001 & 30.8 & 3.6
110228 21 2,040 6 1,108 A >0.05
110301 24 2,400 6 1,124 A and L Linear 0.6 9.9 <0.001 34.2 & 28.3
110302 30 1,847 6 940 P and L Linear 0.51 8.9 <0.01 19.7 & 21
110303 31 2,117 6 1,018 A Linear 0.59 7.9 <0.01 17.4 & 0.2
Mean 6 SD 35 6 19 1,992 6 344 0.65 6 0.13 & 4.4 6 38 & 12 6 24
Combined 659 1,935 6 1,210 Entire SON Linear 0.62 182 <0.001 & 4.5 & 7.7
Onset 80 1,690 6 1,031 Entire SON Linear 0.45 8.6 <0.01 & 5.9 3.5
Sustained 233 1,870 6 1,214 Entire SON Linear 0.64 68.3 <0.001 & 2.7 & 4.4

1Statistics presented for the regression function (linear or log) with the greatest r2 value. Positive HM-L values indicate tonotopic axes oriented
from dorsolateral to ventromedial compared with dorsal-ventral axis. Positive HA-P values indicate tonotopic axes oriented from dorsoposterior to
ventroanterior compared with dorsal-ventral axis. F value used to test significance of the MRA. Abbreviations: A, anterior; L, lateral; M, medial; P,
posterior.
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responses to neighboring frequencies (red line). Figure

2B shows tones at CF driving excitatory responses of a

neuron at intensities above response threshold, but sup-

pressing responses of this neuron at lower sound levels.

Figure 2C illustrates an example of a suppressed re-

sponder, which reduced its spike rate to a range of fre-

quencies but showed no excitatory response areas.

To compare tuning and selectivity of these neurons, we

measured their CF, Q10s, and response thresholds. Fig-

ure 3 shows the distributions of response properties of

SON neurons to ipsilateral tones. Among the 310 multi-

ple-units and 349 isolated neurons recorded in the SON,

CF ranged from 90 to 5,000 Hz (Fig. 3A; see Fig. 3 legend

for statistics). CF distributions of isolated neurons with

sustained or onset response patterns represented the

entire frequency range of hearing in chicken (Fig. 3B;

Gray and Rubel, 1985; Saunders and Salvi, 1993). Next

we measured the response thresholds at CF in the SON.

Thresholds of multiple-unit responses tended to be

slightly higher than the thresholds of isolated neuronal

responses (P < 0.01; Fig. 3C). This increase reflects mul-

tiple-unit recordings with neuronal waveforms that indi-

vidually were not detected by using our threshold crite-

rion, but summed to form detectable waveforms at higher

sound intensities. For isolated neurons, thresholds of

both sustained and onset responders increased with CF

(Fig. 3C,D). For example, average thresholds of sustained

responders increased " 20 dB between CF of 100 and

5,000 Hz (Fig. 3D, bottom). Caution should be used when

comparing thresholds between sustained and onset res-

ponders because the spike rate criterion used to deter-

mine response threshold (see Materials and Methods)

may not be equally sensitive between categories of

responders.

Finally, we assessed frequency selectivity of SON neu-

rons by measuring Q10, which increases with selectivity

and CF (r2 ¼ 0.50, P < 0.01). Sustained responders

showed higher frequency selectivity, i.e., narrower tuning

curves, than onset responders (P < 0.01; Fig. 3E). In sum-

mary, Figure 3 shows that CF, threshold, and Q10 distri-

butions in the SON resemble other auditory brainstem

nuclei in this species (Sachs et al., 1978; Warchol and

Dallos, 1990).

3D reconstructions of SON and
recording sites

Figure 4 illustrates how individual SONs and recording

sites were reconstructed in 3D. Figure 4A shows coronal

sections through the SON stained for Nissl. Consecutive

sections containing the SON were aligned as described in

Materials and Methods. By using the coordinates of the

electrolytic lesions, approximately 100 lm in diameter

Figure 2. SON neurons show complex frequency response maps to

ipsilateral tones. A,B: Response maps of two sustained responders.

Contours represent boundaries of excitatory responses 2 SD above

spontaneous firing rate (SR) indicated by gray dashed lines (the crite-

rion used to determine response threshold at CF), 3 SD above SR

(gray solid lines), and 4 SD above SR (black lines). Complex patterns

of frequency or level-dependent suppression of responses are indi-

cated by red lines (2 SD below SR). C: Response map of a suppressed

responder. Contours represent boundaries of suppression 2 SD below

SR (red dashed line; the criterion used to determine response thresh-

old at CF), 3 SD below SR (red solid line), and 4 SD below SR (dark

red line). All responses were assessed with 20- or 40-ms tones with 5-

ms rise and fall times for triangle-shaped envelopes. Abbreviations:

CF, characteristic frequency; SR, spontaneous firing rate.

Tabor et al.
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(Fig. 4B, double arrowheads), and the positions of the

electrode tracks (Fig. 4A,B, arrows), the recording sites

were mapped onto the reconstructed SON for each case

(see Materials and Methods). The 3D reconstruction of

the SON and locations of recordings are presented in the

coronal (Fig. 4C) sagittal (Fig. 4D), and horizontal views

(Fig. 4E). Supplemental Movie 1 shows a rotation of this

3D reconstruction (Fig. 4), to visualize the shape of SON

and locations of recordings. Table 1 lists the number of

recording sites and general region of the SON sampled in

each case. We recorded from 12 to 75 sites per animal,

and across all cases neuronal responses from all regions

Figure 3. Heterogeneity of response properties to ipsilateral tones is expressed across CF in SON. A: Histogram of CFs for all neuronal

responses (black) (mean 6 SD, CF: 1,947 6 1,198 Hz, n ¼ 659) and isolated neuronal responses (striped; 1,834 6 1,170 Hz, n ¼ 349).

B: Histogram of CFs for sustained (black; 1,870 6 1,214 Hz, n ¼ 233), onset (striped; 1,690 6 1,031 Hz, n ¼ 80), and suppressed

(white; 2,975 6 994 Hz, n ¼ 7) isolated neuronal responses (binwidth: 600 Hz). C: Scatterplot showing response threshold as a function

of CF for each recording site (top panel) and mean thresholds shown below for both multiple units (gray) and isolated neurons (black; mul-

tiple-unit threshold: 34 6 15 dB, n ¼ 310; isolated neurons: 24 6 16 dB). D: Top panel, scatterplot showing distribution of thresholds as

a function of CF for sustained (black dots), onset (gray dots), and suppressed (asterisks) neurons. Bottom panel shows that overall, mean

thresholds for both onset and sustained neurons increase with CF. E: Scatterplot (top) and mean 6 SD (bottom) Q10 values showing a

mild increase as a function of CF for each response type (Q10 values: sustained, 5 6 3.6; onset, 3.7 6 3.4; suppressed, 2.6 6 1.3). C–E

bottom, binwidth: 500 Hz.
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of SON were sampled. Because we were able to map

recordings to precise locations in 3D SON reconstruc-

tions, these datasets could be used to quantitatively ana-

lyze the topographic organization of the SON.

Individual SON are tonotopically organized
By using 3D reconstructions of recording sites in the

SON, we performed MRA to determine the tonotopic or-

ganization of individual SON in each animal. In the major-

ity of cases, recording sites were clearly arranged from

low CF located dorsally to high CF located in the ventral

SON. Figure 5 shows tonotopic analyses of two individual

SONs. Figure 5A shows the case presented in Figure 4

with CFs of recording sites indicated by colored dots.

We tested for a relationship between location and CF by

using both linear and log regression functions. In 15

cases, including the two shown in Figure 5A and B, a lin-

ear relationship best predicted the tonotopic organiza-

tion. In two cases a log equation better fit the data, and in

two cases no relation was observed (Table 1). These

results are comparable to the linear representation of fre-

quency in other auditory brainstem nuclei in chickens

(Rubel and Parks, 1975). In the case shown in Figure 5A,

the coefficient of determination (r2) indicated that 85% of

the variation in CF could be accounted for by the location

of the recording within SON. The case illustrated in Figure

5B had an r2 value of 0.62 (see Table 1 for all r2 values).

The tonotopic axes, determined by the regression

Figure 4. 3D reconstruction of the SON and locations of neuronal recordings. A: Series of Nissl-stained sections through the SON; black

lines define SON borders. B: Electrolytic lesion site (double arrowheads) used to map recording sites to tissue. Open arrows (in A and B)

indicate electrode tracks. C–E: 3D reconstruction of the SON (blue) and location of neuronal recordings (white) shown in coronal (C), sagit-

tal (D), and horizontal (E) views. C shows the ventral brainstem stained for Nissl substance (red). Abbreviations: A, anterior; L, lateral; P,

posterior; V, ventral. Scale bars ¼ 200 lm in A (applies to A, B); in C (applies to C–E).

Tabor et al.
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functions, are represented with arrows drawn through the

center of mass of the recording sites and pointing to high

CF (Fig. 5A,B).

To visually compare the tonotopic organization

between cases, all statistically significant tonotopic axes

(17 of 19 cases) were overlaid on a single 3D reconstruc-

tion of the SON (Fig. 5C). Here, the lengths of the arrows

approximate the extent of the SON in that direction

sampled in each case. Also, we measured the angles

between the dorsal-ventral axis and the tonotopic axes in

the medial-lateral (mean 6 SD, HML: & 4 6 38!) and

anterior-posterior (HAP: & 12 6 24!) dimensions (Table

1). In 14 cases the CF was predominantly mapped along

the dorsal-ventral axis of the SON; from lower CF in the

dorsal SON to higher CF in the ventral SON (Fig. 5C, left

and center). This trend was apparent whether recording

sites were concentrated in the anterior, posterior, medial,

or lateral region of the SON (Fig. 5A,B, Table 1).

Standardized SON is tonotopically organized
Above we demonstrated that individual SONs were

tonotopically organized. However, in most subjects we

Figure 5. Individual SON reconstructions show tonotopic organization. Coronal, sagittal and horizontal views of individual SON reconstruc-

tions indicated by the gray hulls. A,B: Small circles show locations of neuronal recordings color-coded to represent CF (color scale at left).

Black arrows show orientation of tonotopic axes derived from MRA. Arrowheads point toward high CFs. Angles between the dorsal-ventral

axes (thin black lines) and tonotopic axes in the medial-lateral (HML) and anterior-posterior (HAP) dimensions are indicated. H values for

all cases are listed in Table 1. A shows case 100811 with 51 recordings sites, the same SON reconstruction presented in Figure 4. B

shows case 100729 with 24 recordings sites. C: Coronal, sagittal, and horizontal views with arrows indicating predicted tonotopic axes

from individual SONs (n ¼ 17 of 19) combined on a single SON reconstruction. Each arrow intersects the center of mass of the recording

sites in its case. Lengths of arrows approximate the extent of the SON in that direction sampled in each case. Abbreviations: CF, charac-

teristic frequency; D, dorsal; M, medial; P, posterior. Scale bar ¼ 200 lm in A,B.
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sampled a limited region of the SON. In order to map the

tonopic organization of the entire SON, we standardized

the reconstructed SONs and the locations of the neuronal

recordings and analyzed this combined dataset.

To combine data from all 19 reconstructed SONs, loca-

tions of the recording sites were converted into normal-

ized distances along three orthogonal axes in the SON

(see Materials and Methods). These normalized coordi-

nates allowed all recording sites to be mapped in a stand-

ardized SON.

Because the presence and arrangement (linear or non-

linear, single or multiple gradients) of the tonotopic orga-

nization in SON were unknown, we performed principal

component analysis (PCA) on the combined dataset to

determine the appropriate dimension(s) to observe the

possible tonotopic organization. The first principal com-

ponent accounted for 72% of the variance in the data (Fig.

6D). Visualizing this component in three spatial dimen-

sions (Fig. 6A–C, gray arrows) revealed that it was dorso-

ventrally oriented and followed the gradient of CFs in the

SON. These results suggest that frequency is organized in

a gradient along one dimension in the SON.

To quantitatively model the tonotopic organization in

the combined dataset, we performed MRA by using both

linear and log equations. A linear equation (Eq. 1) best fit

the combined dataset, finding a significant but not strong

correlation (r2 ¼ 0.62, P < 0.01) between CF and location

within the SON. The regression function suggests a pre-

dominantly dorsoventrally oriented tonotopic axis in SON

(Fig. 6A–C, black arrow). Supplemental Movie 2 shows

the 3D standardized SON with CF of recording sites and

the orientations of the first principal component and

regression function, rotating around the dorsal-ventral

axis. Comparing the predicted and measured CFs, we

found that error magnitude (|CFpredicted & CFmeasured|)

varied widely at each position along the calculated tono-

topic axis (Fig. 6E). We performed these same analyses

on a dataset including only isolated neuronal recording

sites (Fig. 6D,E, red). The results of both PCA and MRA

were similar to the results obtained from the complete

dataset. Both the large error magnitude and the relatively

low r2 value suggest that the frequency map in the SON is

not as precise as the tonotopic organization in other

brainstem auditory nuclei in the same species (Rubel and

Parks, 1975).

Next, we examined the possibility that the relatively

low r2 values reflected particular regions of the SON that

did not match the predicted frequency organization. To

address this possibility, the standardized SON was sliced

into five sections containing approximately the same

number of recording sites using isofrequency planes

(inset in Fig. 6F). Sections were collapsed along the

tonotopic axis into 2D, and MRA showed no significant

relation between these 2D locations of recordings and CF

(P > 0.05 for MRA of all slices). Also, CF was not corre-

lated with medial-lateral (Fig. 6F) or anterior-posterior

(Fig. 6G) location in these sections, but varied widely

throughout these slices. Because we did not detect a pat-

tern to the distribution of error across SON we did not

pursue nonlinear analyses.

To compare the location of regions of SON involved in

processing different ranges of stimulus frequencies, we

visualized the location of low (CF<1120 Hz, n ¼ 219),

intermediate (1120 Hz < CF < 2,460 Hz, n ¼ 233) and

high (CF > 2,460 Hz, n ¼ 207) CF neuronal responses

(Fig. 7). As expected from the analyses of the tonotopic

organization, the low CF sites were densely distributed in

the dorsal SON (Fig. 7A), whereas the high CF sites were

densely distributed in the ventral SON (Fig. 7C). Interme-

diate CF sites were densely distributed in a band through

the middle of the SON (Fig. 7B). When viewed in the hori-

zontal plane (Figs. 6C, 7, bottom) the CF distribution

within these three broad divisions of CF appeared quite

random.

Distribution patterns of response patterns in
SON

We examined the spatial distribution patterns of iso-

lated neurons with onset or sustained response patterns.

Suppressed responders were encountered too infre-

quently to assess their spatial distribution. As shown in

Figure 8A, both onset and sustained responders were

located throughout SON. In addition, the distributions of

onset and sustained responders were similar across the

tonotopic axis derived from the regression function (Fig.

8B). By using MRA, we examined the tonotopic organiza-

tion of onset and sustained responders separately. Both

neuronal types showed a dorsal (low CF) to ventral (high

CF) tonotopic organization (Fig. 8C, Table 1). These

results suggest that onset and sustained types of neuro-

nal responses are not distributed in separate regions or

patterns, but instead are interspersed throughout SON.

DISCUSSION
We investigated the tonotopic organization and neural

response properties in the SON, the primary source of in-

hibitory inputs to auditory nuclei in the avian dorsal brain-

stem. We generated a quantitative 3D map of the rela-

tionship between the characteristic frequency (CF) and

anatomical coordinates by using predictive statistical

methods. This map is required for future investigation of

functional roles of the SON, in particular those involving

interactions between frequency representation and cod-

ing of other acoustic features. This map contains three

main observations: 1) sound frequency is linearly mapped

Tabor et al.
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approximately dorsal-ventral across SON; 2) this tono-

topic organization is less precise than that of the other

nuclei in the auditory brainstem, suggesting that inhibi-

tory function in this avian auditory circuitry does not

depend on precise tuning; and 3) neurons with sustained

or onset response patterns are interspersed throughout

the SON in all CF regions. These findings are consistent

with proposed roles of the SON in regulating firing rate

and frequency tuning of its targets. In the sections below,

we first compare the quantitative mapping methods used

in the current study with other quantitative methods that

have been applied in topographical mapping. Next we

compare physiological properties of SON with other audi-

tory centers in birds in relation to their role in auditory in-

formation processing. Finally, we relate SON circuitry to

inhibitory function in mammalian auditory brainstems.

Figure 6. Standardized SON with all recording sites superimposed shows a linear tonotopic organization. A–C: Recording sites (circles)

from 19 animals combined on a standardized SON (gray hull) and presented in coronal (A), sagittal (B), and horizontal (C) views. Sites

color-coded by CF (color scale in A). Orientation of regression function (black arrows) and first principal component (gray arrows) pointing

to high CF regions. Both analyses show dorsal-ventral tonotopic organization across the SON. D: Cumulative eigenvalues from PCA per-

formed on complete set of recordings sites (solid black line) or sites of isolated neuronal recordings (triangles, dashed red line). The first

principal component accounts for 72% (all sites) or 71% (isolated neuronal sites) of the variance of these distributions. E: Magnitude of

error of estimate (|CFpredicted & CFmeasured|) versus predicted CF determined by MRA. MRA performed on all recording sites (black circles)

and isolated neuronal sites (red circles). Mean 6 SD shown as a function of predicted CF (binwidth: 500 Hz). Black lines connect mean

errors of all recordings. Red lines connect mean errors of isolated neuronal recordings. See E for multilinear regression equation, where

CFpred. is the characteristic frequency in kHz, l is the normalized medial-lateral coordinate (lateral edge is 1), v is the normalized

dorsal-ventral coordinate (ventral edge is 1), and a is the normalized anterior-posterior coordinate (anterior edge is 1). F,G: Planes

orthogonal to the multilinear regression function dividing SON sites into five slices (see inset in F) encompassing the following CF ranges:

1) CFpredicted < 1,204 Hz, n ¼ 132 sites; 2) 1,204 Hz < CFpredicted < 1,698 Hz, n ¼ 131; 3) 1,698 Hz < CFpredicted < 2,129 Hz, n ¼ 131;

4) 2,129 Hz < CFpredicted < 2,632 Hz, n ¼ 131; 5) 2,632 Hz < CFpredicted, n ¼ 134. CF versus medial-lateral (F) or anterior-posterior (G)

location in the SON plotted for each slice. Mean 6 SD shown for bins of 10% of total dimensional distance. Abbreviations: CF, characteris-

tic frequency; A, anterior; L, lateral; M, medial; V, ventral.
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Comparison of quantitative mapping
methods

This work follows a long history of studies attempting

to map frequency tuning and other physiological features

of auditory structures (Clopton et al., 1974; Rubel and

Parks, 1975; Sanes et al., 1989; Bajo et al., 1999; Cohen

and Knudsen, 1999). In these studies, 3D auditory struc-

tures were often collapsed along assumed inconsequen-

tial dimensions into lower (one or two) dimensional pro-

jections from which all analyses were performed. Laminar

structures such as sensory epithelium and cortical areas

are usually suited for 2D analyses. However, sensory cen-

ters in other regions of the brain more often have com-

plex 3D structures. Traditional analyses based on 2D pro-

jections of these complex structures are not able to

provide complete and accurate knowledge of their organi-

zation. Quantitative constructions of topographic maps in

3D, such as the approach we adopted to map the SON,

offer a number of advantages: 1) no loss of information

from dimension reduction; 2) visualizing the dataset and

model in 3D; 3) creating an expandable database; and 4)

comparing structures between experimental groups or

between species.

We used two complementary methods, PCA and MRA,

to analyze the topography of SON features. Both methods

produced similar results from the standardized dataset. A

key application of PCA is data analysis of an unknown,

but potentially low-dimensional system. In the current

study, PCA produced low-dimensional reductions of the

tonotopic organization from seemingly complex data col-

lected in the SON, when equations governing this organi-

zation were not known.

In addition to PCA, we used MRA to examine the rela-

tion between location and frequency tuning in the SON.

Generally, in different auditory nuclei this relationship can

be best described by different regression functions, such

as linear, log, or power (Clopton et al., 1974). Our results

demonstrated that the tonotopic organization of SON was

best fit by linear functions, similar to other studied audi-

tory nuclei in chicken (Rubel and Parks, 1975; Heil and

Scheich, 1985). This linear relationship, as opposed to a

log relationship often observed in auditory centers, is

probably a consequence of the limited frequency range of

hearing in chickens (Gray and Rubel, 1985; Saunders and

Salvi, 1993) relative to most mammals (Masterton et al.,

1969).

Figure 7. Distributions of low, intermediate, and high CF recording sites are separated in the standardized SON. Circles show locations of

neuronal recordings color-coded to represent CF (color scale at right). A: Standardized SON populated with the locations of low CF (CF <
1,120 Hz, n ¼ 219) recording sites shown from the coronal (top), sagittal (middle), and horizontal (bottom) views. B,C: Locations of inter-

mediate CF (1,120 Hz < CF < 2,460 Hz, n ¼ 233) and high CF (CF > 2,460 Hz, n ¼ 207) recordings sites, respectively. Abbreviations:

CF, characteristic frequency; L, lateral; P, posterior; V, ventral.
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3D tonotopic map of SON
Most individual cases showed recording locations

organized tonotopically from low frequencies in the dorsal

SON to high frequencies in the ventral SON. The analyses

of two cases showed no tonotopic organization, probably

due to a limited number of recording sites in one case

(100810) and a few aberrant recording sites in the other

case (110228). When the standardized SON was ana-

lyzed, the multilinear regression function accounted for

60% of the variability in the dataset, an indicator of the

precision of this topographical map. This degree of preci-

sion is notably less than the coefficient of determination

(r2), calculated from the basilar papilla, NL, nucleus mag-

nocellularis (NM), and Field L in chickens (Rubel and

Parks, 1975; Ryals and Rubel, 1982; Heil and Scheich,

1985; Manley et al., 1987), but similar to those quantified

in the lateral superior olive, inferior colliculus, medial ge-

niculate nucleus, and auditory cortex in cat (Clopton

et al., 1974) and in Field L complex in canary (Terleph

et al., 2006). Finally, we found that neurons with the two

most common response types, sustained and onset, are

interspersed throughout the SON. Each type forms a

complete tonotopic representation, and these maps show

similar spatial arrangements. Thus, the SON appears to

process at least two types of information in parallel.

Two features common to all auditory nuclei studied in

the bird brainstem including the SON are: 1) that only a

single frequency representation is found for each nucleus

(Rubel and Parks, 1975; Koppl, 2001); and 2) that the

tonotopic map preserves the topographic organization of

the sensory epithelium without magnification or compres-

sion (Ryals and Rubel, 1982; Manley et al., 1987).

Figure 8. Sustained and onset responders are interspersed throughout the SON. A: Coronal (left), sagittal (center), and horizontal (right)

views of a standardized SON (gray hull). Locations of sustained (blue circles) and onset response patterns (red circles) for isolated neuron

recordings are shown. No differences were observed in the distribution pattern of sustained and onset responders. B: Histograms of pre-

dicted CF of sustained (blue) and onset (red) responders confirm broad and similar distributions for each type across the tonotopic axis.

C: Sagittal views of standardized SON (gray) showing locations of neurons with onset (left) and sustained (right) responses color-coded by

CF. See color scale at left. Black arrow indicates orientation of tonotopic axes determined by MRA. Both sustained and onset responders

share a dorsal (low CF) to ventral (high CF) tonotopic distribution. Abbreviations: CF, characteristic frequency; A, anterior; D, dorsal;

L, lateral; M, medial; P, posterior; V, ventral.
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Possible functions of SON
Firing patterns of SON neurons to ipsilateral tones

appear to be shaped primarily by the inputs from the NA,

one of two main excitatory inputs to the SON. First, physi-

ological response patterns of SON neurons closely

resemble those of NA neurons. Both nuclei include sus-

tained and onset responders and diverse frequency-level

response maps (Sachs et al., 1978; Moiseff and Konishi,

1983; Warchol and Dallos, 1990; Lachica et al., 1994;

Carr and Soares, 2002; Soares et al., 2002; Koppl and

Carr, 2003; Fukui et al., 2010; Coleman et al., 2011).

Second, response thresholds in SON are similar to

CF-matched NA neurons, whereas NM neurons may have

slightly higher thresholds (Sachs et al., 1978; Warchol

and Dallos, 1990; Coleman et al., 2011). Although the

SON most closely resembles the NA physiologically, we

cannot exclude contributions from the NL. It is possible

that sustained responders in the SON may derive their

responses from NL inputs. NL neurons, in turn, inherit

their monaural physiological characteristics from NM

neurons, which include primary-like response patterns

and simple V-shaped tuning curves. Also, we did not

assess the binaural response properties of SON neurons

in this study, which could reveal a currently unexplored

contribution from NL’s projection to SON response

properties.

One proposed function of the SON is lateral sharpening

of frequency tuning in its target neurons within the NM,

NA, and NL. An in vivo physiological study revealed that

inhibitory input to the NM is more broadly tuned than

excitatory input to the NM (Fukui et al., 2010). Whether

this broadly tuned inhibition results from a few broadly

tuned SON inputs or the convergence of many narrower

tuned inputs remains to be determined. Because fre-

quency selectivity (e.g., Q10 dB values) varies widely

between SON neurons, encompassing the range of Q10

dB values reported for NA and NM neurons (Warchol and

Dallos, 1990), the convergence of SON inputs to the NM

accounting for the broad tuning cannot be accurately pre-

dicted from the data available. In the NL, the breadth of

inhibitory tuning remains unknown; however, anatomical

studies demonstrated a broad topographic organization

of the SON-NL projection in marked contrast to the NM-

NL projections, which innervate highly restricted regions

of the tonotopic axis (Young and Rubel, 1983; Tabor

et al., 2011). This projection pattern suggests an anatom-

ical substrate for lateral sharpening of frequency tuning

in NL neurons.

How the diverse response properties of SON neurons

to pure tone stimuli affect the neuronal activity in this cir-

cuit remains unknown. The majority of SON neurons

show a sustained response to tones with their firing rate

reflecting stimulus intensity. This pattern is well suited to

regulate the gain of the circuit, a function that has been

implied for SON (Pena et al., 1996; Burger et al., 2005;

Dasika et al., 2005). In addition, many neurons with sus-

tained responses show phase-locking, which may provide

temporally patterned inhibition to the network (Coleman

et al., 2011). Timed inhibition is important for computing

interaural timing differences in the gerbil medial superior

olive (MSO) (Brand et al., 2002; Grothe, 2003); however,

its role in the avian auditory brainstem has not been

tested.

Comparison with mammals
The mammalian auditory system does not appear to

have an exact homolog or analog to the SON. Instead,

mammals have multiple nuclei that provide inhibition to

the auditory brainstem and the inner ear. These nuclei,

which may include the medial nucleus of the trapezoid

body (MNTB) and a number of periolivary nuclei, pro-

vide a similar range of functions as the SON in birds.

Our current view is that the SON enables binaural bal-

ancing of neural activity (Burger et al., 2005; Dasika

et al., 2005; Fukui et al., 2010; for review, see Burger

et al., 2011) that is essential for brainstem processing

of low-frequency binaural information used for sound

localization. In addition, the SON provides feedback in-

hibition to the NL and the cochlear nuclei (Lachica

et al., 1994; Yang et al., 1999; Monsivais et al., 2000;

Burger et al., 2005), and feed-forward inhibition to the

lateral lemniscus (LL) and midbrain (Conlee and Parks,

1986; Westerberg and Schwarz, 1995; Wild et al.,

2009). In rodents, binaural balancing is performed by

the lateral olivocochlear efferents (Groff and Liberman,

2003; Darrow et al., 2006).

Feedback inhibition to all subdivisions of the mamma-

lian cochlear nucleus is provided by glycinergic and

GABAergic input from periolivary regions, in particular,

the contralateral ventral nucleus of the trapezoid body,

and the ipsilateral MNTB and lateral nucleus of the trape-

zoid body (LNTB) (Adams, 1983; Spangler et al., 1985;

Schofield, 1994; Warr and Beck, 1996; Ostapoff et al.,

1997). Inhibition to MSO (analogous to NL) is provided by

MNTB and LNTB (Cant and Hyson, 1992; Grothe and

Sanes, 1993). Feed-forward inhibition to LL and the audi-

tory midbrain is provided by a combination of the various

nuclei, including the MNTB, LNTB (Yavuzoglu et al.,

2010), and superior periolivary nucleus (also named the

dorsomedial periolivary nucleus) in mammals (Kadner

and Berrebi, 2008; Saldana et al., 2009; Kopp-Scheinp-

flug et al., 2011). The comparatively simple organization

of inhibition in the avian auditory brainstem makes this

an appealing model for studying the roles of inhibition in

auditory processing in vertebrates.
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a b s t r a c t

The zebrafish lateral line is an efficient model system for the evaluation of chemicals that protect and
damage hair cells. Located on the surface of the body, lateral line hair cells are accessible for manipu-
lation and visualization. The zebrafish lateral line system allows rapid screens of large chemical libraries,
as well as subsequent thorough evaluation of interesting compounds. In this review, we focus on the
results of our previous screens and the evolving methodology of our screens for chemicals that protect
hair cells, and chemicals that damage hair cells using the zebrafish lateral line.

! 2012 Elsevier B.V. All rights reserved.

1. Introduction

Hearing loss has been recognized by the World Health
Organization (2010) (WHO) as a growing, serious global health
concern. In the United States alone,15% of adults aged 20e69 report
hearing impairment, and the prevalence of hearing impairment of
seniors ranges from 60% to 90%, depending on the criteria used. In
2005, the WHO estimated that 278 million people worldwide had
moderate to profound hearing loss, with 80% of them living in low-
and middle-income countries. While much work has been done to
alleviate hearing loss through hearing aids or cochlear implants,
prevention should be our ultimate goal. Developing methods to
prevent hair cell death is an obvious mission and, when successful,
will likely eliminate a large percent of hearing loss worldwide.

Hearing loss prevention can come in a number of ways. Simply
educating people worldwide about the dangers of noise exposure,
chronic infection, and ototoxic injury would prevent a large
percentage of hearing loss worldwide. In fact, the WHO estimates
that roughly half of all cases of deafness and hearing loss would be
avoidable through exposure prevention and early diagnosis. From
a research standpoint, prevention can come by protecting hair cells
and other cells of the inner ear from injury, and also by identifying
agents that injure hair cells and supporting structures.

The zebrafish lateral line system offers a rapid and efficient
model to evaluate the effects of large numbers of drugs on
mechanosensory hair cells (Froehlicher et al., 2009; Coffin et al.,
2010; Ou et al., 2010). Lateral line organs are composed of hair
cells that share most properties with hair cells of the inner ear,
including selective susceptibility to known ototoxins such as ami-
noglycoside antibiotics and chemotherapy agents (Williams and
Holder, 2000; Ton and Parng, 2005; Harris et al., 2003; Ou et al.,
2007). Their location on the body surface allows rapid analysis of
the response to individual drugs and drug combinations. In this
review, we will describe our experience using the zebrafish lateral
line to screen and study chemicals that protect and damage hair
cells of the inner ear.

2. Why screen for ototoxicity?

Ototoxins are drugs or other small molecules that cause inner
ear damage. The number of well-established ototoxins is small for
a number of reasons. For Food and Drug Administration (FDA) drug
approval, most attention is focused appropriately on toxicity to
larger organ systems such as the heart, liver, and kidney, but not the
inner ear or hearing. In addition, there is no standard screen for
ototoxicity. While drugs that cause dramatic hearing loss are ulti-
mately identified (e.g. aminoglycosides and platinum drugs) due to
severe patient symptoms, it is likely that there are a large number
of drugs that causemilder degrees of hearing loss or slower onset of
hearing and balance problems that go undetected, or are attributed
to other causes. In young children, hearing loss after drug
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administration may be easily missed unless specifically screened
for. In older adults, hearing loss after drug administrationmaymore
likely be attributed instead to age-related hearing loss. Further-
more, while we know of certain drugs that are ototoxic when
administered alone, we know very little about the ototoxicity
profiles of drug combinations and even less about the interactions
of genetic variation and drug ototoxicities. Aminoglycosides cause
synergistic ototoxicity with certain diuretics (Mathog and Klein,
1969; Brummett et al., 1981), but in reality this is a very rarely
used combination. However, in this age of polypharmacy, it is likely
that certain drug regimens are potentially dangerous to the inner
ear. For these reasons, a forward, high throughput screen for
ototoxic drugs would be of great value for the medical community
and the pharmacological industry. With most in vivo model
systems that are used to study hair cells, testing large numbers of
drugs for toxicity is impractical, and the currently available cell
lines do not adequately represent mature hair cells (Kalinec et al.,
1999), which limits their applicability for revealing the funda-
mental pathways underlying ototoxicity in mature inner ears. We
believe that chemical screening in the zebrafish lateral line offers
a feasible way to test large numbers of drugs and drug combina-
tions for toxicity to hair cells.

3. Why screen for protectants?

A large number of drugs and chemicals have been proposed to
protect the inner ear against damage. These compounds include
agents such as antioxidants, caspase inhibitors, and jun-kinase
inhibitors (Matsui et al., 2002; Wang et al., 2003, 2004; Sha
et al., 2006; Campbell et al., 2007; Eshraghi et al., 2007;
Feldman et al., 2007). In particular, studies with aspirin as well as
D-methionine have shown some promising evidence that they
may be able to partially prevent hearing loss in humans, and in
some cases rescue hair cells from death (Sha et al., 2006; Campbell
et al., 2007). However, very few drugs have made it to the point of
clinical trials, none have consistently shown robust protection
across a wide range of damage levels and none are yet approved
by the FDA for use in the prevention of hearing loss or balance
disorders.

Early cellular studies of hair cell death due to noise over-
exposure and ototoxic drugs sought to characterize hair cell
death as primarily apoptotic (Forge and Li, 2000; Cunningham
et al., 2002; Matsui et al., 2002; Cheng et al., 2003). It is now
evident that both caspase-dependent and caspase-independent
processes are involved in ototoxic drug-induced hair cell death
(Jiang et al., 2006; Owens et al., 2009). Moreover, traditional
concepts of cell death as apoptotic versus necrotic have been
replaced by an understanding that apoptosis and necrosis are two
extremes in a continuum of cell death mechanisms (reviewed in
Vandenabeele et al., 2010), and that necrosis in some cases is
a carefully regulated process similar to apoptosis (Holler et al.,
2000; Degterev et al., 2005; Hitomi et al., 2008). Furthermore,
there is significant interaction between death pathways (Zhang
et al., 2009; reviewed in Zhivotovsky and Orrenius, 2010), such
that inhibition of one cell death pathway can lead to activation of
another. Specifically, inhibition of apoptotic pathways can lead to
an increase in necrotic and autophagic death (Vercammen et al.,
1998; Lin et al., 1999; Yu et al., 2004; Vandenabeele et al., 2006)
and inhibition of autophagy can trigger apoptotic-like cell death
(Boya et al., 2005). Put simply, a cell (in this case, a hair cell) can find
a way to die even in the presence of a cell death inhibitor. These
findings may partly explain why most protective drugs in the inner
ear have demonstrated partial rather than complete protection.
Therefore, in order to most completely and effectively block hair
cell death, we are likely to need single drugs or combinations of

drugs that block multiple aspects of cell death. Drug screening
offers an efficient method by which large numbers of candidate
protective drugs can be rapidly identified and tested alone or in
combinations.

For practical reasonsmost studies of protection against inner ear
damage use exposure to known ototoxic drugs or damaging noise
levels. These are certainly the most straightforward damage para-
digms that can be tested experimentally. One could imagine that
a drug that prevents inner ear damage from noise or ototoxins
might also be able to prevent progressive hearing loss in a young
patient, or presbycusis in an older one. In fact, many necrotic and
apoptotic pathways involved in ototoxin-induced hair cell death
are also known to be involved in noise-induced hearing loss
(Saunders et al., 1985; Nicotera et al., 2003; Yang et al., 2004; Han
et al., 2006; reviewed in Op de Beeck et al., 2011) and age-related
hearing loss (Usami et al., 1997; Sha et al., 2009; Someya et al.,
2009).

4. Previous chemical screens in zebrafish

The zebrafish larva has numerous qualities that make it an ideal
model organism for screening. First, the zebrafish’s small size and
high fecundity make it useful for examining large numbers of
treatment conditions. Second, the optically clear body facilitates
phenotypic evaluation of a number of organ systems, including, but
not limited to the heart, nervous system, eyes, ears, and lateral line
hair cells. The zebrafish genome is also very well characterized and
manipulated (Ekker et al., 2007), for example, using morpholino
oligonucleotides to knockdown molecular targets (Nasevicius and
Ekker, 2000) and through the generation of transgenic zebrafish
(Stuart et al., 1988, 1990). The use of the zebrafish in a chemical
screen was first demonstrated by Peterson et al. (2000), who
identified small molecules that modulate development of the
cardiovascular system, central nervous system, neural crest, and
ear. Subsequent chemical screens have identified a number of
different compounds, including novel retinoids (Sachidanandan
et al., 2008), drugs that affect heart rate (Milan et al., 2003),
drugs that regulate hematopoietic stem cell homeostasis (North
et al., 2007), compounds that inhibit melanoma (White et al.,
2011) and chemicals that can suppress a genetic mutation that
causes coarctation of the aorta in a zebrafish model (Peterson et al.,
2004).

5. Hair cells of the lateral line can be rapidly assessed

In all aquatic vertebrates, the hair cells of the lateral line are
external and directly exposed to the water surrounding the fish,
where they are used to detect direction and changes in flow (Fig. 1).
At five days post-fertilization (dpf), the larval zebrafish is approx-
imately 3 mm in length. While a number of investigators had
previously demonstrated that lateral line hair cells are susceptible
to aminoglycoside exposure (Kaus, 1987; Song et al., 1995), in vivo
imaging of individual zebrafish lateral line hair cells was first
demonstrated by Williams and Holder (2000), who observed
neomycin-induced hair cell death and regeneration in larval
zebrafish. Harris et al. (2003) subsequently developed additional
assays to quantify hair cell death and regeneration in the lateral
line, laying the groundwork for subsequent genetic and chemical
screening studies aimed at discovering modulators of hair cell
sensitivity to ototoxic exposures and for further toxicity screening.
Additional work by our group and others (Murakami et al., 2003;
Ton and Parng, 2005; Santos et al., 2006; Ou et al., 2007; Owens
et al., 2007; Coffin et al., 2009) has characterized the response of
the zebrafish lateral line to ototoxic compounds such as amino-
glycosides and cisplatin.
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One great strength of the zebrafish lateral line model has been
the ability to vary damage protocol parameters in large-scale
experiments. An entire two-dimensional dose-response matrix
(with variable doses of protectant versus variable doses of ototoxic
drug) is easily obtained due to the availability of large numbers of
zebrafish and the efficiency of testing. This kind of testing can
reveal important differences that are not otherwise readily identi-
fied in other systems (e.g. protection against only a limited range of
ototoxin, or toxicity of the protectant at higher doses). A second
strength for our purposes is that hair cell death occurs fairly rapidly,
with near total hair cell death possible after 1 h of neomycin and 6 h
of cisplatin (Harris et al., 2003; Ou et al., 2007). The speed of these
events is critical to the efficiency of zebrafish screens. Lastly, the
lateral line hair cells are studied within a whole organism, and as
a result are in their true native environment, including proper cell
polarity, afferent and efferent nerve connections, and intimate
association with neighboring supporting cells.

6. Fluorescent dyes

Critical to in vivo studies of the zebrafish lateral line is the ability
of hair cells to selectively take up a number of fluorescent dyes
(Santos et al., 2006). Some of these deserve special mention for
particular utility in screening. YO-PRO1 (Invitrogen) is a cyanine
dye which binds to DNA and very brightly labels hair cell nuclei
(Fig. 2). The staining is easily visualized for over 24 h and thus
allows long-term imaging, or longer duration screens.

FM1-43 (Invitrogen) is well known as a cytoplasmic/plasma
membrane label of hair cells in a variety of animal models. Staining
appears to be mechanotransduction dependent (Gale et al., 2001).
It labels lateral line hair cells brightly. In some cases, however, FM1-
43 staining can be problematic for screening, due to time-
dependent variation in its staining pattern. Initially, staining is
primarily around the apices of the hair cells. Over time, the staining
becomes more membrane-bound and vesicular. This variation in
labeling can convolute attempts to rapidly evaluate hair cells during
a screen.

DASPEI has also been extensively used in our lab and can be used
to rapidly label hair cells and quantify damage. Its labeling is

dependent on an intact mitochondrial potential. DASPEI is partic-
ularly instrumental to our genetic screens, where evaluation of
large numbers of larval zebrafish in a single day is necessary
(Owens et al., 2008).

While a number of other dyes, such as Lysotrackers (Invitrogen),
Mitotrackers (Invitrogen), and DASPEI is available and has been
used successfully (Owens et al., 2007, 2008) in zebrafish, for most
in vivo hair cell survival screens in our laboratory, a simple nuclear
stain such as YO-PRO1 is sufficient. The nuclear stain allows
assessment of subtle changes in nuclear morphology as well as
more dramatic changes such as nuclear condensation and frag-
mentation. However, for dose-response testing, immunohisto-
chemistry allows for quantitative hair cell counts that can be
difficult to perform in vivo. Typically, we have used anti-
parvalbumin antibody to label lateral line hair cells in fixed tissue
(Fig. 2). Lastly, for analysis of aminoglycoside uptake, Texas Red-
conjugated gentamicin (GTTR; (Steyger et al., 2003)) is very
rapidly taken up by hair cells of the lateral line and is easily visu-
alized with in vivo fluorescence microscopy (Fig. 2).

7. Disadvantages of the zebrafish

It is important to note some critical differences between
zebrafish lateral line hair cells and mammalian inner ear hair cells.
Hair cells of the lateral line essentially extend their stereocilia and
kinocilia into the surrounding media. There is no separation of fluid
spaces analogous to those of the inner ear (Fig. 1). Inner ear hair
cells also come in several varieties (e.g. inner and outer hair cells)
with distinct susceptibilities to ototoxins. Overall, any discovery
made in fish must be confirmed in mammals prior to translational
applications. However, the zebrafish lateral line model permits
rapid identification of chemicals of interest, as well as large-scale
follow-up studies to carefully examine subtleties in how a chem-
ical damages or protects hair cells.

8. Chemical screening for hair cell protection

Our chemical screens have initially focused on protection,
particularly against aminoglycoside-induced hair cell death. While
different ototoxins likely activate different death pathways, it is also
likely that there is overlap and convergence. Our hope is that
a chemical or combination of chemicals found to be protective
against aminoglycoside-induced hair cell death will also have
potential applications against other causes of hair cell injury.

8.1. ChemBridge DIVERSet E small molecule library protection
screen

Our initial chemical screen assessed a subset of the ChemBridge
DIVERSet E library for small molecules that inhibit neomycin-
induced hair cell death (Owens et al., 2008). This library consists
of structurally diverse molecules without previous known bioac-
tivity that are designed to conform to the Lipinski et al. (2001)
“Rules of 5” to optimize their “drug-like” potential. The experi-
mental protocol involved labeling 5 dpf zebrafish with YO-PRO1
and FM1-43, then placing one fish into each well of a 96-well
plate with an optical grade base for microscopy (Fig. 3). Each well
was then pretreated with drugs from the small molecule library for
1 h. After pretreatment, neomycin was added to each well at
a concentration that causes death of almost all hair cells in each
lateral line neuromast. After neomycin treatment, the 96-well plate
was then placed directly onto a motorized stage of an inverted
epifluorescent microscope. Hair cell survival could be rapidly
assessed. For any wells that demonstrated robust protection, the
results were retested and confirmed.

Fig. 1. Schematic of zebrafish lateral line neuromast. Neuromast typically consists of
5e20 hair cells surrounded by mantle of supporting cells. Hair cell apices extend
stereocilia and kinocilia into water surrounding fish. (reprinted from Chiu et al., 2008,
with permission of Springer Publishing, J. Assoc. Res. Otolaryngol.).

H. Ou et al. / Hearing Research 288 (2012) 58e6660



We screened 10,960 compounds from this library, yielding two
“hits” with robust protection (Owens et al., 2008). Interestingly,
both hits (hereafter named PROTO1 and PROTO2) share a similar
chemical structure and are of a family of compounds called ure-
athiophene carboxamides. Follow-up dose-response testing of both
compounds showed that both compounds demonstrated dose-
dependent protection against neomycin damage. More impor-
tantly, both compounds protected against a broad range of
neomycin doses e in other words, the protective effects did not
disappear at high doses of neomycin. Microbiological testing
revealed that neither compound interferes with the bactericidal
and bacteriostatic effects of neomycin. Subsequent testing in
a mouse utricle in vitro preparation demonstrated similar levels of

protection, showing for the first time that a hair cell protective
compound found in a zebrafish could have results which translate
into mammalian findings. PROTO1 is currently in early stages of
drug development. Recent studies have demonstrated that PROTO1
can protect against hearing loss induced by kanamycin-induced
hair cell toxicity in vivo in the rat (Rubel et al., 2011).

8.2. NINDS Custom Collection II library protection screen

Themajority of uncharacterized small molecules are not likely to
have any biological activity. For those that do cause a phenotypic
change, the molecular targets are obviously unknown. Thus, small
molecules are not yet “drugs”, and the number of steps required for

Fig. 2. Fluorescence microscopy of zebrafish neuromasts. A/B e Neuromasts labeled with YOPRO-1 which labels hair cell nuclei in vivo. In A, hair cells are intact with typical lacy
chromatin pattern. In B, after exposure to neomycin, most hair cells have died with condensed nuclei and nuclear fragments remaining. C/D e Immunohistochemistry on fixed
tissue using anti-parvalbumin antibody. For hair cell counts, anti-parvalbumin antibody allows easy visualization and quantification of hair cell death in intact (C) and damaged (D)
neuromasts. E/F e Texas red-conjugated gentamicin allows assessment of aminoglycoside uptake into YOPRO-1 labeled lateral line hair cells. After 3 min of exposure, hair cells are
brightly labeled with GTTR (red) in control neuromasts (E). However, when treated with some protectants, GTTR uptake is significantly diminished (F). Scale bars in B, D, and
F¼ 10 mm.
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one to be developed into an FDA-approved drug is numerous. A
second approach we have undertaken is screening libraries of FDA-
approved drugs and bioactives (Ou et al., 2009). The NINDS Custom
Collection II (Microsource) is a library of 1040 FDA-approved drugs
andother compoundswith knownbiological activity. The advantage
is that any drug identified as promising, already has known targets
and bioactivity, and typically has been used safely in humans.

We screened this library using a similar screening protocol and
identified seven drugs that demonstrated robust protection on
initial screening. These seven compounds were amsacrine, carve-
dilol, cepharanthine, drofenine, hexamethyleneamiloride, phe-
noxybenzamine, and tacrine. As with PROTO1 and 2, all seven
compounds demonstrated dose-dependent protection against
neomycin, as well as protection against a wide range of neomycin
concentrations. None interfered with the bactericidal and bacte-
riostatic effects of neomycin. We also tested whether each of these
drugs affected aminoglycoside uptake using Texas Red-conjugated
gentamicin (GTTR). Interestingly, four of the seven drugs (amsa-
crine, carvedilol, hexamethyleneamiloride, and phenoxybenz-
amine) appeared to reduce uptake of GTTR. The remaining three
drugs did not, and thus likely have intracellular targets responsible
for their protective activity. It should be noted that blocking uptake
of aminoglycosides or inhibiting intracellular targets would both be
of potential clinical utility as long as the effects are limited to hair
cells. In fact, given the number of possible death pathways trig-
gered by ototoxic agents, blocking uptake might be the most
definitive way to prevent hair cell death.

In summary, we have been able to use this approach to identify
FDA-approved drugs that reliably block neomycin-induced hair cell
death, facilitating the transition to clinical translation. The anti-
cholinergic drug tacrine, used for the treatment of Alzheimer’s
dementia, has since been found to have similar protective effects
in vitro on hair cells of the mouse utricle (Ou et al., 2009).

The ChemBridge DIVERSet E library of small molecules and the
NINDS Custom Collection II represent the first libraries screened by
our group for hair cell protection against neomycin.Many other small
molecule and bioactives libraries are available, and screens of these
libraries for aminoglycoside and cisplatin protection are ongoing.

Screening the zebrafish lateral line for protection against
aminoglycoside-induced hair cell death has quickly yielded a large
number of compounds that warrant further evaluation. We would
expect a subset of these compounds to have similar effects in
mammals,andasubset tohaveeffects thatmayextend toothercauses
of ototoxic injury (e.g. platinum drugs, noise, and perhaps aging).

9. Chemical screening for hair cell toxicity

Screening for chemicals that protect hair cells has provided
a number of interesting protective compounds. A simple modifi-
cation of the protection screen transforms it into a screen for
chemicals that are damaging to hair cells of the zebrafish lateral
line. While any potential hair cell toxin must then be confirmed in
mammalian systems, identifying chemicals that cause selective
hair cell toxicity in a living organism is a promising method for
identifying potential ototoxins.

9.1. NINDS Custom Collection II library toxicity screen

The valueof screening a smallmolecule library forhair cell toxicity
is limited. We thus chose to perform our first hair cell toxicity screen
on the NINDS Custom Collection II library of 1040 FDA-approved
compounds and bioactives (Chiu et al., 2008). By simply removing
the aminoglycoside exposure from the protection screenprotocol,we
could easily monitor for hair cell toxicity (Fig. 3). Because neomycin
causes hair cell death in the 100 mMconcentration range,we chose to
screen for hair cell toxicity using a similar concentration. In brief, hair
cells of 5 dpf zebrafish were first labeled with YO-PRO1 to label hair
cell nuclei. One zebrafish was then placed into each well of a 96-well
plate. The zebrafish were then treated for 1 h with drugs from the
NINDS Custom Collection II at 100 mM concentration for 1 h. The 96-
well platewas then imaged directlywithfluorescencemicroscopy, as
described for the hair cell protection screens.

This screen identified 21 confirmed hits. As proof of concept,
seven of the 21 hits were known ototoxins, including neomycin and
cisplatin. The remaining 14 drugs were not known to have ototoxic
effects. To examine whether the findings were translatable to
mammalian inner ears, we tested two of the drugs, propantheline
and pentamidine, in vitro on free floating cultures of the mouse
utricle. This testing revealed similar hair cell toxicity in the mouse
utricle, with significant hair cell loss at doses lower than those
required with aminoglycosides in identical experimental condi-
tions. However, neither the zebrafish lateral line nor the mamma-
lian utricle in vitro reveal a drug’s inner ear penetrationwhen given
systemically e a matter that is critical to a drug’s ototoxic potential.
To truly demonstrate ototoxicity, testing must be performed in vivo
in mammals. These studies are ongoing.

9.2. National Cancer Institute (NCI) Approved Oncology Drugset

The screen in the NINDS Custom Collection II was performed to
demonstrate feasibility of the hair cell toxicity screen in the zebrafish
lateral line. It was not meant to identify all drugs in the library that

Fig. 3. Schematic of hair cell toxicity and protection protocols. 5 dpf zebrafish are
labeled with fluorescent dye, and then placed into individual wells of a 96-well plate.
For hair cell toxicity screens, zebrafish are then treated with library compounds and
then directly imaged in 96-well plate. For hair cell protection screens, zebrafish are
first treated with library compounds, followed by treatment with hair cell toxin.
Zebrafish are then imaged within 96-well plates for evidence of hair cell protection.
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cause hair cell death. Drugs were only screened at one concentration
(100 mM) for a treatment period of single duration (1 h).While seven
known ototoxins were identified, fivewere not. This is likely because
exposure parameterswere not sufficient to result in hair cell damage.
We know fromother studies (Ou et al., 2007; Owens et al., 2009) that
hair cell death from cisplatin and other aminoglycosides can require
a minimum of 6 h of exposure. In addition, drugs that were lethal to
the zebrafish were not retested. It is certainly possible that some of
these drugs, when tested at lower doses would demonstrate hair cell
death without being lethal to the fish.

Our subsequent screen for hair cell toxicity had different goals.We
wished to perform a more comprehensive screen e i.e. determine
whether we could detect all known (as well as novel) ototoxins in
a drug library. We elected to screen the NCI Approved Oncology
Drugset, a library composed of 88 FDA-approved anti-cancer drugs
(Hirose et al., 2011). Anti-cancer drugs are particularly fertile ground
for ototoxicity research for multiple reasons. By nature, many are
cytotoxic and have good tissue penetration and thus would have
a higher risk of ototoxicity. Secondly, they are typically used in
combination and are therefore useful for the study of synergistic
ototoxicity. Lastly, patients on anti-cancer drugs are often well-
monitored and thus hearing loss is perhaps more likely to be detec-
ted. This last point comes with the caveat that many cancer studies
report only severehearing loss as a complication, leavingoutmild and
moderate hearing loss that most patients would consider significant.

To make the screenmore comprehensive, we addressed some of
the deficiencies of the first hair cell toxicity screen e namely, that
only one exposure paradigm was used, and that lethal drugs were
not retested. For the anti-cancer drug screen, we tested all drugs at
a 100 mM concentration with exposure times of both 1 h and 6 h. If
an exposure was found to be lethal to the fish, we reduced the dose
by half and retested at both durations until we had reached a dose
that was nonlethal and the hair cells could be assessed.

Using this modified protocol, the screen successfully identified 4
out of 5 (80%) of known ototoxins (Hirose et al., 2011). Interestingly,
the known ototoxin carboplatin was not identified. To determine
whether this was in fact a “true miss” of the screening protocol, or
whether other factors were contributing, we retested carboplatin
and were unable to cause hair cell damage even with 1 mM car-
boplatin for 24 h. This may represent a difference in the carboplatin
pharmacokinetics between zebrafish and mammals. It is inter-
esting to note, however, that in a study by Dean et al. (2008),
carboplatin-treated patients had only a 4% incidence of hearing loss
compared to 57% of cisplatin-treated patients. It is possible that this
difference may be seen in the zebrafish lateral line as well.

The anti-cancer drug family is also interesting because while
very few are well-established ototoxins, many could be termed
“suspected” ototoxins. These drugs have had isolated case reports
of hearing loss after drug exposure (Tibaldi et al., 1998; Moss et al.,
1999; Attili et al., 2008). In many of these cases, the drugs were
given in combination with other drugs, so it is unclear if an indi-
vidual drug or a combination was responsible for the hearing loss.
The anti-cancer drug screen detected 4 out of 7 (57%) “suspected”
ototoxins suggesting that some of these drugs might in fact be true
ototoxins and merit further evaluation. These four drugs were
subsequently found to cause dose-dependent hair cell loss in lateral
line hair cells. In vivo testing in mammals is currently in progress.

9.3. Synergistic hair cell toxicity

As stated previously, the efficiency of testing in the zebrafish
permits easy manipulation of exposure parameters and evaluation
of damage. This is particularly valuable in the investigation of
synergistic ototoxicity. The concept of synergistic ototoxicity is not
new. Aminoglycosides are known to have synergistic ototoxicity

with loop diuretics, as well as noise (Mathog and Klein, 1969;
Brummett et al., 1981; Santi et al., 1982; Li and Steyger, 2009). These
interactions however are quite rare in clinical practice. In contrast,
it is the norm for anti-cancer drugs to be used in combination.
Therefore, we sought to examine a number of anti-cancer drug
combinations for synergistic hair cell toxicity (Hirose et al., 2011).

We utilized low, relatively non-toxic concentrations of each
anti-cancer drug (i.e. concentrations for each drug that individually
cause minimal hair cell damage) in order to facilitate the identifi-
cation of synergistic effects. Multiple commonly used anti-cancer
drug combinations with cisplatin were evaluated. We chose to
evaluate for synergistic effects by calculating Chou and Talalay
(1984) combination indices for each group of drugs tested. This
combination index is a commonly used method for analyzing drug
interactions, and is widely used in the cancer literature. Of the ten
combinations evaluated, five of them demonstrated significant
synergism. In particular, the combinations of cisplatin with vinor-
elbine, cisplatin with vincristine, and cisplatin with doxorubicin
were considered strongly synergistic (Hirose et al., 2011).

With the exception of this report, we have screened only indi-
vidual drugs for hair cell toxicity. Our findings of synergistic hair
cell toxicity using cancer therapeutics suggest that in some
scenarios, drug combinations may be even more important than
toxicity from single drugs. While only anti-cancer drugs were
tested in this study, this finding likely applies by some extent to all
drugs. This suggests that when considering a patient’s risk for an
ototoxic injury, their entire drug regimen, rather than individual
drugs should be considered. While drug screens of all possible
combinations of drugs are impractical, screens of particularly
common drug regimens might be warranted.

In summary, we have used the zebrafish lateral line to screen
multiple drug libraries for hair cell toxicity. We have also found that
certain drug combinations may have more ototoxic potential than
others. As stated previously, to truly prove ototoxicity, in vivo
testing in mammals is paramount. However, our hope is that the
zebrafish can be used as an early screen for ototoxicity to identify
potentially dangerous drugs or drug combinations that merit more
formal audiologic testing during clinical trials.

10. Technical considerations for chemical screens in the
lateral line

10.1. Selecting a damage protocol

There are a number of technical considerations to be aware of
when using zebrafish lateral line hair cells for chemical screens.
Parameters for screening will obviously depend on the purpose of
the screen. To identify potential therapeutic drugs aimed at pro-
tecting hair cells, a robust and invariant damaging paradigm is
needed. Typically the lowest dose of damaging agent that still gives
maximum damage without systemic lethality is used. Short incu-
bation times are important to speed sample throughput, however,
to identify possible new ototoxic drugs, longer incubation times
may be needed to identify damage. Relative damage caused by
chemicals within a library can be influenced by the carrier inwhich
chemicals are dissolved. Libraries are typically dissolved in dime-
thylsulfoxide (DMSO), which has been shown to be toxic to hair
cells in some models (Qi et al., 2008) and can be lethal to zebrafish
at too high a concentration. As a result, carrier-only controls are
needed during each screening experiment to interpret results.

10.2. Library selection

The choice of the type of chemical library will influence screen
design. Diverse small molecule libraries have the advantage that
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any discovery has the potential to be developed into a novel drug.
Not surprisingly, the “hit rate” for small molecule screens is rela-
tively low because the vast majority of small molecules have no
obvious measurable bioactivity. In contrast, screens of previously
developed drugs or bioactives typically have higher hit rates
(Rothstein et al., 2005; Ouertatani-Sakouhi et al., 2010; Cho et al.,
2011). In our hands, screening a library of FDA-approved drugs
and bioactives for protection against neomycin damage had a 35-
fold higher success rate than screening a diverse small molecule
library of unknown activity (Owens et al., 2008; Ou et al., 2009). For
screens of larger libraries, multiplexing (screening multiple drugs/
chemicals per well) is a common practice to reduce the overall
number of plates needed to be screened. Since many of the
compounds in small molecule libraries have little activity, the
chances of confounding interactions are miniscule, although
certainly interactions between small molecules, or lethality of
certain molecules can potentially mask a positive effect. Con-
founding interactions will be more likely while screening libraries
of known drugs and bioactives; however the relatively small size of
these libraries usually makes multiplexing unnecessary.

Another consideration is the criteria for selection of initial hits
for subsequent evaluation. When screening for compounds that
protect hair cells against damage, we have used criteria that are
relatively stringent, particularly for large libraries. By contrast, our
criteria are considerably relaxed in screens designed to identify
potentially toxic compounds. False negative identifications are less
desirable, and a higher false positive rate is tolerable because these
can be easily retested. Confirmatory testing is critical for any “hit”.
Typically, this consists of repeat testing in triplicate, followed by full
dose-response testing. Typically, a high false positive rate would
make confirmatory testing frequent and onerous, however, the
efficiency of the zebrafish model allows this kind of testing to be
done rapidly. For protectants, formal two-dimensional dose-
response matrices are obtained for each protectant. For example,
with neomycin we first determine the optimal protective concen-
tration against the minimum concentration of neomycin that cau-
ses maximal hair cell loss. We then test this concentration of the
potential protectant against a wide range of neomycin concentra-
tions, from a concentration that has no activity to a level at least 4#
our original concentration. For toxicants, a simple dose-response
curve with increasing doses of the potential toxic drug is
performed.

10.3. Following up hits from screens

An important consideration is that our screening experiments
represent a phenotypic approach. Determining mechanisms of
action for identified chemicals is challenging. Even drugs with
known bioactivity and known targets are expected to have several
unidentified targets. One way to test this idea is to examine other
drugs with similar known activities.

A common mechanism of action for protection against amino-
glycoside damage is reduction of aminoglycoside uptake (Ou et al.,
2009). Therefore, as part of our standard evaluation of candidate
protectants, we quantitatively measure uptake of fluorescently
conjugated gentamicin in the presence or absence of the candidate
protective drug (Fig. 2).

Finally, one unwanted mechanism of action of new compounds
that protect against ototoxicity of therapeutic drugs is interference
with their desired therapeutic targets. Thus, all protectants against
aminoglycosides are tested to determine whether they impair the
bactericidal and bacteriostatic activities of aminoglycosides. Simi-
larly, all protectants against cisplatin are tested to determine
whether they impair the tumoricidal activity of cisplatin against
cancer cell lines.

10.4. Mammalian testing

A critical step in evaluating compounds revealed by zebrafish
screens is confirmation of activity in mammals. One assay to
confirm findings is to test compounds in vitro in the mature mouse
utricle, used instead of cochlea because of inherent difficulties
culturing that tissue. Using this preparation, the lateral line hair cell
protection seen with the small molecule PROTO1, and the FDA-
approved drug tacrine, has been confirmed in the mammalian
utricle in vitro (Owens et al., 2008; Ou et al., 2009). We also have
tested candidate ototoxins identified using the zebrafish in the
mouse utricle and found similar findings (Chiu et al., 2008) in vitro.
However, survival of mature inner ear hair cell preparations in vitro
can be tenuous and affected by other factors such as culture media
pH and ionic concentrations that may be affected by candidate
protective or toxic drugs. More recently, we have moved more
rapidly toward in vivo testing in rats (Rubel et al., 2011). This
preparation more closely represents the clinical situation. Deliv-
ering a drug to the water a fish is swimming in, or to the culture
media hair cells are bathed in does not closely model the separation
of fluid spaces characteristic of the inner ear, or simulate any issues
of drug penetration to the inner ear.

11. Conclusion

The zebrafish lateral line is a unique and promising system
that allows rapid and efficient in vivo evaluation of hair cells. As
demonstrated in this review, chemical screening for drugs that
affect hair cell survival is an evolving and dynamic process. With
each new screen come changes and modifications in screening
parameters and methodology. Screening for protection against
a variety of ototoxic insults is possible, as is screening for other
causes of hair cell toxicity. Subsequent testing in the zebrafish
can then be used to elucidate interesting biological findings
about hair cell survival and death with potential translational
impact.

12. Summary points

1. The zebrafish lateral line allows rapid and efficient in vivo
screening for chemicals that protect and damage hair cells.

2. Hair cell protection screens have yielded candidate protective
small molecules and FDA-approved drugs.

3. The lateral line has been used successfully to screen clinically
approved drugs and bioactive compounds for hair cell toxicity
and may be a useful platform to identify dangerous drugs and
drug combinations in humans.
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Development/Plasticity/Repair

In Vivo Reversible Regulation of Dendritic Patterning by
Afferent Input in Bipolar Auditory Neurons

Yuan Wang and Edwin W Rubel
Virginia Merrill Bloedel Hearing Research Center, Department of Otolaryngology–Head and Neck Surgery, University of Washington School of Medicine,
Seattle, Washington 98195

Afferent input regulates neuronal dendritic patterning locally and globally through distinct mechanisms. To begin to understand these
mechanisms, we differentially manipulate afferent input in vivo and assess effects on dendritic patterning of individual neurons in
chicken nucleus laminaris (NL). Dendrites of NL neurons segregate into dorsal and ventral domains, receiving excitatory input from the
ipsilateral and contralateral ears, respectively, via nucleus magnocellularis (NM). Blocking action potentials from one ear, by either
cochlea removal or temporary treatment with tetrodotoxin (TTX), leads to rapid and significant retraction of affected NL dendrites
(dorsal ipsilaterally and ventral contralaterally) within 8 h compared with the other dendrites of the same neurons. The degree of
retraction is comparable with that induced by direct deafferentation resulting from transection of NM axons. Importantly, when inner ear
activity is allowed to recover from TTX treatments, retracted NL dendrites regrow to their normal length within 48 h. The retraction and
growth involve elimination of terminal branches and addition of new branches, respectively. Examination of changes in NL dendrites at
96 h after unilateral cochlea removal, a manipulation that induces cell loss in NM and persistent blockage of afferent excitatory action
potentials, reveals a significant correlation between cell death in the ipsilateral NM and the degree of dendritic retraction in NL. These
results demonstrate that presynaptic action potentials rapidly and reversibly regulate dendritic patterning of postsynaptic neurons in a
compartment specific manner, whereas long-term dendritic maintenance may be regulated in a way that is correlated with the presence
of silent presynaptic appositions.

Introduction
The branching patterns of dendritic arbors help shape firing
patterns of a neuron and thus functional properties within
neuronal circuits (Purves and Hume, 1981; Connors and Regehr,
1996; Yuste and Tank, 1996; Vetter et al., 2001; Schaefer et al.,
2003). Both development and maintenance of dendritic arboriza-
tion are regulated by afferent inputs (Cline, 2001; Wong and
Ghosh, 2002; Redmond, 2008; Nagendran and Hardy, 2011).
This regulation involves activity-dependent mechanisms medi-
ated by neurotransmission (Sin et al., 2002; Lohmann and Wong,
2005; Redmond and Ghosh, 2005), as well as activity-
independent mechanisms via diffusible cues or cell contact
(Parrish et al., 2007; Urbanska et al., 2008). In vitro studies dem-
onstrate that these mechanisms occur either globally to the whole
neuron or locally to specific dendritic arbors or spines. How these
distinct mechanisms work coordinately in a temporally and spa-
tially controlled manner in dendritic regulation, however, is not
well understood, especially in neurons under in vivo situations.

The chicken nucleus laminaris (NL) provides a useful model
for studying afferent regulation of dendritic arborization. Den-
drites of NL neurons segregate into dorsal and ventral domains,
receiving excitatory input exclusively from the ipsilateral and
contralateral ears, respectively, via the nucleus magnocellularis
(NM) on each side of the brain (Parks and Rubel, 1975). Den-
dritic size and complexity are essentially symmetric between the
two domains of the same NL neurons (Smith and Rubel, 1979;
Smith, 1981; Deitch and Rubel, 1984), providing a fundamental
cellular substrate for specialized function of NL in binaural hear-
ing (Carr and Konishi, 1990). This symmetry is interrupted by
transection of contralateral NM axons that induces retractions of
ventral, but not dorsal, dendrites of the same NL neurons (Benes
et al., 1977; Deitch and Rubel, 1984). This domain specificity
allows in vivo studies of afferent influence on dendritic structure
with a matched intracellular control. However, whether such ob-
served dendritic retraction is an irreversible degeneration event
or whether it represents a form of plasticity that reflects normal
brain function remains unknown. In addition, specific mecha-
nisms of afferent input that are responsible for the induced den-
dritic retraction have not been determined, although in vitro
studies have demonstrated the importance of balanced afferent
inputs and involvement of glutamate neurotransmission
(Sorensen and Rubel, 2006, 2011).

The current study examined dendritic arborization and sym-
metry of individual NL neurons in vivo after a number of manip-
ulations of their excitatory input from NM. These manipulations
include direct axonal transection of contralateral NM projections
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and transneuronal blockage of presynap-
tic activity by unilateral cochlea removal
or local tetrodotoxin (TTX) treatment to
the inner ear. Each manipulation com-
promises excitatory input to one set of
dendrites of NL neurons while leaving the
input to the other set intact. All manipu-
lations deprive action-potential-mediated
neurotransmission to affected NL den-
drites, whereas axonal transection also in-
volves brain lesion and cochlea removal
causes changes in presynaptic neurons in
NM (Rubel and Fritzsch, 2002). Compar-
ison of the effects of these manipulations
on NL dendritic patterning helps identify
key players in afferent regulation of den-
dritic structure.

Materials and Methods
White Leghorn chicks (Gallus gallus domesti-
cus) of either sex were used 2–11 d after hatch-
ing. All procedures were approved by the University of Washington
Institutional Animal Care and Use Committee and conformed to Na-
tional Institutes of Health guidelines. All efforts were made to minimize
pain and discomfort of the animals and to minimize the number of
animals used.

Manipulations of afferent inputs
All procedures were described previously. Briefly, animals were anesthe-
tized with a mixture of 40 mg/kg ketamine and 12 mg/kg xylazine. For
transection of the crossed dorsal cochlear tract (XDCT), an ophthalmic
knife was inserted through the fourth ventricle and into the brainstem to
transect the XDCT at the midline (Deitch and Rubel, 1984; Wang et al.,
2009). The XDCT contains the decussating NM axons that project to the
ventral NL on both sides of the brain. For cochlea removal, the basilar
papilla, including the lagena macula, was removed via the oval window
after removal of the tympanic membrane and columella (Born and
Rubel, 1985; Wang et al., 2009). The membranous cochlear duct was
floated on water in a Petri dish and inspected under an operating micro-
scope to ensure complete removal. For local TTX application in the inner
ear, TTX (0.1 !l, 3 mM; Sigma-Aldrich) was injected into the perilymph
of the vestibular system at the saccule to avoid disrupting the integrity of
the middle ear or cochlear fluids (Born and Rubel, 1988, Canady and
Rubel, 1992). Each animal received either one injection or two injections
4 h apart. Control animals received injections of either distilled water or
0.9% NaCl. All vehicle or TTX treatments were applied to the left ear.

The auditory brainstem response (ABR) was tested at 0.5, 4, 8, 24, or
48 h after the first TTX application and was followed by transcardial
perfusion of the animal. The contralateral (right) cochlea was removed
immediately before the recording to limit the response to the manipu-
lated (left) ear. The animal was exposed to tones at four frequencies (0.5,
1, 2, and 4 kHz) and various intensities (up to 90 dB SPL). The ABR was
recorded using standard subcutaneous needle electrodes and averaged
for a 20 ms window across 350 stimulus presentations. Tone bursts were
10 ms in duration with 2 ms rise–fall times. Threshold is defined as the
lowest intensity stimulus to elicit a repeatable, visually discernible re-
sponse of any averaged ABR wave within 10 ms of stimulus onset (Caras
et al., 2010). For cases and stimulus frequencies that did produce a re-
peatable response at 90 dB SPL and below, the threshold was considered
100 dB SPL. Threshold was averaged for each frequency across all cases
within the control or each experimental group.

Cell filling in fixed sections
Twenty animals were used for this experiment, including control animals
(n ! 4), those receiving transection of XDCT and surviving for 8 h (n !
3), those whose right cochlea was removed and survived for 8 h (n ! 3),
and those treated with TTX and surviving for 8 h (n ! 6) or 2 d (n ! 4).
After the manipulations and designated survival periods, the animals

were deeply anesthetized and transcardially perfused with 0.9% saline,
followed by 4% paraformaldehyde. The brains were removed from the
skull, postfixed for 2– 4 h, and cut coronally at 50 –100 !m.

A method of filling individual cells using electroporation in slice prep-
arations (Sorensen and Rubel, 2006) was modified to efficiently fill indi-
vidual NL cells in fixed sections. Briefly, sections were placed in a
chamber mounted on the stage of a Leica fluorescent dissecting scope. A
pulled glass pipette containing 5 mM Alexa Fluor 488 dextran (Invitro-
gen) was positioned within the line of NL cell bodies. A negative voltage
(20 – 60 V, 20 ms pulse duration, 20 pulses/s, 1–5 s) was then applied to
the section. This procedure results in labeling of the cell body, dendrites,
and proximal axon of single NL cells (Fig. 1). To verify the completion of
individual cell filling, sections were double labeled with immunoreactiv-
ity for microtubule-associated protein 2 (MAP2), which labels all neuro-
nal cell bodies and dendrites in NL (Wang and Rubel, 2008). Monoclonal
anti-MAP2 (catalog #MAB3418) made in mouse was purchased from
Millipore Bioscience Research Reagents. The antibody binds specifically
to MAP2a and MAP2b and is detected as a 300 kDa band in Western blot
analysis.

Cell reconstruction and dendritic analyses
3D reconstruction. Complete dendritic arborizations of filled neurons
were identified based on characteristic terminal morphology and the
overlap with MAP2 immunoreactivity (Fig. 1). Only the neurons whose
entire dendritic arborization was clearly labeled and confined within a
single section were chosen for reconstruction. Image stacks were col-
lected through the entire neuron with either 40" or 60" oil-immersion
lens using an Olympus FV-1000 confocal microscope. These imaging
settings provide sufficient resolution for accurate reconstruction and
identification of terminal ending morphology. Image stacks were con-
verted into a series of .tiff images in NIH ImageJ software (version 1.43X;
National Institutes of Health) and then imported to Neurolucida (ver-
sion 9.03; MBF Bioscience). The entire dendritic arborization was traced
with lines through the middle of each branch. In some neurons, the
thickness of the lines was adjusted to match the diameters of dendritic
branches during reconstruction to verify the linear correlation between
dendritic branch length and dendritic surface area reported previously
(Deitch and Rubel, 1984). The majority of neurons were traced with lines
of fixed thickness for efficiency.

Measurements. All measurements were made from 3D reconstructions
of filled neurons using Neurolucida Explorer (version 9.03; MBF Biosci-
ence). Total dendritic branch length (TDBL) was calculated as the sum of
the length of all dendritic branches within the dorsal or ventral dendritic
domain of a neuron. The total numbers of dendritic trees (N-trees),
dendritic endings (N-endings), branch nodes (N-nodes), and branch
segments (N-segs) were also counted for each dendritic domain. The

Figure 1. Photomicrographs of individual NL neurons visualized by cell filling in fixed sections. A, A neuron filled (cyan) in a
section counterstained for immunoreactivity for the MAP2 (red). Cell filling and MAP2 staining reveal similar extensions of the
dorsal and ventral dendrites. B, The distal portion of a filled NL neuron. NL dendrites have characteristic terminal morphologies
with enlarged bulges with (green arrowheads; type 1) or without (red arrows; type 2) narrow filopodial-like extensions. A small
percentage of endings does not have a distinct bulge (elongated yellow arrowheads; type 3). Dorsal is up and ventral is down.
Image contrast, brightness, and gamma adjustments were made in Adobe Photoshop (Adobe Systems). Scale bars: A, 20 !m; B,
10 !m.
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average length of branch segments (L-segs) was calculated as TDBL di-
vided by N-segs.

Analyses. Absolute TDBL values of individual NL neurons vary greatly
and are associated with the physical location of the neuron along the
tonotopic axis of the nucleus (Smith and Rubel, 1979). A previous study
using Golgi-stained sections has reconstructed a large number of samples
(592 neurons) before and after in vivo XDCT transection, grouped these
neurons into eight sections along the tonotopic axis of the nucleus, and
compared the absolute TDBL values of dorsal or ventral dendrites across
neurons within the same tonotopic sections (Deitch and Rubel, 1984).
These analyses revealed that, although the ventral (deprived) dendrites
exhibit progressive retraction over time, the dorsal (intact) dendrites do
not show significance changes in the absolute TDBL value within 2 weeks
after the surgery. Compared with XDCT transection, cochlea removal
and intracochlear TTX treatment are less invasive manipulations. Thus,
we have every reason to assume that TDBL of the intact dendritic do-
mains of the manipulated neurons remains unchanged within survival
times examined (up to 4 d). Thus, we used the intact dendritic domain as
a reliable control to evaluate changes in deprived dendrites of the same
neurons after manipulations used in the current study.

For each measured property, two types of analyses, dendritic polarity
index (DPI) and percentage difference (PD), were conducted to quantify
the effects of the manipulations on NL dendritic structure. Calculation of
DPI and PD is described below using TDBL as an example but applies to
all other measured properties.

DPI. DPI is an indicator of the polarity of the dendritic tree, inde-
pendent of which, if either, dendritic domain is manipulated: DPI !
(Dorsal # Ventral)/(Dorsal $ Ventral) " 100.

For example, the DPI of TDBL is the difference in TDBL between the
two dendritic domains normalized to the sum of TDBLs of both domains
(i.e., TDBL of the whole dendritic tree of a particular neuron). A DPI of
zero indicates that the two domains have equal TDBLs. A positive DPI
indicates a larger TDBL in the dorsal domain (TDBLd) than in the ven-
tral domain (TDBLv). The opposite is true for a negative DPI.

PD. PD evaluates the degree of changes in dendritic structure of the
manipulated domain compared with the other domain of the same neu-
ron: PD ! (Manipulated # Control)/Control " 100.

In contrast to DPI, calculation of PD depends on which dendritic
domain of a neuron is manipulated. For example, PD of TDBL after
unilateral cochlea removal is the difference of TDBLv relative to the
TDBLd for the neurons on the contralateral side and the difference of the
TDBLd relative to the TDBLv for the neurons on the ipsilateral side. A PD
of zero indicates balanced dendritic configuration, whereas negative and
positive PDs indicate decreased and increased TDBL of the manipulated
domain, respectively, compared with the control domain of the same
neuron. For control unmanipulated neurons, “control” and “manipu-
lated” domains were assigned to match the manipulated neurons being
compared.

For statistic comparisons between control and experimental groups,
each neuron is presented as a single data point. Comparisons using each
animal as a single data point by pooling all reconstructed neurons from
the same animal together yield similar results in terms of the mean, SEM,
and p values and will not be described further.

Correlation analyses of NL dendritic retraction with NM
cell death
Ten animals received cochlea removal from the right ear and survived for
4 d. These animals and five unmanipulated animals were perfused as
described above, and brain sections of 30 !m thickness were immuno-
stained for MAP2 using the peroxidase method (Wang and Rubel, 2008).

Quantification of dendritic retraction in NL. In this group of animals, all
measurements and analyses were conducted in MAP2-stained sections
from the left (contralateral) NL whose ventral dendrites were deprived.
Because the percentages of dendritic retraction after afferent deprivation
are comparable across the tonotopic axis of NL (Deitch and Rubel, 1984),
one representative section was chosen from each case at the level of 50%
caudal-to-rostral extent of NL. At this level, NL neurons have a charac-
teristic frequency of %2 kHz based on the tonotopic map of the nucleus
(Rubel and Parks, 1975). Three or four photomicrographs were taken of

NL from the chosen section using a 63" objective attached to a Carl Zeiss
microscope. For each photomicrograph, the dorsal and ventral dendritic
domains occupied by MAP2-stained NL dendritic branches were out-
lined using NIH ImageJ software. The size of these dendritic areas in the
intact domains ranged from 2– 4 " 10 #3 mm 2. Degree of dendritic
retraction in NL was evaluated by PD of the ventral domain relative to the
dorsal domain with respect to (1) the size of the dendritic areas and (2)
the total MAP2 staining calculated as the dendritic area multiplying av-
erage optical density. In all cases, the comparison of the dendritic area
and total MAP2 staining between the dorsal and ventral domains was
made within the same photomicrograph from the same tissue section to
avoid any possible inconsistencies caused by variations in immunostain-
ing between cases and variations in brightness across photomicrographs.
The PDs from a single animal were averaged across all images, and this
mean PD represented a single data point for subsequent correlation
analyses.

MAP2 staining provides a more efficient, although less sensitive,
method to evaluate differences in dendritic length between the deprived
and intact domains of a small group of NL neurons compared with
analyses at the individual cell level. Although not sensitive enough to
detect changes in dendritic length at early time points after the manipu-
lations, MAP2 staining provides a reliable way to evaluate later changes
when dendritic retraction accumulates and leads to substantial changes
in the extension of the dendritic filed at several days after afferent depri-
vation. This analysis has been used to study dynamics of a number of
cellular events after the same manipulations (Durham and Rubel, 1985;
Wang and Rubel, 2008; Wang et al., 2009).

Quantification of cell death in NM. The amount of neuronal death in
NM attributable to removal of the ipsilateral cochlea (Born and Rubel,
1985) was evaluated by PDs in neuron number of the right, deprived NM
relative to the left, intact NM. For each case, neurons were counted from
an MAP2-stained section containing NM neurons with a characterized
frequency of 2 kHz, which is approximately at the 60% caudal-to-rostral
extent of NM (Rubel and Parks, 1975). Labeled neurons were counted
using a 40" objective and eyepiece reticule. Neurons without an obvious
nuclear profile were excluded from counting. Abercrombie’s formula was
used to correct cell profile counting (Abercrombie, 1946): N ! T/(T $ D) "
n, where N is number of cells, T is section thickness, D is mean diameter of 12
nuclei, and n is number of counted nuclei.

PD in cell number was calculated for each case and plotted as a func-
tion of PD in dendritic retraction of NL neurons.

Statistics
Significance was determined by two-tailed t tests and correlation analy-
ses, linear regression, one-way ANOVA followed by Bonferroni’s multi-
ple comparison test, or two-way ANOVA followed by Bonferroni’s post
hoc test, using the Prism version 5 software package (GraphPad Soft-
ware). p & 0.05 was considered statistically significant. All data are shown
as mean ' 1 SEM in the text and figures.

Results
Activity deprivation leads to rapid dendritic retraction of
NL neurons
Previous studies reported that transection of the XDCT, which
contains NM axons projecting to ventral dendrites of NL neurons
on both sides of the brain, leads to rapid retraction of ventral
dendrites (Benes et al., 1977; Deitch and Rubel, 1984). To exam-
ine whether induced alterations in neuronal activity are respon-
sible for the retraction, we manipulated afferent inputs to NL
dendrites transneuronally by unilateral cochlea removal in vivo
(Fig. 2A,B). Cochlea removal eliminates action potentials to the
ipsilateral NM and then evoked glutamatergic signaling to the
dorsal dendrites of the ipsilateral NL and ventral dendrites of
the contralateral NL without directly damaging NM axons (Born
et al., 1991). Somatodendritic morphology of individual NL neu-
rons was visualized by dye filling at 8 h after this surgery. TDBL
was measured separately for TDBLd and TDBLv from 3D recon-
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structions of NL neurons. DPI of TDBL was calculated as
(TDBLd # TDBLv)/(TDBLd $ TDBLv) " 100 for each neuron.
Positive and negative DPIs indicate longer dendritic length dor-
sally and ventrally, respectively.

For control neurons (n ! 13 neurons from 4 animals), TDBLd
and TDBLv are significantly correlated (r 2 ! 0.45, p ! 0.01). The
average TDBLd is slightly larger than TDBLv, with the average
DPI slightly positive (2.2 ' 2.4; Fig. 2C,D), although this differ-
ence is not statistically significant. Consistent with previous re-
ports, XDCT transection led to rapid retraction of the ventral
dendrites (Figs. 2E, 3A). Within 8 h, the TDBLv was significantly
smaller than TDBLd (n ! 16 neurons from 3 animals, p !
0.0004), with the DPI (22.5 ' 5.2) significantly larger than the
control (p ! 0.003; Fig. 2C).

After unilateral cochlea removal, neurons on the side con-
tralateral to the surgery exhibited retraction of their ventral den-
drites similar to that seen after XDCT transection (Figs. 2C,F,
3A). Within 8 h, the TDBLv was significantly smaller than TDBLd
(n ! 18 neurons from 3 animals, p ! 0.0005), with the DPI
(17.0 ' 4.2) significantly larger than the control (p ! 0.01) but
not significantly different from the neurons receiving XDCT
transection. On the side ipsilateral to the surgery, the dorsal den-
drites underwent similar retractions (Figs. 2C,G, 3A). Within 8 h,
the TDBLd was significantly smaller than TDBLv (n ! 17, p &
0.0001), with the DPI (#19.4 ' 3.7) significantly smaller than the
control (p & 0.0001). One-way ANOVA analysis with multiple

comparisons further demonstrated significant and differential
effects of unilateral cochlea removal on dendritic polarity of NL
neurons (p & 0.0001). As a more direct representation of the
degree of changes in TDBL, PDs of the manipulated domain
relative to the other domain of the same neuron are listed in Table
1. These data demonstrate that deprivation of afferent action
potentials leads to rapid reduction in dendritic length of NL neu-
rons in a compartment-specific manner.

Dendritic retraction induced by activity deprivation
is reversible
To understand the role of activity in this afferent regulation, it is
important to clarify whether dendritic retraction induced by ac-
tivity deprivation is dynamically regulated or whether it repre-
sents irreversible pathological events. We thus examined whether
dendritic retractions are reversible when afferent activity is re-
sumed. TTX, a sodium channel blocker, was delivered to the
inner ear to temporarily block the production of action potentials
from the cochlea to the brainstem (Fig. 4A). Similar to cochlea
removal, TTX delivery eliminates action potential-dependent
signaling to the ipsilateral NM and then to the dorsal dendrites of
the ipsilateral NL and ventral dendrites of the contralateral NL
(Born and Rubel, 1988; Born et al., 1991). To maintain this block-
age for at least 8 h, the same time point examined after XDCT
transection or unilateral cochlea removal, each animal was given
two deliveries of TTX 4 h apart (Fig. 4A). Time course and dura-

Figure 2. Effects of transection of the XDCT and unilateral cochlea removal (CR) on TDBL of NL neurons. A, B, Schematic drawings illustrate the surgical site for each manipulation and deprived
axons and dendrites (red) influenced by each manipulation. Dashed lines indicate the midline. C, DPI of TDBL of individual NL neurons is plotted as a function of the manipulation at 8 h. Neurons
whose ventral dendrites are deprived (XDCT 8h and CR 8h contra) exhibit significantly larger DPIs compared with control neurons, indicating significantly smaller TDBL in the ventral domain. The
opposite is true for the neurons with deprived dorsal dendrites (CR 8h ipsi). Each data point (gray) represents an individual neuron. Mean and SEM are indicated by black bars for each group. The
asterisks above individual groups indicate that the DPI of a manipulation group is significantly different (**p & 0.001; ***p & 0.0001) from the control group. D–G, 3D reconstructions of
representative filled neurons in control (D) and after XDCT transection (E) and contralateral (F ) and ipsilateral (G) cochlea removal. TDBL (micrometers) of each dendritic domain and DPI are indicated
in the tracing for each neuron. Dorsal is up and ventral is down. Scale bar: (in G) D–G, 20 !m. contra, Contralateral; ips, ipsilateral.
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tion of the effect of TTX treatments on NM/NL activity were
evaluated by ABR (Fig. 4B,D). Within 30 min of the first TTX
delivery (Fig. 4B, red line), there was a 40 dB or greater increase in
ABR threshold in response to pure tones. Because the maximum
output of the sound delivery system used in this study was 90 dB,
we cannot say that all responses were eliminated, but the changes
were similar to those in our previous studies (Born and Rubel,
1988; Born et al., 1991). These increases lasted for at least 4 h for
one TTX delivery (blue line) and 8 h for two deliveries (green
line). ABR threshold returned to the pretreatment level within
24 h (gray line), indicating that this treatment did not result in
permanent damage to the inner ear, or eighth-nerve cell bodies or
axons or cells in the cochlear nuclei.

TTX blockage of eighth-nerve activity produced a pattern of
dendritic reorganization in NL that was indistinguishable from
unilateral cochlear removal within 8 h; dorsal dendrites of the
ipsilateral NL and ventral dendrites of the contralateral NL ex-
hibited significantly smaller TDBL compared with the other do-
main of the same neurons (ipsilateral, p ! 0.008; contralateral,
p & 0.0001; Figs. 3A, 4C,E,F). Compared with the control neu-
rons, DPI of TDBL of TTX-treated NL neurons was significantly
smaller on the ipsilateral side (#14.7 ' 4.5, n ! 14 neurons from
6 animals, p ! 0.003) and significantly larger on the contralateral
side (14.8 ' 2.7, n ! 16 neurons, p ! 0.002). This significance
was confirmed by one-way ANOVA with multiple comparisons
(p & 0.0001). A two-way ANOVA of DPI (manipulation by side)
did not yield significant interaction between these two parame-
ters, indicating that the effect of deprivation on dendritic polarity
of TDBL within 8 h was determined by which dendritic domain
was deprived but did not depend on whether the deprivation was
induced by TTX treatment or cochlea removal. These data fur-
ther demonstrate that action-potential-dependent signaling
comprises a major component of the afferent activity responsible
for rapid structural regulation of NL dendrites.

Because ABR threshold returned to the control level within
24 h after TTX treatment, we examined the dendritic organiza-
tion of NL neurons at 48 h after surgery, so that these neurons had
at least 24 h experience with resumed afferent activity (Fig. 4A).
On either side of the brain, TDBLd and TDBLv were not signifi-
cantly different from each other (Figs. 3B, 4C). When compared

with control neurons, the DPI of TTX-
treated neurons that survived 48 h was not
significantly different in terms of TDBL
(ipsilateral, 3.7 ' 2.4, n ! 16 neurons
from 4 animals; contralateral, 2.9 ' 1.3,
n ! 15 neurons). The results of two-way
ANOVA for the survival time after TTX
treatment (8 vs 48 h) and the domain of
the deprived dendrites (dorsal vs ventral)
indicated that the degree of changes in
TDBL of manipulated dendrites was de-
termined by the survival time after TTX
treatment, i.e., the level of activity, and
this effect did not depend on whether the
manipulated domain was dorsal or ven-
tral. These data indicate that retracted NL
dendrites induced by activity deprivation
regrew to their original length after their
normal afferent activity was resumed,
demonstrating dynamic regulation of
afferent action potentials on dendritic
length of NL neurons.

Afferent activity regulates dendritic complexity of
NL neurons
To explore cellular compartments underlying activity regulation
of dendritic structure, we measured a number of properties re-
lated to dendritic structural complexity and examined correla-
tions of changes in these properties with changes in TDBL. DPI of
each property was calculated for each neuron as described for
TDBL. To simplify the description, neurons from animals that
received XDCT transection, unilateral cochlea removal, or TTX
treatment and survived for 8 h are grouped into two categories
based on the domain of the deprived dendrites.

The most distinct changes after afferent deprivation, along
with decreases in TDBL, are decreases in N-endings, N-nodes,
and N-segs (Fig. 5A–C). In control neurons (n ! 13), ventral
dendrites on average have %10% more endings, nodes, and seg-
ments than the dorsal dendrites of the same neurons, although
only the difference in N-segs is statistically significant (p !
0.026). After differential deprivation, NL neurons exhibited
significantly smaller N-endings, N-nodes, and N-segs in the de-
prived domain compared with the other domain (for all, p &
0.0001). Compared with the control neurons, DPIs of N-endings,
N-nodes, and N-segs were significantly smaller in the neurons
with deprived dorsal dendrites (p ! 0.004 – 0.007, n ! 31) and
significantly larger in the neurons with deprived ventral dendrites
(p ! 0.0004 – 0.002, n ! 50). This pattern of changes was con-
firmed by one-way ANOVA with multiple comparisons (p &
0.0001). On average, N-endings, N-nodes, and N-segs of the
deprived domain were %30% smaller for deprived dorsal domain
and %20% smaller for deprived ventral domain than the other
domain of the same neuron (Table 1). Importantly, restoring
activity caused the N-endings, N-nodes, and N-segs to return to
the control levels. In contrast, L-segs, calculated as TDBL divided
by N-segs, remained unchanged after manipulations (Fig. 5D),
although the ventral domain had a significantly smaller L-seg
than the dorsal domain in the control and some manipulated
groups (Table 1). In addition, neurons under these three condi-
tions show similar distribution of segment length between the
dorsal and ventral domains. No significant difference in the vari-
ation of L-segs was detected between the control and manipu-
lated groups (Fig. 5E).

Figure 3. Absolute TDBL values of analyzed neurons after manipulations. A, TDBL values of neurons after XDCT transection (red
circles), unilateral cochlea removal (red and blue stars), and TTX treatment (red and blue squares) at 8 h compared with control
neurons (black circles). B, TDBL values of neurons after TTX treatment (red and blue squares) at 48 h compared with control neurons
(black circles). For both A and B, each data point represents an individual neuron. Neurons with manipulated dorsal and ventral
dendrites are in red and blue, respectively. Solid black lines are linear regression of control neurons. Note that the majority of filled
neurons are located in the rostral and middle portions of the nucleus and have a TDBL of 150 –900 !m in one domain. One neuron
filled on the ipsilateral side at 8 h after TTX treatment has TDBLd and TDBLv of 1162 and 1244 !m, respectively, and is not included
in the graph.
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In addition, we analyzed the correlation between TDBL and
N-endings separately for the dorsal and ventral domains under
control and manipulated conditions. Linear regressions of the
correlation showed a significant trend of increasing TDBL with
larger N-endings (p & 0.0001). Importantly, PD of TDBL in-
duced by manipulations significantly correlated with the PD of
N-endings (p & 0.0001; Fig. 5F). Neurons with larger PDs in
TDBL tend to have larger PDs in N-endings. These data indicate
that changes in N-endings, i.e., terminal branches, reflect changes
in TDBL.

Conversely, the morphology of dendritic endings is not af-
fected by the manipulations. In control neurons, (80% of den-
dritic terminal endings are characterized with an enlarged bulge
with (type 1; Fig. 1B, green arrowheads) or without (type 2; red
arrows) narrow extensions. Terminals without a detectable en-
larged bulge are grouped as type 3 endings (yellow arrowheads).
After the manipulations, these three types of terminal endings
were still present in both dendritic domains of each neuron. In
addition, the percentage of each ending type in the deprived do-
main, as quantified from neurons whose ventral dendrites were
deprived by XDCT transection, remained unchanged compared
with the control domain. It is also worth noting that the N-tree in
each domain was not significantly altered by manipulations of
afferent inputs, consistent with a previous report (Deitch and
Rubel, 1984).

Dendritic maintenance of NL neurons is correlated with cell
survival of NM neurons
To explore whether the integrity of presynaptic contacts regulate
NL dendritic structure in vivo in the absence of action potentials,
we took advantage of the observation that unilateral cochlea re-
moval induces cell death in NM within 2 d (Born and Rubel,
1985). The percentage of NM neurons that die varies greatly
among the individual cases. This variation will presumably affect
the pattern and/or the total number of presynaptic terminals
apposed to NL dendrites. The association of dendritic mainte-
nance in NL with the cell survival of their presynaptic NM neu-
rons was estimated by examining the correlation between the
degree of dendritic retraction in NL and the percentage of cell
death in NM after unilateral cochlea removal. MAP2 immunocy-
tochemistry was used as a somatodendritic marker for dendritic
measurements in NL and cell counting in NM.

In control animals, the average PD in cell number between the
left and right NM is close to zero (#2.3 ' 9.7, n ! 5 animals),

indicating that cell numbers in the two NMs are nearly equiva-
lent. In NL, the size of the dendritic area occupied by MAP2
staining is slightly smaller in the ventral domain than in the dorsal
domain with a relative PD of #13.8 ' 14.3 (Fig. 6I, white circle).
Consistent with previous studies, each animal that survived 4 d
after unilateral cochlea removal (n ! 10 animals) had fewer neu-
rons in the ipsilateral NM than the contralateral NM. PDs in cell
number of the ipsilateral NM relative to the contralateral NM
varied greatly, ranging from #8.8 to #71.9 (Fig. 6). Within NL,
the ventral dendrites of the contralateral side and the dorsal den-
drites of the ipsilateral side exhibited retraction compared with
the other, non-deprived, domain of the same neurons. PDs in the
dendritic area of the ventral domain relative to the dorsal domain
also varied greatly, ranging from #19.5 to #67.3, as calculated
from the contralateral NL. Importantly, more dramatic dendritic
retractions were detected in cases with greater cell loss in the
deprived NM ipsilateral (Fig. 6A--H). Linear trend analysis re-
vealed a highly significant trend toward increasing changes in NL
dendritic area as a function of changes in NM cell number (r 2 !
0.58, p & 0.0001; Fig. 6 I, black circles and line).

Because this manipulation may lead to decreases in the density
of dendritic branches in the deprived domain in addition to a
reduction in dendritic area at 4 d, changes in NL dendritic struc-
ture were also evaluated by PDs of total MAP2 staining, calcu-
lated as the dendritic area multiplied by the average density of
MAP2 staining. Importantly, PD in total MAP2 staining in NL
correlated with PD in cell number of NM in a similar manner as
PD in dendritic area (r 2 ! 0.48, p & 0.0001; Fig. 6 I, gray triangles
and line).

Discussion
One important observation of the current study is that afferent-
deprivation-induced early changes in NL dendritic structure is
reversible with the resumption of hearing and presynaptic excit-
atory action potentials. This reversibility demonstrates that re-
tracting NL dendrites, after afferent deprivation, maintain a high
degree of flexibility and actively respond to changes in afferent
input in either direction. Although afferent or sensory depriva-
tion has been shown to slow dendritic growth or affect dendritic
stability in a number of systems (Groc et al., 2002; Wong and
Ghosh, 2002; Mizrahi and Katz, 2003), the current study provides
the first in vivo observation that such changes in dendritic branch
length can be reversed by recovery of normal afferent activity.
Dynamic plasticity in the auditory brainstem has also been dem-

Table 1. PD in structural properties of NL neurons after afferent manipulations

n TDBL N-trees N-endings N-nodes N-segs L-segs

Control 13 #3.0 ' 4.5 2.1 ' 13.6 13.0 ' 8.0 10.6 ' 8.8 17.3 ' 5.5 #14.6 ' 2.9
7.5 ' 5.7 42.4 ' 39.3 #1.0 ' 13.1 4.6 ' 13.1 #11.8 ' 5.3 18.8 ' 4.3

Deprived ventral 50 #27.1 ' 3.5 4.4 ' 7.5 #19.6 ' 3.8 #24.0 ' 4.5 #16.8 ' 4.4 #8.2 ' 2.8
XDCT 8 h 16 #31.6 ' 8.1 #4.9 ' 10.5 #19.3 ' 10.0 #23.1 ' 11.0 #14.7 ' 11.5 #10.1 ' 3.8
CR 8 h contra 18 #25.5 ' 5.9 13.7 ' 13.0 #22.9 ' 2.6 #29.6 ' 5.1 #25.8 ' 4.1 1.3 ' 4.7
TTX 8 h contra 16 #24.4 ' 3.8 5.6 ' 14.4 #17.0 ' 3.6 #20.0 ' 5.1 #10.8 ' 4.2 #14.6 ' 3.6

Resumed ventral
TTX 48 h contra 15 #5.2 ' 2.5 5.1 ' 8.3 3.7 ' 5.8 1.7 ' 5.8 2.3 ' 5.8 #4.2 ' 4.5

Deprived dorsal 31 #26.4 ' 4.2 #11.5 ' 8.3 #31.2 ' 3.9 #31.4 ' 5.0 #31.6 ' 4.0 10.4 ' 5.1
CR 8 h ipsi 17 #29.8 ' 5.4 #23.3 ' 6.5 #29.1 ' 4.2 #28.7 ' 4.5 28.9 ' 4.1 #1.1 ' 6.0
TTX 8 h ipsi 14 #22.3 ' 6.6 3.3 ' 12.2 #33.1 ' 5.7 #33.7 ' 8.0 #33.9 ' 5.9 20.3 ' 6.0

Resumed dorsal
TTX 48 h ipsi 16 9.8 ' 5.8 20.0 ' 15.6 2.6 ' 8.9 3.3 ' 9.3 3.3 ' 9.2 12.7 ' 6.6

The second column (n) indicates the number of neurons analyzed in each group. PD is calculated as the percentage difference of the manipulated domain relative to the other domain for manipulated groups. For control neurons, PD is the
percentage difference of the ventral domain relative to the dorsal domain when compared with groups with manipulated ventral domain (first row) and of the dorsal domain relative to the ventral domain when compared with groups with
manipulated dorsal domain (second row). Data are present as mean ' SEM.
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onstrated recently in deaf cats in which electrical stimulation
through cochlear implants has a restorative effect on synaptic
organization in the medial superior olive, the mammalian ana-
logs of the avian NL (Tirko and Ryugo, 2012). These forms of in
vivo plasticity are consistent with studies demonstrating that en-
riched sensory inputs or electrical stimulation enhances dendritic
growth (Sin et al., 2002; Faherty et al., 2003).

Similar to the rapidity of the retraction, NL dendrites appear
to regrow quickly with a full recovery of their branch length in
24 –36 h after 20 –30% retraction. It is interesting to note that this
high dynamics may be manifested in the unique terminal mor-
phology of NL dendrites. Dendritic endings and some branch
points of NL neurons possess an enlarged bulb with or without

narrow extensions, morphologically resembling growth cones
and filopodia of developing dendrites (Mattila and Lappalainen,
2008; Heiman and Shaham, 2010). An ending may quickly turn
into a branch point by elongating one of its filopodial-like exten-
sions into a branch. Similarly, a branch point becomes an ending
if its daughter branches retract into narrow extensions or com-
pletely disappear. This presumably fast switch between endings
and branch points may provide a fundamental cellular substrate
for fast dendritic reorganization in NL neurons.

The similarity in the degree of dendritic retraction at 8 h after
direct axonal transection and transneuronal deprivation of ac-
tion potentials achieved by removal of the cochlea or injection of
TTX into the cochlea indicates that these initial retractions pri-

Figure 4. Effects and time course of local TTX treatment on ABR and TDBL of NL neurons. A, Schematic drawings illustrate affected axonal and dendritic fields (red) after TTX treatment (top) and time course
of TTX treatment and cell filling (bottom). Level of ABR activity is indicated along the time course with red and blue colors coding reduced or normal levels of activity, respectively. B, ABR threshold is plotted as
a function of the frequency of sound stimulation. ABR thresholds increase dramatically at all examined frequencies at 30 min (red), 4 h (blue), and 8 h (green) and return to the control levels (black) by 24 h (gray).
C, DPI of TDBL of individual NL neurons at 8 and 48 h after TTX treatment. Lack of afferent activity produces similar degrees and patterns of dendritic retraction in NL as cochlea removal during the first 8 h. These
changes are reversed after 48 h on both sides of the brain. Each data point (gray) represents an individual neuron. Mean and SEM are indicated by black bars for each group. The asterisks above individual groups
indicate that the DPI of a survival group is significantly different (**p&0.001) from the control. D, Examples of ABR waveforms in response to 90 dB pure tone stimulation at 2 kHz in control, 8 and 24 h after TTX
treatment. Arrow indicates the onset of stimulation. E–H, 3D reconstructions of representative filled neurons on the contralateral and ipsilateral sides at 8 h (E, F ) and 48 h (G, H ) after TTX treatment. TDBL
(micrometers) of each dendritic domain and DPI are indicated in the tracing for each neuron. Dorsal is up and ventral is down. Scale bar: (in H ) E–H, 20 !m. contra, Contralateral; ipsi, ipsilateral.
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marily result from acute elimination of
excitatory presynaptic action potentials.
This observation is seemingly in conflict
with reports that signaling mediated by
action potentials is not required for den-
dritic development and maintenance in
general (Rajan and Cline, 1998; Rajan et
al., 1999; Wong et al., 2000) and that min-
iature spontaneous presynaptic neu-
rotransmitter release is sufficient for
maintaining NL dendritic structure in
vitro (Sorensen and Rubel, 2006). How-
ever, other reports suggest that the pattern
or competition between the inputs, rather
than the absolute level of activity, is impor-
tant for dendritic (including NL) and axonal
maintenance (Katz and Constantine-Paton,
1988; Kossel et al., 1995; Kleim et al., 1997;
Hata et al., 1999; Tailby and Metha, 2004;
Hua et al., 2005; Hashimoto et al., 2009;
Sorensen and Rubel, 2006; 2011). It is
known that NM neurons normally spike at a
very high frequency, even in the absence of
acoustic stimulation (Stopp and Whitfield,
1961; Warchol and Dallos, 1990; Born et al.,
1991). The balance between the two sets of
excitatory inputs to NL is primarily deter-
mined by differences in the spike rate of the
ipsilateral and contralateral NM axons. This
high rate of spiking in NM is not maintained
after cochlea removal, perilymphatic TTX
exposure, or in isolated brain slice prepara-
tions, because it is entirely derived from the
activity of inner ear hair cells (Born et al.,
1991; Lippe, 1994). In the absence of action
potentials, minis probably become the
major player in determining the balance
between inputs and probably dendritic
maintenance.

Dendritic complexity analyses of NL neurons demonstrate
that early changes in TDBL are accompanied by changes in the
number of endings in the same directions, suggesting that elimi-
nation of a number of terminal arbors contributes to reductions
in TDBL after afferent deprivation. This observation is consistent
with in vitro time-lapse imaging showing that XDCT transection-
induced dendritic retraction takes place primarily at the distal
portion of the neuron (Sorensen and Rubel, 2006). Similarly,
increases in TDBL after afferent restoration involve addition of
new branches, although it may also involve growth of existing
branches. In addition, our correlation analyses have revealed that
changes in the number of dendritic endings can be used as a
reliable indicator of changes in TDBL, suggesting that these elim-
inations and additions of terminal arbors contribute substantially
to changes in TDBL. Furthermore, in vitro time-lapse imaging
has demonstrated that XDCT transection results in retraction of
approximately half of the dendritic branches, whereas the other
half remain stable or are growing (Sorensen and Rubel, 2006).
These observations suggest that changes in TDBL after afferent
manipulations do not take place uniformly along all affected den-
dritic branches and may occur in a branch-specific manner by
which the fate (growing, retracting, or remaining stable) of indi-
vidual branches is influenced by a combination of afferent inputs
and intrinsic properties of each branch. This suggestion is consis-

tent with the compartmentalization of electrical, calcium, and other
biochemical signaling with single branch specificity (Rinzel and Rall,
1974; Rinzel, 1975; Sjöström et al., 2008; Branco and Häusser, 2010;
Siegel and Lohmann, 2012). Similar regulatory patterns have been
reported for dendritic growth induced by sensory stimulation and
retraction after inactivation of glutamate receptors in tectal neurons
(Rajan and Cline, 1998; Rajan et al., 1999; Sin et al., 2002).

It is also important to note that structural changes of individ-
ual branches are not determined solely by the local environment,
independent of other regions of the same dendritic tree or the
neuron. The earliest detectable changes of NL dendrites at the
ultrastructure level after XDCT transection are cytoskeleton re-
ductions in the basal portion of each deprived dendritic tree and
a significant increase in the soma size (Deitch and Rubel,
1989a,b), indicating involvement of the whole dendritic tree and
the neuron in afferent regulation of postsynaptic dendrites.
This involvement is further supported by the importance of
competitive inputs to dendritic maintenance (Katz and
Constantine-Paton, 1988; Kossel et al., 1995; Tailby and
Metha, 2004; Sorensen and Rubel, 2011). Although how a
neuron integrates inputs onto different dendritic branches
and then reorganizes dendritic arborization in a branch-
specific manner remains unknown, computation at both
global and local levels must be involved.

Figure 5. Dendritic complexity analyses. A–D, Changes in DPI of N-endings (A), N-nodes (B), and N-segs (C), as well as L-seg (D). Each
neuron is presented as a single data point for these analyses. Neurons from animals that received XDCT transection, unilateral cochlea
removal, or TTX treatment and survived for 8 h were grouped into two populations based on the domain of the deprived dendrites (open
bars). Afferent deprivation leads to significant reductions in N-endings, N-nodes, and N-segs but does not appear to alter L-seg. The
asterisksaboveindividualgroupsindicatethattheDPIofaparticulargroupissignificantlydifferent(**p&0.001;***p&0.0001)fromthe
control. con, Control; v, ventral; d, dorsal. E, PD of L-seg in the dorsal and ventral domains of NL neurons after 8 h of TTX exposure. Data from
five neurons on the right side (contralateral for TTX treatment) of the brain are averaged, separately for the dorsal and ventral domains.
Neurons under this condition, as well as in the control and TTX 48 h groups (data not shown), show similar distribution of segment length
between the dorsal and ventral domains. F, Correlations of changes in N-endings, with changes in TDBL after manipulations. Each neuron
is presented as a single data point. Solid line indicates the linear regression (r 2 !0.58, p&0.0001). Neurons with larger PDs in TDBL tend
to have larger PDs in N-endings.
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At survival times longer than 48 h when irreversible changes in
presynaptic neurons in NM take place, it appears that cell survival
in NM neurons is correlated with NL dendritic maintenance. One
interesting possibility is that the maintenance of remaining den-
drites is affected by the integrity of NM neurons that continue to
innervate these dendrites. The key players may be associated with
the number and/or pattern of “silent” presynaptic appositions,
such as spontaneous episodic release of transmitter (minis)
and/or other trophic factors and diffusable cues independent of
neuronal activity (Urbanska et al., 2008). This possibility suggests
distinct mechanisms involved in short- and long-term dendritic
maintenance, consistent with dramatically different retraction
rates of NL dendrites after XDCT transection at the first 8 –12 h
compared with later time points (Deitch and Rubel, 1984). In
addition, the short-term changes appear characterized by a rapid
decrease in the density of the dendritic cytoskeleton (microtubule
and neurofilament), whereas the late phase exhibits no additional
changes in microtubule density (Deitch and Rubel, 1989a). Alter-
natively, cell survival in NM and long-term dendritic mainte-
nance in NL may be influenced by similar mechanisms that
depend on action-potential-mediated signals. Approaches that
produce long-term changes in afferent activity without causing
degeneration of presynaptic terminals would help clarify this im-
portant issue.

In summary, the rapidity, reversibility, compartmental speci-
ficity of dendritic dynamics of chicken NL neurons in response to
manipulations of afferent inputs provides an advantageous
model for exploring local and global cellular events governing
dendritic structure. The detailed spatial and temporal informa-
tion here provides a framework for analyses of the intracellular
dynamics and regulatory pathways regulating the stability and
plasticity of neuronal dendritic structure and function.
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receptors in early developing binaural auditory neurons
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Key points

• Mature nucleus laminaris (NL) neurons in the avian auditory brainstem respond with
one or two action potentials to repetitive synaptic stimulation due to strong expression of
low-voltage-activated K+ channels (KLVA) and other intrinsic factors.

• We observe early in development, before the onset of hearing, NL neurons respond in similar
fashion despite low expression of KLVA channels. At this age, synaptic NMDA-type glutamate
receptors (NMDA-Rs) contain primarily the GluN2B subunit, which allow the summation of
synaptic responses and keep voltage-dependent Na+ channels inactivated.

• Weaker Mg2+ blockade of NMDA-Rs and an immature reuptake system cause a tonic
NMDA-R-mediated current that sets the membrane potential at more depolarized values.
Small KLVA conductances localized in dendrites prevent ramping depolarization and excessive
excitability.

• Our data show that before intrinsic properties are fully developed, NMDA-Rs limit the output
of NL neurons.

Abstract Precise control of neuronal excitability in the auditory brainstem is fundamental for
processing timing cues used for sound localization and signal discrimination in complex acoustic
environments. In mature nucleus laminaris (NL), the first nucleus responsible for binaural
processing in chickens, neuronal excitability is governed primarily by voltage-activated potassium
conductances (KVA). High levels of KVA expression in NL neurons result in one or two initial action
potentials (APs) in response to high-frequency synaptic activity or sustained depolarization.
Here we show that during a period of synaptogenesis and circuit refinement, before hearing
onset, KVA conductances are relatively small, in particular low-voltage-activated K+ conductances
(KLVA). In spite of this, neuronal output is filtered and repetitive synaptic activity generates only
one or two initial APs during a train of stimuli. During this early developmental time period,
synaptic NMDA-type glutamate receptors (NMDA-Rs) contain primarily the GluN2B subunit.
We show that the slow decay kinetics of GluN2B-containing NMDA-Rs allows synaptic responses
to summate, filtering the output of NL neurons before intrinsic properties are fully developed.
Weaker Mg2+ blockade of NMDA-Rs and ambient glutamate early in development generate a
tonic NMDA-R-mediated current that sets the membrane potential at more depolarized values.
Small KLVA conductances, localized in dendrites, prevent excessive depolarization caused by tonic
activation of NMDA-Rs. Thus, before intrinsic properties are fully developed, NMDA-Rs control
the output of NL neurons during evoked synaptic transmission.
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Introduction

The auditory system is capable of extracting information
from incoming signals to accurately locate the source of a
sound. Prominent is the ability to process the horizontal
location of low-frequency sounds, which depends on the
accuracy of encoding time differences in the order of ten
to a few hundred microseconds in the arrival of auditory
cues at the two ears. In the auditory brainstem of both
birds and mammals, neurons possess highly specialized
anatomical and physiological properties that allow them to
encode these submillisecond time differences (for review
see Burger & Rubel, 2008).

The control of neuronal excitability is a physiological
property fundamental for encoding timing differences in
both birds and mammals. In mature nucleus laminaris
(NL), the avian analog to the mammalian medial super-
ior olive (MSO), excitability is governed primarily by
the site of axonal action potential (AP) initiation (Kuba
et al. 2006, 2010) and by voltage-activated potassium K+

channels (KVA), often resulting in the generation of one or
two initial APs in response to sustained depolarization or
repetitive stimulation (Reyes et al. 1996; Kuba et al. 2002,
2003). The generation of one or two APs is necessary
for optimizing well-timed converging inputs, allowing
NL neurons to act as coincidence detectors of binaural
auditory information (Carr & Konishi, 1990; Joseph &
Hyson, 1993; Pena et al. 2001). This specialization is
also found in time-coding auditory neurons of mammals
(Brew & Forsythe, 1995; Oertel, 1991, 1997; Rothman &
Manis, 2003; Barnes-Davies et al. 2004; Scott et al. 2005;
Mathews et al. 2010).

Before hearing onset and during a period of
synaptogenesis in NL, factors controlling neuronal
excitability are less clear. During this early developmental
period, the expression of KVA is low, increasing
dramatically as the system matures and hearing emerges
(Kuba et al. 2002; Gao & Lu, 2008). Parallel to changes
in KVA expression, the subunit composition of synaptic
NMDA-type glutamate receptors (NMDA-Rs) change
from GluN2B-containing receptors before hearing onset
to GluN2A-containing receptors once the system has
approached functional maturity (Sanchez et al. 2010).
This switch in NMDA-R subunit composition changes
the fractional Ca2+ current influx (Burnashev et al.
1995; Sobczyk et al. 2005) and the temporal activation
profiles (Erreger et al. 2005), accelerating the kinetics
of NMDA-R-mediated excitatory postsynaptic currents
(EPSCs) (Flint et al. 1997; Stocca & Vicini, 1998).

During the past decade, it has become increasing
clear that NMDA-Rs contribute to information trans-
fer at synapses in mature auditory nuclei in a
variety of ways, including regulating firing probability,
response latency, spike jitter, temporal patterning and
long-term potentiation (cochlear nucleus, Pliss et al. 2009;

superior olive, Steinert et al. 2010; lateral lemniscus,
Sivaramakrishnan & Oliver, 2006; Porres et al. 2011;
inferior colliculus, Wu et al. 2004; Sanchez et al. 2007;
medial geniculate, Bartlett & Smith, 2002; auditory cortex,
Hogsden & Dringenberg, 2009). However, despite several
reports establishing their abundance in early auditory
development (Taschenberger & von Gersdorff, 2000; Futai
et al. 2001; Tang & Carr, 2004, 2007; Lu et al. 2007; Gao
& Lu, 2008; Sanchez et al. 2010) the functional role of
NMDA-Rs before hearing onset is less established.

Here we sought to determine the functional role of
NMDA-Rs during early auditory development in the
chicken NL. We show that long-lasting NMDA-R currents
filter the neuronal output of NL neurons during a
pre-hearing period when synapses are recently formed.
This filtering results in the generation of only one or
two initial APs in response to a train of repetitive
synaptic stimulation. During this period, KVA channels
are not yet fully expressed and the control of neuronal
excitability is due to NMDA-Rs containing the GluN2B
subunit. Minimal expression of low-voltage-activated K+

conductances (KLVA), one of which is located primarily in
dendrites, contributes to prevent run-away depolarization
caused by extracellular glutamate and a weaker Mg2+

blockade of NMDA-Rs during early NL development.
It is established that the filtering of neuronal output

in mature NL neurons is necessary for binaural hearing
(for review see Burger & Rubel, 2008). In early
developing NL, however, synaptic responses mediated
by GluN2B-containing NMDA-Rs may be required for
sculpting NL specializations important for encoding
binaural cues found in mature auditory neurons, while
the filtering of neuronal output may assist in the selection
of appropriate synapses and circuit refinement.

Method

Slice preparation

Acute brainstem slices were prepared from White Leghorn
chicken (Gallus domesticus) at embryonic (E) days
19 and E11 as described previously (Sanchez et al.
2010). All procedures were approved by the University
of Washington Institutional Animal Care and Use
Committee and conformed to NIH guidelines. Efforts
were made to minimize pain or discomfort of the
animals and to minimize the number of the animals
used. Briefly, the brainstem was dissected and isolated
in ice-cold (∼0◦C) oxygenated low-Ca2+ high-Mg2+

modified artificial cerebral spinal fluid (ACSF) containing
the following (in mM): 130 NaCl, 3 KCl, 1.25 NaH2PO4,
26 NaHCO3, 4 MgCl2, 1 CaCl2 and 10 glucose. ACSF
was continuously bubbled with a mixture of 95% O2–5%
CO2 (pH 7.4, osmolarity 295–310 mosmol l− 1). The brain-
stem was blocked coronally, affixed to the stage of a
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vibratome slicing chamber (Technical Products Inter-
national, St Louis, MO, USA) and submerged in ice-cold
ACSF. Bilaterally symmetrical coronal slices were made
(200–300 µm thick) and approximately three to six
slices (depending on age) containing NM and NL were
taken from caudal to rostral, roughly representing the
low- to high-frequency regions of NL, respectively. All
neurons reported here were obtained from the rostral
one-third of the entire nucleus, roughly representing the
high-frequency region of NL. This region was selected in
order to minimize effects of membrane capacitance and
dendritic filtering on neuronal response properties.

Slices were collected in a holding chamber and
allowed to equilibrate for 1 h at 36◦C in normal ACSF
containing the following (in mM): 130 NaCl, 3 KCl,
1.25 NaH2PO4, 26 NaHCO3, 1 MgCl2, 3 CaCl2 and 10
glucose. Normal ACSF was continuously bubbled with
a mixture of 95% O2–5% CO2 (pH 7.4, osmolarity
295–310 mosmol l− 1). Slices were allowed to cool to room
temperature for 30 min before being transferred from
the holding chamber to a 0.5 ml recording chamber
mounted on an Olympus BX51W1 (Center Valley, PA,
USA) microscope for electrophysiological experiments.
The microscope was equipped with a CCD camera, 60×
water-immersion objective and infrared differential inter-
ference contrast optics. The recording chamber was super-
fused continuously at near-physiological temperatures
(monitored at ∼33–35◦C) in oxygenated normal ACSF
at a rate of 1.5–2 ml min− 1.

Whole-cell electrophysiology

Voltage-clamp and current-clamp experiments were
performed using an Axon Multiclamp 700B amplifier
(Molecular Devices). Patch pipettes were pulled to a
tip diameter of 1–2 µm and had resistances ranging
from 3 to 6 M!. For voltage-clamp experiments, the
internal solution was cesium-based containing the
following (in mM): 108 CsMeSO3, 5 CsCl, 1 MgCl2,
15 phosphocreatine-Tris2, 8 BAPTA-Cs4, 10 Hepes, 3
QX-314.Cl, 4 MgATP and 0.4 Tris2GTP, pH adjusted
to 7.3 with TrisOH. The liquid junction potential was
5 mV and data were adjusted accordingly. The Cs-based
internal solution was used to block K+ conductances
and QX-314. Cl was used to block Na+ conductances
in an attempt to reduce space-clamp issues associated
with dendritic filtering. Series resistance was compensated
for by ∼80% in all voltage-clamp recordings. For
current-clamp experiments, the internal solution was
potassium-based containing the following (in mM): 105
potassium gluconate, 35 KCl, 1MgCl2, 10 Hepes-K+, 5
EGTA, 4 ATP-Mg2+ and 0.3 GTP-Na+, pH adjusted to 7.3
with KOH. The liquid junction potential was 10 mV and
data were adjusted accordingly.

A small hyperpolarizing (− 1 mV, 100 ms) voltage
command was presented at the beginning of each recorded
trace to document and monitor whole-cell parameters
(resting membrane potential (RMP), cell membrane
capacitance, series resistance and input resistance). RMPs
were measured immediately after break-in to avoid
cesium-induced depolarization during voltage-clamp
experiments. Neurons were included in the data analysis
only if they had RMPs between − 50 mV and − 70 mV and
had series resistances < 15 M!. Raw data were low-pass
filtered at 2 kHz and digitized at 20 kHz using a Digidata
1440A (Molecular Devices).

Pipettes were visually guided to NL and neurons were
identified and distinguished from surrounding tissue
based on cell morphology, known laminar structure and
location of the nucleus within the slice. All experiments
were conducted in the presence of a GABAA-R antagonist
picrotoxin (PTX, 100 µM). After a gigaohm seal was
attained, membrane patches were ruptured and NL
neurons were held in whole-cell configuration for
voltage-clamp recordings at membrane potentials
ranging between − 90 mV and +40 mV (dependent on
experimental protocol). For current-clamp experiments,
NL neurons were held in whole-cell configuration at
I = 0 for recording intrinsic and synaptic membrane
potentials. Isolated AMPA-R-mediated EPSCs were
recorded in the presence of the NMDA-R antagonist
DL-2-amino-5-phosphonopentanoic acid (DL-APV,
100 µM). Isolated NMDA-R-mediated EPSCs were
recorded in the presence of the AMPA-R antagonist 1,2,
3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-
7-sulfonamide disodium salt hydrate (NBQX, 20 µM).
Isolated K+ currents were recorded in the presence of
the Na+ channel blocker tetrodotoxin (TTX, 1 µM),
NBQX and DL-APV. Dendrotoxin (DTX-I, 0.1 µM) and
Fluoxetine (100 µM) were used to selectively block low-
and high-voltage-activated K+ currents, respectively. K+

leak currents were not subtracted from the raw data
but were estimated offline using the responses to the
hyperpolarizing steps from − 80 to − 90 mV as a baseline.

Synaptic inputs from only one side of the brainstem
(ipsilateral synaptic stimulation) were stimulated using a
concentric bipolar electrode (tip core diameter, 200 µm,
World Precision Instruments, Sarasota, FL, USA). Square
electric pulses, 100 µs in duration, were delivered by an
Iso-flux stimulator (AMPI; Jerusalem, Israel) and inter-
val generator (S88; Grass, West Warwick, RI, USA).
Stimulating electrodes were placed in the ipsilateral dorsal
neuropil region of NL, approximately 30–50 µm from
the NL neurons being studied. Stimulus intensity was
gradually adjusted until responses were reliably elicited
such that postsynaptic events were of maximal amplitude
and no failures occurred. To evoke EPSPs, stimulus
intensity was adjusted to half the strength needed to elicit
APs and then TTX was added to the bath to ensure only
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EPSPs were measured. The after-train depolarizing plateau
(ATDP) was measured 50 ms after the final pulse in the
stimulus train and averaged across a 10 ms time window.

Data analysis

Recording protocols were written and run using Clampex
acquisition and Clampfit analysis software (version 10.1;
Molecular Devices). Statistical analyses and graphing
protocols were performed using Prism (GraphPad
versions 5.0a, La Jolla, CA, USA). The standard for
significant differences was defined as P < 0.05. All graphic
representations of data illustrate mean ± 1 standard error
of the mean (SEM).

Reagents

All bath-applied drugs were allowed to perfuse
through the recording chamber for ∼2 min before
subsequent recordings. DL-threo-β-benzyloxyaspartate
(TBOA, 100 µM, glial and neuronal glutamate uptake
blocker), DL-APV, NBQX and all other salts and chemicals
were obtained from Sigma-Aldrich (St Louis, MO, USA).
DTX-I, PTX and Fluoxetine were obtained from Tocris
(Ellisville, MI, USA). TTX and QX-314 were obtained
from Alomone Labs (Jerusalem, Israel).

Anti-Kv1.2 immunoreactivity

E19 (n = 3) and E11 (n = 2) chicken brains were fixed
in a 4% paraformaldehyde (PFA) and phosphate buffer
(0.1 M, pH 7.4) overnight at 4◦C. Brains were rinsed in
phosphate-buffered saline (PBS) and embedded in 5%
agar. Sections 35 µm thick containing NL and NM were
prepared with a vibratome (Leica VT 1000S, Leica Micro-
systems). Sections were immunolabelled with 1:1000
anti-Kv1.2 potassium channel subunit antibody (Neuro-
Mab clone K14/16) in PBS with a standard block solution
for at least 6 h at room temperature (RT) or over-
night at 4◦C. After rinsing, sections were exposed to
the secondary antibody (1:500, Alexa Fluor 594 goat
anti-mouse, Invitrogen) overnight at 4◦C in standard
block solution. After rinsing, sections were coverslipped
with Glycergel (Dako) and imaged using a confocal micro-
scope (Fluoview 1000, Olympus). Intensity profile pictures
generated from a 3-D image stack were made with Huygens
software (Scientific Volume Imaging).

Single-cell dye electroporation with Kv1.2
immunoreactivity

Acute brainstem slices of E19 (n = 2) and E11 (n = 2)
chicken were prepared as described above. Single NL

neurons were electroporated with Alexa 488 dextran dye
as described previously (Sorensen & Rubel, 2006; Seidl
et al. 2010). Briefly, under a microscope, a pipette tip
(diameter 1–2 µm) filled with 20 mM Alexa dextran dye
was placed near the soma of an individual NL neuron in
an acute slice maintained in normal ACSF. A brief train
of square pulses (100 µs pulse, 10–50 mV) was applied
to fill individual neurons with the Alexa dextran dye.
Immediately after electroporation, slices were fixed in 4%
PFA at RT for 15–30 min. Slices then underwent the Kv1.2
staining protocol described above. Slices were embedded
between two coverslips in Glycergel to ensure imaging
from both sides. Filled neurons labelled with the Kv1.2
antibody were imaged by confocal microscopy and the 3-D
images were deconvolved, Gaussian filtered and surface
rendered using Huygens software.

Results

We recorded from a total of 97 NL neurons obtained
from acute brainstem slices prepared at embryonic (E)
day 19 (E19, n = 40 neurons) and E11 (n = 67 neurons)
chicken embryos. These ages correspond to developmental
time periods when functional properties are considered
mature-like (E19) and when synapses are becoming
established prior to the onset of hearing (E11) (Rubel &
Parks, 1988). Below we describe the role of NMDA-Rs and
voltage-activated K+ channels in the control of neuronal
excitability during a period of synaptogenesis and circuit
refinement.

Single action potential (AP) generation in response
to sustained synaptic activation in developing NL
neurons

When afferent inputs to E19 NL neurons were stimulated
with 10 pulses delivered at a rate of 100 Hz, a frequency
of physiological relevance (Born et al. 1991), the post-
synaptic neurons responded with one or two APs that
were always triggered by the first or second stimulus of
the train (Fig. 1). Repetitive stimulation to one set of
inputs always elicited a single AP in response to the first
stimulus (Fig. 1A). The occurrence of a second AP to the
second stimulus pulse was occasionally observed with a
probability of ∼0.3 (Fig. 1B). This result is consistent with
previous reports for mature NL neurons (Kuba et al. 2002)
and other auditory brainstem nuclei that encode timing
cues used for binaural hearing (Oertel, 1991, 1997; Brew
& Forsythe, 1995; Taschenberger & von Gersdorff, 2000;
Futai et al. 2001). No AP occurred in the last eight pulses of
the stimulus train (Fig. 1B). Since APs that occurred to the
second stimulus pulse exhibited variable peak amplitudes
(Kuba et al. 2002), three criteria were used to distinguish
APs from EPSPs: (1) the presence of an abrupt inflection
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or shoulder in the rising phase of the response (threshold);
(2) a peak amplitude > 30 mV from the threshold of spike
initiation; and (3) a half-width (duration of the AP at
half-maximal amplitude) < 4 ms for E11 neurons and
< 1 ms for E19 neurons (Gao & Lu, 2008).

Surprisingly, immature NL neurons (E11) also
responded with one or two APs when afferent inputs were
rapidly stimulated (10 pulses at a rate of 100 Hz; 10 trials
repeated once every 10 s; Fig. 1C). Similar to E19 neurons,
all APs from E11 NL neurons were generated either after
the first or within the first two stimulus pulses (only
one E11 NL neuron generated three APs, all occurring
within the first three stimulus pulses). Similar to E19
neurons, no AP occurred in the last seven to eight pulses
of the stimulus train (Fig. 1D). In contrast to E19 neurons,
however, all E11 neurons maintained a depolarized state
during the later segment of the train. This resulted in a

Figure 1. Single action potential generation in response to
sustained synaptic activation in developing NL neurons
A, representative current-clamp trace for an E19 NL neuron elicited
by a train of 10 pulses delivered at a rate of 100 Hz. Pulse train
repeated every 10 s. B, population data for E19 NL neurons showing
the probability of action potential occurrence as a function of pulse
number during a 100 Hz train. C , representative current-clamp trace
for an E11 NL neuron elicited by a train of 10 pulses delivered at a
rate of 100 Hz. Pulse train repeated every 10 s. D, population data
for E11 NL neurons showing the probability of action potential
occurrence as a function of pulse number during a 100 Hz train. In
this and subsequent figures: RMP, resting membrane potential; AP,
action potential; ATDP, after-train depolarizing potential, downward
arrowhead. Dashed lines in traces represent baseline RMP. Grey
rectangles under traces represent time point of stimulus pulse.
Stimulus artifacts not removed. Data represent mean ± SEM.

strong depolarizing plateau that lasted hundreds of milli-
seconds after the stimulus train. We termed this sustained
response as the after-train depolarizing plateau (ATDP).

It is well established that in mature NL neurons the
generation of one or two APs after sustained synaptic
activation to one set of inputs (Kuba et al. 2002) or
constant depolarization (Reyes et al. 1996) is due to a
combination of pre- and postsynaptic mechanisms, as
well as intrinsic properties of NL neurons. In particular,
large conductances mediated by KLVA channels increase
the threshold for AP generation and reduce the time
constant of the membrane, consequently reducing the
time window during which inputs can summate and
effectively controlling neuronal excitability. It is unclear
what contributes to the control of neuronal excitability
during early NL development.

Minimal contribution of low-voltage-activated
potassium currents early in development

Voltage-activated K+ currents – both low- and
high-voltage dependent – are developmentally
up-regulated in NL (Gao & Lu, 2008). Similar to
previous reports, we observed a 3-fold increase in total
K+ current from E11 to E19 (Fig. 2A–C). Neurons were
voltage-clamped at − 60 mV and stepped from − 90 mV
to +20 mV in 5 mV increments (200 ms duration) and
the average steady-state current between 180 and 185 ms
of the voltage command was measured and used to
derive the I–V relationship shown in Fig. 2C. In E19
neurons, ∼79% of the total K+ current was sensitive to
bath application of DTx-I (0.1 µM, data not shown), a
specific blocker against the low-voltage-activated Kv1.1-
and Kv1.2-containing channels (Johnston et al. 2010;
Mathews et al. 2010). This finding is in close agreement
with other studies performed in mammals (Scott et al.
2005; Johnston et al. 2010; Mathews et al. 2010) and
confirms a dominant role of KLVA conductances in mature
NL neurons.

In contrast, E11 NL neurons not only exhibited reduced
potassium currents compared with E19, but we also
found a minimal contribution of KLVA current at this
early age relative to KHVA. Figure 2D shows representative
voltage-clamp traces of isolated K+ currents for an E11
NL neuron before (black traces) and after (grey traces)
bath application of 0.1 µM DTx-I. There was negligible
reduction in the total amount of K+ current elicited by
the hyperpolarizing and depolarizing voltage commands
with bath application of DTx-I (Fig. 2D and E). However,
when measured between − 55 mV and − 30 mV (Fig. 2E,
grey shaded region), approximately 33% of the total K+

current was sensitive to DTx-I application (Fig. 2E, inset),
suggesting some minimal contribution of KLVA to the total
K+ current measured at E11.
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Bath application of Fluoxetine (FLx, 100 µM), a highly
specific open channel blocker for Kv3.1-containing,
high-voltage-activated K+ channels (KHVA) (Sung et al.
2008), significantly reduced the total amount of K+

current in E11 NL neurons. Figure 2F shows representative
voltage-clamp traces of isolated K+ currents recorded

before (black traces) and after (grey traces) bath
application of FLx for a different E11 NL neuron. FLx
application caused a minimal reduction in the total
amount of K+ current measured at − 40 mV, but a
large reduction at +20 mV (Fig. 2G), suggesting a strong
contribution of the KHVA channel at this age. A similar

Figure 2. Minimal contribution of low-voltage-activated potassium currents early in development
A and B, representative voltage-clamp traces of isolated K+ currents for E19 (A) and E11 (B) NL neurons. C ,
population current–voltage (I–V ) curves for E19 and E11 NL neurons. D, representative voltage-clamp traces of
isolated K+ currents for an E11 NL neuron before (left, black traces) and after (right, grey traces) bath application of
a specific KLVA blocker (DTx-I, 0.1 µM). E, population I–V curves for E11 neurons before and after DTx-I application.
Grey shaded region indicates voltage range (− 55 mV to − 30 mV) used to determine the average amount of K+

current that was sensitive to bath application of DTx-I (inset). Inset Y -axis tick marks are 0 to 250 pA in steps of
50 pA: X -axis are − 55 to − 30 mV in steps of 5 mV. F, representative traces for another E11 NL neuron before (left,
black traces) and after (right, grey traces) application of a specific KHVA blocker (FLx, 100 µM). G, population I–V
curves for E11 before and after FLx. In A, B, D and F, neurons were held at − 60 mV and stepped from − 90 mV
to +20 mV (steps of 5 mV, duration 200 ms). Schematic lines under traces represent the holding, minimal and
maximal voltages (minimized for clarity) injected into the soma. Filled and open circles above traces represent time
point taken (averaged across 5 ms) to construct steady-state I–V curves shown in C , E and G. All experiments were
performed in the presence of DNQX, DL-APV, PTX and TTX. In this and subsequent figures: ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001, paired t test. Numbers in parentheses, n.
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result was obtained with a low concentration of tetraethyl
ammonium (TEA, 1 mM; data not shown), known to be
relatively effective at blocking Kv3-containing channels
(Johnston et al. 2010). These functional results are in close
agreement with the expression pattern of KHVA channels
during early NL development (Parameshwaran-Iyer et al.
2003). These results also indicate that there is less total
K+ channel current at E11 compared with E19. More
significantly, there is a minimal contribution of the KLVA

channel relative to KHVA early in development of NL
neurons.

Developmental differences in excitatory postsynaptic
potentials (EPSPs) following afferent stimulation

Despite a minimal contribution of KLVA conductances
at E11, NL neurons still respond with one or two
APs to sustain synaptic activity. Important differences
are observed in synaptically evoked sub-threshold post-
synaptic potentials (EPSPs) between developing E11
neurons and mature-like E19 neurons in NL.

Low-frequency stimulation (0.1 Hz) of afferent fibres
into mature E19 NL neurons triggered extremely rapid
EPSPs (Fig. 3A). The average width of this EPSP, measured
at half-maximal amplitude, was 1.86 ± 0.23 ms (n = 5
neurons), in close agreement with other stage-matched
time-coding auditory neurons (Scott et al. 2005; Gao
& Lu, 2008). In addition, the width of the EPSP
at this age was shaped primarily by the presence
of strong KLVA conductances (data not shown). In
contrast, synaptically evoked EPSPs recorded from E11
NL neurons were significantly slower (P < 0.001), with an
average width of 43.86 ± 7.82 ms (n = 5 neurons; Fig. 3B),
suggesting the relatively minimal contribution of KLVA

conductances at this age. These results were consistent
across the population of neurons tested at both ages
(Fig. 3C).

In mature NL neurons, repetitive subthreshold afferent
stimulation (10 pulses at a rate of 100 Hz; 10 trials repeated
once every 10 s) resulted in EPSPs that depressed as
the train of stimuli progressed (Fig. 3D). In contrast,
for the E11 NL neuron in Fig. 3E, the EPSPs were
not depressed but summated following rapid afferent
stimulation, resulting in a strong ATDP. This ATDP is
clearly visible when E11 NL neurons were stimulated with
an AP-inducing train as shown in Fig. 1C. The average
ATDP was measured 50 ms after the final pulse in the
train and averaged across a 10 ms time window. In E11
neurons, ATDP was 12.80 ± 3.81 mV above the starting
resting membrane potential (RMP; n = 5 neurons) and
was more than double than the ATDP measured at E19
(4.88 ± 2.09 mV; n = 5 neurons, P < 0.01). These results
were consistent across the population of neurons tested at
both ages (Fig. 3F).

Developmental differences in excitatory postsynaptic
currents (EPSCs) following rapid afferent stimulation

Previous studies from our group and others have
shown dramatic changes in the kinetics and sub-
unit composition of NMDA- and AMPA-Rs in nucleus
magnocellularis (NM) and NL across the ages studied.
NL neurons change from containing the GluN2B sub-
unit at E11 to GluN2A-containing receptors at E19.
This change in subunit composition accelerates the
kinetics of NMDA-R-mediated EPSCs (Sanchez et al.
2010). Similarly, developing AMPA-R-mediated currents
in NL change from GluA2-containing receptors at E11 to
GluA2-lacking receptors at E19, resulting in significantly
faster kinetics of AMPA-R-mediated EPSCs (Sanchez
et al. 2010). Similar findings have been described in NM
(Lu et al. 2007) and other auditory brainstem nuclei
(Taschenberger & von Gersdorff, 2000; Futai et al. 2001).

To better identify the source responsible for the
differences in the generation of EPSPs following afferent
synaptic stimulation, we analysed the underlying synaptic
currents following a train of 10 stimuli delivered at a
rate of 100 Hz. To address a potential role of AMPA-Rs
in contributing to the developmental differences in
synaptically triggered postsynaptic potentials, we isolated
AMPA-R current responses recorded at negative holding
potentials (− 60 mV) and in the presence of the NMDA-R
antagonist DL-APV (100 µM). As shown in Fig. 4A for an
E19 NL neuron (superimposed grey trace), considerable
depression is seen during the rapid stimulus train. This
type of synaptic depression is consistent in mammals and
birds (for reviews see Trussell, 1998, 1999) and is probably
due to presynaptic mechanisms (Stevens & Wang, 1995)
as well as AMPA-R desensitization (Hestrin, 1992).
Surprisingly, a similar amount of synaptic depression
was recorded for the E11 NL neuron shown in Fig. 4A
(black trace). Although synaptic depression of isolated
AMPA-R-mediated EPSCs was largest for E19 neurons, it
was not significantly different from E11 neurons (Fig. 4B).
This indicates that the slower GluA2-containing AMPA-Rs
present at E11 (Sanchez et al. 2010) do not contribute to
the summation of EPSPs elicited by a train of rapid afferent
stimulation.

When isolated NMDA-R responses were recorded at
positive holding potentials (+40 mV) and in the presence
of the AMPA-R antagonist NBQX (20 µM), we observed
minimal facilitation following the second and third
stimulus pulse for the E19 NL neuron shown in Fig. 4C
(superimposed grey trace). Moreover, a clear depression
for the remaining stimulus pulses in the train was observed
across the population of E19 NL neurons tested (Fig. 4C
and D). In marked contrast, a 2.5-fold increase in the
NMDA-R-mediated EPSC at E11 was observed from the
first EPSC to the last EPSC triggered by the rapid train
of afferent stimulation for the neuron shown in Fig. 4C
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(superimposed black trace). This significant summation
of the isolated NMDA-R-mediated current was evident
across the population of E11 NL neurons tested (Fig. 4D).

Developmental differences in glutamate clearance at
NL synapses

Another important factor that contributes to the
summation of synaptically driven postsynaptic potentials
is the clearance of glutamate from the synaptic cleft.
We investigated this in NL neurons with a non-selective
competitive inhibitor DL-threo-β-benzyloxyaspartate
(TBOA), which blocks both glial and neuronal
glutamate uptake. In E19 NL neurons, 100 µM TBOA
caused a significant increase in the time course of
the isolated NMDA-R-mediated EPSC (Fig. 5A). We
quantified this change by measuring the width of the
NMDA-R-mediated EPSC following low-frequency

afferent stimulation (0.1 Hz) at half-maximal amplitude.
At E19, under control conditions, the average half-width
was 39.28 ms ± 5.76 ms but increased to 232.6 ± 62.70 ms
after bath application of TBOA (P < 0.01; Fig. 5B). In
contrast, at E11 we observed little change in the time course
of the isolated NMDA-R-mediated EPSCs when TBOA
was bath applied (Fig. 5C). Under control conditions and
with bath application of TBOA, the average half-widths of
the NMDA-R current response were 164.3 ms ± 22.54 ms
and 177.8 ± 9.81, respectively (P = 0.24; Fig. 5D),
suggesting a lack of transporter-mediated clearance of
glutamate at NL synapses for E11 neurons.

These results indicate that at E11, the summation of
EPSPs following rapid afferent stimulation and the sub-
sequent ATDP is due to the summation of NMDA-R
responses. These responses summate because of the slower
kinetics of the GluN2B-containing NMDARs present at
this age and because of an inefficient clearance of trans-
mitter.

Figure 3. Developmental differences in excitatory postsynaptic potentials (EPSPs) following afferent
stimulation
A, representative current-clamp trace showing the EPSP of an E19 NL neuron following low-frequency
stimulation (0.1 Hz). B, representative current-clamp trace showing the EPSP of an E11 NL neuron following
low-frequency stimulation (0.1 Hz). C , population data showing changes in the width of EPSPs measured at
half-maximal amplitude for E19 and E11 NL neurons following low-frequency stimulation (0.1 Hz). D, representative
current-clamp trace showing the EPSP of an E19 NL neuron elicited by a train of 10 pulses delivered at a rate
of 100 Hz. Pulse train repeated every 10 s. E, representative current-clamp trace showing the EPSP of an E11 NL
neuron elicited by a train of 10 pulses delivered at a rate of 100 Hz. Pulse train repeated every 10 s. F, population
data showing changes in ATDP for E19 and E11 NL neurons following high-frequency stimulation (100 Hz). In A,
B, D and E, traces are averaged across a minimum of 5 stimulus presentations. Stimulus intensity was adjusted to
half the strength needed to elicit an AP, followed by TTX bath application.
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Neuronal excitability is controlled by NMDA-Rs in
developing NL neurons

We hypothesized that the strong depolarization mediated
by NMDA-Rs controls the excitability of NL neurons via
inactivation of Na+ channels, thereby preventing repetitive
AP generation during a rapid train of afferent stimulation.
To assess this possibility, we blocked NMDA-Rs while
recording the generation of APs during a train of rapid
afferent stimulation from E19 and E11 NL neurons.

Ten pulses were delivered at a rate of 100 Hz and
repeated once every 10 s. Figure 6A shows the response
of an E19 NL neuron before (black trace) and after
(red trace) bath application of DL-APV (100 µM), an
NMDA-R antagonist. The overall neuronal excitability,
the resting membrane potential or the number of APs
generated during the stimulus train was not affected by
APV (Fig. 6A–D). The probability of an AP occurring

Figure 4. Developmental differences in excitatory
postsynaptic currents (EPSCs) following rapid afferent
stimulation
A, superimposed voltage-clamp traces of isolated AMPA-R-mediated
EPSCs for E19 (grey trace) and E11 (black trace) NL neurons elicited
by a train of 10 pulses delivered at a rate of 100 Hz. Pulse train
repeated every 10 s. B, population data for isolated
AMPA-R-mediated EPSCs for E19 and E11 NL neurons. C ,
superimposed voltage-clamp traces of isolated NMDA-R-mediated
EPSCs for E19 (grey trace) and E11 (black trace) NL neurons elicited
by a train of 10 pulses delivered at a rate of 100 Hz. Pulse train
repeated every 10 s. D, population data for isolated
NMDA-R-mediated EPSCs for E19 and E11 NL neurons. In A and C ,
traces are averaged across a minimum of 5 stimulus presentations.

when NMDA-Rs were blocked did not change during
any segment of the stimulus train, a result consistent for
the population of E19 NL neurons tested (Fig. 6B, n = 7).
Although blocking NMDA-Rs significantly reduced the
ATDP across all neurons tested (Fig. 6C, P < 0.01) there
were not changes in the RMP (Fig. 6D).

In contrast to the results obtained at E19, blocking
NMDA-Rs with DL-APV at E11 resulted in the generation
of APs that were able to follow the train of rapid
afferent stimulation (Fig. 6E). In the control condition
(no drug) the first two stimulus pulses in the train
resulted in the generation of one AP and occasionally a
second, while blocking NMDA-Rs (+APV) yielded APs
that reliably responded during the entire stimulus train
(10 APs, superimposed red trace). The probability of an
AP occurring during the later segment of the stimulus train

Figure 5. Developmental differences in glutamate clearance at
NL synapses
A, representative voltage-clamp traces of isolated NMDA-R-mediated
EPSCs for an E19 NL neuron before (black traces) and after
(superimposed grey traces) bath application of a glutamate
transporter antagonist (+TBOA, 100 µM). Afferent stimulation rate,
0.1 Hz. B, population data showing changes in the time to
half-maximal amplitude width of the NMDA-R-mediated EPSC
before (C, control) and during (D, drug) bath application of TBOA for
E19 NL neurons. C , representative voltage-clamp traces of isolated
NMDA-R-mediated EPSCs for an E11 NL neuron before (black traces)
and after (superimposed grey traces) bath application of a glutamate
transporter antagonist (+TBOA, 100 µM). Afferent stimulation rate,
0.1 Hz. D, population data showing changes in the time to
half-maximal amplitude width of the NMDA-R-mediated EPSC
before (C, control) and during (D, drug) bath application of TBOA for
E11 NL neurons. In A and C , traces are averaged across a minimum
of 5 stimulus presentations. In B and D, number in bar represents n.
In this and subsequent figure, n.s., not significant.
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Figure 6. Neuronal excitability is controlled by NMDA-Rs in early developing NL neurons
A, representative current-clamp traces for an E19 NL neuron before (black traces) and after (superimposed red
traces) bath application of an NMDA-R antagonist (+DL-APV, 100 µM). Stimulation, 10 pulses at a rate of 100 Hz,
repeated every 10 s. !RMP is the change in resting membrane potential after application of DL-APV used to
derive data shown in D. Black and red downward arrowheads (control and drug traces, respectively) represent
time points (averaged across 10 ms window) used to derive data shown in C . B, population data for E19 NL
neurons showing the probability of action potential occurrence as a function of pulse number during a 100 Hz
train before (Control, black bars) and after (+APV, red bars) drug application. C , population data showing changes
in ATDP before (C, control), during (D, drug) and after (R, recovery) bath application of DL-APV for E19 NL neurons.
D, population data showing changes in RMP before (C), during (D) and after (R) bath application of DL-APV for
E19 NL neurons. E, representative current-clamp traces for an E11 NL neuron before (black traces) and after
(superimposed red traces) bath application of an NMDA-R antagonist (+DL-APV, 100 µM). Stimulation, 10 pulses
at a rate of 100 Hz, repeated every 10 s. !RMP, change in resting membrane potential after application of DL-APV
used to derive data shown in H. Black and red downward arrowheads (control and drug traces, respectively)
represent time points (averaged across 10 ms window) used to derive data shown in G. F, population data for
E11 NL neurons showing the probability of action potential occurrence as a function of pulse number during a
100 Hz train before (Control, black bars) and after (+APV, red bars) drug application. G, population data showing
changes in ATDP before (C), during (D) and after (R) bath application of DL-APV for E11 NL neurons. H, population
data showing changes in RMP before (C), during (D) and after (R) bath application of DL-APV for E11 NL neurons.
I, representative traces for an E11 NL neurons before (Pre IInjection, black trace) and after (Post IInjection, red traces)
somatic current injection. Black schematic line with arrow shown above traces represents control holding current
(IC = 0 pA). Red schematic line with arrow shown above traces represents hyperpolarizing current injected into
soma (IIn = − 10 pA). !RMP, change in resting membrane potential after somatic injection of a hyperpolarizing
current. Black and red downward arrowheads (control and current injection traces, respectively) represent time
points (averaged across 10 ms window) used to derive data shown in K. J, population data for E11 NL neurons
showing the probability of action potential occurrence as a function of pulse number during a 100 Hz train before
(Control, black bars) and after (IInjection, red bars) somatic current injection. K, population data showing changes in
ATDP before (Pre) and during (Post) hyperpolarizing somatic current injections for E11 NL neurons. L, population
data showing changes in RMP before (Pre) and during (Post) hyperpolarizing somatic current injections for E11 NL
neurons. Recovery traces in A, E and I not shown for clarity.
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was consistent across all E11 NL neurons sampled when
NMDA-Rs were blocked with DL-APV (Fig. 6F , n = 9).
For the neuron in Fig. 6E, the ATDP plateau, measured
50 ms after the final pulse in the train (red triangle),
was 18.3 mV in the control condition but was reduced
to 2.7 mV following blockade of NMDA-Rs. In all E11
NL neurons tested, blocking NMDA-Rs resulted in a 44%
reduction in the ATDP (P < 0.001, Fig. 6G). Surprisingly,
we also observed a significant change in the RMP
following bath application of DL-APV at E11 (P < 0.01).
This change in the RMP was always hyperpolarizing,
averaging − 58.78 ± 2.01 mV in the control condition
and − 64.03 ± 1.47 mV following DL-APV application
(Fig. 6H).

These results indicate that at an age when KLVA are
underdeveloped, NMDA-Rs control the output of NL
neurons through their ability to summate EPSPs and
the inefficient clearance of transmitter, a combination
that produces a sustained depolarization that presumably
maintains Na+ channels in an inactivated state. To test
this, we hyperpolarized E11 NL neurons in an attempt to
recover Na+ channels from inactivation while synaptically
stimulating afferent inputs with a train of pulses (10 pulses
at a rate of 100 Hz). A representative example of an E11
NL neuron is shown in Fig. 6I . Prior to somatic current
injection, the average resting membrane potential was
− 54.47 mV and the ATDP was 10.21 mV. Rapid afferent
stimulation resulted in the generation of a single AP
(black trace), similar to results shown previously (Figs 1C
and 6E). After injection of a steady-state hyperpolarizing
current into the soma (10 pA), the neuron hyperpolarized
to − 66.19 mV and the ATDP was reduced to ∼1 mV.
This amount of hyperpolarization allowed the neuron
to reliably generate APs during the later segment of the
train of pulses (8 APs, superimposed red traces), pre-
sumably due to recovery of available Na+ channels from
inactivation. In addition, we found that E11 NL neurons
were able to generate an AP as early as 100 ms following
the last stimulus pulse in the train (data not shown),
suggesting that in normal conditions, the time inter-
val between spontaneous bursts of activity reported pre-
viously (∼4 s, Lippe, 1994) provides ample amount of
time for Na+ channels to reactivate and contribute to AP
generation.

The probability of an AP occurring during somatic
current injection was consistent across the sample of
E11 NL neurons tested (Fig. 6J , n = 6). For all neurons
tested, somatic current injection ranging from 5 to 13 pA
significantly reduced the ATDP (P < 0.001, Fig. 6K). The
average RMP before current injection was − 58.41 mV
(± 2.73 mV); steady-state somatic current injection hyper-
polarized the cell on average to − 69.43 mV (± 2.92 mV;
P < 0.001, Fig. 6L).

These results indicate that the summation of
NMDA-R-mediated EPSPs following rapid afferent

stimulation depolarize the membrane, keeping Na+

channels in an inactive state. This effect is sufficient to
filter the output of NL neurons before intrinsic properties
are completely developed.

It is of interest to highlight the change in RMP to hyper-
polarizing values in E11 NL neurons after application
of the NMDA-R antagonist DL-APV. This suggests the
presence of a constant NMDA-R-mediated current pre-
sumably due to a larger concentration of extracellular
glutamate. Is it possible that GluN2B-containing
NMDA-Rs, while controlling neuronal excitability for
incoming synaptic activity, are constantly activated by
ambient glutamate? More importantly, why does this
constant activation of NMDA-Rs not generate an increase
in spontaneous AP firing at this age?

Developmental differences in current–voltage (I–V)
curves of isolated NMDA-R-mediated EPSCs

External Mg2+ blocks NMDA-Rs near resting membrane
potentials in most neurons (Traynelis et al. 2010).
However, it is conceivable that developmental differences
in the sensitivity to external Mg2+ could provide an
additional mechanism contributing to constant NMDA-R
activation near the RMP of early developing NL neurons.
To address this, we recorded isolated NMDA-R-mediated
EPSCs while voltage-clamping NL neurons at different
holding potentials during low-frequency afferent
stimulation (0.1 Hz). A representative recording from
an E19 NL neuron is shown in Fig. 7A. The isolated
NMDA-R-mediated EPSC resulted in both inward and
outward responses when the neuron was voltage-clamped
from − 90 mV to +40 mV, respectively (in steps of
5–10 mV). For this particular neuron, the maximum
inward current was recorded when the neuron was
voltage-clamped at − 20 mV (INMDA = − 52.8 pA). Similar
to E19, isolated NMDA-R-mediated EPSCs from E11
NL neurons resulted in both inward and outward
responses when the neuron was voltage-clamped from
− 90 mV to +40 mV. A representative recording is
shown in Fig. 7B. For this E11 neuron, however, the
maximum inward current was recorded when the neuron
was voltage-clamped at − 40 mV (INMDA = − 101.1 pA),
suggesting weaker sensitivity to external Mg2+ blockade.
Data for a group of neurons at each age are shown in
Fig. 7C and D.

The maximum inward current (when normalized to
the maximum outward current mediated at +40 mV) at
E11 was observed at less depolarizing voltage commands
compared with E19 responses (Fig. 7C). In E11 neurons,
strong isolated NMDA-R-mediated EPSCs were evident
at holding potentials just 5–10 mV above the average
RMP, and the current generated at − 50 mV was twice as
large as currents recorded at E19 (Fig. 7D; absolute INMDA
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at − 50 mV = − 96.3 ± 27.4 pA and − 41.1 ± 15.9 for E11
and E19, respectively, n = 4 each). Taken together, the
results indicate that developmental differences in external
Mg2+ sensitivity (Fig. 7) and a lack of glutamate clearance
(Fig. 5) could account for changes in the RMP observed at
E11 after NMDA-R blockade (Fig. 6H).

Developmental differences in the site of expression
of low-voltage-activated K+ channels

If there is constant activation of NMDA-Rs at E11, why
does this depolarization not generate a positive feedback,
eventually triggering spontaneous APs? We suspected
that the small conductance of KLVA channels that are
activated just above RMP (see Fig. 2) is sufficient to
prevent run-away depolarization. Therefore, we asked if
KLVA-containing channels are differentially localized in E19
and E11 NL neurons.

Immunolabelling of Kv1.2 in E19 NL slices shows
modest labelling in the somatic and dendritic regions of
NL, consistent with previous reports (Kuba et al. 2005).

Figure 7. Developmental differences in current–voltage (I–V)
curves of isolated NMDA-R-mediated EPSCs
A and B, representative voltage-clamp traces of isolated
NMDA-R-mediated EPSCs for E19 (A) and E11 (B) NL neurons.
Neurons were voltage-clamped from − 90 mV to +40 mV (steps of
5–10 mV). Black traces in A and B show maximum EPSCs at
hyperpolarizing (E19, − 20 mV; E11, − 40 mV) and depolarizing (E19
and E11, +40 mV) holding potentials. Afferent stimulation rate,
0.1 Hz. Traces are averaged across a minimum of 5 stimulus
presentations. C , population I–V curves for E19 and E11 NL neurons
normalized to the isolated NMDA-mediated EPSC recorded at
+40 mV. D, close-up of population I–V curves shown in C at holding
voltages between − 90 mV and 0 mV.

Strong immunoreactivity can be observed concentrated on
a projection near the soma, presumably the proximal axon
(Fig. 8A). Interestingly, the expression of Kv1.2 channels
shows a different distribution at E11. Kv1.2 expression at
E11 appears strong on somatic and dendritic regions of NL
and the pattern of labelling appears to be more punctate
when compared with E19 tissue (Fig. 8B).

To evaluate the expression pattern across several cell
layers, we prepared optical density intensity profiles
of Kv1.2 immunoreactivity across entire 35 µm tissue
sections. Again, at E19 the amount of label intensity
is modest across dendritic and somatic regions in NL,
but strong Kv1.2 expression on the ventrally projecting

Figure 8. Developmental differences in the expression of
low-voltage-activated K+ channels
A and B, projection images (10 optical sections, 0.3 µm each)
showing anti-Kv1.2 immunoreactivity at E19 (A) and E11 (B) in NL.
C and D, intensity profile of optical density for the same tissue
sample shown in A and B. 3-D image stack was taken throughout
the entire 35 µm sections and shows Kv1.2 expression in NL over
several cell layers of E19 (C ) and E11 (D). E and F, single cell
electroporation combined with immunohistochemistry showing
Kv1.2 expression predominantly on the proximal axon at E19 (E) and
on dendrites at E11 (F).
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NL axons is present throughout the entire tissue section
(Fig. 8C). In contrast, Kv1.2 at E11 is strongly expressed
in the dendritic region of NL neurons, with comparable
labelling around the somatic layer (Fig. 8D). Over several
cell layers (35 µm sections), no centralized Kv1.2 immuno-
staining appears present on the proximal axon.

To confirm that the concentrated expression pattern
of Kv1.2 is indeed localized to the proximal axon at E19
and dendritic region at E11, we combined Kv1.2 immuno-
reactivity with single-cell electroporation of a fluorescent
dye to 3-D reconstruct individual neurons. Figure 8E
shows that at E19, Kv1.2 labelling is strongly concentrated
in the proximal axon. In contrast at E11, Kv1.2 labelling
is primarily dendritic (Fig. 8F) and again does not reveal
a comparable level of Kv1.2 expression on the proximal
axon.

We could not obtain reliable immunostaining for Kv1.1,
the other KLVA channel known to be present in mature NL
neurons (Lu et al. 2004; Kuba et al. 2005). Furthermore, we
could not rule out the possibility of presynaptic labelling
of Kv1.2 channels at E11. Future studies are needed to
determine the specific location of Kv1.2 channels in NL at
this developmental time period. Our electrophysiological
data, however, indicate that ∼33% of the total K+ current
measured between − 55 mV and − 30 mV is sensitive to
bath application of DTx-I, a KLVA channel blocker (Fig. 2),
suggesting that some K+ current is mediated by channels
located on NL neurons. Despite a relatively small presence
of KLVA channels at E11, dendritic localization of at least
one sub-family member (Kv1.2) could prevent run-away
depolarization due to tonic activation of NMDA-Rs at
this age.

Low-voltage-activated K+ channels prevent
NMDA-R-mediated run-away depolarization

To test whether the dendritic expression pattern and
small conductance of KLVA is sufficient to prevent
run-away depolarization of E11 NL neurons, we recorded
spontaneous changes in postsynaptic membrane potential
during multiple conditions. Spontaneous events were
recorded in current-clamp mode for a minimal period
of 5 min in control conditions, or after the addition of
DTx or APV.

In the control condition for the E11 NL neuron
shown in Fig. 9A left panel, no spontaneous APs were
recorded during the 5 min time window, only small
positive deflections in the membrane potential were
infrequently observed (presumably spontaneous EPSPs).
However, bath application of the KLVA channel blocker
DTx-I (0.1 µM), increased brief periods of membrane
depolarizations by tens of millivolts. During these
depolarizing periods, occasional bursts of spontaneous
APs were generated (Fig. 9A, centre panel), presumably

because the depolarization was sufficient in magnitude
to reach AP threshold. Additional bath application of
the NMDA-R antagonist DL-APV eliminated most of
the APs generated during these depolarized periods
(Fig. 9A, right panel). Thus, E11 NL neurons exhibit
extremely low spontaneous activity as measured by AP
generation. Blocking KLVA channels with DTx-I increased
the spontaneous generation of APs in 5 of 11 NL
neurons (Fig. 9B) with no change in the RMP (P = 0.45;
Fig. 9C). In six NL neurons, addition of DTx increased
fluctuations in the membrane potential but no APs were
generated. Subsequent bath application of the NMDA-R
antagonist DL-APV significantly reduced the generation of
spontaneous APs (P < 0.01; Fig. 9B) and hyperpolarized
neurons by ∼10 mV (P < 0.01; Fig. 9C), as observed
before (Fig. 6H).

Taken together, these results indicate that under basal
spontaneous activity in the slice, NMDA-Rs are constantly
activated at E11, presumably due to an inadequate
clearance of transmitter from the synapse and a reduced

Figure 9. Low-voltage-activated K+ channels prevent
NMDA-R-mediated run-away depolarization
A, representative current-clamp traces (20 s windows) from an
individual E11 NL neuron showing changes in spontaneous
membrane voltages between control condition (left, black trace),
DTx-I application (0.1 µM, middle, black trace) and subsequent
DL-APV application (100 µM, right, red trace). Bars above traces
represent relative time course of drug application (black bar, +DTx-I;
red bar, +DL-APV). Baseline RMP (dashed line) and changes in RMP
(!RMP) after drug applications are shown. B, population data
showing changes in the generation of spontaneous APs during the
different recording conditions (C, control; DTx, KLVA block; +APV,
NMDA-R block). C , population data showing changes in the baseline
RMP during the different recording conditions.
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sensitivity of GluN2B-containing NMDA-Rs to exogenous
Mg2+ blockade. This constant activation of NMDA-Rs
results in increased neuronal excitability in NL that is
able to contribute to the generation of spontaneous APs.
However, KLVA, localized in dendritic and somatic areas,
may help prevent run-away NMDA-R activation.

Discussion

We show that early in development, NL neurons respond
with one or two initial APs to repetitive synaptic
stimulation on one side of the brainstem, similar to what
has been described in mature-like NL neurons (Kuba
et al. 2002). During this early developmental time period
synaptic NMDA-type glutamate receptors (NMDA-Rs)
contain primarily the GluN2B subunit (Sanchez et al.
2010). This subunit composition of the NMDA-R allows
synaptic responses to summate, filtering the output of NL
neurons before intrinsic properties are fully developed.
Weaker Mg2+ blockade of NMDA-Rs and ambient
glutamate generate a tonic NMDA-R-mediated current
that sets the membrane potential at more depolarized
values. Small KLVA conductances localized in dendrites pre-
vent excessive depolarization caused by tonic activation
of NMDA-Rs. Thus, before intrinsic properties are fully
developed, NMDA-Rs control the output of NL neurons
during evoked synaptic transmission.

The mechanisms and importance of this highly filtered
neuronal output in mature-like auditory neurons is
well understood in birds and mammals (for reviews
see Oertel, 1991, 1997; Trussell, 1998, 1999; Burger
& Rubel, 2008; Kuba, 2010). In mature-like auditory
neurons, control of neuronal excitability is critical for
optimizing converging inputs and to accurately ensure
that phase-locked information is preserved (Oertel,
1991, 1997). Intrinsic and synaptic factors contribute to
the regulation of neuronal excitability. Intrinsic factors
include the site of axonal AP initiation (Kuba et al.
2006, 2010) and large KVA conductances (Reyes et al.
1996; Kuba et al. 2003). Particularly important are KLVA

conductances that are activated just above the RMP (Gao
& Lu, 2008). Their strong outward ion flux near the
RMP increases AP threshold, reduces AP height and
limits the time-course inputs can summate, all important
biophysical properties required for detection of coincident
synaptic inputs (Oertel, 1991, 1997; Reyes et al. 1994; Brew
& Forsythe, 1995; Rothman & Manis, 2003; Barnes-Davies
et al. 2004; Ashida et al. 2007; Howard & Rubel, 2010;
Mathews et al. 2010). In addition, KHVA conductances
are activated after AP generation (∼20 mV) (Gan &
Kaczmarek, 1998) and allow rapid repolarization, pre-
serving high-frequency firing in a phase-locked fashion
(Brew & Forsythe, 1995; Wang et al. 1998; Gao & Lu,
2008).

Specialized synaptic properties also contribute to
control neuronal excitability in mature auditory neurons.
Some of these synaptic properties include: (1) the
depletion of phasically released vesicles from presynaptic
terminals (Kuba et al. 2002; Cook et al. 2003), (2) the
efficient clearance of transmitter from synapses (Otis
et al. 1996), (3) the rapid kinetics, desensitization and
inward rectification of AMPA-Rs (Raman et al. 1994;
Ravindranathan et al. 2000; Slee et al. 2010; Sanchez
et al. 2010), and (4) the tonic activation of depolarizing
GABAergic inputs (Tang et al. 2011). Thus, mature-like
auditory neurons generate one or two initial APs in
response to strong and repetitive ipsilateral synaptic
stimulation or constant depolarizing inputs. To our
surprise, before many intrinsic and synaptic properties
are fully developed and before the onset of hearing, the
output of NL neurons is filtered similarly to mature-like
neurons, producing one or two initial APs in response to
strong and rapid ipsilateral synaptic stimulation.

The importance of neuronal filtering in early developing
auditory neurons is not well understood, despite evidence
of such filtering at other developing central auditory
synapses (Taschenberger & von Gersdorff, 2000; Futai et al.
2001). In NL, long-lasting EPSPs are able to summate
due to the NMDA-R subunit composition and the weaker
blockade by external Mg2+. In addition, a lack of glutamate
reuptake and Na+ channels inactivation assist NMDA-Rs
in filtering NL output. The role of such filtering could
be critical when considering the bilateral innervation
these neurons receive. Long-lasting EPSPs could allow the
summation of bilateral inputs to arrive within a specific
time window, generating an AP only when appropriately
timed inputs coincide, discarding other inputs that do not
fall within this time window. It is tempting to speculate
that this could be a selection process that assists in refining
appropriate connections between NM and NL.

An interesting relationship between the early
development of K+ channels conductances and the sub-
unit contribution of synaptic NMDA-Rs exists in this
circuit known for the control of AP output. Our data
indicate that KVA conductances are relatively small early
in development during the synaptogenesis period (E11),
with KLVA channels accounting only for ∼33% of the total
KVA conductance, similar to other reports (Kuba et al.
2002, 2005; Gao & Lu, 2008). Despite the fact that the
density of KLVA channels is lower early in development,
its conductance could be substantial relative to the back-
ground leak conductance. Interestingly, the expression
pattern of KLVA containing the Kv1.2 subunit, one of
the KLVA subfamilies known to be present in mature NL
neurons (Kuba et al. 2005), was primarily dendritic and
somatic at E11, in contrast to the strong axonal expression
at E19.

Although we cannot rule out the possibility that
KLVA channels expression is also partially presynaptic,

C⃝ 2012 The Authors. The Journal of Physiology C⃝ 2012 The Physiological Society



J Physiol 590.19 Early control of neuronal excitability by NMDA-Rs 4815

the presence of postsynaptic KLVA channels and the
fact that DL-APV immediately reverses the depolarizing
ramps and APs observed in NL neurons (Fig. 9),
suggest that the role of KLVA is to prevent run-away
excitation caused by tonic activation of NMDA-Rs.
Other low-voltage-activated conductances insensitive to
DTx-I present at E11 may not have the proper spatial
distribution to efficiently suppress neuronal excitability
driven by ambient glutamate and tonic NMDAR currents.
It has been shown that a biased gradient of K+ channel
expression is found in the mammalian auditory brainstem
responsible for encoding binaural inputs (for review see
Johnston et al. 2010). The somatic bias of KLVA channels
compensates for passive cable filtering during propagation
of EPSPs in dendrites by accelerating repolarization
in a voltage-dependent manner, improving the time
resolution of synaptic integration (Mathews et al. 2010).
These results suggest that both the spatial distribution
and voltage-dependent properties of KLVA channels are
essential for reducing excitability and may operate in
a similar fashion in early developing NL by controlling
excessive NMDA-R-dependent depolarization.

Synaptic properties during this early developmental
period are also different. At E11, AMPA-R-mediated
currents are slower and less rectifying (Sanchez et al. 2010)
and the glutamate uptake system is underdeveloped or
non-existing (this study). However, AMPA-R-mediated
currents exhibit a strong depression after repetitive
stimulation, similar to what is observed in mature-like
neurons. Although AMPA-Rs are important for rapid and
reliable initial depolarization, this suggests they contribute
minimally to the control of neuronal excitability upon
repetitive afferent stimulation.

Another important synaptic difference between young
neurons (E11) and mature-like neurons (E19) is the sub-
unit composition of NMDA-Rs. At E11, during the period
of synaptogenesis in NL, NMDA-Rs contain primarily the
GluN2B subunit that produces longer lasting EPSCs than
the more mature GluN2A-containing NMDA-Rs observed
at E19 (Sanchez et al. 2010). This developmental switch
in subunit composition has been described for several
brain regions (Yashiro & Philpot, 2008). The observed shift
in the I–V relationship of synaptic NMDA-R responses
could be attributed to differential Mg2+ sensitivity of
GluN2B- and GluN2A-containing receptors or to a small
contribution of GluN2C, a subunit less sensitive to
Mg2+ blockade (Traynelis et al. 2010). This property,
along with an underdeveloped glutamate re-uptake
system, allows the summation of NMDA-R currents that
cause a sustained after-train depolarization plateau. This
sustained depolarization prevents the re-activation of
Na+ channels after a train of ipsilateral synaptic inputs
triggers one or two initial APs. Thus, NMDA-Rs effectively
control neuronal excitability early in development of NL
neurons.

How NL neurons recover from Na+ channel
inactivation and generate APs is of particular interest
because of the high firing rate of mature-like NM neurons
(Born et al. 1991). The in vivo firing rate of NM neurons
before hearing onset (< E14) is not known; however,
spontaneous AP activity at E14–E15 has a mean inter-
burst interval of 4.9 s that decreases to 2.1 s at E18. By
E19, synchronous bursting is replaced by an unpatterned,
steady level of firing (Lippe, 1994), comparable to the
background discharge present in NM and NL of hatchling
birds (Born et al. 1991). Thus, NL neurons could
recover from Na+ channel inactivation in a time- and
voltage-dependent fashion between burst of spontaneous
activity. Indeed, we found that E11 NL neurons were
able to generate an AP as early as 100 ms following the
last stimulus pulse in the train, suggesting that the time
intervals between spontaneous bursts of activity reported
previously (Lippe, 1994) provide ample amount of time
for Na+ channels to reactivate and contribute to AP
generation.

Lack of glutamate uptake causes an increase in ambient
glutamate and a tonic activation of NMDA-Rs as revealed
by a drop in the RMP upon blockade of NMDA-Rs. This
constant activation is possible because of the GluN2B sub-
unit composition of NMDA-Rs that have a high affinity for
glutamate (Patneau & Mayer, 1990) and lower sensitivity
to exogenous Mg2+ blockade than the mature form of
NMDA-Rs (this study). Activation of a small number
of GluN2B-containing receptors could rapidly generate a
positive feedback because the pronounced negative slope
observed in the I–V curve of NMDA-Rs responses at
E11. Early in development, because of the constant pre-
sence of glutamate, NMDA-Rs act as a voltage-activated
channel able to produce a significant depolarization of
the membrane. However, we report here that the small
KLVA conductances prevent excessive depolarization and
hyperexcitability of NL neurons.

As the circuit develops, functional KLVA channels are
up-regulated (Gao & Lu, 2008), their expression pattern
becomes more axonal (this study), and NMDA-Rs change
subunit content (Sanchez et al. 2010). Although there
are synaptic responses mediated by NMDA-R at E19 in
NL (Sanchez et al. 2010; this study), their functional
contribution to neuronal excitability is minimal. This
is presumably due to the subunit composition of
NMDA-Rs late in development (i.e. predominately
GluN2A-containing), the speeding of their kinetics and
an effective glutamate uptake system. It remains to
be determined what synaptic role GluN2A-containing
NMDA-Rs play late in NL development. It is possible,
however, that the developmental down-regulation of
NMDA-Rs and the change in their subunit content is
necessary for normal synaptic maturation to occur in NL,
as seen in other central synapses (Taschenberger & von
Gersdorff, 2000; Futai et al. 2001; Gambrill et al. 2011).

C⃝ 2012 The Authors. The Journal of Physiology C⃝ 2012 The Physiological Society



4816 J. T. Sanchez and others J Physiol 590.19

Before intrinsic properties are fully developed,
NMDA-Rs control the output of NL neurons during
evoked synaptic transmission while KLVA play a role
in counteracting the tonic activity of NMDA-Rs. We
suggest that this interaction between NMDA-Rs and
KLVA during development contributes to filter the
output of NL neurons. This pre-hearing filtering of
NL responses presumably plays a different role than in
the mature hearing system. Synaptic responses mediated
by GluN2B-containing NMDA-Rs may be required for
sculpting NL specializations that are important for
mature time-coding binaural auditory neurons while the
filtering of neuronal output may assist in the selection of
appropriated synapses and circuit refinement.
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TrkB Downregulation Is Required for Dendrite Retraction in
Developing Neurons of Chicken Nucleus Magnocellularis
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The chick embryo (Gallus domesticus) is one of the most important model systems in vertebrate developmental biology. The development
and function of its auditory brainstem circuitry is exceptionally well studied. These circuits represent an excellent system for genetic
manipulation to investigate mechanisms controlling neural circuit formation, synaptogenesis, neuronal polarity, and dendritic arboriza-
tion. The present study investigates the auditory nucleus, nucleus magnocellularis (NM). The neurotrophin receptor TrkB regulates
dendritic structure in CNS neurons. TrkB is expressed in NM neurons at E7–E8 when these neurons have dendritic arbors. Downregula-
tion of TrkB occurs after E8 followed by retraction of dendrites and by E18 most NM cells are adendritic. Is cessation of TrkB expression
in NM necessary for dendritic retraction? To answer this question we combined focal in ovo electroporation with transposon mediated
gene transfer to obtain stable expression of Doxycycline (Dox) regulated transgenes, specifically TrkB coexpressed with EGFP in a
temporally controlled manner. Electroporation was performed at E2 and Dox added onto the chorioallointoic membrane from E7.5 to
E16. Expression of EGFP had no effect on development of the embryo, or cell morphology and organization of auditory brainstem nuclei.
NM cells expressing EGFP and TrkB at E17–E18 had dendrites and biophysical properties uncharacteristic for normal NM cells, indicat-
ing that cessation of TrkB expression is essential for dendrite retraction and functional maturation of these neurons. These studies
indicate that expression of transposon based plasmids is an effective method to genetically manipulate events in mid to late embryonic
brain development in chick.

Introduction
The chick auditory system has been extensively studied for over
three decades because its neural circuitry is similar to mammalian
auditory neural circuitry and is more accessible for experimental
manipulation. The timing of important events such as develop-
mental cell death, axon targeting, dendritogenesis, and synapto-
genesis is thoroughly described, providing a firm foundation for
studies examining the mechanisms that control these events
(Rubel and Parks, 1988, Rubel and Fritzsch, 2002). However, the
only widely used method for genetic manipulation of chick em-
bryos employs electroporation of plasmid encoded genes at em-
bryonic day 2 (E2), which typically achieves only transient
expression. This is problematic as this transient expression typi-
cally ceases before dendritogenesis, and synaptogenesis in hind-
brain neurons commences after E9.

Recent studies describe stable expression of genes introduced
into chick embryos using vector systems based on Tol2 and Pig-
gyBac (PB) transposons (Sato et al., 2007, Lu et al., 2009). Tem-
poral control was achieved by placing gene expression under
control of tetracycline or tamoxifen-related drugs. The present
study adapts these vector systems to study mechanisms regulat-
ing the development of auditory circuits that process binaural
low-frequency information to achieve sound localization and
segmentation. Nucleus magnocellularis (NM) and nucleus lami-
naris (NL), the avian analogs of human ventral cochlear nucleus
and medial superior olive (MSO), are key elements of this circuit.
Remarkably, chickens represent a more useful model of function
of the equivalent human circuits than genetically tractable ro-
dents such as mice because MSO is poorly developed in mice,
which lack low-frequency hearing.

Excitatory input from the periphery travels via neurons of the
cochlear ganglion (CG; VIIIth nerve), which synapse on NM in
the brainstem. Axons from NM neurons bifurcate; one branch
projects to the dorsal dendrites and soma of ipsilateral NL neu-
rons and the other branch crosses the midline to synapse on the
ventral dendrites and soma of the contralateral NL. Embryonic
NM neurons transiently develop dendritic arbors at E7–E8 as
they migrate into position in the brainstem. In-growing axonal
terminals from CG neurons synapse onto these dendrites. How-
ever, NM neurons retract their dendrites, beginning at E11. The
extent of retraction varies along the rostrocaudal axis of the nu-
cleus, with caudal-most neurons retaining a substantial dendritic
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arbor. As dendrites retract, CG axonal terminals remodel to en-
wrap the cell soma in calycal terminals known as endbulbs of
Held (Jhaveri and Morest, 1982a,b). These calycal terminals pro-
vide the sole excitatory input to NM neurons in the mature cir-
cuit (Parks, 1981).

The neurotrophin receptor TrkB promotes dendritic growth
and synaptogenesis in several neuronal populations (Xu et al.,
2000, Yacoubian and Lo, 2000, Luikart et al., 2005). Previous
studies indicated that NM neurons express TrkB at E7–E8, but
not thereafter (Cochran et al., 1999). The cessation of TrkB ex-
pression by NM neurons preceding their retraction of dendrites
suggested the hypothesis that downregulation of TrkB is respon-
sible for dendritic retraction. We have tested this hypothesis us-
ing doxycycline (Dox)-regulated expression of TrkB encoded by
a Tol2 transposable element vector to prolong TrkB expression in
NM neurons at times beyond E8.

Materials and Methods
Plasmids. The Tol2 constructs pT2K-CAGGS-rtTA-M2, pT2K-BI-TRE-
EGFP, pT2K-CAGGS-DsRed, and transposase pCAGGS-T2TP were
obtained from Yoshiko Takahashi (Nara Institute of Science and
Technology, Nara, Japan) (Sato et al., 2007). pT2K-CAGGS-mbEGFP
was constructed by Nicolas Daudet (Vertebrate Development Labora-
tory, Cancer Research UK, London, UK.) by inserting the coding se-
quence for membrane-associated EGFP into pT2K-CAGGS obtained
from Y. Takahashi. A plasmid containing the coding region of chick TrkB
was obtained from Francis Lefcort (University of Montana, Bozeman,
MT). The coding region was amplified by PCR, creating a 5!NheI site and
3! EcoRV site for cloning into pT2K-BI-TRE-EGFP using in-fusion HD
cloning (Clontech). The PiggyBac plasmids pCAGGS-PBase and pPB-
CAG-loxP-DsRed-loxP-EGFP were obtained from Xiaozhong Wang
(Northwestern University, Evanston, IL). Plasmids were prepared for in
ovo electroporation using Qiagen Hi Speed maxi prep (Clontech), pre-
cipitated, and concentrated in sterile dH20.

In ovo electroporation. All studies used embryos of either sex. Fertilized
eggs of white leghorn chickens (Gallus domesticus; Featherland Farms)
were incubated at 37°C in a tabletop egg incubator (Lyon Technologies).
At " 48 –50 h or Hamilton–Hamburger (HH) stage 12, eggs were re-
moved for electroporation. In ovo electroporation was performed as de-
scribed by Cramer et al. (2004) with the following modifications: (1) a
small “door” is made in the egg, 1 cm diameter or less to promote long
term survival; (2) coelectroporation of several plasmids together requires
a high plasmid concentration, 5.5–7.5 !g/!l in sterile dH2O; (3) 5–10
pulse trains at 25–35 V, 50 ms, 10 pulses each with the negative electrode
in the center of the neural tube and the positive electrode lateral to
rhombomeres 5/6 (r5/r6). Doxycycline (Dox; 1 mg/ml) (Sigma) in sterile
buffer (0.1 mg/ml in HANKS:140 mM NaCl, 5.4 mM KCl, 5.6 mM glucose,
0.34 mM Na2HPO4, 10 mM HEPES, 1 mM MgCl2, 1 mM CaCl2 pH 7.0)
(Sato et al., 2007) was added by pipetting 50 !l of drug onto the chorio-
allantoic membrane at the times indicated in each experiment.

Tissue preparation, immunostaining, and imaging. Brains were dis-
sected out of the embryo, fixed overnight in 4% PFA and rinsed in PBS.
The brainstem was removed and either frozen in OCT blocks for coronal
cryosections (12 !m), or embedded in 3% agarose/PBS for coronal vi-
bratome sections (70 !m). Primary antisera diluted in 5% NGS/0.3%
Triton X-100/PBS (TrkB, 1:4000, from F. Lefcort) (MAP2, 1:1000, Mil-
lipore Bioscience Research Reagents) was added at 4° for 24 –72 h. Sec-
tions were rinsed 3– 4# with PBS, incubated with the appropriate
AlexaFlour secondary (1:2000, Invitrogen) for 1–2 h room temp, rinsed
three times with PBS, and mounted in Fluoromount-G (Southern Bio-
technology). Slides were imaged with an Olympus Fluoview FV1000 con-
focal microscope with a 10# , 20# , or 60# (NA 1.4; oil) objective.

Slice preparation for electrophysiology. Acute brainstem slices were pre-
pared from electroporated chick embryos at E16 and E18 as described
previously (Sanchez et al., 2010). Briefly, the brainstem was dissected and
isolated in ice-cold (" 0°C) oxygenated low-Ca 2$ high-Mg 2$ modified
artificial CSF (ACSF) containing the following (in mM): 130 NaCl, 3 KCl,

1.25 NaH2PO4, 26 NaHCO3, 4 MgCl2, 1 CaCl2, and 10 glucose. ACSF was
continuously bubbled with a mixture of 95% O2/5% CO2 (pH 7.4, os-
molarity 295–310 mOsm/L). The brainstem was blocked coronally, af-
fixed to the stage of a vibratome slicing chamber (Technical Products
International), and submerged in ice-cold ACSF. Bilaterally symmetrical
coronal slices were made (200 –300 !m thick) and approximately three
to six slices (depending on age) containing NM and NL were taken from
caudal to rostral, approximately representing the low- to high-frequency
regions of NM and NL, respectively.

Slices were collected in a holding chamber and allowed to equilibrate
for 1 h at 36°C in normal ACSF containing the following (in mM): 130
NaCl, 3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 1 MgCl2, 3 CaCl2, and 10 mM

glucose. Normal ACSF was continuously bubbled with a mixture of 95%
O2/5% CO2 (pH 7.4, osmolarity 295–310 mOsm/L). Slices were allowed
to cool to room temperature for 30 min before being transferred from the
holding chamber to a 0.5 ml recording chamber mounted on an Olym-
pus BX51W1 microscope for electrophysiological experiments. The mi-
croscope was equipped with a CCD camera, 60# water-immersion
objective, and infrared differential interference contrast optics. The re-
cording chamber was superfused continuously at near physiologic tem-
peratures (monitored at " 33°-35°C) in oxygenated normal ACSF at a
rate of 1.5–2 ml/min.

Whole-cell electrophysiology. Current-clamp experiments were per-
formed using an Axon Multiclamp 700B amplifier (Molecular De-
vices). Patch pipettes were pulled to a tip diameter of 1–2 !m and had
resistances ranging from 3– 6 M%. The internal recording solution
contained the following (in mM): 105 K-gluconate, 35 KCl, 1MgCl2,
10 HEPES-K $ , 5 EGTA, 4ATP-Mg 2$ , and 0.3 GTP-Na $ , pH ad-
justed to 7.3 with KOH. The liquid junction potential was 10 mV and
data were adjusted accordingly.

A small hyperpolarizing (&1 mV, 100 ms) voltage command was pre-
sented at the beginning of each recorded trace to document and monitor
whole-cell parameters [resting membrane potential (RMP), cell mem-
brane capacitance, series resistance, and input resistance]. RMPs were
measured immediately after break-in. Neurons were included in the data
analysis only if they had series resistances '15 M%. Raw data were low-
pass filtered at 2 kHz and digitized at 20 kHz using a Digidata 1440A
(Molecular Devices).

Pipettes were visually guided to NM and neurons were identified and
distinguished from surrounding tissue based on cell morphology and loca-
tion of the nucleus within the slice. All experiments were conducted in the
presence of a GABAA-R antagonist picrotoxin (PTX, 100 !M), an AMPA-R
antagonist 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-
sulfonamide disodium salt hydrate (NBQX, 20 !M) and a NMDA-R antag-
onist DL-2-amino-5-phosphonopentanoic acid (DL-APV, 100 !M). After a
G% seal was attained, membrane patches were ruptured and NM neurons
were held in whole-cell configuration at I ( 0 for recording of intrinsic
properties. Somatic current injections ranged from &500 to $ 500 pA, steps
of 5–10 mV, and duration lengths of 200–300 ms.

Data analysis and reagents. Recording protocols were written and run
using Clampex acquisition and Clampfit analysis software (version 10.1;
Molecular Devices). Statistical analyses and graphing protocols were per-
formed using Prism (GraphPad versions 5.0a). All bath applied drugs
were allowed to perfuse through the recording chamber for " 2 min
before recordings were obtained. DL-APV, NBQX, and all other salts and
chemicals were obtained from Sigma-Aldrich. PTX was obtained from
Tocris Bioscience.

Results
Focal electroporation and stable expression of Tol2 plasmids
in chick embryos
Tol2 -mediated gene transfer was used previously to obtain stable
expression of EGFP in chick retinal neurons (Sato et al., 2007). To
establish whether a similar approach could be used to achieve
gene expression in NM and NL neurons of chick hindbrain au-
ditory circuits, pCAGGS-mbEGFP, a plasmid containing the
constitutively active CAGGS promoter regulating expression of
membrane associated EGFP, was electroporated into E2 chick
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neural tube along with a plasmid encoding the Tol2 transposase.
Transient expression of the transposase promotes stable chromo-
somal integration of CAGGS-mbEGFP. Based on fate map data
(Cramer et al., 2000), NM and NL neurons were targeted by focal
electroporation of the two plasmids into the left side of the neural
tube, at r5 and r6 of HH stage 12 embryos. Confocal immunoflu-
orescence microscopy demonstrated expression of EGFP in NM
and NL neurons 9 d later (E11). EGFP was distributed through-
out the cell soma, in axons of NM neurons in both ipsilateral and
contralateral projections, and in the dendrites of NL neurons
(Fig. 1C–F). Although transfection efficiency varied among em-
bryos, the electroporation parameters used here typically resulted
in 5–10% of NM neurons expressing EGFP, while the efficiency
of expression of EGFP in NL neurons was typically '5%. EGFP
expression also was observed in some cells surrounding NM and
NL (Fig. 1C), which had morphologies characteristic of both neu-
rons and glia previously observed with Golgi staining (Jhaveri
and Morest, 1982c).

Doxycyline regulation of an EGFP reporter
In studies examining events that occur late in development, con-
stitutive overexpression of genes of interest is problematic; be-
cause effects of expression during the early stages of development
may confound interpretation of changes seen later in develop-
ment. Consequently, it is essential for our studies to be able to
control the timing of transposon-mediated gene expression. For
this purpose, we adopted a tet-on system (Gossen et al., 1995), as
adapted to the Tol2 system (Sato et al., 2007). These investigators
generated the Tol2 -derived plasmid, pT2K-BI-TRE-EGFP, which
contains a bidirectional tet-on promoter (TRE)-driving expres-
sion of the EGFP reporter and a second gene of interest from
opposite DNA strands. They also generated the plasmid, pT2K-
CAGGS-rtTA-M2, which constitutively expresses a Dox-binding
protein (Urlinger et al., 2000, Sato et al., 2007). They demon-
strated that coelectroporation of these two plasmids, along with
the plasmid-generating transient transfection of the Tol2 trans-
posase, caused Dox-dependent expression of EGFP in somatic

Figure 1. Tol2-mediated gene transfer of mb-EGFP by in ovo electroporation at rhombomeres 5 and 6 results in stable expression in NM and NL. A, Schematic of DNA injection (green) into the
neural tube and placement of electrodes. Current pulses direct DNA to one side of the embryo. Above is representation of a coronal section through auditory brainstem at E11 depicting the
result-EGFP expression in cells in NM and NL on one side of the brain. B, Tol2-flanked sequences CAGGS-mbEGFP are stably incorporated into the genome and EGFP expression is apparent when
the brain is fixed at E11. C, EGFP expression in NM and a few NL cells at E11 on the electroporated side of the embryo (ipsi). Dashed lines are around NM and NL and through the layer of cell bodies
of NL. Arrows point to cells depicted at higher magnification in E (NM) and F (NL). D, NM and NL on side of brainstem contralateral to electroporation. EGFP completely fills NM axons crossing the
midline. E, F, High magnification of cells in C, deconvolved with Huygens software. Scale bars: (in C) C, D, 50 !m; (in E) E, F, 10 !m. D, Dorsal; M, medial; V, ventral.
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cells until at least E8. For our purposes, it was necessary to dem-
onstrate that this system could achieve Dox-dependent gene ex-
pression in neurons, and that the expression could be maintained
at developmental ages past E11. The three plasmids were electro-
porated unilaterally into r5 and r6 of the neural tube at HH stage
12, and Dox (50 !g in 50 !l) was pipetted onto the chorioallan-
toic membrane at E10. Expression of EGFP was observed
throughout NM cells on one side of the brain at E11 (Fig. 2C,D).
MAP2 immunostaining was used to demarcate the dendrites of
NL cells, the target of EGFP-expressing NM axons (Fig. 2E,F).
The reporter here is a cytoplasmic EGFP protein that fills the
axons of NM neurons completely, allowing details of axon mor-
phology such as their bead-like appearance (Jhaveri and Morest,
1982b) to be clearly visible, even as far as the contralateral termi-
nals in the ventral NL neuropil, 50 – 80 !m from the NM soma.

EGFP-labeled cells develop normal morphology
and physiology
We performed extensive studies to verify that the transposons
and their encoded gene products EGFP and Dox-binding protein
did not have nonspecific effects on neuronal development, and

we could not detect any deleterious effects. Imaging EGFP-
expressing NM cells at higher magnification (Fig. 3A,D) showed
that the cells appear similar morphologically to those described
previously using the Golgi staining method (Jhaveri and Morest,
1982b) and HRP labeling methods (Young and Rubel, 1986). At
E11 all NM cells possess extensive dendritic arbors and a single
axon that bifurcates into an ipsilateral and a contralateral projec-
tion. All EGFP-expressing NM cells imaged at E10 and E11 re-
sembled those shown in Figure 3C. By E16, )95% of rostral NM
cells had a spherical soma and had retracted their dendrites, some
of which remained as small stubs, typically 1–2 !ms in length.
(Fig. 3D,F). In most embryos, 5–10% of NM cells expressed
Dox-induced EGFP at E11 and at E16 –E18.

To verify that transposon-mediated gene expression does not
have nonspecific effects on biophysical properties of neurons, we
compared the properties of EGFP-expressing neurons and neigh-
boring neurons that did not express EGFP. Current-clamp stud-
ies were performed on NM neurons at E16 using hyperpolarizing
and depolarizing somatic current injections (Fig. 4). NM neurons
at this age have been shown to exhibit a single action potential
and low input resistance (Reyes et al., 1994, Rathouz and Trussell,

Figure 2. Expression of an EGFP reporter is inducible with Dox at E11. A, Plasmids coelectroporated at E2, transposase, pCAGGS-T2TP, Dox-binding protein pT2K-CAGGS-rtTA-M2, and EGFP
reporter pT2K-BI-TRE-EGFP in a 1:1:1 ratio at a total plasmid DNA concentration of 6 – 6.5 !g/!l. B, Dox-binding protein is constitutively expressed, but not active until Dox is added, and then the
complex binds to and activates transcription of EGFP. C, Dox-induced expression of EGFP on one side of the brainstem (ipsi) after 24 h Dox addition (50 !g) to chorioallantoic membrane. D,
EGFP-filled fibers of contralateral NM axons synapsing in the ventral neuropil of NL. E, Higher magnification of boxed region in C shows the cytoplasmic EGFP brightly labels NM axons synapsing on
the dorsal, ipsilateral NL dendrites, and in F, a higher magnification of boxed region in D showing contralateral connections on the ventral dendrites of NL. Arrows point out a few of the many
bead-like varicosities on the NM axons. Scale bars: (in C) C, D, 100 !m; (in E) E, F, 20 !m. D, Dorsal; M, medial.
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1998, Howard et al., 2007). Both EGFP-expressing neurons and
non-EGFP-expressing neurons fired a single action potential
with similar characteristics (Fig. 4B,C). Voltage-current (V–I)
curves showed delay inward rectification and low input resistance
(Fig. 4D), a result consistent with previous reports of age-
matched chicken NM neurons (Howard et al., 2007). This result
is indicative of biophysical properties highly dependent on
voltage-dependent potassium conductances as previously de-

scribed for NM neurons (for review see, Burger and Rubel, 2008),
and demonstrates that expression of EGFP does not influence
physiological features.

Doxycycline regulation of EGFP and RFP in a
bicistronic transposon
It is experimentally advantageous to be able to express EGFP and
a second gene of interest from the same transposon. Use of a

Figure 3. EGFP-expressing cells in NM develop normal morphology. A, D, Golgi-stained cells, at E11 (A) and E16 (D), images reprinted from Jhaveri and Morest (1982b) with permission from
Elsevier. B, E, Summary of time courses of experiments corresponding to cell images shown in C and F, respectively. C, EGFP expressed in NM neuron at E11 following Dox exposure at E10. F, EGFP
expressed in NM neuron at E16 following Dox exposure at E14. Scale bars, 10 !m.

Figure 4. Comparable responses between nontransfected and transfected NM neurons to somatic current injections. Paired current-clamp recordings were performed with E16 NM neurons.
EGFP-only plasmid was electroporated at E2 and Dox-treatment was applied at E14. A, Time course of the experiment. B, C, Representative traces from nontransfected (CONTROL; B) and adjacent
transfected (EGFPEXPRESSING; C) NM neurons. Insets in B and C show changes in membrane voltage and action potential generation during the first 16 ms of the response. Calibration: 25 mV, 2 ms.
Somatic current injections (&100 to $ 300 pA, steps 10 pA. D, Voltage-current curves constructed from the 150 ms time point (arrowhead in B and C) showing overlapping responses to somatic
current injections.
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single promoter-driving expression of EGFP and a second gene
from opposite DNA strands of Tol2 transposons has been re-
ported for several genes (Watanabe et al., 2007). However, these
experiments were ended '48 h post-electroporation and no di-
rect verification of expression of genes of interest was provided.
To determine the efficiency of the bidirectional promoter, RFP
was inserted opposite from EGFP. Chick embryos were electro-
porated as before, and expression of EGFP and RFP was exam-
ined 24 h after addition of Dox at E10. Figure 5B–D demonstrate
that the bicistronic vector functioned in neurons as intended at a
mid-embryonic age. The fraction of NM neurons expressing
EGFP and RFP in electroporated embryos was in the range of
5–10%. Both EGFP and RFP were expressed, and their expression
was highly correlated. Neurons that expressed EGFP also ex-
pressed RFP and vice versa, although the levels of each protein
varied among neurons, as observed by their fluorescence. Every
neuron expressing EGFP expressed some level of RFP, and only
two RFP-expressing neurons were observed to express no EGFP
florescence above background.

Doxycycline regulation of TrkB
Having demonstrated that the vector system functions as in-
tended, we adapted the vector to allow manipulation of TrkB
expression, replacing RFP in the bicistronic vector with a se-
quence encoding chicken TrkB, creating the plasmid pT2K-
TrkB-BI-TRE-EGFP. TrkB mRNA and protein normally
becomes undetectable in NM neurons after E8, 2–3 d before den-
drite retraction, suggesting the hypothesis that cessation of TrkB
expression is necessary for dendrite retraction. To test this hy-
pothesis, we used the TrkB transposon to artificially maintain
TrkB expression in NM past E8. Embryos were electroporated at
E2 with plasmids encoding transposase, transposon vector-
encoding Dox-binding protein, and transposon vector-encoding
EGFP and TrkB (or encoding EGFP alone in controls). Dox ap-
plication was begun at E7.5, and was repeated every other day
through E16.

In the control embryos expressing EGFP but not TrkB, EGFP-
expressing NMs had the dendritic branching pattern expected for
their location along the rostral– caudal axis of the nucleus. Most
NM neurons were adendritic, while the caudal-most NM neu-
rons retained their dendrites (Fig. 6B,C). A dendrite was defined
as a process separate from the axon with a length )5 !ms, and a

neuron was described as having dendritic morphology if two or
more processes longer than 5 !ms extended from the soma. In
NM from three animals imaged at E17, 70 out of 72 EGFP-
expressing rostral NM neurons did not possess dendrites, based
on our criteria. However, neurons expressing TrkB with EGFP
possessed dendrites at E17, regardless of their rostral– caudal po-
sition in NM (Fig. 6E–H). We observed 25 TrkB-expressing neu-
rons with dendritic morphology in nine animals, E16 –E18, in the
rostral region of NM, and no neurons expressing TrkB that did
not have dendritic morphology. Immunohistochemical visual-
ization of TrkB revealed that expression levels of TrkB protein in
transfected NM neurons were not extremely elevated, but ap-
peared similar to endogenous levels of TrkB in neurons elsewhere
in the chick brain, as illustrated for NL neurons (Fig. 6I).

To facilitate direct comparison of dendritic structure of TrkB-
expressing NM neurons with adjacent neurons that lack TrkB
expression, some embryos were electroporated with a mixture of
transposon vectors expressing DsRed and transposon vectors ex-
pressing TrkB and EGFP. DsRed expression was achieved with a
PiggyBac (PB) transposable element-based plasmid pPB-loxP-
DsRed-loxP-EGFP. Fewer than 5% of NM neurons expressed
DsRed in embryos electroporated with this vector, a lower effi-
ciency than observed for the other vectors we have used, possibly
reflecting the greater size of this vector’s transposon. Expression
of fluorescent proteins has been widely used as a means of assess-
ing dendrite morphology (Ivanov et al., 2009). We confirmed
that DsRed expression delineated the full dendritic arbors of E11
and caudal E17 NM neurons (data not shown). The pPB-loxP-
DsRed-loxP-EGFP transposon expresses DsRed unless cells are
exposed to Cre recombinase, in which case the DsRed gene is
deleted and EGFP is expressed. Under the conditions of our ex-
periment, the PiggyBac transposon expressed DsRed constitu-
tively and did not express EGFP. Rostral NM neurons from two
embryos expressing only DsRed (29 neurons total) appeared ad-
endritic at E17, similar to EGFP-expressing and nontransfected
rostral NM neurons. Individual neurons potentially may inte-
grate both EGFP/TrkB and DsRed-expressing transposons. How-
ever, we observed very few neurons expressing both EGFP and
DsRed.

In the absence of Dox administration, no “leaky” expression
of EGFP was observed at early stages (E4 –E11, data not shown)
and no expression of EGFP or TrkB was seen at E17 (Fig. 7B–E).

Figure 5. Dox-induced coexpression of a gene of interest, RFP and the EGFP reporter. A, RFP was cloned into pT2K-BI-TRE-EGFP, the three plasmids were coelectroporated at E2 at a concentration
of 6 – 6.5 !g/!l in a 1:1:1 ratio. Dox was added for 24 h at E9. B, C, D, NM-expressing EGFP and RFP. Scale bar (in B) B, C, D: 20 !m.
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When transposon-encoded TrkB expression was maintained by
exposure of embryos to Dox from E7.5–E16, rostral NM neurons
expressing DsRed retracted their dendrites normally at E17, ex-
hibiting morphology similar to that observed previously for
EGFP-expressing neurons at this age (Figs. 3F, 6B), whereas ad-
jacent rostral NM neurons expressing TrkB/EGFP retained den-
drites (Fig. 7F–H). These results support the conclusion that
cessation of TrkB expression is necessary for developing NM neu-
rons to retract their dendrites.

We were curious whether the immature appearing dendritic
morphology of NM neurons expressing TrkB was accompanied
by the maintenance of immature biophysical properties. Current-
clamp recordings done at E18 revealed that TrkB-expressing neu-
rons had a much different biophysical profile compared with
their wild-type neighboring neurons in the same slice (Fig. 8A–
D). Responses to hyperpolarizing somatic current injections re-
vealed a lack of time-dependent “voltage-sag” in the NM neuron
expressing TrkB (Fig. 8B, C, arrows). In addition, suprathreshold
depolarizing somatic current injections generated multiple ac-
tion potentials in NM neurons expressing TrkB, while the non-
transfected neighboring NM generated only a single action
potential (Fig. 8, compare B, C), a characteristic behavior of ma-
ture NM neurons (Reyes et al., 1994). Finally, the generation of

one versus multiple APs was also observed at the neuron’s thresh-
old for AP initiation (Fig. 8D,E), suggesting that the expression
of TrkB alters developmental changes of biophysical properties of
voltage-dependent ion channels, like potassium and IH conduc-
tances, promoting the maintenance of properties typically found
in immature NM neurons (Howard et al., 2007).

Discussion
In this report, we introduce use of a Tol2 transposon-based vector
system incorporating a tet-on promoter to obtain stable, focal,
and temporally regulated expression of genes of interest in devel-
oping chick embryos. We use this system to artificially express the
neurotrophin receptor, TrkB, in NM neurons in the chick audi-
tory brainstem. Artificially prolonging the expression of TrkB
over the course of embryonic development prevented the normal
retraction of dendrites by NM neurons during the late stage of
development and altered their biophysical properties. These re-
sults support the conclusion that the normal developmental ces-
sation of TrkB expression in NM neurons that occurs " E8 is
necessary for these neurons to attain their normal mature mor-
phology and functional properties. Numerous studies have doc-
umented the importance of TrkB signaling for dendritic growth
and arborization (McFarlane, 2000). Our study is somewhat un-

Figure 6. NM neurons for which TrkB expression has been maintained from E8 to E17 have dendrites. A, Embryos were electroporated with Tol2-Dox plasmids and treated with Dox from E8 –E17.
B, C, Images of rostral and caudal regions of NM respectively, at E17. D, TrkB-coding sequences inserted into pT2K-BI-TRE-EGFP. E, G, NM neurons at E17 from two different embryos in which TrkB
expression was maintained from E8 –E17. F, H, TrkB immunoreactivity in neurons represented in E and G, respectively. I, TrkB immunostaining of NL ventral dendrites at E12. Area within small
dashed lines is the dorsal neuropil, the area within the large dashed lines contains the ventral dendrites (Fig. 1 A, refer to schematic). At E12, endogenous TrkB is present more abundantly in the
ventral dendrites than in the dorsal dendrites and the level of expression is similar to TrkB resulting from Dox-regulated transgene expression in NM, as illustrated in F and H. Scale bars: (in B, G, E,
I ) B, C, E–I, 10 !m.
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usual in documenting an instance where the cessation of TrkB
signaling is a determinant of dendritic morphology. The success
of the approach demonstrates that transposon vector systems are
likely to have broad applicability for studying circuit formation in
the chick embryo CNS.

Temporal regulation of transposable elements in chick
There are several novel aspects to our use of transposon-based
vectors. Transposon-mediated genomic integration of trans-
genes has emerged as an effective method to achieve stable, long-
term expression of transgenes for several species, including fish,
flies, mouse, and chicken (Lobo et al., 1999, Kawakami and Noda,
2004, Ding et al., 2005, Lu et al., 2009). The use of three transpos-
able element systems have been reported in chick—mariner
(Sherman et al., 1998), Tol2 (Sato et al., 2007), and PiggyBac
(Yamagata and Sanes, 2008, Lu et al., 2009), the latter two incor-
porating a drug-inducible component allowing temporal regula-
tion. Tamoxifen induction of an ER-Cre fusion protein achieved
induced expression of transgenes throughout embryonic devel-
opment, up to E19, whereas Dox-dependent induction was dem-
onstrated only at early time points up to E8, and expression of an
EGFP reporter and genes of interest were demonstrated only
within 48 h post-electroporation (Watanabe et al., 2007). We
show that with continued Dox application to the chorioallantoic
membrane, expression of the vector-encoded genes can be in-
duced and maintained at least until E18, and that the vector sys-
tem expressing only EGFP has no observable effect on the
development of the embryo, or on differentiation of neurons in
the auditory brainstem nuclei. Our results also show that the use
of a bicistronic vector system allows one to mark cells expressing
a gene of interest (TrkB in the present study) with an easily de-
tected marker gene, EGFP. The incorporation of a fluorescent
marker protein was essential for our studies since only a small

proportion of neurons are genetically modified by the trans-
posons. The chimeric expression of genes achieved by these vec-
tors is advantageous, since surrounding cells that have not
incorporated the transposon serve as negative controls, revealing
whether the effects of expressed genes are cell autonomous.

NM and NL are excellent model systems for study of
regulation of dendritic arbors
NM and NL manifest two extremes of dendritic organization
paramount to their function in the auditory circuit. NM neurons
have extensive dendritic arbors that retract over development as
the neurons mature, in a manner that is suitable for the physio-
logically advantageous formation of somatic synaptic contacts
(Jhaveri and Morest, 1982a,b), whereas NL neurons develop
complex dorsal and ventral dendritic arbors that vary in length
depending on tonotopic position, the dendrites in the low-
frequency region being tenfold longer than the dendrites of the
high-frequency neurons (Smith and Rubel, 1979). In the present
study we have focused on mechanisms controlling the dendrito-
genesis of NM neurons, but the methods we have described will
also be applicable to studying dendritogenesis in NL neurons.

TrkB function in NM neurons
NM neurons normally withdraw their transient dendritic arbor
after TrkB expression ceases in these neurons. Our results indi-
cate that the cessation of TrkB expression is necessary for their
normal developmental maturation, since artificially prolonging
TrkB expression prevents the normal retraction of dendrites. Im-
portantly, the intensity of immunostaining indicates that the vec-
tor used achieves artificially encoded TrkB expression in NM at
levels that are similar to those that are expressed naturally in
developing chick neurons. The ability of TrkB expression to in-
fluence the morphology and physiological function of NM neu-

Figure 7. DsRed fluorescent label confirms that NM neurons lacking artificially maintained TrkB expression lack dendrites at E17. A, Transposon-based constructs used to achieve constitutive
expression of DsRed and/or Dox-regulated expression of EGFP and TrkB. B–E, In embryos not exposed to Dox, electroporated NM cells at E17 express DsRed but do not express EGFP or TrkB. Fa– c,
G, H, In the rostral region of NM in embryos exposed to Dox from E7 to E17, some NM neurons express TrkB and these neurons possess dendrites, while nearby neurons expressing only DsRed do not
possess dendrites. DNA: 7 !g/!l; ratio of pCAGGS-PB:pPB-loxP-DsRed-loxP-EGFP:pCAGGS-T2TP:pT2K-CAGGS-rtTA-M2:pT2K-TrkB-BI-TRE-EGFP (1:1.5:1:1:2). Scale bars: (in B) B–E 20 !m; (in F, a),
Fa– c, G–I, 10 !m.
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rons implies that TrkB becomes activated
in these neurons. We have not yet identi-
fied the mode of activation. TrkB activates
spontaneously when expressed at exces-
sively high levels (Schecterson and Both-
well, 2010), but the levels of transposon-
encoded TrkB expression obtained in the
present study do not exceed levels at
which TrkB is normally expressed in other
neurons. TrkB is commonly activated by
BDNF (avians lack the alternative ligand
NT-4), although NT-3 can activate TrkB
less potently. However, several unpub-
lished studies have failed to detect BDNF
or NT3 mRNA in developing avian hind-
brain in the vicinity of NM (E. Rubel, per-
sonal communication). Elsewhere in the
developing nervous system, BDNF is de-
livered from distant neurons via antero-
grade axonal transport (von Bartheld et
al., 1996, Altar and DiStefano, 1998). Rat
spiral ganglion neurons express BDNF
(Zha et al., 2001). If avian cochlear ganglion
neurons do likewise, their axon terminals
may provide BDNF to NM. Alternatively,
transactivating effects of certain G-protein
coupled receptors (for review, see Schecter-
son and Bothwell, 2010) may be respon-
sible for TrkB activity in NM. We are
engaged in studies to discriminate among
these possibilities.

The calycal structure of the endbulbs
of Held, the synapses of VIIIth nerve
terminals on NM, is highly conserved in
homologous circuits from reptiles to
mammals, and is thought to be important
for maintaining the temporal fidelity of
neural activity required for estimating
interaural time difference (ITD) (Parks,
1981). The mechanism responsible for
specifying the formation of calycal syn-
aptic contacts is entirely unknown. The
observation that cochlear ganglion axon
terminals on NM neurons transiently
form dendritic synaptic contacts, and
then convert to calycal somatic synaptic contacts as dendrites are
withdrawn, suggests that the elimination of dendrites may be one
of the signals that specifies the formation of calycal synaptic con-
tacts. Thus, in NM neurons in which dendrite retraction is pre-
vented by artificially prolonged TrkB expression, one might
imagine that dendritic synaptic contacts are maintained, and ca-
lycal nerve endings may fail to form. Future studies will address
this important question.

Although we have not yet determined whether the nature of
synaptic contacts on NM neurons is altered by prolonged TrkB
expression, we have demonstrated that the electrophysiological
properties of NM neurons are substantially different from those
normally seen at this age and similar to those seen in much
younger embryos. Current-clamp recordings were performed on
TrkB-expressing neurons marked by coexpressed EGFP and on
neighboring, TrkB-negative neurons in the same animal as con-
trols. These recordings showed that the E18 TrkB-expressing neu-
rons are similar in overall behavior to much younger MN neurons in

many respects and much different from normal E18 NM neurons or
neighboring NM neurons not expressing TrkB.

In mature NM neurons, the characteristic firing of a single
action potential is highly regulated by low- and high-voltage de-
pendent potassium channels (Reyes et al., 1994, Parameshwaran
et al., 2001, Lu et al., 2004). By E14, nearly all NM neurons have
acquired this characteristic firing property and by E18 all NM
neurons act similarly in this respect (Howard et al., 2007). At E10,
however, NM neurons do not maintain clamped membrane po-
tentials during strong depolarizing current steps, thereby usually
firing multiple APs to a sustained depolarization. In addition,
younger NM neurons have broader APs and the AP threshold is
lower than found in older neurons. In our studies, TrkB-expressing
neurons reliably showed these younger phenotypes, with multiple
spikes, broader action potentials, and lower thresholds than their
neighboring neurons that were not expressing TrkB.

However, in some ways the TrkB-expressing neurons dis-
played biophysical features unlike either normal E10 or E18 NM

Figure 8. NM neurons expressing or not expressing TrkB respond differently to somatic current injection. A, Time course of the
experiment. TrkB plasmid was electroporated at E2 and Dox applied from E7.5 to E16. B, C, Representative paired current-clamp
recordings from E18 NM neurons showing responses to somatic current injections from nontransfected (B, CONTROL) and adjacent
TrkB transfected (C, GFP$ TrkB) NM neurons. Schematic lines under traces: somatic current injections (&100 to $ 440 pA, steps 10
pA, 200 ms), minimized for clarity. Black arrows in B and C show lack of “voltage-sag” in the transfected NM neuron. D, E,
Current-clamp responses to somatic current injection for the same neurons in B and C presented at each neuron’s threshold for AP
initiation (D, $ 250 pA, CONTROL neuron, schematic line under trace, 500 ms; E, $ 100 pA, GFP$ TrkB neuron, schematic line under
trace, 500 ms; minimum of 15 overlapping traces for each neuron).
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neurons. At E10, APs in normal NM neurons occur only at the
beginning of a prolonged depolarizing current step and never in
the later segment. Surprisingly, TrkB-expressing neurons reliably
generated APs throughout the entire duration of prolonged de-
polarizing current steps. The ability of the TrkB-positive neurons
to fire continuous action potentials to sustained somatic current
injections may be due to alterations in potassium channels ex-
pression and function. It remains to be determined whether this
reflects a direct effect of TrkB on channel expression or function,
or alternatively, whether these channels are influenced by altered
synaptic transmission resulting from TrkB-mediated mainte-
nance of dendritic arbors.

In conclusion, we have combined the use of transposon-
mediated transgene expression and focal in ovo electroporation
to temporally manipulate gene expression in specific auditory
nuclei in the chick brainstem, providing novel insights into the
function of TrkB in dendritic regulation. The chick embryo has
been one of the most widely used systems for study of vertebrate
development for over two centuries (Stern, 2005). The novel
methods applied here can easily be adapted to characterize the
function of other genes and in other CNS neural circuits.
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Hair Cell Replacement in Adult Mouse Utricles after
Targeted Ablation of Hair Cells with Diphtheria Toxin

Justin S. Golub,1 Ling Tong,1 Tot B. Ngyuen,1 Cliff R. Hume,1 Richard D. Palmiter,2 Edwin W. Rubel,1

and Jennifer S. Stone1

1The Virginia Merrill Bloedel Hearing Research Center and the Department of Otolaryngology–Head and Neck Surgery and 2The Howard Hughes Medical
Institute and the Department of Biochemistry, University of Washington, Seattle, Washington 98195

We developed a transgenic mouse to permit conditional and selective ablation of hair cells in the adult mouse utricle by inserting the
human diphtheria toxin receptor (DTR) gene into the Pou4f3 gene, which encodes a hair cell-specific transcription factor. In adult
wild-type mice, administration of diphtheria toxin (DT) caused no significant hair cell loss. In adult Pou4f3 !/DTR mice, DT treatment
reduced hair cell numbers to 6% of normal by 14 days post-DT. Remaining hair cells were located primarily in the lateral extrastriola. Over
time, hair cell numbers increased in these regions, reaching 17% of untreated Pou4f3 !/DTR mice by 60 days post-DT. Replacement hair
cells were morphologically distinct, with multiple cytoplasmic processes, and displayed evidence for active mechanotransduction chan-
nels and synapses characteristic of type II hair cells. Three lines of evidence suggest replacement hair cells were derived via direct
(nonmitotic) transdifferentiation of supporting cells: new hair cells did not incorporate BrdU, supporting cells upregulated the pro-hair
cell gene Atoh1, and supporting cell numbers decreased over time. This study introduces a new method for efficient conditional hair cell
ablation in adult mouse utricles and demonstrates that hair cells are spontaneously regenerated in vivo in regions where there may be
ongoing hair cell turnover.

Introduction
Hair cells are sensory mechanotransducers in the inner ear that
are required for hearing, balance, and body orientation. The in-
nate capacity for hair cell replacement after injury has been
probed in mammals since it was reported in birds (Corwin and
Cotanche, 1988; Jørgensen and Mathiesen, 1988; Ryals and
Rubel, 1988). While spontaneous hair cell replacement does not
occur in the cochlea’s organ of Corti (Forge et al., 1998), it occurs
to some degree in mature mammalian vestibular end organs,
such as the utricle (Forge et al., 1993, 1998; Warchol et al., 1993;
Rubel et al., 1995; Walsh et al., 2000; Oesterle et al., 2003;
Kawamoto et al., 2009; Wang et al., 2010; Lin et al., 2011). How-
ever, several features of hair cell regeneration in vestibular or-

gans—including the types of hair cells that are formed and the
mechanisms that guide this process—remain unclear.

Due to the ease of genetic manipulation, mice are the pre-
ferred mammalian model for studies of hair cell regeneration.
The most frequently used agents for experimental hair cell de-
struction—aminoglycoside antibiotics—are problematic in ma-
ture mice. To achieve sufficient lesions with minimal mortality,
aminoglycosides must be repeatedly injected at low doses (Forge
and Schacht, 2000; Wu et al., 2001; Staecker et al., 2007). Lesions
to both the cochlear and vestibular epithelia are highly variable
and usually incomplete, which makes it difficult to distinguish
regions of regeneration. Injection of a second ototoxic agent in-
creases cochlear but not vestibular hair cell loss (Oesterle et al.,
2008; Taylor et al., 2008). Local administration (Nakagawa et al.,
2003; Heydt et al., 2004; Staecker et al., 2007; Kawamoto et al.,
2009; Wanamaker et al., 1998) avoids systemic toxicity, but sur-
geries are technically challenging and results are highly variable.
Aminoglycoside-induced hair cell loss is incomplete in vitro, and
tissues thrive for only 1 month (Cunningham et al., 2002; Lin et
al., 2011). Aminoglycosides could also injure other cells besides
hair cells, hampering data interpretation and confounding mea-
surements of recovery (Aran et al., 1995).

We sought an improved approach for studying hair cell dam-
age and replacement in adult mammals by generating transgenic
mice with the capacity for targeted, inducible hair cell ablation in
vivo or in vitro. The gene encoding the human diphtheria toxin
receptor (huDTR) was placed downstream of the Pou4f3 pro-
moter, whose activity in the inner ear is limited to differentiated
hair cells (Erkman et al., 1996; Xiang et al., 1997). Mice are 10,000
times more resistant to diphtheria toxin (DT) than humans (Me-
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kada et al., 1982; Pappenheimer et al., 1982). Therefore, systemic
administration of small amounts of DT to mice should cause
selective ablation of hair cells without side effects (Palmiter, 2001;
Saito et al., 2001). Here, we show that two intramuscular injec-
tions of DT caused nearly complete loss of hair cells in the utricle
and that over time some hair cells were replaced, apparently by
transdifferentiation of supporting cells.

Materials and Methods
Mice. Three strains of mice were used in this study: mixed C57BL6/J !
129Sv, C57BL6/J, and CBA/J. All data presented are derived from mixed
C57BL6/J ! 129Sv or C57BL/6 mice, unless indicated. Similar results
were obtained in experiments with each strain. Males and females were
used between 6 and 26 weeks (180 days) of age. Mice were housed with
open access to food and water. For preparation of fixed tissues, mice were
killed by CO2 inhalation followed by decapitation. For culture experi-
ments, mice were killed by cervical dislocation followed by decapitation.
All procedures were approved by the Institutional Animal Care and Use
Committee at the University of Washington (Seattle, WA) and adhere to
standards of the American Veterinary Medical Association and the Na-
tional Institutes of Health.

Generation of Pou4f3 DTR mice. We targeted the human diphtheria
toxin receptor (huDTR; heparin-binding epidermal growth factor receptor)
to the Pou4f3 locus in mice to achieve temporally controlled ablation of
hair cells. The strategy that we employed was initially developed to ablate
hepatocytes (Saito et al., 2001) and was later used to kill select neurons in
the hypothalamus (Luquet et al., 2005) and other cell types in mice. We
generated the Pou4f3DTR construct as follows. A BsiW1 site was engi-
neered into the first Pou4f3 exon just upstream of the initiation codon. A
5.9 kb SpeI-SnaB1 fragment was cloned into a targeting vector as the 5"
arm upstream of a floxed SvNeo gene, and a 4.4 kb SnaB1-XbaI fragment
was cloned downstream of the floxed SvNeo gene as the 3" arm. The
targeting construct also had flanking Pgk-DTA and HSV-TK genes for
negative selection. The full coding region for the huDTR was cloned into
the BsiWI site such that it represented the first open reading frame. A
floxed SVNeo gene was removed by breeding with Mox2-Cre mice, and
then the Mox2-Cre gene was removed from the background by selective
breeding. For routine identification of the targeted allele by polymerase
chain reaction, we used these primers: Pou4f3 (wild-type) Forward
5"CAC TTG GAG CGC GGA GAG CTA G; Pou4f3DTR (mutant) Reverse
5"CCG ACG GCA GCA GCT TCA TGG TC. All experimental mice were
heterozygotes (Pou4f3# /DTR). Pou4f3# /DTR mice were on one of three
backgrounds: mixed C57BL/6 ! 129Sv, C57BL6/J, or CBA/J. Controls
consisted of age-matched and strain-matched wild-type (Pou4f3# /# )
littermates.

Administration of diphtheria toxin in vivo. Diphtheria toxin was purchased
from one of two sources: Sigma-Aldrich or List Biological Laboratories. Sim-
ilar results were achieved with DT from each source. Adult mice (6–9 weeks
of age) received two intramuscular injections of DT at 50 ng/g, spaced 2 days
apart. Each injection contained 1 !g of DT dissolved in 50 !l of saline. Mice
received 0.4 ml of lactated Ringer’s solution by subcutaneous injection once
or twice daily on days 3–6 after the first DT injection. Between days 1 and 6
after the first DT injection, food was supplemented with high-calorie gel
(Tomlyn/Vétoquinol from Nutri-Cal).

Diphtheria toxin treatment in vitro. Temporal bones were isolated and
placed in cold HBSS (Sigma-Aldrich). The bone overlying the utricle was
dissected away, and the otoconia and the otoconial membranes were
removed using a gentle stream of HBSS from a 26 gauge needle. Utricles
were isolated using Dumont microforceps and cultured free-floating in a
96-well plate containing 100 !l of DMEM (Sigma-Aldrich) and 1% fetal
bovine serum (FBS) (Atlanta Biologicals) at 37°C with 95% air/5% CO2.
Each well contained two utricles. DT was added to culture media for 24 h
at concentrations of 3.3 ng/ml, 333 ng/ml, and 3.3 !g/ml. Culture plates
were rotated for the first 30 min to distribute fluids and were subse-
quently kept still. Utricles were washed five times with 100 !l of HBSS
and then incubated in 100 !l of DMEM with 1% FBS for various periods
of time. On each subsequent day, half-volumes of culture media were
exchanged.

FM1-43 labeling. For these experiments, all steps were performed
using warm (37°C) solutions, and all incubations occurred at 37°C
with 95% air/5% CO2. Utricles from adult wild-type mice and utricles
from adult Pou4f3# /DTR mice at 80 days post-DT were explanted, and
otoconia were removed as described above. Utricles were incubated in
HBSS for 5 min and then in HBSS containing 5 !M FM1-43 (Invitrogen) for
1 min. Utricles were then rinsed two times with HBSS, incubated in
HBSS for 30 more minutes, and fixed with 4% paraformaldehyde for
30 min. Utricles were then labeled for phalloidin to assess bundle
morphology.

BrdU administration. Drinking water was supplemented with 2 mg/ml
BrdU (5-bromo-2"-deoxyuridine; Sigma-Aldrich) for 1 week during the
following five periods post-DT: days 0 –7, 8 –14, 5–21, 22–28, or 53– 60.
BrdU solution was made fresh at the beginning of each administration
period and was shielded from light with aluminum foil during adminis-
tration. For comparison, we also examined BrdU labeling in mice that
received intraperitoneal BrdU (dissolved in sterile PBS) at 50 mg/kg once
a day between days 0 and 7 post-DT.

Adenovirus transduction in vitro. All methods closely followed those
described in Lin et al. (2011). Briefly, adenovirus serotype 5 (Ad5) was
engineered to drive GFP expression under control of Atoh1 enhancer
elements. The J2XnGFP fragment containing mouse Atoh1 enhancer se-
quences, GFP, the "-globin gene promoter, a nuclear localization signal
sequence, and the bovine-growth hormone polyadenylation signal
(courtesy of Jane Johnson, University of Texas Southwestern Medical
School, Dallas, TX) (Helms et al., 2000) was cloned into Ad5 to generate
Ad5-Atoh1-GFP. Utricles were explanted from adult wild-type mice and
Pou4f3# /DTR mice at 7, 14, and 28 days post-DT. They were placed at a
density of 1–2 utricles/well in 50 !l of culture media in a 96-well plate.
Media contained 4 ! 10 8 optical particle units of virus. Utricles were
incubated for $ 16 h in viral solution at 37°C on a rotator. Following
rinsing, utricles were cultured for 5 days in virus-free media. We exam-
ined four utricles for each time point.

Histological methods. Proteins were detected in whole-mount utricles
using standard immunofluorescence labeling methods. Utricles were
fixed with phosphate-buffered 4% paraformaldehyde (Sigma-Aldrich)
for 30 min, rinsed with PBS, and incubated for 30 min in blocking solu-
tion (2% bovine serum albumin, 0.8% normal goat serum, 0.5% Triton
X-100 for myosin VIIa detection or 0.5% Triton X-100 in PBS with 5%
normal serum for detection of other antigens). Utricles were incubated
overnight at 4°C with one of the following primary antibodies diluted
1/100 to 1/1500 in blocking solution: rabbit anti-myosin VIIa (Proteus
Biosciences), rabbit anti-calbindin D28k (Millipore Bioscience Research
Reagents), mouse anti-GFP (Invitrogen), rabbit anti-GFP (Invitrogen),
chicken anti-neurofilament (Millipore), rat anti-BrdU (Sigma), mouse
anti-acetylated tubulin (Sigma-Aldrich), and mouse anti-Ctbp2 (BD
Transduction Laboratories). Secondary antibodies, conjugated to Alexa
Fluor 488, 594, or 647 and diluted 1/300, were purchased from Invitro-
gen. To label filamentous actin, organs were soaked in phalloidin conju-
gated to Alexa Fluor 488 (Invitrogen) at 10 !g/ml, with 0.5% Triton
X-100 in PBS. To label cell nuclei, organs were soaked in 4",6-diamidino-
2-phenylindole (DAPI) (Sigma-Aldrich) at 1 !g/ml for 10 min.

Table 1. Numbers of utricles used for quantitative analyses

Animal type (age) DT?
Time of death
post-DT

HC counts
(20x)

SC counts
(60x)

HC counts
(60x)

Bundle
counts

Wild type (6 –9 weeks) No N/A 4 6 6 —
Wild type (8 –11 weeks) Yes 14 days 4 4 4 —
Pou4f3# /DTR (6 –35 weeks) No N/A 4 4 4 —

Yes 7 days 7 — — 4
Yes 14 days 5 3 3 4
Yes 21 days 8 — — —
Yes 28 days 6 — — —
Yes 40 days 4 4 4 4
Yes 60 days 10 10 10 4
Yes 90 days 7 6 6 4
Yes 180 days 2 2 2 2
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Some utricles (with anterior and horizontal ampullae attached) were
fixed with 2% paraformaldehyde/3% glutaraldehyde in 0.1 M sodium
phosphate (pH 7.4), postfixed with 1% osmium tetroxide (Electron Mi-
croscopy Sciences) in 0.1 M sodium phosphate, embedded using an
Eponate 12 kit (Ted Pella Inc.), and sectioned at 1–3 !m with a JOEL
Sorval Porter Blum MT2-B ultra-microtome. All utricles were oriented
in the same manner (using the attached ampullae for guidance) and
sectioned from medial to lateral.

Cellular imaging and analysis. Fluorescent imaging was performed us-
ing an Olympus FV-1000 confocal microscope. For all utricles, Z-series
images from the lumenal surface of the epithelium through the stroma
were obtained using a 20! objective. In addition, a 60! oil objective was

used to take higher-magnification images of
individual areas and exemplary cells. For all
qualitative analyses, at least six utricles per time
point were examined. Several quantitative
analyses were performed and are described be-
low. Sample numbers for all quantitative anal-
yses are either provided below in Materials and
Methods, in Table 1, or in the figure legends.

Hair cell and supporting cell counts. Cell
counting in 20! images was performed in
ImageJ 1.44 (National Institutes of Health,
Bethesda, MD) using the Cell Counter plug-in.
For hair cell counts, fifteen 1980 !m 2 regions
were randomly chosen as follows. A 12 ! 12
grid was overlaid on the utricle image, and a
random number generator was used to create a
list of X-Y coordinates. Corresponding regions
on the grid that fell completely within the sen-
sory epithelium were analyzed. The process
continued until 15 regions were counted.
Counts were summed across areas and aver-
aged across utricles. Then, we computed the
area of each utricle’s sensory epithelium using
ImageJ, which indicated that 19 –23% of the
sensory epithelial area was sampled per utricle.
Next, we multiplied the summed counts for
each utricle by a correction factor (percent of
area sampled/100, which ranged from 5.26 to
4.35) to obtain estimates of the total number of
hair cells per utricle. To be counted as a hair
cell, each cell had to be myosin VIIa# and have
a healthy-appearing DAPI-labeled nucleus lo-
cated in the hair cell layer (upper one-third of
the sensory epithelium).

We also assessed hair cell and supporting cell
counts using 60! images to make direct com-
parisons between hair cell and supporting cell
densities in each utricle. Higher magnification
was used here to enable better detection of
individual supporting cell nuclei. For these
counts, four regions per utricle (two peripheral
and two central, or $ 26% of the sensory epi-
thelial area) were scanned at 60! in utricles
labeled for myosin VIIa and DAPI. In most
cases, striolar, lateral extrastriolar, and medial
extrastriolar regions were sampled. Hair cell
inclusion criteria are described above. A cell
was considered a supporting cell if it had myo-
sin VIIa-negative (% ) cytoplasm and a healthy-
appearing nucleus in the supporting cell layer
(lower two-thirds of the epithelium). Hair cell
and supporting cell densities (cells/!m 2) were
determined. Supporting cell counts per utricle
were also estimated by multiplying average
supporting cell densities per utricle by an aver-
age utricular area. An average utricular sensory
epithelium area was calculated using area mea-
surements of 48 utricles from mice between 42

and 180 days of age. Utricular sensory epithelium area does not system-
atically change with age, but shows considerable variation within an age
(Kirkegaard and Nyengaard, 2005).

Hair cell bundle analyses. We also assessed the percentage of hair cells
with long, short, or no stereociliary bundles at different times post-DT.
In whole-mount utricles labeled for myosin VIIa and phalloidin, we took
60! confocal images in five presumed striolar regions and four pre-
sumed extrastriolar regions. The total area sampled per utricle was
70,000 !m 2 (or $ 42% of the sensory epithelial area, based on our esti-
mate above). In each region, we scored every myosin VIIa# cell as having
a relatively “long bundle,” “short bundle,” or “no bundle (examples of

Figure 1. Pou4f3 # /DTR mice show significant loss of hair cells after in vivo DT treatment. Hair cell loss was assessed qualitatively
and quantitatively in adult mice that received either two DT injections or no DT treatment. A, Graph shows mean numbers of
myosin VIIa# cells (hair cells) per utricle (& SD) for the following groups with different genotypes and DT treatments: untreated
(% ) wild-type (WT) mice, treated WT mice at 14 days post-DT, untreated (% ) Pou4f3# /DTR mice, and Pou4f3# /DTR mice at 7 and
14 days (d) post-DT. Sample numbers for counts are provided in Table 1. B, Confocal brightest point projection image of a
whole-mount wild-type (WT) utricle labeled for calbindin D28k (green) and phalloidin (red), illustrating the location of the medial
extrastriola (mES), striola (S), and lateral extrastriola (lES). C–E, Confocal brightest point projections of whole-mount utricles
labeled for myosin VIIa from WT mice at 14 days post-DT (C) and Pou4f3# /DTR mice at 7 days post-DT (D) and 14 days post-DT (E).
S indicates the approximate position of the striola. All utricles are oriented in the same manner. Asterisk in C indicates region where
sensory epithelium was not imaged. F–H, High-magnification confocal slices near the lumenal surface of the sensory epithelium
showing myosin VIIa (red) and phalloidin labeling (green) from WT mice at 14 days post-DT (F ) and from Pou4f3# /DTR mice at 7
days (G) and 14 days post-DT (H ). Arrowheads in F–H point to long bundles. The arrow in F points to the top of a normal-appearing
hair cell. Arrows in G and H point to remaining damaged hair cells or hair cell debris. Scale bars: (in B) B–E, 100 !m; (in F ) F–H,
6 !m.
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each bundle type are shown in Figs. 4 and 5 of
Results), and we determined the total number
of myosin VIIa# cells per region. Then, we av-
eraged counts of each bundle type and counts
of myosin VIIa# cells in each region across the
nine regions for each utricle. These numbers
were used to calculate the percentage of each
bundle type in each utricle, which were then
averaged across utricles to obtain an average
percentage for each time-point.

BrdU analysis. To assess cell proliferation in
the sensory epithelium, we analyzed BrdU im-
munolabeling in whole-mount utricles from
mice that received BrdU in drinking water or
via intraperitoneal injection. The following
numbers of utricles were examined for drink-
ing water-delivered BrdU: seven utricles at 0 –7
days post-DT, five utricles at 8 –14 days post-
DT, eight utricles at 5–21 days post-DT, 6
utricles at 22–28 days post-DT, and 10 utricles
at 53– 60 days post-DT. In addition, we exam-
ined eight utricles following intraperitoneal
delivery of BrdU (one injection per day) on
days 0 –7 post-DT. For all analyses of BrdU in-
corporation, we used the confocal microscope
at 40! magnification to search for BrdU# cells
in each utricular sensory epithelium. As a pos-
itive control, we counted BrdU# cells located
in the stromal connective tissue below the sen-
sory epithelium within 5 !m from the basal
lamina.

Statistical analyses. Throughout the text and
in graphs, data are expressed as mean & SD.
Numerical data were statistically analyzed us-
ing ANOVA to assess effects of genotype or
time post-DT on cell counts (StatView 4.5,
Abacus Concepts) and Fisher’s protected least
significant difference (PLSD) post hoc tests to
assess differences between specific experi-
mental groups. One-way analyses were also
performed to assess effects of genotype or time
post-DT on cell counts. In addition, we per-
formed a Fisher’s exact test of independence
using StatView to assess the relationship be-
tween bundle length and cell shape among hair cells in DT-treated sam-
ples. All effects were considered statistically significant if p # 0.05.

Results
Diphtheria toxin ablates most hair cells in the utricles of adult
transgenic mice
We created transgenic mice in which the gene encoding the human
diphtheria toxin receptor (DTR) gene was inserted into exon 1 of the
Pou4f3 gene. POU4F3 is a transcription factor required for hair cell
survival in mice (Erkman et al., 1996; Xiang et al., 1997). Transcripts
for Pou4f3 are abundant in developing and mature hair cells but not
in other inner ear cells, such as supporting cells or auditory/vestibu-
lar ganglion neurons. Human DTR has a much higher affinity for
DT than mouse DTR (Mekada et al., 1982; Pappenheimer et al.,
1982). Therefore, administration of low-dose DT to Pou4f3# /DTR

mice should cause targeted and complete ablation of hair cells with-
out damaging other cells in the inner ear or causing systemic toxicity
(Palmiter, 2001; Saito et al., 2001).

First, we assessed utricular hair cells using myosin VIIa immu-
nofluorescence in untreated adult mice (6 –9 weeks of age) that
were wild-type or heterozygous for the Pou4f3DTR allele. The
number of hair cells per utricle did not differ significantly be-
tween these two groups (Fig. 1A; p ' 0.22), and no differences

were observed with respect to hair cell appearance (data not
shown). These observations suggested that hair cell development
and maintenance were not affected in Pou4f3# /DTR mice.

To determine whether DT has deleterious effects on hair cells
in adult wild-type mice, two intramuscular injections of DT (1 !g
in 50 !l saline) were given with an interval of 2 days. At 14 days
post-DT (measured after the first DT injection), numbers of my-
osin VIIa# hair cells per utricle were not significantly different
from those of untreated mice (Fig. 1A) (p ' 0.21). Hair cell
density and distribution appeared normal (Fig. 1C), as did ste-
reociliary morphology as assessed by phalloidin labeling for fila-
mentous actin (Fig. 1F). Thus, this concentration of DT did not
appear to affect utricular hair cells in wild-type mice.

In contrast, significant hair cell loss was seen after DT treat-
ment in adult Pou4f3# /DTR mice. At 7 and 14 days post-DT,
hair cell numbers were reduced to 22 and 6% of untreated
Pou4f3# /DTR mice, respectively (Fig. 1A,C–E). These numbers
were significantly different from the control groups and from
each other (p ( 0.001). At 7 days post-DT, hair cell fragments,
disorganized stereociliary bundles, and expanded supporting cell
surfaces were evident throughout the utricle (Fig. 1D,G). At 14
days, supporting cells (myosin VIIa% cells) occupied most of the
sensory epithelium (Fig. 1H). Hair cells that remained at this

Figure 2. Hair cell loss is increased but not complete after in vitro DT treatment. Hair cell loss was assessed qualitatively and
quantitatively in adult utricles that were cultured with DT for 24 h and for 5 additional days in DT-free media. A–C, Confocal
brightest point projection images of whole-mount utricles labeled for myosin VIIa from wild-type (WT) mice treated with 333
ng/ml DT (A) or from Pou4f3# /DTR mice treated with either 3.3 ng/ml (B) or 333 ng/ml (C) DT. Scale bar: (in A) A–C, 100 !m. D,
Graph shows mean numbers of myosin VIIa# cells (& SD) per utricle for wild-type mice treated with 3.3 ng/ml DT (n ' 3 utricles)
or 333 ng/ml DT (n ' 3 utricles) and for Pou4f3# /DTR mice treated with 3.3 ng/ml DT (n ' 5 utricles) or 333 ng/ml DT (n ' 8
utricles).

15096 • J. Neurosci., October 24, 2012 • 32(43):15093–15105 Golub et al. • Hair Cell Replacement after Genetic Ablation



time had either a long bundle of stereocilia (characteristic of
mature hair cells), a very short bundle, or no bundle (Fig. 1H).
They also appeared to be most concentrated in the presumed
lateral extrastriolar region of the utricle (Fig. 1E). The lateral
extrastriola wraps around the striola, which is a reverse C-shaped
area with specialized anatomical features that distinguish it from
the medial and lateral extrastriolar regions (Desai et al., 2005; Li
et al., 2008). The position of the striola, the lateral extrastriola,
and the medial extrastriola in a wild-type untreated utricle are
indicated in Figure 1 B, using immunolabeling for the calcium-
binding protein calbindin D28k, which is restricted to hair cells
and specialized calyceal nerve endings in the striola. We were
unable to trace the position of the striola for long periods after
damage, because neural markers for this region did not persist
after damage or re-emerge after periods of recovery.

Between 3 and 7 days post-DT, Pou4f3# /DTR mice exhibited
signs of illness, including vestibulomotor dysfunction (head-bo-
bbing, staggered gait, and circling) and weight loss, which was not
seen in injected wild-type littermates. With the assistance of fluid
injections and high-calorie food supplementation, these symp-
toms typically improved by 8 days post-DT. However, a weak
vestibulomotor phenotype was retained in most mice as late as 180
days post-DT. Approximately 10% of mice had to be euthanized due
to sustained vestibulomotor problems and weight loss.

To determine whether a higher dose of DT could induce com-
plete hair cell loss, adult Pou4f3# /DTR mice were injected with 2
!g of DT in 50 !l saline via the same route and schedule and were
killed 7 days post-DT. This treatment resulted in no discernible
increase in hair cell loss compared to the lower DT dose (data not
shown), but it caused greater illness in the mice.

Next, we tested whether DT treatment
of adult utricles in vitro could trigger
greater hair cell loss than treatment in
vivo. Utricles were explanted from wild-
type or Pou4f3# /DTR mice, cultured over-
night with DT at a final concentration of
3.3 ng/ml, 333 ng/ml, or 3.3 !g/ml, and
maintained for 5 additional days in con-
trol media. Wild-type utricles treated
with 333 ng/ml DT had 1665 (& 730)
myosin VIIa# hair cells (Fig. 2 A, D),
which was 44% of wild-type utricles that
were not cultured (confer with Fig. 1).
This hair cell loss was likely due to cul-
ture conditions rather than DT toxicity,
since a similar degree of hair cell loss
occurs in utricles from adult Swiss Web-
ster mice when cultured without oto-
toxin (Lin et al., 2011). Treatment of
Pou4f3# /DTR utricles with 3.3 ng/ml DT
caused loss of nearly all hair cells (Fig.
2 B, D). Remaining hair cell numbers
were 1% of numbers in wild-type utricles
that were not cultured. There was no
significant increase in hair cell loss when
the DT dose was increased to either 333
ng/ml (Fig. 2C,D) or 3 !g/ml (data not
shown). These results show that consid-
erably more hair cell loss was achieved
upon DT treatment in vitro than in vivo,
but a small fraction of hair cells was re-
tained in vitro, even following treatment
with very high DT doses.

Some hair cells are replaced in the lateral extrastriolar region
of the utricle
To examine whether utricular hair cells are replaced after DT
treatment, adult Pou4f3# /DTR mice received two intramuscular
injections of DT (1 !g in 50 !l saline) and were killed 21, 28, 40,
60, 90, or 180 days post-DT (Fig. 3A–E). Between 14 and 28 days
post-DT, numbers of myosin VIIa# (hair) cells increased about
twofold (p ' 0.04), and between 28 and 60 days it increased
another 1.6-fold (p ' 0.001). At 60 days post-DT, hair cell num-
bers were 17% of untreated Pou4f3# /DTR mice (compared to 6%
of untreated Pou4f3# /DTR mice at 14 days). The number of re-
placement hair cells decreased between 60 and 90 days post-DT
to 13% of untreated Pou4f3# /DTR mice (p ' 0.022), but was not
significantly changed between 90 and 180 days.

Replacement hair cells had a consistent distribution at 28 days
post-DT and later; they were most concentrated in the presumed
lateral extrastriolar region and were relatively sparse in the other
regions (Fig. 3C–E).

Replacement hair cells have short stereociliary bundles,
multipolar shapes, and innervation characteristic of type II
hair cells
The early decrease and subsequent increase in the number of
myosin VIIa# cells suggested that original hair cells were lost and
new hair cells were formed. If new hair cells were indeed differ-
entiating, one would expect to see hair cells with immature mor-
phologies emerge and acquire more developed features over
time. Mature vestibular hair cells have a columnar cell body and
an apical bundle of stereocilia that is organized in a staircase config-

Figure 3. Many hair cells are replaced after in vivo DT treatment. Hair cell replacement was assessed qualitatively and quanti-
tatively in adult Pou4f3# /DTR mice that received two DT injections. A, Graph shows mean numbers of myosin VIIa# cells (& SD) per
utricle in Pou4f3 # /DTR mice at several times post-DT. Sample numbers for counts are provided in Table 1. B–E, Confocal brightest
point projection images of myosin VIIa (Myo) labeling in utricles at 14 days (d) (B), 40 days (C), 60 days (D), and 180 days (E)
post-DT. S, mES, and lES indicate the presumed position of the striola, medial extrastriolar region, and lateral extrastriolar region,
respectively. Scale bar: (in B) B–E, 100 !m.
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uration. During hair cell regeneration in
birds, newly formed hair cells have an elon-
gated cell body with one descending cyto-
plasmic process (Steyger et al., 1997; Stone
and Rubel, 2000), an apical bundle of uni-
formly short stereocilia, and a concentrically
located kinocilium (Cotanche, 1987). These
features of early regenerating hair cells
closely resemble developing hair cells (Co-
tanche and Sulik, 1984; Mbiene et al., 1984;
Whitehead and Morest, 1985; Denman-
Johnson and Forge, 1999). Over time, avian
hair cells attain mature shapes, the individ-
ual rows of stereocilia elongate differentially
to achieve a staircase pattern, and the kino-
cilium moves to a peripheral location within
the bundle (Cotanche, 1987).

We analyzed phalloidin-labeled ste-
reociliary bundles on myosin VIIa# hair
cells in adult Pou4f3# /DTR mice after DT
treatment. At all times, hair cells with long
bundles typical of original mature hair
cells were present (Fig. 4A–F,H) and
were distributed throughout the sensory
epithelium (Fig. 4A–C). However, the
percentage of hair cells that had long bun-
dles decreased significantly over time
(p ( 0.0001) (Fig. 4H). At 7 days post-
DT, 90% of hair cells had long bundles; at
60 days, 11% of hair cells had long bun-
dles; and at 180 days, 3% had long
bundles.

Hair cells lacking phalloidin-labeled ste-
reocilia were also distributed throughout
the sensory epithelium (Fig. 4D,H). Such
cells were either damaged hair cells that had
lost their bundles or replacement hair cells
that had not yet formed bundles. The per-
centage of hair cells with no bundle was very
low at 7 days post-DT (9%). By 14 days, it
had increased to 32%. By 90 days, only 8%
of hair cells lacked a bundle. ANOVA
demonstrated a significant effect of time
on the percentage of hair cells with no
bundle (p ' 0.01).

Hair cells with short bundles (about
one-third the length of long bundles)
were also detected at all times (Fig. 4E–H). At 7 and 14 days
post-DT, only a small percentage of hair cells (1 and 10%, respec-
tively) had this morphology. The percentage of hair cells with
short bundles increased significantly over time (p ( 0.0001), so
that by 180 days, 88% of bundles had this morphology. At all
times, hair cells with short bundles were concentrated in the lat-
eral extrastriola. Some hair cells with short bundles had long
kinocilia that were located on the outer edge of the bundle (Fig.
4G), typical of a maturing hair cell.

These observations indicated that most original hair cells were
lost rapidly after DT treatment, and additional hair cells contin-
ued to be lost over an extended period of time. The results also
indicate that very few, if any, replacement hair cells acquired long
bundles.

We also examined the shapes of myosin VIIa# cells (hair
cells). At 14 days post-DT, most remaining hair cells were round

or oval (Fig. 5A,A"). However, a few cells also had irregular
shapes with one cytoplasmic process or several processes emanat-
ing from the soma (data not shown). Such “multipolar” cells
predominated at all later times (Fig. 5B–C"). Processes appeared
to extend horizontally above the layer of the supporting cell nu-
clei (Fig. 5D). Hair cells with short bundles (the presumed re-
placement hair cells) consistently had well defined processes,
while hair cells with long bundles (the presumed surviving orig-
inal hair cells) were consistently round and lacked processes (Fig.
5B–C"). Of 965 hair cells analyzed in 6 utricles at 90 days post-DT,
885 cells had a short bundle and processes, 3 cells had a long
bundle and processes, 8 cells had a short bundle and no processes,
and 69 had a long bundle and no processes. A Fisher’s exact test of
independence revealed that bundle length was strongly predictive
of cell shape (p ( 0.0001). As late as 180 days post-DT, most hair
cells in the utricle still had short bundles and cytoplasmic pro-

Figure 4. Bundle morphologies on replacement hair cells following DT treatment. A–C, Confocal images of phalloidin
labeling at the lumenal surface of utricles at 14 days (d) (A), 40 days (B), and 180 days (C) post-DT. Long bundles of
presumed original hair cells, appearing as white dots or dashes, are distributed throughout the sensory epithelium. D–F,
Confocal slices near the lumenal surface in the presumed lateral extrastriola from utricles labeled for myosin VIIa (Myo) and
phalloidin to detect hair cells and bundles, respectively. At 14 days post-DT (D), myosin VIIa# hair cells with no bundle
(arrow) or a long bundle (arrowheads and inset) were predominant. At 40 days (E) and 180 days (F ) post-DT, myosin VIIa#
hair cells with a short bundle (arrows and inset) were most common, but hair cells with long bundles (arrowheads) were
also present. G, Three examples of replacement hair cells with a distinct, eccentrically located kinocilium [labeled by
anti-acetylated tubulin (AcTub) antibodies] on the side of each bundle [labeled by phalloidin (Phal)] at 70 days post-DT. H,
Graph shows mean bundle type, expressed as the percentage (%) of total myosin VIIa# hair cells (& SD), in utricles from
Pou4f3# /DTR mice at several times post-DT. Sample numbers for counts are provided in Table 1. Scale bar: (in A) A–C, 100
!m; (in D) D–F, 6 !m; (in D inset) D inset, E inset, and G, 3 !m.
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cesses (not shown). These observations strongly suggest that this
unusual morphology was a stable end-point among replacement
hair cells.

Replacement hair cells (with short bundles and cytoplasmic
processes) were never surrounded by the large calyceal nerve end-
ings characteristic of type I hair cells (Fig. 6A,A"). They were
clearly associated with discrete patches of immunolabeling for
Ctbp2 (C-terminal binding protein 2), a protein associated with
ribbon synapses (Schug et al., 2006) (Fig. 6B,C). These observa-
tions suggest that replacement hair cells are type II-like and have
synaptic elements.

Hair cell replacement is evident in sectioned utricles
In addition to using molecular markers for hair cells, we assessed
hair cell loss and replacement in semi-thin plastic sections of
adult mouse utricles. In wild-type mice at 14 days post-DT, hair
cells appeared normal (Fig. 7A), with relatively long stereocilia (in-
set). In Pou4f3# /DTR mice at 14 days post-DT (Fig. 7B), nearly all
hair cells had been extruded from the epithelium and only sup-
porting cell nuclei remained. In Pou4f3# /DTR mice at 60 days
post-DT (Fig. 7C), hair cell profiles had reemerged, some of
which had clear short stereocilia (Fig. 7C, inset). These findings

support our interpretations from confo-
cal microscopic analyses that hair cells are
lost from the utricle by 14 days post-DT,
and there is some hair cell replacement by
60 days post-DT.

Replacement hair cells appear to have
active mechanotransduction
channels
The majority of replacement hair cells in
adult Pou4f3# /DTR mice after DT treat-
ment have short bundles of stereocilia and
cytoplasmic processes (Figs. 4, 5), which
reflect an immature phenotype. To ad-
dress this, we tested whether such cells
were capable of rapidly incorporating the
styrl dye FM1-43. Rapid FM1-43 uptake
has been linked with the maturation of
mechanotransduction channels in hair
cells (Gale et al., 2001; Meyers et al.,
2003; Si et al., 2003). We isolated
utricles from Pou4f3# /DTR mice at 80
days post-DT, when numerous replace-
ment hair cells with short stereocilia
would be present, and exposed them to
FM1-43 for 1 min. We performed iden-
tical experiments in wild-type utricles.
In wild-types, FM1-43 fluorescence was
seen in many hair cells (Fig. 8 A–C), but
was not seen in supporting cells (data
not shown). In Pou4f3# /DTR utricles at
80 days post-DT, rapid FM1-43 uptake
occurred in many replacement hair cells
with short bundles (Fig. 8 D–F ). These
results indicate that, although most re-
placement hair cells have an immature-
appearing bundle and an unusual shape,
they appear to have functional mecha-
notransduction channels based on their
rapid uptake of FM1-43.

Replacement hair cells are formed by direct
transdifferentiation of supporting cells into hair cells
One interpretation of the loss and subsequent reappearance of
hair cells is that they are being regenerated. In nonmammalian
vertebrates, nonsensory cells in the sensory epithelium (pre-
sumed supporting cells) serve as progenitors for new hair cells
using two mechanisms (for review, see Stone and Cotanche,
2007). Some cells phenotypically convert into hair cells without
an intervening mitosis (a process called direct transdifferentia-
tion). Other cells divide, and their daughter cells differentiate
into hair cells or supporting cells. In addition, some injured hair
cells are capable of recovery (Gale et al., 2002).

We performed several experiments to determine whether new
hair cells are indeed formed in adult mice after DT treatment. First,
we examined whether any replacement hair cells were derived from
supporting cell division. Adult Pou4f3# /DTR mice were provided
with drinking water containing the mitotic tracer BrdU for different
7 day periods after DT treatments (0–7 days, 8–14 days, 5–21 days,
22–28 days, or 53–60 days). At the end of the treatment period, mice
were killed and utricles were fixed and immunolabeled for BrdU.
Although numerous BrdU# nuclei were detected in the con-
nective tissue underlying the sensory epithelium, BrdU-

Figure 5. Shapes of replacement hair cells following DT treatment. A–C", Three sets of confocal slices taken near the lumenal
surface in the presumed lateral extrastriola (A, B, C, labeled for phalloidin and myosin VIIa or Myo) or at the level of the hair cell
bodies (A", B", C", labeled for Myo). A, A", The same field at 14 days post-DT. B, B", The same field at 60 days post-DT. C, C", The
same field at 90 days post-DT. Arrowheads point to cells with long bundles and round cell bodies (presumed original hair cells),
while arrows point to cells with short bundles and multipolar cell bodies (presumed replacement hair cells). D. Vertical slice
through the presumed lateral extrastriola at 90 days post-DT, illustrating the location of the hair cell processes above the support-
ing cell nuclear layer (SC Nu). HC Nu, Hair cell nuclear layer. Scale bar (in A) A–D, 6 !m.
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labeled cells were rarely seen in the
sensory epithelium at any times exam-
ined (examples are shown in Fig. 9A–
B"). At maximum, one cell per utricle
was seen, and such cells were always my-
osin VIIa% . Similar observations were
made in Pou4f3# /DTR mice that received a
single intraperitoneal injection of BrdU per
day on days 0–7 post-DT (not shown).
These observations suggest that supporting
cell division is a rare event and therefore an
unlikely mechanism by which significant
numbers of hair cells are replaced in
Pou4f3# /DTR mice after DT treatment.

Next, we tested the hypothesis that sup-
porting cells directly convert into hair cells
by assessing whether they upregulate the
hair cell-specific transcription factor Atoh1.
Utricles were explanted from Pou4f3# /DTR

mice at 7, 14, and 28 days after DT adminis-
tration in vivo and cultured overnight with
an Atoh1 reporter virus, Ad5-Atoh1-GFP.
Utricles were cultured for 5 more days in
virus-free media and then fixed and immu-
nolabeled for GFP and myosin VIIa.
Utricles from untreated wild-types, which
received no DT treatment, were cultured
identically. Ad5 transduces $ 27% of sup-
porting cells (about 1,000 cells per organ) in
undamaged utricles from adult mice in vitro
(Lin et al., 2011). Similar rates were noted in
utricles 7 days after neomycin-induced hair
cell damage in vitro, suggesting that hair cell
loss does not significantly alter transduction
efficiency (data not shown). Numbers of
Atoh1-GFP# cells were very low in the sen-
sory epithelium of utricles from untreated
wild-types and from Pou4f3# /DTR mice at 7
days post-DT, but in Pou4f3# /DTR mice at 14 days post-DT, numbers
had increased significantly (p ( .05) (Fig. 9C–E"). Some Atoh1-
GFP# cells were myosin VIIa% , characteristic of supporting cells
(Fig. 9D–E"), and some were myosin VIIa# , similar to hair cells (Fig.
9C–E"). Numbers of Atoh1-GFP# /myosin VIIa# cells were signif-
icantly higher in Pou4f3# /DTR utricles at 14 days than in Pou4f3# /DTR

mice at 7 days or in untreated wild-type mice. There was no signifi-
cant change in the numbers of Atoh1-GFP# cells or Atoh1-GFP# /
myosin VIIa# cells in Pou4f3# /DTR mice between 14 and 28 days
post-DT, but there was substantial variation in the number of
Atoh1-GFP# cells in these groups for reasons that are unclear. These
results demonstrate that DT-induced hair cell damage triggers sig-
nificant upregulation of Atoh1 transcriptional activity in supporting
cells and differentiating hair cells after damage and before the emer-
gence of replacement hair cells.

If significant numbers of supporting cells were converting into
hair cells without dividing, then one would expect their numbers to
be substantially decreased in regions where, and at times when, hair
cells are being replaced. To test this hypothesis, we estimated sup-
porting cell numbers in utricles from Pou4f3# /DTR mice at 14, 40, 60,
90, and 180 days post-DT. We also examined supporting cell num-
bers in three groups of controls: Pou4f3# /DTR mice without DT treat-
ment, wild-type mice without DT treatment, and wild-type mice at
14 days post-DT. Average numbers (& SD) are graphed in Figure
10A. We found no significant differences in supporting cell numbers

among the three control groups (p ) 0.05). These results suggested
that supporting cells developed normally in transgenic mice and that
wild-type supporting cells were not damaged by DT treatments. In
Pou4f3# /DTR mice at 14 days post-DT, supporting cell numbers were
significantly reduced compared to wild-type mice at 14 days
post-DT (p ' 0.002) and compared to Pou4f3# /DTR mice that re-
ceived no DT treatments (p ' 0.003). In Pou4f3# /DTR mice, sup-
porting cell numbers decreased significantly between 14 and 60 days
post-DT (p ' 0.0003), but they did not change significantly after 60
days (p ) 0.05). Overall, supporting cell numbers declined as hair
cell numbers increased to a similar degree and with similar timing
(compare Figs. 10A and 3A). Loss of supporting cell density and
expansion of supporting cell apical surfaces appeared to be most
pronounced in the presumed lateral extrastriola, where the most hair
cell replacement occurred (Fig. 10B–C*). Collectively, these obser-
vations strongly suggest that supporting cells are converting directly
into hair cells and are not being rapidly replaced by supporting cell
division following DT-mediated hair cell damage.

Discussion
We developed a line of mice to enable temporally controlled and
selective ablation of hair cells in vivo. In adult utricles, near-
complete hair cell loss was achieved in 2 weeks. Approximately
17% of hair cells were restored by 2 months. Replacement hair
cells had short stereociliary bundles and were type-II like, as de-

Figure 6. Neural elements associated with replacement hair cells. A, A", Confocal slices from the presumed lateral extrastriola
of a utricle from a Pou4f3# /DTR mouse at 180 days (d) post-DT. The same field is shown in both panels, with myosin VIIa (Myo)
labeling (red) and neurofilament (NF) labeling (green) shown in A and NF only in A". Arrowheads point to calyceal endings labeled
for NF, each of which invests a round Myo# cell. The arrow points to a replacement hair cell that is not associated with a NF# calyx.
B, C, Confocal slices through the hair cell layer from the presumed lateral extrastriola in utricles from a wild-type (WT) mouse (B)
and a Pou4f3# /DTR mouse at 90 days post-DT (C). Myosin VIIa labeling is red and Ctbp2 labeling is green. Insets show the basal
portion of exemplary hair cells at higher magnification. Scale bar: (in A) A–C, 6 !m.
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scribed before. We made several new observations. Replacement
hair cells were confined to the presumed lateral extrastriolar re-
gion. They had unusual cytoplasmic processes, yet they possessed
properties of mature hair cells. Further, supporting cells upregu-
lated Atoh1 transcriptional activity, suggesting they transdiffer-
entiated into new hair cells.

The Pou4f3DTR mouse enables near-total hair cell ablation in
adult utricles
Mice are excellent animals for studies of hair cell regeneration
due to their capacity for targeted genetic manipulation. An ideal
method for hair cell destruction in regeneration studies would:
(1) induce rapid and synchronized destruction of all hair cells; (2)
show efficacy in adult mice; (3) have negligible effects on other
inner ear cells; (4) be rapid and easy to implement; and (5) induce
limited illness. The first two characteristics are particularly im-
portant. Complete loss of original hair cells enables distinction of
regenerated hair cells from repaired hair cells. Examination of
adult mice is preferred because the developing ear exhibits con-
siderable plasticity that is absent in maturity (Gu et al., 2007;

Doetzlhofer et al., 2009). Furthermore, mature humans are crit-
ical targets for future therapies. The most commonly used
method for inducing hair cell loss—systemic administration of
aminoglycosides—is very toxic and causes limited hair cell loss in
adult mice, posing significant disadvantages for regeneration
studies.

To generate an improved damage method in mice, we engi-
neered a transgenic mouse (Pou4f3# /DTR) that enables precisely
timed and selective ablation of hair cells. The human diphtheria
toxin receptor (DTR) gene was placed under control of the mouse
Pou4f3 gene, whose expression in the inner ear is limited to hair
cells. Administration of diphtheria toxin to adult Pou4f3# /DTR

mice killed 94% of hair cells in the adult mouse utricle within 2
weeks, with no apparent toxicity in supporting cells. Similar re-
sults were obtained in the cochlea (Tong et al., 2011) and will be
described in subsequent reports. In mature Pou4f3# /DTR mice,
DT caused transient vestibulomotor deficits that usually resolved
within 1 week. These effects were absent in wild-type mice. The
specific cause for these symptoms is unclear. Because Pou4f3 is
expressed in other tissues, deficits could have been caused by
DT-driven cell loss outside of the inner ear. We hypothesize that
the rapid abatement of symptoms was due to CNS compensation
rather than hair cell regeneration, because regeneration lagged
recovery by a few weeks.

Some hair cells with long bundles (presumed original hair
cells) were not rapidly killed by DT treatment, either in vivo or in
vitro. One possibility is that these hair cells were not exposed to
lethal levels of DT. We doubt this, because: (1) a single molecule
of DT is sufficient to induce cell death (Yamaizumi et al., 1978);
(2) the same dosing regimen of DT in vivo kills every hair cell in
the cochlea within a week (Tong et al., 2011); and (3) culture
conditions should provide maximal DT exposure to hair cells. An
alternative explanation is that DT was more slowly metabolized
in some hair cells than others, delaying toxicity. DT has two sub-
units that enter the cell through endosomes (Chenal et al., 2002).
DT-B binds the receptor, and DT-A (the toxin) enters the cyto-
plasm and blocks translation. Retention of the toxin in the endo-
somal compartment could delay toxicity. A third explanation is
that a few mature hair cells had very low Pou4f3 expression (and
therefore huDTR expression) and were therefore unresponsive to
low DT doses. While many hair cells in the mature organ of Corti
are immunoreactive for POU4F3 protein (Xiang et al., 1997), it is
not clear whether Pou4f3 is expressed in all hair cells in the adult
mouse utricle. Further studies are required to assess why a small
number of hair cells are spared after DT treatment.

Comparison with other transgenic mouse models for hair
cell ablation
At least two additional transgenic mice have been used to ablate hair
cells in the inner ear. Using inducible Cre/lox technology, Burns et al.
(2012) generated a mouse line expressing DT-A only in cells with
Atoh1 enhancer activity and only upon tamoxifen treatment. Partial
(28–50%) loss of hair cells was achieved in neonatal utricles, most
likely because of downregulation of both Atoh1-driven Cre activity
(Burns et al., 2012) and Atoh1 transcription (Shailam et al., 1999)
shortly after birth. Accordingly, tamoxifen should not cause signifi-
cant hair cell loss in adult utricles, but Burns et al. (2012) did not
examine this age group. They did find that hair cell ablations in
neonatal utricles triggered substantial cell division and that many
post-mitotic cells differentiated into hair cells. These observations
contrast sharply with our finding that little mitotic regeneration of
hair cells occurred in adult mice. Most likely, this discrepancy is due

Figure 7. Hair cell loss and replacement are evident in sectioned utricles. A–C, Cross-
sections through the presumed lateral extrastriola of utricles from a wild-type (WT) mouse at 14
days (d) post-DT (A), a Pou4f3# /DTR mouse at 14 days post-DT (B), and a Pou4f3# /DTR mouse at
60 days post-DT (C). The hair cell layer (HCs) and supporting cell layer (SCs) are indicated, as is
the stromal layer (stroma). Arrows in A and C point to hair cells. Insets in A and C show exem-
plary hair cells at higher magnification, with arrowheads indicating the stereociliary bundle in
each cell. Scale bar (in A) A–C, 12 !m; A and C insets, 6 !m.
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Figure 9. In the absence of supporting cell division, Atoh1 is transcriptionally activated in DT-treated utricles. A–B", BrdU labeling in damaged utricles. Virtually no BrdU uptake was seen in the sensory
epithelium (SE) in Pou4f3 # /DTR utricles after DT treatment. Confocal images show the utricular sensory epithelium (SE) or stroma from Pou4f3 # /DTR mice that received BrdU between 0 and 7 days post-DT (A,
A") or between 22 and 28 days post-DT (B, B"). Myosin VIIa (Myo) labeling is shown in red, BrdU labeling is in green, and DAPI (nuclear) labeling is in blue. C–E", Atoh1 transcriptional activity in the damaged
utricle. C, Graph of the mean number of Atoh1-GFP# and Atoh1-GFP# /myosin VIIa# cells per utricle (& SD) for the following experimental groups: uninjected (% ) wild-types (WT) (n ' 5 utricles) and
Pou4f3 # /DTR mice at 7 days post-DT (4 utricles), 14 days post-DT (4 utricles), and 28 days post-DT (5 utricles). D, Atoh1-GFP# (green) nuclei at 14 days post-DT in cells that were either myosin VIIa# (arrow, red
cytoplasm)ormyosinVIIa% (arrowheads). E, E",AhighermagnificationoftheAtoh1-GFP# /myosinVIIa# cell indicatedbythearrowin D. E,LabelingforAtoh1-GFP(green),myosinVIIa(red),andDAPI(blue).
E", DAPI used only to illustrate nuclear localization of the Atoh1-GFP in E. Scale bar (in A) A–B", 24 !m; (in D), 10 !m; (in E) E, E", 4 !m.

Figure 8. Replacement hair cells rapidly incorporate FM1– 43. A, D. FM1-43 signal in utricles from a wild-type (WT) mouse (A) and a Pou4f3# /DTR mouse at 80 days post-DT (D). B, E, The boxed regions in A
and D are shown at higher magnification in B and E, respectively. C, F, Phalloidin labeling in the same fields as shown in B and E but at the level of hair cell stereocilia. Hair cells with long stereociliary bundles in
WT utricles (B, C, arrowheads) take up FM1-43. Hair cells with short stereociliary bundles in Pou4f3# /DTR utricles (E, F, arrowheads) also take up FM1-43. Scale bar (in A) A, D, 25 !m; B, C, E, F, 8 !m.
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to the sharp reduction in the capacity of mammalian supporting cells
to divide as utricles mature (Hume et al., 2003; Gu et al., 2007).

Fujioka et al. (2011) generated Pou4f3-Cre;Mos-iCsp3 mice
that encode a form of the proapoptotic gene caspase 3. Caspase
3 becomes activated in some Pou4f3-expressing cells upon addi-
tion of a drug that induces caspase 3 dimerization. The authors in-
duced apoptosis in a subpopulation of cochlear hair cells. The
mosaic pattern was achieved due to a lox-mismatched Cre-lox
system (Miller et al., 2008). Patterns of vestibular hair cell loss were
not described. Using Pou4f3DTR mice, we found that hair cell abla-
tion was nearly complete in vestibular and auditory hair cells. Future
studies will address whether smaller hair cell lesions are achievable
with lower DT doses.

Hair cells are replaced via
direct transdifferentiation
Prior studies reported that hair cell pro-
files spontaneously re-emerge in mature
rodent utricles after ototoxic drug treat-
ment in vivo (Forge et al., 1993, 1998;
Kawamoto et al., 2009). Forge et al. (1993,
1998) describe a nearly 70% recovery of
hair cell numbers in the lesioned area
(striola) of adult guinea pig utricles after
gentamicin. Kawamoto et al. (2009) ob-
served hair cell replacement in adult mice
after gentamicin treatment. Very little di-
vision of supporting cells—the hair cell
progenitors— occurs after hair cell dam-
age in adult rodents (Forge et al., 1993,
1998; Rubel et al., 1995; Kuntz and Oes-
terle, 1998; Kawamoto et al., 2009). A
small but significant reduction in sup-
porting cell numbers happens as hair cells
are replaced in guinea pig utricles (Forge
et al., 1998).

We made similar observations in adult
Pou4f3# /DTR mouse utricles following in-
duction of near-complete hair cell loss by
DT in vivo using molecular markers for
hair cells. Hair cell numbers tripled be-
tween 14 and 60 days post-DT, increasing
from 6 to 17% of normal. Replacement
hair cells were not formed via supporting
cell division, but there was a significant
decrease in supporting cell numbers that
mirrored the increase in hair cell numbers
quantitatively, spatially, and temporally.
Further, we found that transcriptional
activity of Atoh1, a gene driving hair cell
differentiation, was upregulated in sup-
porting cells and in replacement hair cells
after DT treatment and before the signifi-
cant increase in hair cell numbers in vivo.
This finding adds exceptionally strong
support for the hypothesis that a small
number of supporting cells activate a hair
cell-like transcriptional program after DT-
mediated hair cell loss in vivo and transdif-
ferentiate into hair cells without dividing. In
a recent paper, we showed definitively by
using cell fate mapping that some support-
ing cells in cultured adult mouse utricles ac-
tivate Atoh1 after aminoglycoside treatment

and convert into hair cell-like cells (Lin et al., 2011).

Properties of replacement hair cells
Nearly all hair cells that were replaced in mouse utricles after
DT-mediated hair cell destruction had very short bundles and
lacked calyceal endings, and were therefore type II-like (Desai et
al., 2005; Li et al. 2008). Similar observations have been made in
adult rodent utricles after ototoxic drug treatment (Forge et al.,
1993, Kawamoto et al., 2009). It is possible that some replace-
ment hair cells in our study and in others were type I like but were
not identified as such using our classification criterion (the pres-
ence of a calyx). Calyces might eventually form on some replace-

Figure 10. Supporting cell densities decline as hair cells are replaced. A, Graph of average number of supporting cells per utricle (& SD)
in uninjected (% ) WT mice, WT mice at 14 days post-DT, uninjected (% ) Pou4f3 # /DTR mice, and Pou4f3 # /DTR mice at several times
post-DT.SamplenumbersforcountsareprovidedinTable1.Asterisksdenotevaluesthataresignificantlydifferentfromthoseofuninjected
wild-typemice(ANOVA,Fisher’sPLSD;p( .05). B–C",Confocalslicesof Pou4f3 # /DTR mouseutriclesat14dayspost-DT(B–B*)andat180
days post-DT (C–C*) labeled for myosin VIIa (Myo), phalloidin, and DAPI. The same field is shown in B–B*and in C–C*with B, B!, C, and C!
focused on the hair cell layer and B"and C" focused on the supporting cell layer of each field. Note the apparent expansion of supporting cell
surfaces (C!) and decrease in supporting cell nuclear density (C") in the presumed striola/lateral extrastriola at 180 days relative to 14 days.
The lines surround the region that shows supporting cell thinning at 180 days post-DT. mES, Medial extrastriola; S, striola; lES, lateral
extrastriola. Scale bar (in B) B–C*, 50 !m.

Golub et al. • Hair Cell Replacement after Genetic Ablation J. Neurosci., October 24, 2012 • 32(43):15093–15105 • 15103



ment cells with longer recovery periods (Weisleder and Rubel,
1993; Weisleder et al., 1995; Zakir and Dickman, 2006).

We made two new observations about hair cell replacement in
vivo. First, replacement hair cells had an unusual morphology, with
two or more processes extending from their cell body. We initially
thought that this appearance might reflect arrest at an immature
stage of differentiation. However, further analysis revealed that this
appearance was stable over time (up to 180 days post-DT), and re-
placement hair cells had several mature features, including markers
for ribbon synapses, eccentrically located kinocilia, and rapid
FM1-43 uptake. We considered that the unusual morphology could
have resulted from Pou4f3 heterozygosity, but this is unlikely since
normal-appearing hair cells developed in mice with one Pou4f3 al-
lele. It is also unlikely that the unusual morphology was caused by
continued DT toxicity. We saw few signs of hair cell demise (py-
knotic nuclei, cellular fragmentation) after the initial period of hair
cell death, suggesting DT toxicity was confined to shortly after treat-
ment. Furthermore, DT-A is not toxic if released from a cell, since it
cannot re-enter a cell without DT-B. Based on these interpretations,
we conclude that either (1) replacement hair cells are mature and
represent a morphological subtype that has not been described pre-
viously, or (2) replacement hair cells are mature but exhibit an ab-
normal phenotype due to unidentified changes that accompany
severe hair cell loss.

The second new observation was that hair cell replacement
was largely restricted to the presumed lateral extrastriola despite
destruction of nearly all hair cells and long periods of recovery.
This has not been described before in vivo, but a similar observa-
tion was made in adult mice after neomycin treatment in vitro
(Lin et al., 2011). Inhibition of signaling through the notch re-
ceptor and other gamma secretase-dependent pathways did not
stimulate hair cell replacement in other areas (Lin et al., 2011).
Therefore, unidentified factors must promote or restrict regional
hair cell replacement in adult mouse utricles.

Is there regional hair cell turnover in adult mouse utricles?
Most hair cells that were present shortly after DT treatment (14
days) were round and had a very short bundle or no bundle.
These cells were concentrated in the presumed lateral extrastri-
ola, which is the same region where, at later times, replacement
hair cells with long cytoplasmic processes and a short bundle
accumulated. These observations suggest that hair cells present at
14 days may be immature versions of the final replacement hair
cells. Such cells would differentiate rapidly after DT treatment if
they are derived from a pool of hair cell precursors that had not
yet activated Pou4f3 expression when DT was administered. Un-
differentiated precursors would reside in the lateral extrastriola of
normal adult utricles if hair cells were continually added there.
DT treatment would not harm such cells, and they would be
allowed to acquire hair cell characteristics. If turnover does occur
in a subpopulation of hair cells and this is the only population
replaced after damage, this could explain why the new hair cells
that we detected after DT treatment were limited in number,
shared a particular morphology, and were regionally restricted.

It is well established that vestibular hair cells are continually re-
placed in birds (Jørgensen and Mathiesen, 1988; Roberson et al.,
1992; Kil et al., 1997). Signs of cell turnover—hair cells with imma-
ture morphologies, low levels of cell division, and apoptotic cells—
have been detected in undamaged utricles from mature rodents and
bats (Forge et al., 1993, 1998; Rubel et al., 1995; Lambert et al., 1997;
Kuntz and Oesterle, 1998; Kirkegaard and Jørgensen, 2000), but
proof has not been provided. Further work is needed to determine
whether some type II-like hair cells are indeed replaced on a regular

basis in adult mouse utricles and if this process dictates the degree of
hair cell replacement seen after damage.
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Estimating relative abundances of proteins
from shotgun proteomics data
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Abstract
Background: Spectral counting methods provide an easy means of identifying proteins with differing abundances
between complex mixtures using shotgun proteomics data. The crux spectral-counts command,
implemented as part of the Crux software toolkit, implements four previously reported spectral counting methods,
the spectral index (SIN), the exponentially modified protein abundance index (emPAI), the normalized spectral
abundance factor (NSAF), and the distributed normalized spectral abundance factor (dNSAF).

Results: We compared the reproducibility and the linearity relative to each protein’s abundance of the four spectral
counting metrics. Our analysis suggests that NSAF yields the most reproducible counts across technical and biological
replicates, and both SIN and NSAF achieve the best linearity.

Conclusions: With the crux spectral-counts command, Crux provides open-source modular methods to
analyze mass spectrometry data for identifying and now quantifying peptides and proteins. The C++ source code,
compiled binaries, spectra and sequence databases are available at http://noble.gs.washington.edu/proj/crux-
spectral-counts.

Background
Existing methods for differential proteomics (reviewed by
[1]) fall into two categories: spectral counting methods
that rely on counting the number of spectra that map to
a given protein across multiple experiments, and peptide
chromatographic peak intensity methods that use the area
under the peptide precursor ion peak as a measure of
peptide abundance. In principle, methods based on mass
spectrometry peak areas are potentially much more accu-
rate, but these methods require highly reproducible liquid
chromatography as well as accurate methods for chro-
matographic alignment and identification of peaks within
the profile spectra. In contrast, spectral counting meth-
ods are straightforward to employ and have been shown to
correctly detect known differences between samples [2],
which contributes to their wide use.

The command line tool crux spectral-counts
implements four popular spectral counting methods: the

*Correspondence: william-noble@uw.edu
1Department of Genome Sciences, University of Washington, Seattle, WA, USA
4Department of Computer Science and Engineering, University of
Washington, Seattle, WA, USA
Full list of author information is available at the end of the article

spectral index (SIN ) [3], the exponentially modified pro-
tein abundance index (emPAI) [4], the normalized spectral
abundance factor (NSAF) [5], and the distributed normal-
ized spectral abundance factor (dNSAF) [6]. The crux
spectral-counts command is integrated within the
Crux software toolkit, which provides actively main-
tained open-source methods to identify and now quantify
peptides and proteins from shotgun mass spectrometry
datasets. Crux supports a variety of input spectra formats,
and the tools can easily be incorporated into proteomic
analysis pipelines, such as the Trans-Proteomic Pipeline
(TPP) [7]. Finally, the modular design of Crux allows
improvements to one part of the toolkit to be propagated
through downstream analyses.

Currently, several software packages offer spectral
counting protein quantification methods [8]. ProteoIQ
(http://www.bioinquire.com) and Scaffold [9] are com-
mercial software products that post-process results from
a variety of database search programs. Freely available
tools such as APEX [10], emPAI calc [11], and PepC [12]
each offer a single spectral counting method. Table 1 com-
pares the features of six software spectral counting tools.
Crux offers more spectral counting methods than other

© 2012 McIlwain et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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Table 1 Spectral counting software

Crux APEX emPAI
Calc

PepC ProteoQ Scaffold

Metrics

Provided

SIN X

emPAI X X

NSAF X

dNSAF X

Raw X X X

Other X X X

Other

Features

Parsimony
Analysis

X X X

Peptide-
Level
Counting

X

Free X X X X

Open
source

X X X

Web
Interface

X X

Graphical
user
interface

X X X

Scriptable X X X

This table summarizes the features of various spectral counting software
methods.

tools and is the only method to provide peptide-level in
addition to protein-level counts.

Using crux spectral-counts, we compared and
contrasted the reproducibility and linearity of the four
spectral counting methods. Our experiments suggest that
the NSAF metric provides the most reproducible protein
quantification. In contrast, our linearity experiments show
that SIN and NSAF provide the best performance, with
dNSAF providing intermediate performance and emPAI
yielding the worst linearity.

The contributions of this paper are thus two-fold: we
describe a performance comparison of the reproducibil-
ity and linearity of the SIN , emPAI, NSAF, and dNSAF
protein quantification methods, and we provide to the
proteomics community a flexible, open source spectral
counting software tool.

Implementation
Software
The crux spectral-counts command is imple-
mented as part of the Crux proteomics software toolkit
[13]. The toolkit is implemented in C++ as a single binary

that supports commands for database searching and a
variety of downstream analyses [14-18].

The crux spectral-counts command takes as
input a protein database in FASTA format and a collec-
tion of peptide-spectrum matches (PSMs) produced by a
database search procedure. The PSMs may be in Crux’s
tab-delimited text format, PeptideProphet’s PepXML or
mzIdentML [19]. To compute the SIN score, a set of spec-
tra must also be provided as input in MS2, mzXML, or
mgf format. By default, crux spectral-counts will
select the PSMs in the input by a user modifiable threshold
of q-value ≤ 0.01.

For each protein with at least one spectral count, the
program then computes the NSAF, dNSAF, emPAI, or the
SIN score. The NSAF metric is defined as

NSAFN = sN/LN∑n
i=1(si/Li)

where N is the protein index, sN is the number of spectra
matched to protein N, LN is the length of protein N, and n
is the total number of proteins in the input database.

The dNSAF metric is given by

dNSAFN =
su
N +∑k

j=1 dj,N ss
j,N

LN
∑n

i=1
su
i +∑k

j=1 dj,iss
j,i

Li

where su
n is the spectral count for the peptides uniquely

mapping to protein N, ss
j,N is the spectral count of degen-

erate peptide j (out of the protein’s k degenerate peptides)
mapped to protein N, and dj,N is the distribution factor of
peptide shared counts, defined by the equation

dj,N = su
N∑n

i=1 su
i

The metric emPAI is defined as

emPAIN =

⎛

⎝10
pobserved

N
pobservable

N − 1

⎞

⎠

∑n
i=1

⎛

⎝10
pobserved

i
pobservable

i − 1

⎞

⎠

where pobservable
N is the number of unique peptides observ-

able for protein N and pobserved
N is the number of unique

peptides observed for protein N.
Finally, the SIN score is calculated using

SIN =
∑pN

j=1
(∑sj

k=1 ik
)

LN
(∑n

j=1 SIj
)

where pN is number of unique peptides in protein N, sj
is the number of spectra assigned to peptide j, and ik is
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the total fragment ion intensity of spectrum k. Analogous
scores can also be computed for each peptide, rather than
for each protein. A detailed description of the peptide-
level scoring metrics is available in the on-line documen-
tation. As output, crux spectral-counts produces
a tab-delimited file listing proteins and their correspond-
ing counts, in reverse sorted order.

The crux spectral-counts command also com-
putes a parsimonious set of proteins, using the greedy set
cover approach used by IDPicker [20]. Users thus have
the option of considering spectral counts only for proteins
within the parsimonious set.

Data Collection
For the reproducibility experiments, proteins were
extracted from the cochlear nucleus of the developing
mouse brain at postnatal day 7 and postnatal day 21. Two
biological replicates were generated for each age by dis-
secting out the cochlear nuclei from two separate mice at
each age. One of the 21-day mice was used to generate two
samples, thereby providing a technical replicate in addi-
tion to a biological replicate. The samples prepared from
the chicken brain were derived from nucleus laminaris,
an auditory region in the brain stem. Samples were taken
from the dorsal (D) and ventral (V) regions of this area.
For each region, two biological replicates were generated,
and one of those replicates was also subjected to techni-
cal replication. Each sample was digested with trypsin and
subjected to liquid chromatography followed by tandem
mass spectrometry.

For the linearity experiments, we used eight samples
that represent a dilution curve of 48 known proteins
synthesized by Sigma (UPS1, http://www.sigmaaldrich.
com). These data sets are mixtures (Std1–Std8) of the
C. elegans lysate at equal concentrations and the 48 pro-
teins, diluted by a two-fold in each successive standard.
Std 8 has the lowest concentration of the known pro-
teins (6 fmol) and Std 1 has the highest concentration
(870 fmol).

All three data sets are publicly available at http://noble.
gs.washington.edu/proj/crux-spectral-counts.

Data analysis
The fragmentation spectra from the experiments were
searched against their respective mouse, chicken, or
the C. elegans+UPS1 protein database using crux
sequest-search followed by crux q-ranker, with
the default parameters. crux spectral-counts was
applied to the peptide-spectrum matches (PSMs) that
received q-values ≤ 0.01. The resulting data sets for the
mouse and chicken replicates are summarized in Addi-
tional file 1: Table S1, and the UPS1 dilution curve data
sets are summarized in Additional file 1: Table S2.

Results
Testing reproducibility between replicates
To investigate the reproducibility of the four spectral
count methods, we analyzed mass spectrometry data
from technical and biological replicates from chicken and
mouse samples. We then produced a scatter plot for each
pair of biological or technical replicates and computed the
corresponding Spearman correlation. For these compar-
isons, proteins identified in only one of the two datasets
were ignored. Figure 1 shows sixteen such plots, corre-
sponding to one biological and one technical replicate
for chicken and mouse, respectively. The complete collec-
tion of 76 plots is provided as Additional file 1: Figures
S1–S2. From these analyses, as summarized in Table 2,
we draw two primary conclusions. First, the spectral
counts are generally reproducible: the mean correlation
value across all 76 pairs is 0.867, and the minimum
correlation is 0.719. Second, reassuringly, the technical
replicates produce higher correlations than the biological
replicates: the mean correlation among 24 pairs of tech-
nical replicates is 0.885, whereas the corresponding value
for the 52 pairs of biological replicates is 0.859 (two-tailed
Wilcoxon rank-sum test p-value=0.026).

To test whether the observed differences in correla-
tions among the four metrics are significant, we applied a
Wilcoxon signed-rank test to paired sets of correlations.
With four metrics, there are six possible paired compar-
isons. Figure 2 shows the results of this analysis, where
one metric attaining a significant increase (using a Bon-
ferroni p-value of 0.05/6 = 0.008333) over another is
indicated by a directed edge. From this graph we conclude
that, for the biological and technical replicates, NSAF
yields significantly more reproducible quantification val-
ues than SIN , dNSAF and emPAI. Our reproducibility
results agree with Colaert et al., who claim that NSAF
is more reproducible than SIN and emPAI [21]. How-
ever, in contrast to our results, Griffen et al. report bet-
ter reproducibility across replicates for SIN compared to
NSAF [3].

Testing linear response for protein abundance across
samples
To determine the linear response of each of the spectral
count metrics, we analyzed mass spectra from a dataset of
samples that form a dilution curve of forty-eight proteins
with known amounts spiked into a C. elegans lysate. We
performed linear regression between each protein spec-
tral count and the associated amounts across the dilution
curve samples. For this analysis, we only included pro-
teins that obtain a positive spectral count in three or more
of the data sets, which results in a comparison of forty-
two proteins across the four metrics. We then carried
out a Wilcoxon signed rank test analysis separately on
the average correlation, R2, and the mean percent error

http://www.sigmaaldrich.com
http://www.sigmaaldrich.com
http://noble.gs.washington.edu/proj/crux-spectral-counts
http://noble.gs.washington.edu/proj/crux-spectral-counts
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Figure 1 Reproducibility of spectral counts across biological and technical replicate experiments. Each plot compares either the SIN , emPAI,
NSAF or dNSAF measure for proteins that were reproducibly identified across two replicate experiments. For visualization purposes, the counts are
plotted on a logarithmic scale. The number in the lower right corner of each panel is the corresponding Spearman correlation and the number in
the upper left is the number of datapoints compared.

(MPE). The results of these tests (Figure 3) are fairly con-
sistent with one another: NSAF significantly outperforms
dNSAF, and dNSAF and SIN significantly outperform
emPAI.

Colaert et al. (2011) claim that SIN is more accurate than
both NSAF and emPAI [21], but we find evidence only to
support the former claim, even though our experiments
employ a wider dynamic range of protein abundance
(6.7–20 fmol versus 6–870 fmol) and more data sets (two
versus eight). Based on our experiments, we conclude that
NSAF or SIN are the methods of choice for ensuring an
accurate linear response between a protein’s change in
abundance across different samples.

It is worth noting that Griffin et al. (2010) observe a
good linear fit between SIN and protein quantification.

However, their evaluation methodology fits a single line to
all of the SIN values from many proteins, whereas we have
fit a separate line for each protein. This difference reflects
our belief that spectral counting methods are most useful
as measures of the relative abundance of a single pro-
tein between two experiments. We did not test the claim
that SIN provides an accurate absolute protein abundance
metric.

Discussion
Overall, our experiments suggest a relative ordering of
spectral counting methods according to their repro-
ducibility and the linearity of their response, but we can
only speculate as to the reasons for the ranking that we
observe. For example, we note that NSAF outperforms
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Table 2 Spectral-counting reproducibility performance on
mouse and chicken replicates

Metric Technical Biological All Replicates

SIN 0.885 0.848 0.859

emPAI 0.870 0.858 0.862

NSAF 0.899 0.876 0.884

dNSAF 0.886 0.852 0.863

All Metrics 0.885 0.859 0.867

This table summarizes the average correlation of the spectral-counting metrics
across the technical and biological replicates.

the emPAI metric in both of our experiments. The emPAI
measure takes into account the least information—not
only does it ignore fragment ion intensities, but emPAI
also fails to account for the length of the protein. Appar-
ently, this relatively simple approach is insufficient to
accurately estimate protein abundance. The relative per-
formance of NSAF and SIN , on the other hand, is less
clear: NSAF yields more reproducible results than SIN but
the two methods are statistically indistinguishable with
respect to linearity. The main difference between SIN and
the other three metrics is that SIN is the only metric
that takes into account the intensities of the fragment ion
peaks. In this sense, SIN goes a bit beyond the strict def-
inition of “spectral counting.” Our experiments do not
support the claim that such intensity information is valu-
able for quantification. However, the conflicting results of
our study and Collaert et al., on the one hand, versus Grif-
fin et al. on the other hand, suggests perhaps that further
comparison of these methods is warranted.

An additional direction for future work involves quan-
tifying the linearity and reproducibility of proteins in a
segregated fashion according to protein abundance. For
example, visual inspection of Figure 1 suggests that per-
haps the SIN measure yields more reproducible counts for
high abundance proteins, with a corresponding decrease
in reproducibility as the abundance drops. Arguably, in

SIn emPAI

NSAF

dNSAF

Figure 2 Comparison of spectral counts across replicates. This
graph summarizes the statistical analysis of the reproducibility
measurements. An edge leading out from node A to node B indicates
a statistically significant improvement in reproducibility for method A
relative to method B.

SIn

emPAI

NSAF

dNSAF

Figure 3 Comparison of spectral counts across UPS1 dilution
curve. This graph summarizes the statistical analysis of the linearity
measurements. Two types of analysis were performed, using the
linear regression correlation, R2 and mean percent error (MPE) for the
C. elegans + UPS1 dilution curve dataset. An edge leading out from
node A to node B indicates a statistically significant improvement in
linearity for method A relative to method B.

many studies, such low abundance proteins are of the
greatest interest; hence, it may be worthwhile to investi-
gate in a systematic fashion the extent to which either the
linearity or the reproducibility of a given spectral counting
measure varies as a function of protein abundance.

Conclusions
Quantifying protein amounts in mass spectrometry by
spectral counting is a simple and robust method for
measuring the relative change of protein amounts across
different samples; however, many different algorithms
exist for assigning a score to each identified protein.
Using crux spectral-counts, we compared and
contrasted four spectral counting methods with respect
to their reproducibility across replicates and their linear
response relative to protein abundance. Crux provides
a flexible, easy to use open source tool for performing
protein quantification using spectral counting.

Availability and requirements
Project name: Crux tandem mass spectrometry analysis
software
Project home page: http://noble.gs.washington.edu/
proj/crux
Operating systems: Linux, MacOS, Windows + Cygwin
Programming language: C++
Other requirements: Crux has no requirements to install
the binary version under Linux or MacOS. On Windows,
Crux requires Cygwin. To compile Crux requires a c++
compiler, cmake, and Subversion.

http://noble.gs.washington.edu/proj/crux
http://noble.gs.washington.edu/proj/crux
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Additional file 1: Supplementary Information. Supplementary Tables 1
and 2 and Suplementary Figures 1 and 2 are provided as quantify-
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a b s t r a c t

Loss of mechanosensory hair cells in the inner ear accounts for many hearing loss and balance disorders.
Several beneficial pharmaceutical drugs cause hair cell death as a side effect. These include amino-
glycoside antibiotics, such as neomycin, kanamycin and gentamicin, and several cancer chemotherapy
drugs, such as cisplatin. Discovering new compounds that protect mammalian hair cells from toxic
insults is experimentally difficult because of the inaccessibility of the inner ear. We used the zebrafish
lateral line sensory system as an in vivo screening platform to survey a library of FDA-approved phar-
maceuticals for compounds that protect hair cells from neomycin, gentamicin, kanamycin and cisplatin.
Ten compounds were identified that provide protection from at least two of the four toxins. The resulting
compounds fall into several drug classes, including serotonin and dopamine-modulating drugs, adren-
ergic receptor ligands, and estrogen receptor modulators. The protective compounds show different
effects against the different toxins, supporting the idea that each toxin causes hair cell death by distinct,
but partially overlapping, mechanisms. Furthermore, some compounds from the same drug classes had
different protective properties, suggesting that they might not prevent hair cell death by their known
target mechanisms. Some protective compounds blocked gentamicin uptake into hair cells, suggesting
that they may block mechanotransduction or other routes of entry. The protective compounds identified
in our screen will provide a starting point for studies in mammals as well as further research discovering
the cellular signaling pathways that trigger hair cell death.

! 2012 Elsevier B.V. All rights reserved.

1. Introduction

There are no clinically approved and effective drugs that protect
patients against the ototoxic side effects of important pharmaceu-
tical agents such as aminoglycoside antibiotics and anti-neoplastic
drugs (e.g. cisplatin and carboplatin). We seek co-treatments that

diminish or eliminate the toxic side effects of these beneficial drugs.
As access to mature mammalian auditory and vestibular tissue
prevents large-scale screening for modulators of hair cell death, we
have used the larval zebrafish lateral line system for screening
(reviewed in Ou et al., 2010; Coffin et al., 2010). The zebrafish lateral
line is a sensory system that contains mechanosensory hair cells in
clusters called neuromasts located in stereotyped positions along the
body and head of the larval and adult fish (Metcalfe et al., 1985;
Raible and Kruse, 2000). Lateral line hair cells share structural,
functional and molecular similarities to mammalian inner ear hair
cells (reviewed in Coombs et al., 1989; Nicolson, 2005). Many
zebrafish genes have been identified that function in hearing and
balance with phenotypes similar to that of their mammalian coun-
terparts including components of the hair cell transduction appa-
ratus (Nicolson et al., 1998; Ernest et al., 2000). The hair cells in this
system present several advantages for screening: they can be visu-
alized in vivo because the hair cells are located on the outside of
the body and readily take up vital dyes (Harris et al., 2003; Santos

Abbreviations: dpf, days post-fertilization; EM, embryo medium; GTTR, genta-
micin-Texas Red; MIC, minimum inhibitory concentration; MBC, minimum bacte-
ricidal concentration; SERM, selective estrogen receptor modulator; SSRI, selective
serotonin reuptake inhibitor.
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et al., 2006). Lateral line hair cells, like their mammalian counter-
parts, are sensitive to ototoxins, such as aminoglycosides, cisplatin
and other chemotherapeutic drugs; and cell death can be reliably
induced in a dose-dependent fashion (Williams and Holder, 2000;
Harris et al., 2003; Ton and Parng, 2005; Ou et al., 2007; Owens et al.,
2009; Hirose et al., 2011). Furthermore, zebrafish lateral line hair
cells demonstrate morphological changes similar to the inner ear
hair cells of birds and mammals when exposed to aminoglycosides
(Owens et al., 2007) indicating that this is a robust model for
understanding mammalian ototoxicity. The larvae are small, can be
produced in large numbers, and are easy to handle, allowing addition
to 96-well plates and rapid visualization of many individuals.

Aminoglycoside antibiotics, including gentamicin, kanamycin
and neomycin, are antibacterial agents that are used worldwide for
gram-negative bacterial infections. Depending on the country, they
are used regularly or are reserved for use in more severe infections,
e.g. tuberculosis. Aminoglyocosides kill bacteria by inhibiting
ribosome function (Davis, 1987) and may lead to production of
hydroxyl radicals that contribute to bacterial cell death (Kohanski
et al., 2007). Besides their beneficial toxic effects against bacteria,
aminoglycosides can cause nephrotoxicity as well as hearing loss
and vestibular dysfunction due to hair cell death in humans
(Hinshaw et al., 1946), rodents (Brummett, 1983), birds (Fermin
et al., 1980), and fish (Kaus, 1992; Lombarte et al., 1993; Williams
and Holder, 2000; Harris et al., 2003). Cisplatin is a valuable and
widely used anti-cancer drug that disrupts cell division by creating
DNA adducts (Rosenberg, 1985). Hearing loss and hair cell loss due
to cisplatin exposure has been observed in humans (Reddel et al.,
1982; Rosenberg, 1985), rodents (Fleischman et al., 1975) and fish
(Ou et al., 2007).

We have screened drug and small molecule libraries for
compounds that protect hair cells from neomycin toxicity (Ou et al.,
2009; Owens et al., 2008). Those screens revealed several
compounds with previously unknown protective properties and
two compounds have proven effective in mammalian inner ear
in vitro or in vivo (Owens et al., 2008; Ou et al., 2009; Rubel et al.,
2011). Given this success, screening additional libraries of clinically
approved drugs that might protect against a spectrum of hair cell
toxins may be clinically useful and provide additional insights into
the processes occurring in hair cells. Among the aminoglycosides,
ototoxicity and tissue sensitivity differ (Dulon et al., 1986;
Selimoglu et al., 2003; Smith et al., 1977; Wanamaker et al., 1999).
Furthermore, aminoglycosides can exhibit divergent kinetics and
potency. For example, in zebrafish neuromasts, gentamicin
employs at least two processes leading to cell death: one short-
term and another longer-term, while neomycin may activate only
a short-term process (Owens et al., 2009). Cisplatin likely employs
separate processes leading to cell death compared to aminoglyco-
sides, and zebrafishmutations that protect against aminoglycosides
do not protect against cisplatin (Owens et al., 2008). However,
studies of hair cell ultrastructure suggest that mitochondria are
early targets of both aminoglycosides and cisplatin (Owens et al.,
2007; Giari et al., 2011). The possibility of a co-treatment effec-
tive with all aminoglycosides or with both aminoglycosides and
cisplatin is enticing.

In the experiments presented below, we screened a library of
FDA-approved drugs for compounds that protect hair cells of the
zebrafish lateral line from the hair cell toxins neomycin, genta-
micin, kanamycin and cisplatin. The Enzo Life Sciences FDA-
approved drug library contains 640 compounds that have been or
are currently used clinically. Of the 640 compounds in the library,
ten compounds were found that protected hair cells treated with at
least two of the four toxins. These compounds were subjected to
further testing to examine the properties of their protective effects.
The main classes of protective compounds were serotonin and

dopamine-modulating drugs, adrenergic receptor ligands, and
estrogen receptor modulators. Estrogen receptor modulators were
further investigated and we identified three additional estrogen
receptor modulators that protect hair cells from neomycin, though
differences in their protective effects with gentamicin suggest that
the compounds may be acting by multiple mechanisms.

2. Materials and methods

2.1. Animal care

Larval zebrafish (Danio rerio) of the *AB wildtype strain were
produced via group matings of adult fish. Larvae were housed at
28.5 "C and maintained at a density of 50 fish per 10 cm diameter
petri dish in embryo media (EM; 994 mM MgSO4, 150 mM KH2PO4,
42 mM Na2HPO4, 986 mM CaCl2, 503 mM KCl, 14.9 mM NaCl, and
714 mM NaHCO3, pH 7.2). Beginning at 4 days post-fertilization
(dpf), fish were fed live rotifers daily. Experiments were per-
formed using 5e6 dpf larvae. The University of Washington Animal
Care and Use Committee approved of the animal procedures
described here.

2.2. Drug library

Enzo’s FDA Approved Drug Library (Enzo Life Sciences Inc.,
Plymouth Meeting, PA, USA, formerly BIOMOL International, L.P.)
was used to screen zebrafish larvae for compounds that protect
against toxin-induced lateral line hair cell death. The library
consists of 640 compounds dissolved at 2 mg/ml in dimethyl sulf-
oxide (DMSO; SigmaeAldrich, #D1435). The compounds were ali-
quoted into eight 96-well plates with one compound per well and
80 compounds per plate. The plates were stored at 4 "C during
initial screening and re-testing.

2.3. Screening

Larvae were pre-labeled with 2 mM YO-PRO1 (Invitrogen,
Carlsbad, CA, USA; #Y3603) in embryomedium for 30min and then
rinsed three times. YO-PRO1 is a cyaninemonomer fluorescent vital
dye that labels hair cell DNA (Santos et al., 2006). After pre-labeling,
larvae were transferred to Nunc 96-well optical bottom plates
(Thermo Fisher Scientific, #265301), with one fish per well in
147 mL of embryo medium. Library compounds were diluted 1:10 in
embryo medium and then 3 mL of the diluted mixture were added
to 96 well plate containing larvae (one compound per well) for
a final concentration of 4 mg/ml of library compound and final
DMSO concentration of 0.2% in eachwell. Larvaewere incubated for
1 h with library compounds, then one of the following hair cell
toxins was added and fish were incubated in library compound and
hair cell toxin together. The duration and concentration of the toxin
was adjusted to kill most hair cells in each neuromast under control
conditions without any of the library drugs but at the same DMSO
concentration: 200 mM neomycin (Sigma, #N1142) for 1 h; 50 mM
gentamicin (Sigma, #G1397) for 6 h; 400 mM kanamycin (Abraxis
Pharmaceuticals Products) for 24 h; or 50 mM cisplatin (Bedford
Laboratories) for 24 h (Harris et al., 2003; Ou et al., 2007; Owens
et al., 2009). Eight fish in each plate (in column 1) served as
mock controls and received no treatment (negative controls). Eight
more fish (in column 12) were treated with hair cell toxin but no
library drug to serve as positive controls for toxin potency. After
incubation in library compound and hair cell toxin for the times
listed above, larvae were anesthetized with buffered 0.001% MS222
(3-aminobenzoic acid ethyl ester methanesulfonate; Sigma,
#E10521) and immediately viewed using fluorescence microscopy
on an automated stage (Marianas imaging system, Intelligent
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Imaging Innovations) using a Zeiss Axiovert 200M inverted
microscope (Carl Zeiss). Fish were scored on a scale from 0 to 2 with
2 corresponding to mostly healthy hair cells and a 0 corresponding
to mostly dead hair cells. Evaluation of one plate took approxi-
mately 40 min. Compounds that scored a 2 were retested on five
larvae with the above protocol, and those that scored a mean of 1.5
or greater in retesting were considered “protective compounds”
and subjected to further evaluation, as described below. All
experiments were conducted at 28.5 "C.

2.4. Dose-response matrix testing

All confirmed protective compounds were further tested against
all four hair cell toxins regardless of whether a given protective
compound was positive with a specific toxin in the initial screen.
These experiments were designed to determine the optimal
concentration of protective compound, defined as the minimum
concentration of the protective compound that confers protection
against the concentrations of toxins that resulted in maximum hair
cell death (those noted above). Larvae at 5e6 dpf were transferred
to 6-well Corning Netwell (#3480) baskets and placed in 6-well
plates in EM with approximately 10 fish per basket. This allowed
for easy transfer between treatment media. Protective compound
and toxins were diluted in EM and wells were filled to 7 mL. Larvae
were pretreated for 1 h in the protective compound followed by co-
treatment in the protective compound and one of the hair cell
toxins. Incubation times in toxins were the same as those used for
the 96-well drug screen format (see Section 2.3 above) with the
following exceptions. Protective compounds that did not show
protectionwith the 6 h gentamicin exposure were tested with a 1 h
gentamicin treatment in addition to the 6 h treatment. Kanamycin
(Sigma, #K0254) was tested at 400 mM with a 24 h exposure. After
protective compound and toxin treatments were complete, larvae
were rinsed 4 times in EM and treated with 0.005% of DASPEI
(2-(4-(dimethylamino)styryl)-N-ethylpyridinium iodide; Sigma, St.
Louis MO, #D0815) in EM for 15 min to label neuromasts. Then
larvae were rinsed 2 times and anesthetized with MS222. Larvae
were transferred to glass depression slides and viewed on a Leica
epifluorescent microscope with a DASPEI filter (Chroma Technol-
ogies, Brattleboro VT). Neuromasts were scored as previously
described (Owens et al., 2009). To find optimal concentrations, each
protective compound was tested at concentrations of 0, 0.5, 1, 5, 10,
50, 100 mM. For protective compounds that were toxic by them-
selves at high concentrations, lower concentrations were tested to
determine if intermediate doses were optimal.

The next series of experiments for each protective compound
were designed to determine the range of toxin concentrations at
which each protective compound is effective. In these experiments,
the concentration of the protective compound was held at the
optimal concentration, as determined above, and the toxin
concentration was varied over a broad range: aminoglycosides e 0,
25, 50, 100, 200, 400 mM; cisplatin e 0, 5, 10, 25, 50, 100 mM).
Analytical procedures were the same as above. These two sets of
experiments define what we call the ‘doseeresponse matrix’.

2.5. Minimum inhibitory concentration and minimum bactericidal
concentration testing

All protective compounds were tested at double their experi-
mentally determined optimal protective concentration to deter-
mine whether bactericidal activity of neomycin was altered.
Escherichia coli (ATCC 25922) was used to determine minimum
inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) in the presence of protective compounds and
an aminoglycoside. MIC and MBC tests were performed in

accordance with the National Clinical and Laboratory Standards
Institute (Wayne, 2008; Wikler, 2006).

2.6. Cancer cell culture experiments

The compounds that protected hair cells from cisplatin toxicity
were tested in cancer cell culture experiments to determine
whether cisplatin chemotherapeutic activity was altered. Human
adenocarcinoma cells from the A549 cell line (alveolar basal
epithelial cell line, ATCC # CCL-185; Giard et al., 1973) were cultured
in Costar 3917 assay plates (Corning, Inc., Corning, NY) in 100 mL
Dulbecco’s Modified Eagle Medium High Glucose 1# (DMEM;
Gibco, Invitrogen, Grand Island, NY, #11965) with 10% Fetal Bovine
Serum (FBS; heat inactivated at 56 "C for 30min; Valley Biomedical,
Inc., Winchester, VA, #B53033) and 1% L-glutamine (200 mM 100X,
Gibco, Invitrogen, Grand Island, NY, #25030) with 5000 cells per
well. All cell incubations took place at 37 "C in a humidified incu-
bator with 5% CO2. Cells were allowed to attach overnight (15e18 h)
and then 100 mL of protective compound (see below) was added to
bring the total volume per well to 200 mL. The solutions of
protective compounds were prepared by serially diluting stocks in
DMEM with 10% FBS and 1% L-glutamine before being added to cell
plates. A matrix of combining one concentration of cisplatin (at 0,
25, 50, or 100 mM), and one concentration of benzamil (at 0, 12.5,
25, 50, or 100 mM) or paroxetine (at 0, 3.1, 6.1, 12.5 or 25 mM) was
used. After protective compound and cisplatin addition, cells were
incubated for 72 h. Following incubation, the treatment-containing
media was replaced with 200 mL of DMEM with 2% FBS and 1% L-
glutamine and cells were allowed to recover for 24 h. Cell viability
was evaluated using the CellTiter-Glo luminescent cell viability
assay (Promega, Madison, WI, #G7573) following manufacturer’s
instructions. Cell luminescence was assessed using a TopCount NXT
microplate scintillation and luminescence counter (Packard
Instrument Company, Meriden, CT).

2.7. Pretreatment experiments

To test whether pre-treatment in protective compound is neces-
sary for the protective effects of the compound against amino-
glycoside toxicity, 10 larvae were pretreated in each protective
compound for either 60 min, 15 min, or 0 min (no pretreatment),
followed by 1 h co-treatment in the protective compound and
200 mMneomycin. Then larvaewere rinsed four times, hair cellswere
labeled with DASPEI, rinsed two times, and anesthetized with
MS222. Hair cell survival was evaluated using the method and
equipment described in Section 2.4. Negative controls were treated
with EM only and positive controlswere treatedwith neomycin only.

2.8. Gentamicin-conjugated Texas Red (GTTR) imaging

To determine whether the compounds that are protective
against aminoglycoside toxins also influence aminoglycoside entry
into hair cells, we studied uptake of labeled gentamicin.
Gentamicin-conjugated to Texas Red (GTTR) was prepared
following the protocol of Steyger et al. (2003). Larvae were pre-
treated with the protective compound at its optimal protective
concentration against 50 mM gentamicin for 5 min, followed by co-
treatment with 50 mM GTTR for 3 min. Then fish were rinsed four
times, anesthetized with MS222 and mounted on bridged cover-
slips for imaging. Using fluorescence microscopy on an automated
stage (Marianas imaging system, Intelligent Imaging Innovations)
with a Zeiss Axiovert 200M inverted microscope (Carl Zeiss), we
first determined the location of 2e3 neuromasts by viewing under
brightfield illumination. Then, z-stacks of fluorescent images were
collected of the 2e3 neuromasts. Image collection of larvae
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occurred within 6 min of being rinsed out of GTTR. Each fish was
imaged once and 5 fish were imaged for each treatment group.
Control fish were treated with EM only or with 3 min of 50 mM
GTTR only.

Image analysis was done using Slidebook 5 (Intelligent Imaging
Innovations, Denver CO) and Excel 2003 (Microsoft, Redmond,WA).
To assess GTTR uptake that occurred, we performed several oper-
ations to isolate the fluorescence intensities corresponding to
neuromasts. First, we subtracted the fluorescence intensities of the
background images from the intensities of the experimental images
to isolate GTTR-related signals. We traced the borders of the 2e3
neuromasts to delineate regions of interest. We copied the shapes
defined by the traced borders of the neuromasts and applied these
shapes to a nearby region of the image of the fish that did not
contain neuromasts to assess a region of background with the same
volume as the analyzed neuromasts. The mean background inten-
sity and standard deviation (SD) was used to create a background
threshold. We used Boolean addition to isolate signals within the
neuromast regions of interest above the background threshold
(“thresholded neuromasts”). The mean intensity, standard devia-
tion of intensity, sum intensity and volume in voxels of the
thresholded neuromast signal were measured. To compare
between protective compounds and controls, we performed addi-
tional operations to normalize the intensity measures. To create an
index of intensity, the thresholded neuromast signal was normal-
ized to the background intensity for each fish and averaged for 5
fish. Then the average for mock-treated fish was subtracted to zero
the background, and these values were divided by the average of
the GTTR only group to produce the “Intensity normalized to GTTR
only (%)”.

2.9. Statistical analyses

All values reported below are means and all error bars are S.E.M
unless otherwise noted. Statistical analyses were performed using
GraphPad Prism version 5.0a for MacOS (GraphPad Software, San
Diego, CA). For single groups, unpaired t-tests or 1-way analysis of
variance (ANOVA) tests followed by Dunnett’sMultiple Comparison
were used. For experiments with multiple groups, 2-way ANOVA
tests followed by Bonferroni post-hoc tests were used. Results were
considered statistically significant if p < 0.05. Microsoft Excel was
used to perform linear least squares regression.

3. Results

3.1. FDA-approved drug screen reveals compounds that protect hair
cells from aminoglycosides and cisplatin

We screened each compound in the Enzo FDA-approved library
for compounds that protect hair cells of the zebrafish lateral line
from each of four hair cell toxins e cisplatin, neomycin, gentamicin
and kanamycin. For screening, fish were labeled with a DNA dye
YO-PRO1, pretreated with a library compound for 1 h prior to co-
treatment with a toxin and then examined in vivo to assess the
protective capacity of the library compound. In each fish, we
evaluated a set of ten neuromasts (IO1e4, SO1e2, M2, MI1e2, O2),
which have stereotyped locations (see Raible and Kruse, 2000). Ten
compounds (listed in Table 1) were identified that protect hair cells
from two or more of the hair cell toxins. Phenoxybenzamine was
identified in a previous chemical screen for compounds that protect
hair cells from neomycin (Ou et al., 2009). The compounds fall into
distinct drug mechanistic classes including several compounds
with known estrogen-related activities, serotonin and dopamine-
related activities, or adenoreceptor-related activities. However,
the compounds present different profiles of toxin protection. Some

protect against only neomycin and short-term gentamicin expo-
sure, while one compound, benzamil, protects against all four
toxins that were examined. The disparate drug activities and
profiles of protection suggest that the compounds protect hair cells
via distinct mechanisms.

We performed doseeresponse matrix testing to determine the
magnitude of hair cell protection across dose ranges of each
protective compound and each toxin. Fig. 1 shows examples of the
doseeresponse relationships between protective compounds and
each of the four toxins tested in the screen. Fluoxetine (Fig. 1A),
paroxetine (Fig. 1B), and loperamide (Fig. 1C) are widely prescribed
drugs. Their protective abilities are notable as they represent
previously unknown interactions with hair cell toxins. These results
reveal that the compounds’ protective abilities increase with
concentration (left column, 1-way ANOVA, p < 0.05 for all groups)
and that an optimal protective compound concentration protects
across a wide range of toxin concentrations (right column, 2-way
ANOVA, p < 0.05 for treatment, concentration and interaction for
all groups). The supplementary data (Supplementary Table A.1)
shows the mean, standard deviations and sample sizes for all
protective compounds examined in this study.

Benzamil’s protection against hair cell loss induced by cisplatin
and the aminoglycosides is promisingly robust (Fig. 1D,
Supplementary Table A.1). We previously showed that amiloride,
another member of the pyrazine carboxamide class, protects hair
cells from neomycin and gentamicin (Coffin et al., 2009). We were
interested inwhether amiloridewould also protect zebrafish lateral
line hair cells from cisplatin toxicity. When tested a wide range of
amiloride doses, we found no protection from cisplatin toxicity in
our dose response assay (Supplementary Table A.1).

3.2. Do protective compounds alter the efficacy of aminoglycosides
or cisplatin?

A requirement of any protection against ototoxicity is that it
must not inhibit the primary clinical role of the toxin, namely the
bactericidal action of aminoglycosides or chemotherapeutic action
of cisplatin. We performed minimum inhibitory concentration
(MIC) tests and minimum bactericidal concentration (MBC) tests
with Escherichia coli (ATCC 25922) and neomycin in the presence of
each of the protective compounds found in the screen. The MIC test
gives the minimum concentration of neomycin necessary to halt
bacterial cell division and the MBC test gives the minimum
concentration necessary to kill the majority of bacterial cells. Only
benzamil altered the ability of neomycin to kill bacteria. TheMBC of
neomycin increased from 8 mg/ml without benzamil to 16 mg/ml in
the presence of 100 mM benzamil. None of the other compounds
altered the MIC or MBC of neomycin (Table 1).

We also tested whether benzamil or paroxetine, the compounds
that provided protection against cisplatin-induced hair cell loss,
altered the ability of cisplatin to kill cancer cells. We cultured
a human adenocarcinoma cell line derived from alveolar basal
epithelia (A549) with varying concentrations of cisplatin and either
benzamil or paroxetine for 72 h followed by 24 h recovery period.
As shown in Fig. 2, neither paroxetine nor benzamil significantly
increased the amount of cell survival beyond cisplatin controls.
Paroxetine (Fig. 2A) did not significantly alter the toxic effects of
cisplatin at all (2-way ANOVA, Interaction: p ¼ 0.91, paroxetine
concentration: p ¼ 0.60, cisplatin concentration: p< 0.0001), while
adding increasing doses of benzamil to the cisplatin treatment
augments the ability of cisplatin to kill cancer cells (Fig. 2B, 2-way
ANOVA, Interaction: p ¼ 0.21, benzamil concentration: p < 0.001,
cisplatin concentration: p < 0.0001). This suggests that both
paroxetine and benzamil might be worth exploring as effective hair
cell defenses to a cisplatin treatment regime.
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3.3. Is pretreatment necessary for protection?

To begin analyses of the mechanisms by which compounds act
to protect hair cells, we askedwhether the 1 h pretreatment used in
the screen and initial doseeresponse testing was necessary for hair
cell protection. Knowing the time of action of the protective
compoundmay indicate at what point in the process the compound
prevents hair cell death. We tested each protective compound at its
optimal concentration as determined in initial doseeresponse
testing (see Table 1) for its ability to protect hair cells against
200 mM neomycin following 60 min, 15 min or no pretreatment. All
but two of the compounds showed no requirement for a pretreat-
ment; similar protection was observed following all pretreatment
paradigms. Methiothepin showed decreasing protection with
decreasing pretreatment time (Fig. 3A, 1-way ANOVA, p < 0.05).
Phenoxybenzamine provided similar protection following 60 min
and 15 min pretreatment, but did not protect as well when there
was no pretreatment (Fig. 3B, 1-way ANOVA, p < 0.0001). This
shows that phenoxybenzamine requires at least a 15 min
pretreatment before neomycin exposure. That phenoxybenzamine
and methiothepin require pretreatment suggests that these
compounds might prime cells for resilience by interacting with an
intracellular target. Compounds that do not require pretreatment
may also interact with an intracellular target or alternatively could
interact directly with toxins, enhance efflux, or prevent toxin entry.
We investigate the last below.

3.4. Protective compounds differentially affect uptake of gentamicin

The observation that cells do not need to be primedwithmost of
these protective compounds before toxin exposure suggested that
protective compoundsmight act by blocking toxin entry. To explore
this idea, we utilized gentamicin conjugated to the Texas Red

fluorophore (GTTR; Steyger et al., 2003). We exposed zebrafish
lateral line hair cells to a 5 min pretreatment with each protective
compound at its optimal concentration for protection against
50 mM gentamicin followed by 3 min of co-exposure to GTTR and
protective compound. Zebrafish were then rinsed in fresh EM and
mounted on slides to image their neuromasts. As shown in Fig. 4A,
3 min of GTTR exposure results in observable fluorescence in
neuromasts. Normalized fluorescence intensity to compare GTTR
uptake levels between treatment groups is shown in Fig. 4B. A priori
t-tests were used to assess the significance of uptake inhibition of
each protective compound. The t-test results are shown in Table 1.
The results shown in Fig. 4B suggest that there is a gradation of
early uptake inhibition that may be responsible or may play a role
in the protection shown by many compounds. This is represented
by significant inhibition by raloxifene, ractopamine, benzamil and
phenoxybenzamine. On the other hand, there are several
compounds that protect against neomycin and short-term genta-
micin exposure that do not inhibit GTTR uptake (fluoxetine and
fluspirilene) or that may even enhance uptake (tamoxifen).

If compounds provide hair cell protection by altering toxin
uptake, we might predict that there will be a negative correlation
between the uptake of GTTR and the degree of protection. To
examine this relationship across compounds, we plotted the fluo-
rescence intensity measure observed in Fig. 4B versus the amount
of hair cell protection provided against exposure to 50 mM genta-
micin for 6 h (see Fig.1 and Supplementary Table A.1). Fig. 4C shows
that the compounds that did not protect hair cells from 50 mM, 6 h
gentamicin ototoxicity had either enhanced or normal uptake,
while the compounds that had strong protection against 6 h
gentamicin ototoxicity had either normal or reduced uptake.
Within each group of protective compounds there was little to no
correlation between GTTR uptake inhibition and the degree of
protection. This result suggests that while inhibition of gentamicin

Table 1
Drugs from an FDA-approved drug library that protect hair cells from toxin-induced cell death.

Protective Drug CAS #a Ototoxinb Optimal
concentrationc

(mM)

Pretreatd

(min)
Uptakee MIC/MBCf FDA targetg

Neo
1 h

Gent
1 h

Gent
6 h

Kan
24 h

Cis
24 h

Estrogen-related
Raloxifene 82640-04-8 P P P 10 0 <0.001 Normal SERM
Tamoxifen 10540-29-1 P P 10 0 n.s. Normal SERM

Serotonin and dopamine-related
Paroxetine 110429-35-1 P P P P 10 0 n.s. Normal SSRI
Fluoxetine 56296-78-7 P P 50 0 n.s. Normal SSRI
Methiothepin 74611-28-2 P P P 10 60 n.s. Normal Serotonin and dopamine

agonist
Fluspirilene 1841-19-6 P P 10 0 n.s. Normal Dopamine antagonist

Adenoreceptor-related
Phenoxybenzamine 63-92-3 P P P 50 15 <0.05 Normal Antagonist at alpha

adrenoceptor
Ractopamine 90274-24-1 P P P P 50 0 <0.01 Normal Agonist at beta

adrenoceptor
Other classes
Loperamide 34552-83-5 P P P P 10 0 n.s. Normal m-opioid receptor agonist
Benzamil 161804-20-2 P P P P P 50 0 <0.05 MBC

increased
Na/Ca channel blocker

a CAS # is the Chemical Abstract Service Registry number.
b Shaded box with letter P indicates that a protective effect was observed with that protective compoundetoxin combination. Neo ¼ neomycin 1 h exposure, Gent
1 ¼ gentamicin 1 h exposure, Gent 6 ¼ gentamicin 6 h exposure, Kan ¼ kanamycin 24 h exposure, Cis ¼ cisplatin 24 h exposure.

c The lowest concentration of protective compound tested that confers the maximum protection against toxins.
d The pretreatment time in minutes before toxin exposure that is needed to observe effective protection.
e Whether gentamicin-Texas Red is able to enter cells in the presence of protective drug based on our fluorescence assay. The level of significance is indicated for drugs with
altered uptake relative to GTTR only; n.s. ¼ gentamicin entry not significantly different from GTTR only control. All drugs had uptake that was significantly different from
embryo media only (EM) except for ractopamine and raloxifene.

f Shows whether protective drug affected minimum inhibitory concentration (MIC) or minimum bactericidal concentration (MBC), where an increase in MIC or MBC
indicates that neomycin is less effective at killing bacteria in presence of hair cell protective drug.

g The accepted target of the drug in the literature, which may or may not describe the mode of action when protecting hair cells. SERM ¼ selective estrogen receptor
modulator; SSRI ¼ selective serotonin reuptake inhibitor.
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Fig. 1. Dose response testing reveals broad ranges of protective effects against neomycin, gentamicin, kanamycin and cisplatin. Graphs show mean % hair cell survival % 1 SEM of
zebrafish treated with varying concentrations of protective compound (“By Compound”) or by varying concentration of toxin (“By Toxin”) for four protective compounds: fluoxetine
(A), paroxetine (B), loperamide (C) and benzamil (D). Zebrafish were assayed following 1 h pretreatment in putative protective compound followed by co-exposure to a toxin:
neomycin (neo) for 1 h, gentamicin (gent) for 6 h, kanamycin (kan) for 24 h or cisplatin (cis) for 24 h with protective compound. Larvae were stained in vivo with DASPEI to evaluate
neuromasts. Each group consists of >9 fish. In the left column, treating with protective compound had a significant effect (1-way ANOVA, p < 0.05) for all groups. In the right
column, adding protective compound to a wide range of toxin concentrations had a significant effect (2-way ANOVA, p < 0.05 for treatment, concentration and interaction) for all
groups.
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uptake may help explain the ability of some drugs to protect hair
cells from gentamicin exposure (e.g., of ractopamine and ralox-
ifene), this relationship may not be robust across all hair cell
protectants.

3.5. Estrogen receptor modulators protect hair cells from
aminoglycoside toxicity

We found several compounds in our screen that belong to the
same drug classes (Table 1). We hypothesized that these
compounds might protect hair cells via the previously known
mechanisms of action attributed to each drug class. The selective
estrogen receptor modulators, tamoxifen and raloxifene, were
of particular interest because estrogen receptors have been found
in the mammalian organ of Corti (Stenberg et al., 1999) and in

zebrafish lateral line hair cells (Tingaud-Sequeira et al., 2004;
Froehlicher et al., 2009). We therefore tested whether other
estrogen receptor ligands also protect hair cells from aminoglyco-
side toxicity. The compounds tested included estrogen receptor
modulators that are active at multiple estrogen receptors as well as
ligands to specific estrogen receptors (Table 2). Of those tested,
toremifene, afimoxifene, and MPP protected hair cells from
neomycin toxicity (Fig. 5). Only MPP also protected hair cells from
long-term gentamicin toxicity (Fig. 5E). Five other compounds that
interact with estrogen receptors had no effect (Table 2).

4. Discussion

4.1. Multiple mechanisms of cell death with aminoglycosides and
cisplatin

There are several possible mechanisms by which protective
compounds could prevent toxin-induced cell death. The protective
compound may interact directly with the target of the toxin and
thereby interfere with the initiation of events that lead to cell
death, or interact with molecular components downstream of the
initiating event but prior to a commitment to cell death. Alterna-
tively protective compoundsmay affect the ability of toxins to reach
their cellular targets by blocking entry of the toxin into the cell or
transit within the cell, or altering efflux of the toxin. An additional
possibility is that protective compounds may directly interact with
a toxin. The pretreatment requirement of methiothepin and phe-
noxybenzamine suggests that these compounds need time to reach

Fig. 3. Pretreatment is necessary to confer protection against neomycin with
methiothepin and phenoxybenzamine. Zebrafish hair cells exposed to methiothepin
(A) or phenoxybenzamine (B) along with 1 h exposure to neomycin showed signifi-
cantly decreased protection as “time in pretreatment” decreased (1-way ANOVA,
p < 0.05 for both compounds; by Bonferroni’s Multiple Comparison test: * ¼ p < 0.05;
*** ¼ p < 0.001.). Treatment groups were tested along with control group treated with
1 h exposure to neomycin only (“neo only”). Y-axes show mean % hair cell survival % 1
SEM normalized to untreated controls. X-axis categories show minutes of time in
pretreatment in protective compound before toxin exposure.

Fig. 2. Cisplatin-induced cancer cell death is not inhibited by addition of benzamil or
paroxetine. Graphs show the mean percentage % 1 SEM of A549 cells surviving 72 h
treatment with cisplatin and paroxetine (A) or benzamil (B). Mean % cancer cell
survival was determined using an ATP luminescence assay. Each point shows the mean
of three replicate experiments. Paroxetine did not significantly alter toxic effects of
cisplatin (2-way ANOVA, interaction: p ¼ 0.91, paroxetine concentration: p ¼ 0.60,
cisplatin concentration: p < 0.0001). Benzamil significantly enhanced cisplatin toxicity
(2-way ANOVA, interaction: p ¼ 0.21, benzamil concentration: p < 0.001, cisplatin
concentration: p < 0.0001).
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Fig. 4. Gentamicin-Texas Red (GTTR) entry into hair cells is altered by exposure to protective compounds. A) Images of a zebrafish neuromast pre-labeled with YOPRO-1 after
a 3 min exposure to GTTR. YO-PRO1 labels hair cell nuclei (left, green channel). GTTR localized to puncta the apical region of hair cells, down and to the left in this image and a lower
levels throughout the cytoplasm (middle, red channel). An image merging the red and green channels is shown to the right. The scale bar is 10 mM. B) Mean fluorescence intensity
% 1 s.d. of neuromasts exposed to protective compound and GTTR, embryo media only (EM only), or GTTR only (GTTR) for 3 min. Intensity is normalized and shown as a mean
percentage of the GTTR only case. GTTR fluorescence intensity is significantly altered by addition of the protective compounds raloxifene (p < 0.001), ractopamine (p < 0.01),
phenoxybenzamine (p < 0.05) and benzamil (p < 0.05). Shaded bars represent compounds that did not protect hair cells from gentamicin toxicity after 6 h exposure. C) Plot of GTTR
intensity following 3 min exposure to 50 mM GTTR (% intensity normalized to GTTR only) vs. hair cell survival following 6 h exposure to 50 mM gentamicin (% hair cell staining) for
each protective compound.
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an intracellular target rather than interacting directly with the
toxins. This required time may reflect entry route of the protective
compound or transit within the cell. While we cannot rule out that
some protective drugs may interact directly with toxins, the
observation that many protect against multiple aminoglycosides on
different time scales and two protect additionally against cisplatin
leads us to favor the hypothesis that at least some of these
protective drugs act intracellularly.

The ability of the compounds to protect against different subsets
of toxinsmay reflect differences in themechanisms bywhich toxins
kill hair cells. Differences between the aminoglycosides and their
mechanisms of action are poorly understood. Selimoglu et al.
(2003) suggested that kanamycin is less ototoxic than genta-
micin; Smith et al. (1977) found no significant difference between
amikacin and gentamicin ototoxicity; Dulon et al. (1986) found that
clearance of amikacin, gentamicin and netilmicin from the cochlea
did not correlate with reported differences in toxicity. Previously,
we showed that at least two distinct series of cellular events
contribute to gentamicin-induced hair cell death (Owens et al.,
2009). (Note that some initial events may not be intrinsic to the
cell death process per se but rather be perturbations in the cell that
trigger the cell death process). One pathway is rapid (w1 h) while
the second pathway is slower (6e24 h) and may disrupt slower
processes in hair cells, such as transcription or translation.
Neomycin induces a rapid series of events solely or predominantly,
while gentamicin induces both pathways fairly equally and kana-
mycin induces predominantly the slower pathway(s). The sentinel
mutation in the cc2d2a gene protects zebrafish lateral line hair cells
from neomycin and short-term gentamicin exposure (w1 h) but
not long-term (6 h) gentamicin exposure indicating that the rapid,
short-term and slower, long-term events are molecularly distinct
(Owens et al., 2009). In addition, changes in extracellular calcium
levels were found to alter sensitivity to neomycin and short-term
gentamicin toxicity but not long-term gentamicin toxicity (Coffin
et al., 2009).

In the present study, we identified seven drugs that protect hair
cells against neomycin and gentamicin, but only three that also
protect hair cells from kanamycin suggesting that kanamycin
toxicity may employ some different cell death pathways from
neomycin and gentamicin. On the other hand, all of the compounds
that provided protection from kanamycin also protected hair cells
from gentamicin and neomycin, suggesting that at least some
components of the cell death mechanisms are shared. This could
reflect a differential affinity of the protective drugs or amino-
glycosides for a common target. Alternatively we cannot rule out

that protective drugs interact differentially with toxins, or that
multiple shared pathways are triggered differentially by the toxins.

All compounds that protect against neomycin also protect
against short-term gentamicin, further supporting the hypothesis
that neomycin and gentamicin can trigger a common, rapidly-
acting cell death pathway. We also noted that several protective
compounds with similarities in their known pharmaceutical func-
tions differ in their responses to short-term and long-term expo-
sure to gentamicin. For instance, fluoxetine and paroxetine are both
selective serotonin reuptake inhibitors (SSRIs), but only paroxetine
protects from long-term gentamicin exposure. These findings
support the idea that gentamicin kills hair cells by at least two
distinct mechanisms.

Most of the aminoglycoside-protective compounds identified in
this screenwere not protective against cisplatin toxicity. Previously,
we have found that the zebrafish mutant sentinel and the chemical
compound PROTO-1 protect hair cells from neomycin but not
cisplatin (Owens et al., 2008). Studies in several animal systems
have suggested that cisplatin acts in a cumulative manner and via
a different mechanism than aminoglycosides (Bokemeyer et al.,
1998; Helson et al., 1978; Ou et al., 2007). The paucity of
compounds that protect hair cells from both aminoglycosides and
cisplatin is consistent with previous genetic and pharmacological
data suggesting that these toxins kill hair cells by the different
mechanisms (e.g., Owens, et al., 2008). Two compounds protect
against cisplatin-induced hair cell death: paroxetine is also
protective with neomycin and gentamicin, and benzamil is
protective with all tested toxins. Benzamil, along with amiloride, is
a member of the pyrazine carboxamide class of diuretics. Amiloride
and its derivative, hexamethylene amiloride, protect zebrafish
lateral line hair cells from aminoglycosides (Coffin et al., 2009; Ou
et al., 2009) However, amiloride did not protect hair cells from
cisplatin toxicity when tested across a wide range of amiloride
concentrations. This suggests that benzamil, but not amiloride, may
inhibit a target common to aminoglycoside- and cisplatin-induced
pathways or may inhibit two distinct cell death-related events.
Oxidative stress is proposed to be involved in both cisplatin and
aminoglycoside-induced hair cell death (Rybak et al., 2007; Wu
et al., 2000). Whether paroxetine and benzamil alter the response
of hair cells to oxidative stress is unknown.

4.2. Hair cell protection: an off-target effect of pharmaceuticals

We hypothesized that screening a library of FDA-approved
drugs would identify compounds that protect hair cells by some

Table 2
Estrogen receptor modulators tested for ability to protect hair cells from aminoglycosides.

Estrogen Receptor
Modulators

CAS #a Ototoxinb Structure
resemblesc

Estrogen receptor and
modulationd

Neo 1 h Gent 1 h Gent 6 h

Raloxifene 82640-04-8 P P P Self SERM
MPP 289726-02-9 P P P Raloxifene Selective ER alpha antagonist
Tamoxifen 10540-29-1 P P Self SERM
Toremifene 89778-27-8 P P Tamoxifen SERM
Afimoxifene 68392-35-8 P P Tamoxifen SERM
PPT 263717-53-9 Neither Selective ER alpha agonist
DPN 1428-67-7 Neither Selective ER beta agonist
R, R THC 138090-06-9 Neither ER alpha agonist/beta antagonist
17 b estradiol 50-28-2 Neither ER agonist
Fulvestrant 129453-61-8 Neither General ER antagonist

a CAS # is the Chemical Abstract Service Registry number.
b Shaded box with the letter P indicates that a protective effect was observed with that protective compound toxin combination. Neo ¼ neomycin 1 h exposure, Gent
1 ¼ gentamicin 1 h exposure, Gent 6 ¼ gentamicin 6 h.

c Indicates whether chemical structure is similar to either raloxifene or tamoxifen, the two compounds originally found in the drug screen.
d Known receptor binding partners and the modulatory results of binding: SERM ¼ selective estrogen receptor modulator with both agonist and antagonist effects with
multiple estrogen receptors, ER ¼ estrogen.
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Fig. 5. Five selective estrogen receptor modulators (SERMs) protect hair cells from neomycin, while only raloxifene and MPP protect hair cells from long-term gentamicin exposure.
Dose response curves show mean % hair cell survival % 1 SEM following exposure to 200 mM neomycin or 50 mM gentamicin and tamoxifen (A), toremifene (B), afimoxifene (C),
raloxifene (D), and MPP (E; 1,3-Bis(4-hydroxyphenyl)-4-methyl-5-[4-(2-piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride). Larvae were pretreated with protective
compound for 1 h before co-exposure of protective compound and neomycin for 1 h or co-exposure with gentamicin for 6 h, and then stained with DASPEI to count hair cells. Each
group is n > 9 fish. Treating with protective compound had a significant effect (1-way ANOVA, p < 0.05) on neomycin toxicity for all groups and a significant effect (1-way ANOVA,
p < 0.05) on gentamicin toxicity for raloxifene and MPP but no significant effect for tamoxifen, toremifene and afimoxifene.



known mechanisms and therefore reveal new insights about how
hair cell death occurs. Compounds in the same drug class protected
hair cells from different combinations of toxins, suggesting that
their known mechanisms of action do not explain the compounds’
protection of hair cells.

Raloxifene and tamoxifen, are both selective estrogen receptor
modulators (SERMs) that each protect zebrafish lateral line hair
cells from neomycin. Previous studies suggest that estrogen
receptors might affect hair cell function. Estrogen receptors are
expressed in hair cells of the inner ear of mice and rats (Stenberg
et al., 1999), birds (Noirot et al., 2009), and in zebrafish lateral
line hair cells (Tingaud-Sequeira et al., 2004). Froehlicher et al.
(2009) showed that reduction of estrogen receptor function inter-
feres with hair cell development in zebrafish. In chick, Hawkins
et al. (2007) observed up-regulation of estrogen receptor
signaling in the inner ear following neomycin exposure.
Nakamagoe et al. (2010) demonstrated that estradiol protects hair
cells from gentamicin toxicity in rat cochlear explants. Meltser et al.
(2008) found that DPN, an ER-b agonist, protects murine hair cells
from acoustic trauma perhaps via BDNF. Thus, SERMs may protect
hair cells from neomycin damage via their known mechanism of
action.

Based on our findings, raloxifene and tamoxifen appear to
diminish cell death by distinct, off-target mechanisms of action. Of
the SERMs tested here, only those that are structurally similar to
either raloxifene or tamoxifen showed any protective capabilities.
In addition, their ability to protect hair cells from short-term and
long-term gentamicin exposure correlated with structure (Table 2,
Fig. 6). Tamoxifen, toremifene and afimoxifene share a common
chemical core (Fig. 6A) and protect hair cells from short-term
gentamicin exposure. Raloxifene and MPP are structurally similar
and distinct from tamoxifen (Fig. 6B) and protect against both
short-term and long-term gentamicin exposure. However the other
SERMs tested had dissimilar structures from either tamoxifen or
raloxifene (Fig. 6C) and showed no protection. These observations

suggest that although several compounds in the same drug class
protect hair cells, they are doing so through distinct and unknown
structure-related mechanisms.

In addition to the SERMs, we found divergence in protective
profile of two SSRIs, fluoxetine and paroxetine, and between two
sodium-calcium exchangers, benzamil and amiloride (discussed in
Section 4.1 and 4.3). Based on these differences it is unlikely that
these compounds protect hair cells via effects on their defined
pharmaceutical targets. Clinically, SSRIs are used to treat psycho-
logical disorders by blocking serotonin transport channels and
maintaining serotonin in the synapse (Iversen, 2006). Serotonin
receptors and transporters are expressed in the zebrafish brain
(Norton et al., 2008; Wang et al., 2006) but lateral line expression
has not been examined. Airhart et al. (2007) showed that zebrafish
exposed to fluoxetine exhibit movement disorders, but whether
this effect is related to hair cell function in lateral line, vestibular or
hearing organs or to other systemic effects is unknown. Fluoxetine
can inhibit potassium currents in guinea pig hair cells, an effect not
mediated by the serotonin reuptake channel, but rather by blocking
the SK-type potassium channel (Bian et al., 2002; Terstappen et al.,
2003). This suggests that an off-target effect, blockage of potassium
channels, may afford hair cells protection from toxins. Paroxetine
also has targets other than the serotonin transport channel;
paroxetine was shown to interact with yeast proteins that metab-
olize RNA and with a P4-type ATPase, NEO-1, which confers
neomycin resistance in yeast (Ericson et al., 2008).

4.3. Mechanotransduction and toxin entry

Several studies have suggested that aminoglycosides enter hair
cells via a mechanotransduction-dependent process (Gale et al.,
2001; Steyger et al., 2003; Marcotti et al., 2005; Santos et al.,
2006; Alharazneh et al., 2011). Amiloride, hexamethylene ami-
loride, and benzamil (see 4.1) have been shown to block mecha-
notransduction in hair cells (Jorgensen and Ohmori, 1988; Tang

Fig. 6. Chemical structures of estrogen receptor ligands tested for protective effects in this study. Those that protected against aminoglycosides had similar structural elements to
either tamoxifen (toremifene, afimoxifene; A) or raloxifene (MPP; B) while the other compounds (PPT, DPN, R,R THC, 17-beta estradiol and fulvestrant; C) had noticeably different
structures.
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et al., 1988; Rusch et al., 1994). Inhibiting mechanotransduction by
breaking tip links protects hair cells from subsequent amino-
glycoside toxicity (Assad et al., 1991; Zhao et al., 1996; Gale et al.,
2001). Mice and zebrafish with mutations that inactivate mecha-
notransduction are resistant to aminoglycosides (Richardson et al.,
1997, 1999; Seiler and Nicolson, 1999; Kros, et al., 2001). Amiloride
and hexamethylene amiloride were shown to reduce uptake of
gentamicin (Ou et al., 2009; Coffin et al., 2009). Although benzamil
has been described as a mechanotransduction channel blocker, we
observe that in the presence of benzamil, some gentamicin enters
lateral line hair cells within 3 min of exposure. The route of
gentamicin entry may alter access to molecular targets. Perhaps
mechanotransduction-dependent entry of gentamicin results in
hair cell death, while entry via other routes, such as apical endo-
cytosis, does not.

It is important to note that the relationship that we observed
between the ability of a compound to protect against long-term
gentamicin and reduction of labeled gentamicin uptake is
complex. Four of the compounds (benzamil, phenoxybenzamine,
raloxifene and ractopamine) that protect hair cells against long-
term gentamicin exposure significantly decreased GTTR uptake.
Paroxetine and methiothepin which are protective against genta-
micin (and other aminoglycosides) appeared to reduce GTTR
uptake, but this uptake reduction was not statistically significant.
Other compounds protective against gentamicin had similar levels
of GTTR uptake as compared to GTTR only controls or showed an
apparent (but not significant) increase in GTTR uptake. On the other
hand, we only evaluated GTTR uptake with compounds that were
first identified as inhibiting aminoglycoside toxicity of hair cells,
and therefore we would not identify compounds that significantly
block GTTR uptake but do not protect hair cells from aminoglyco-
side toxicity. Additionally our uptake assay is relatively insensitive.
It is not clear whether a modest reduction in aminoglycoside
uptake would explain a robust protection of hair cells over long
time periods. Further studies that use a more discriminative assay
and comparisons with labeled neomycin and kanamycin in addi-
tion to GTTR might shed further light on these issues.

Cisplatinhas been shown toenter cells via the copper transporter
CTR1 (Ishida et al., 2002; Pabla and Dong, 2008) and via the organic
cation transporterOCT2 (Ciarimboli et al., 2010). It is not knownhow
cisplatin entry relates tomechanotransduction or whether cisplatin
might also enter hair cells in a mechanotransduction-dependent
manner. The ability of benzamil to protect against cisplatin
toxicity in lateral line hair cells may be due to benzamil’s ability to
block mechanotransduction with a somewhat higher affinity than
amiloride (Rusch et al., 1994). Interestingly, neither of the two
compounds that blockedGTTRuptakemost effectively, ractopamine
and raloxifene, were protective against cisplatin toxicity. As these
protective compoundsmayblockmechanotransduction-dependent
uptake of GTTR, thismight suggest that cisplatin does not rely on the
same route to enter hair cells. It will be interesting to determine
whether protective compounds reduce cisplatin toxicity by blocking
its entry into cells and whether cisplatin uptake is a mechano-
transduction-dependent process.

5. Conclusions

We believe that comprehensive screening of compounds that
protect lateral line hair cells in zebrafish in vivo is a first step toward
finding therapies to prevent hearing loss in humans. The protective
compounds presented here are FDA-approved for use in humans
and strongly protect zebrafish hair cells with multiple ototoxic
drugs; to our knowledge they are the first compounds shown to
have these properties. We hope that testing in mammals will reveal
protective effects in the inner ear as well.

Acknowledgments

We would like to thank David White and staff for maintenance
of the zebrafish facilities, Eli Ocheltree for assistance with tissue
culture experiments and GlenMacDonald for advice onmicroscopy.
Funding for this work was provided by NIH/NIDCD grants DC05897
and DC04661.

Appendix A. Supplementary material

Supplementary material associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.heares.
2012.08.002.

References

Airhart, M.J., Lee, D.H., Wilson, T.D., Miller, B.E., Miller, M.N., Skalko, R.G., 2007.
Movement disorders and neurochemical changes in zebrafish larvae after bath
exposure to fluoxetine (PROZAC). Neurotoxicol. Teratol. 29, 652e664.

Alharazneh, A., Luk, L., Huth, M., Monfared, A., Steyger, P.S., Cheng, A.G., Ricci, A.J.,
2011. Functional hair cell mechanotransducer channels are required for ami-
noglycoside ototoxicity. PLoS One 6, e22347.

Assad, J.A., Shepherd, G.M.G., Corey, D.P., 1991. Tip-link integrity and mechanical
transduction in vertebrate hair cells. Neuron 7, 985e994.

Bian, J.T., Yeh, J.Z., Aistrup, G.L., Narahashi, T., Moore, E.J., 2002. Inhibition of Kþ

currents of outer hair cells in guinea pig cochlea by fluoxetine. Eur. J. Pharmacol.
453, 159e166.

Bokemeyer, C., Berger, C., Hartmann, J., Kollmannsberger, C., Schmoll, H., Kuczyk, M.,
Kanz, L., 1998. Analysis of risk factors for cisplatin-induced ototoxicity in
patients with testicular cancer. Br. J. Cancer 77, 1355e1362.

Brummett, R.E., 1983. Animal models of aminoglycoside antibiotic ototoxicity. Clin.
Infect. Dis. 5, S294eS303.

Ciarimboli, G., Deuster, D., Knief, A., Sperling, M., Holtkamp, M., Edemir, B.,
Pavenstadt, H., Lanvers-Kaminsky, C., am Zehnoff-Dinnesen, A., Schinkel, A.H.,
Koepsel, H., Jurgens, H., Schlatter, E., 2010. Organic cation transporter 2 medi-
ates cisplatin-induced oto-and nephrotoxicity and is a target for protective
interventions. Am. J. Pathol. 176, 1169e1180.

Coffin, A.B., Ou, H., Owens, K.N., Santos, F., Simon, J.A., Rubel, E.W., Raible, D.W.,
2010. Chemical screening for hair cell loss and protection in the zebrafish lateral
line. Zebrafish 7, 3e11.

Coffin, A.B., Reinhart, K.E., Owens, K.N., Raible, D.W., Rubel, E.W., 2009. Extracellular
divalent cations modulate aminoglycoside-induced hair cell death in the
zebrafish lateral line. Hear. Res. 253, 42e51.

Coombs, S., Gorner, P., Munz, H., 1989. The Mechanosensory Lateral Line: Neuro-
biology and Evolution. Springer-Verlag, New York.

Davis, B.D., 1987. Mechanism of bactericidal action of aminoglycosides. Microbiol.
Rev. 51, 341e350.

Dulon, D., Aran, J.M., Zajic, G., Schacht, J., 1986. Comparative uptake of gentamicin,
netilmicin, and amikacin in the guinea pig cochlea and vestibule. Antimicrob.
Agents Chemother. 30, 96e100.

Ericson, E., Gebbia, M., Heisler, L.E., Wildenhain, J., Tyers, M., Giaever, G., Nislow, C.,
2008. Off-target effects of psychoactive drugs revealed by genome-wide assays
in yeast. PLoS Genet. 4, e1000151.

Ernest, S., Rauch, G.J., Haffter, P., Geisler, R., Pettit, C., Nicolson, T., 2000. Mariner is
defective in myosin VIIA: a zebrafish model for human hereditary deafness.
Hum. Mol. Genet. 9, 2189e2196.

Fermin, C., Park, J., Cohen, G., 1980. Pre-and post-natal ototoxicities of kanamycin
and streptomycin in the chick. Paper presented at the Third Midwinter Meeting
of ARO Abstracts 59.

Fleischman, R.W., Stadnicki, S.W., Ethier, M.F., Schaeppi, U., 1975. Ototoxicity of cis-
dichlorodiammine platinum (II) in the guinea pig. Toxicol. Appl. Pharmacol. 33,
320e332.

Froehlicher, M., Liedtke, A., Groh, K., López-Schier, H., Neuhauss, S.C.F., Segner, H.,
Eggen, R.I., 2009. Estrogen receptor subtype [beta] 2 is involved in neuromast
development in zebrafish (Danio rerio) larvae. Dev. Biol. 330, 32e43.

Gale, J., Marcotti, W., Kennedy, H., Kros, C., Richardson, G., 2001. FM1-43 dye
behaves as a permeant blocker of the hair-cell mechanotransducer channel. The
J. Neurosci. 21, 7013e7025.

Giard, D.J., Aaronson, S.A., Todaro, G.J., Arnstein, P., Kersey, J.H., Dosik, H., Parks, W.P.,
1973. In vitro cultivation of human tumors: establishment of cell lines derived
from a series of solid tumors. J. Natl. Cancer Inst. 51, 1417e1423.

Giari, L., Dezfuli, B.S., Astolfi, L., Martini, A., 2011. Ultrastructural effects of cisplatin
on the inner ear and lateral line system of zebrafish (Danio rerio) larvae. J. Appl.
Toxicol. 32, 293e299.

Harris, J.A., Cheng, A.G., Cunningham, L.L., MacDonald, G., Raible, D.W., Rubel, E.W.,
2003. Neomycin-induced hair cell death and rapid regeneration in the lateral
line of zebrafish (Danio rerio). J. Assoc. Res. Otolaryngol. 4, 219e234.

Hawkins, R.D., Bashiardes, S., Powder, K.E., Sajan, S.A., Bhonagiri, V., Alvarado, D.M.,
Speck, J., Warchol, M.E., Lovett, M., 2007. Large scale gene expression profiles of
regenerating inner ear sensory epithelia. PLoS One, e525.

A.L. Vlasits et al. / Hearing Research 294 (2012) 153e165164

http://dx.doi.org/10.1016/j.heares.2012.08.002
http://dx.doi.org/10.1016/j.heares.2012.08.002


Helson, L., Okonkwo, E., Anton, L., Cvitkovic, E., 1978. Cis-platinum ototoxicity. Clin.
Toxicol. 13, 469e478.

Hinshaw, H.C., Feldman, W.H., Pfuetze, K.H., 1946. Streptomycin in treatment of
clinical tuberculosis. Am. Rev. Tuberc. 54, 191e203.

Hirose, Y., Simon, J.A., Ou, H.C., 2011. Hair cell toxicity in anti-cancer drugs:
evaluating an anti-cancer drug library for independent and synergistic toxic
effects on hair cells using the zebrafish lateral line. J. Assoc. Res. Otolaryngol.
12, 719e728.

Ishida, S., Lee, J., Thiele, D.J., Herskowitz, I., 2002. Uptake of the anticancer drug
cisplatin mediated by the copper transporter Ctr1 in yeast and mammals. Proc.
Natl. Acad. Sci. USA 99, 14298e14302.

Iversen, L., 2006. Neurotransmitter transporters and their impact on the develop-
ment of psychopharmacology. Br. J. Pharmacol. 147, S82eS88.

Jorgensen, F., Ohmori, H., 1988. Amiloride blocks the mechano-electrical trans-
duction channel of hair cells of the chick. J. Physiol. 403, 577e588.

Kaus, S., 1992. The influence of calcium on the ototoxicity of aminoglycosides. Acta.
Otolaryngol. 112, 83e87.

Kohanski, M.A., Dwyer, D.J., Hayete, B., Lawrence, C.A., Collins, J.J., 2007. A common
mechanism of cellular death induced by bactericidal antibiotics. Cell 130,
797e810.

Kros, C., Marcotti, W., Van Netten, S., Self, T., Libby, R., Brown, S., Richardson, G.P.,
Steel, K.P., 2001. Reduced climbing and increased slipping adaptation in
cochlear hair cells of mice with Myo7a mutations. Nat. Neurosci. 5, 41e47.

Lombarte, A., Yan, H.Y., Popper, A.N., Chang, J.S., Platt, C., 1993. Damage and
regeneration of hair cell ciliary bundles in a fish ear following treatment with
gentamicin. Hear. Res. 64, 166e174.

Marcotti, W., Van Netten, S.M., Kros, C.J., 2005. The aminoglycoside antibiotic
dihydrostreptomycin rapidly enters mouse outer hair cells through the
mechano-electrical transducer channels. J. Physiol. 567, 505e521.

Meltser, I., Tahera, Y., Simpson, E., Hultcrantz, M., Charitidi, K., Gustafsson, J.A.,
Canlon, B., 2008. Estrogen receptor beta protects against acoustic trauma in
mice. J. Clin. Invest. 118, 1563e1570.

Metcalfe, W.K., Kimmel, C.B., Schabtach, E., 1985. Anatomy of the posterior lateral
line system in young larvae of the zebrafish. J. Comp. Neurol. 233, 377e389.

Nakamagoe, M., Tabuchi, K., Uemaetomari, I., Nishimura, B., Hara, A., 2010. Estradiol
protects the cochlea against gentamicin ototoxicity through inhibition of the
JNK pathway. Hear. Res. 261, 67e74.

Noirot, I.C., Adler, H.J., Cornil, C.A., Harada, N., Dooling, R.J., Balthazart, J., Ball, G.F.,
2009. Presence of aromatase and estrogen receptor alpha in the inner ear of
zebra finches. Hear. Res. 252, 49e55.

Nicolson, T., Rusch, A., Friedrich, R.W., Granato, M., Ruppersberg, J.P., Nusslein-
Volhard, C., 1998. Genetic analysis of vertebrate sensory hair cell mechano-
transduction: the zebrafish circler mutants. Neuron 20, 271e283.

Nicolson, T., 2005. The genetics of hearing and balance in zebrafish. Annu. Rev.
Genet. 39, 9e22.

Norton, W.H.J., Folchert, A., Bally-Cuif, L., 2008. Comparative analysis of serotonin
receptor (HTR1A/HTR1B families) and transporter (slc6a4a/b) gene expression
in the zebrafish brain. J. Comp. Neurol. 511, 521e542.

Ou, H.C., Cunningham, L.L., Francis, S.P., Brandon, C.S., Simon, J.A., Raible, D.W.,
Rubel, E.W., 2009. Identification of FDA-approved drugs and bioactives that
protect hair cells in the zebrafish (Danio rerio) lateral line and mouse (Mus
musculus) utricle. J. Assoc. Res. Otolaryngol. 10, 191e203.

Ou, H.C., Raible, D.W., Rubel, E.W., 2007. Cisplatin-induced hair cell loss in zebrafish
(Danio rerio) lateral line. Hear. Res. 233, 46e53.

Ou, H.C., Santos, F., Raible, D.W., Simon, J.A., Rubel, E.W., 2010. Drug screening for
hearing loss: using the zebrafish lateral line to screen for drugs that prevent and
cause hearing loss. Drug Discov. Today 15, 265e271.

Owens, K.N., Coffin, A.B., Hong, L.S., Bennett, K.O.C., Rubel, E.W., Raible, D.W., 2009.
Response of mechanosensory hair cells of the zebrafish lateral line to amino-
glycosides reveals distinct cell death pathways. Hear. Res. 253, 32e41.

Owens, K.N., Cunningham, D.E., Macdonald, G., Rubel, E.W., Raible, D.W., Pujol, R.,
2007. Ultrastructural analysis of aminoglycoside-induced hair cell death in the
zebrafish lateral line reveals an early mitochondrial response. J. Comp. Neurol.
502, 522e543.

Owens, K.N., Santos, F., Roberts, B., Linbo, T., Coffin, A.B., Knisely, A.J., Simon, J.A.,
Rubel, E.W., Raible, D.W., 2008. Identification of genetic and chemical modu-
lators of zebrafish mechanosensory hair cell death. PLoS Genet. 4, e1000020.

Pabla, N., Dong, Z., 2008. Cisplatin nephrotoxicity: mechanisms and renoprotective
strategies. Kidney Int. 73, 994e1007.

Raible, D.W., Kruse, G.J., 2000. Organization of the lateral line system in embryonic
zebrafish. J. Comp. Neurol. 421, 189e198.

Reddel, R.R., Kefford, R.F., Grant, J.M., Coates, A.S., Fox, R.M., Tattersall, M.H., 1982.
Ototoxicity in patients receiving cisplatin: importance of dose and method of
drug administration. Cancer Treat. Rep. 66, 19e23.

Richardson, G., Forge, A., Kros, C., Fleming, J., Brown, S., Steel, K., 1997. Myosin VIIA is
required for aminoglycoside accumulation in cochlear hair cells. J. Neurosci. 17,
9506e9519.

Richardson, G.P., Forge, A., Kros, C.J., Marcotti, W., Becker, D., Williams, D.S.,
Thorpe, J., Fleming, J., Brown, S.D., Steel, K.P., 1999. A missense mutation in
myosin VIIA prevents aminoglycoside accumulation in early postnatal cochlear
hair cells. Ann. NY Acad. Sci. 884, 110e124.

Rosenberg, B., 1985. Charles F. Kettring prize. Fundamental studies with cisplatin.
Cancer 55, 2303e2316.

Rubel, E.W., Robbins, C., Owens, K., Raible, D., Simon, J., 2011. PROTO1 Provides
Robust Protection against Kanamycin-induced Hearing Loss in Rats. In: Assoc
Res Otolaryngol. Abstracts, vol. 34. 266, Baltimore, Maryland.

Rusch, A., Kros, C., Richardson, G., 1994. Block by amiloride and its derivatives of
mechano-electrical transduction in outer hair cells of mouse cochlear cultures.
J. Physiol. 474, 75e86.

Rybak, L.P., Whitworth, C.A., Mukherjea, D., Ramkumar, V., 2007. Mechanisms of
cisplatin-induced ototoxicity and prevention. Hear. Res. 226, 157e167.

Santos, F., MacDonald, G., Rubel, E.W., Raible, D.W., 2006. Lateral line hair cell
maturation is a determinant of aminoglycoside susceptibility in zebrafish
(Danio rerio). Hear. Res. 213, 25e33.

Seiler, C., Nicolson, T., 1999. Defective calmodulin-dependent rapid apical endocy-
tosis in zebrafish sensory hair cell mutants. J. Neurobiol. 41, 424e434.

Selimoglu, E., Kalkandelen, S., Erdogan, F., 2003. Comparative vestibulotoxicity of
different aminoglycosides in the guinea pigs. Yonsei Med. J. 44, 517e522.

Smith, C.R., Baughman, K.L., Edwards, C.Q., Rogers, J.F., Lietman, P.S., 1977. Controlled
comparison of amikacin and gentamicin. N. Engl. J. Med. 296, 349e353.

Stenberg, A.E., Wang, H., Sahlin, L., Hultcrantz, M., 1999. Mapping of estrogen
receptors [alpha] and [beta] in the inner ear of mouse and rat. Hear. Res.
136, 29e34.

Steyger, P., Peters, S., Rehling, J., Hordichok, A., Dai, C., 2003. Uptake of gentamicin
by bullfrog saccular hair cells in vitro. J. Assoc. Res. Otolaryngol. 4, 565e578.

Tang, C.M., Presser, F., Morad, M., 1988. Amiloride selectively blocks the low
threshold (T) calcium channel. Science 240, 213e215.

Terstappen, G.C., Pellacani, A., Aldegheri, L., Graziani, F., Carignani, C., Pula, G.,
Virginio, C., 2003. The antidepressant fluoxetine blocks the human small
conductance calcium-activated potassium channels SK1, SK2 and SK3. Neurosci.
Lett. 346, 85e88.

Tingaud-Sequeira, A., Andre, M., Forgue, J., Barthe, C., Babin, P.J., 2004. Expression
patterns of three estrogen receptor genes during zebrafish (Danio rerio)
development: evidence for high expression in neuromasts. Gene Expr. Patterns
4, 561e568.

Ton, C., Parng, C., 2005. The use of zebrafish for assessing ototoxic and otoprotective
agents. Hear. Res. 208, 79e88.

Wanamaker, H.H., Slepecky, N.B., Cefaratti, L.K., Ogata, Y., 1999. Comparison of
vestibular and cochlear ototoxicity from transtympanic streptomycin admin-
istration. Am. J. Otol. 20, 457e464.

Wang, Y., Takai, R., Yoshioka, H., Shirabe, K., 2006. Characterization and expression
of serotonin transporter genes in zebrafish. Tohoku J. Exp. Med. 208, 267e274.

Wayne, P., 2008. Performance Standards for Antimicrobial Susceptibility Testing.
Clinical and Laboratory Standards Institute, p. 100.

Wikler, M.A., 2006. Methods for Dilution Antimicrobial Susceptibility Tests for
Bacteria that Grow Aerobically. Approved standard Clinical and Laboratory
Standards Institute.

Williams, J., Holder, N., 2000. Cell turnover in neuromasts of zebrafish larvae. Hear.
Res. 143, 171e181.

Wu, W.J., Sha, S.H., Schacht, J., 2000. Recent advances in understanding amino-
glycoside ototoxicity and its prevention. Audiol. Neurotol. 7, 171e174.

Zhao, Y., Yamoah, E.N., Gillespie, P.G., 1996. Regeneration of broken tip links and
restoration of mechanical transduction in hair cells. Proc. Natl. Acad. Sci. USA
93, 15469e15474.

A.L. Vlasits et al. / Hearing Research 294 (2012) 153e165 165



Research Article

Quinoline Ring Derivatives Protect
Against Aminoglycoside-Induced Hair Cell Death
in the Zebrafish Lateral Line

HENRY C. OU
1,2,4( SARAH KEATING

1,2( PATRICIA WU
1,2( JULIAN A. SIMON

5(
DAVID W. RAIBLE

1,3( AND EDWIN W RUBEL
1,2

1Virginia Merrill Bloedel Hearing Research Center, University of Washington, Box 357923, Seattle, WA 98195-7293, USA
2Department of Otolaryngology—Head and Neck Surgery, University of Washington, Seattle, WA 98195, USA
3Department of Biological Structure, University of Washington, Box 357420, Seattle, WA 98195, USA
4Seattle Children’s Hospital, Seattle, WA 98105, USA
5Fred Hutchinson Cancer Research Center, Seattle, WA 98109, USA

Received: 26 April 2012; Accepted: 20 September 2012; Online publication: 10 October 2012

ABSTRACT

We have previously published results from a screen of
1,040 FDA-approved drugs and bioactives (NINDS
Custom Collection) for drugs that protect against
neomycin-induced hair cell death (Ou et al., J Assoc
Res Otolaryngol 10:191–203, 2009). Further evaluation
of this drug library identified eight protective drugs that
shared a common quinoline scaffold. These drugs were
tested further in terms of their protection against other
aminoglycosides, as well as their effect on aminoglyco-
side uptake. All of the eight quinolines that protected
against neomycin were found to protect against short-
and long-term gentamicin damage protocols. We then
tested the structurally related compounds quinoline,
isoquinoline, naphthalene, and indole for protective
effects. Of these compounds, indole demonstrated a
small but significant amount of protection against
neomycin, while quinoline and isoquinoline partially
protected against long-term gentamicin damage. We
examinedwhether the protective activity of this group of
compounds was related to known targets of the
quinoline derivatives. The protective effects did not
seem linked to either the cholinergic or histaminergic
pathways that are regulated by some members of the

quinoline family. However, all eight protective drugs
were found to reduce the uptake of aminoglycosides
into hair cells. Subsequent experiments suggest that
reduction of uptake is the primary mechanism of
protection among the quinoline drugs.

Keywords: quinoline ring, hair cell protection,
zebrafish

INTRODUCTION

The zebrafish is rapidly gaining acceptance as a useful
model system for studying hair cell protection and
death. Chemical screens using the zebrafish lateral line
have led to rapid identification of a number of novel
candidate protective drugs (Owens et al. 2008; Ou et al.
2009). Identification of new classes of protective drugs
can potentially lead to the identification of new
protective pathways on a molecular level. We previously
screened a library of 1,040 FDA-approved drugs and
bioactives (NINDS Custom Collection II) for drugs that
protected against neomycin-induced hair cell death.
From that screen, seven protective drugs were initially
identified that effectively prevented neomycin-induced
hair cell death in the zebrafish lateral line.

The need for additional protective drugs in the
inner ear is critical. While many drugs have been
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demonstrated to successfully protect hair cells against
damage (e.g., antioxidants, caspase inhibitors, Stat-1,
etc.; Matsui et al. 2002; Wang et al. 2003, 2004; Sha et
al. 2006; Campbell et al. 2007; Schmitt et al. 2009),
there is currently no FDA-approved drug used for the
prevention of hearing loss. Aspirin was demonstrated
to protect against aminoglycoside-induced hair cell
death (Sha et al. 2006), but required high daily doses
(3 g/day). With evidence now that inhibition of one
cell death pathway can lead to upregulation of other
death pathways, the hypothesis that hair cells will
“find a way to die” seems likely (Lin et al. 1999; Yu et
al. 2004; Vandenabeele et al. 2006). Identification of
multiple protective drugs may allow design of protec-
tive drug cocktails to inhibit multiple death pathways.

In general, our analysis of the results of a zebrafish
protection screen focus on (1) dose–response func-
tion analysis of hits, (2) evaluation of candidate
protective drugs against other toxicants, (3) evalua-
tion of known biological targets of hits, (4) evaluation
of drugs with similar targets or similar structures, and
(5) evaluation of effect on aminoglycoside uptake.
These steps serve to better characterize each protec-
tant and help determine whether the mechanism of
protection is due to known targets of a drug, or due to
off-target effects.

Our original FDA compound screen (Ou et al.
2009) focused on “hits” that demonstrated the greatest
protection during the initial screen at a specific dose
(100 μM). Further examination of other hits with less
robust protection in the screen identified eight addi-
tional protective drugs, all sharing a common quinolone
core or scaffold (Fig. 1). Six of these drugs are
antimalarial drugs—other known functions include

antineoplastics and anticholinesterases. In addition,
some members of the quinoline ring family are known
to inhibit histamine N-methyltransferase (Harle and
Baldo 1988; Cumming et al. 1990; Horton et al. 2005). In
this study, we examined and characterized the protec-
tive profile of this group of protective drugs.

METHODS

All zebrafish procedures described have been ap-
proved by the University of Washington Animal Care
and Use Committee.

Animals

Zebrafish (Danio rerio) embryos of the ABwild-type strain
were produced by paired matings of adult fish main-
tained at 28.5 °C in the University of Washington
zebrafish facility. Embryos were maintained at a density
of 50 embryos per 100 mm2 petri dish in embryo media
(1 mM MgSO4, 120 μM KH2PO4, 74 μM Na2HPO4,
1 mM CaCl2, 500 μM KCl, 15 μM NaCl, and 500 μM
NaHCO3 in dH2O). Zebrafish larvae were fed live
Paramecia at four days post-fertilization (dpf).

Zebrafish drug screen

The original drug screen of the NINDS Custom
Collection II library, which yielded the drugs of interest
to this study, is described in Ou et al. (2009). The
original study identified seven drugs (including tacrine)
with robust protection at the screened concentration of
100 μM. However, additional drugs were found to

FIG. 1. Chemical structures of the eight
quinoline derivatives found to have pro-
tective effects in the zebrafish lateral line.
Note that cinchonine and cinchonidine
are diastereomers and are both structural-
ly closely related to quinine.
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provide moderate amounts of protection at the
screened concentrations and, with further quantitative
testing, were demonstrated to provide robust protec-
tion. The quinoline derivatives described here were
identified in this secondary analysis of the initial screen
results from Ou et al. (2009).

Hair cell counts/immunohistochemistry

For all hair cell counts, quantification was done using
immunohistochemistry. Zebrafish larvae fixed in 4 %
paraformaldehyde overnight at 4 °C were rinsed in
phosphate-buffered saline (PBS) three times and then
placed in blocking solution (1 % Triton-X, 5 % normal
goat serum (NGS) in PBS) for 1–2 h at room
temperature. Zebrafish were then incubated with
anti-parvalbumin antibody (monoclonal, 1:400 in 1
% Triton-X, 1 % NGS, in PBS) at 4 °C overnight.
Negative controls were prepared in the absence of
anti-parvalbumin antibody. Zebrafish were rinsed in
1 % Triton-X in PBS (PBS-T) three times and then
incubated in Alexa 488 goat anti-mouse fluorescent
antibody (1:500, in 1 % Triton-X, 1 % NGS, in
PBS) for 4 h. Following secondary antibody label-
ing, zebrafish were rinsed in PBS-T followed by
PBS and mounted between two coverslips in
Fluoromount-G (Southern Biotech, Birmingham,
AL, USA) for imaging. Mounted specimens were
examined using a Zeiss Axioplan II microscope
using a FITC filter set at a final magnification of
×200. Hair cells from the SO1, SO2, O1, and OC1
neuromasts (Raible and Kruse 2000) were counted.
Eight to 12 fish per dose were counted. Results
were calculated as the mean hair cell survival as a
percentage of the control (no drug).

Neomycin protection

Five dpf zebrafish larvae were pretreated with each
quinoline drug at 0, 10, 50, 100, and 200 μM doses for
1 h, followed by treatment with neomycin 200 μM for
1 h. Additional experiments were performed using 2-
h exposure to neomycin to determine whether
protection was maintained.

Note that the quinoline drug was still present
during neomycin treatment. Zebrafish were then
anesthetized with MS222 and fixed in 4 % parafor-
maldehyde overnight at 4 °C and then processed for
immunocytochemistry and hair cell counts.

Variable neomycin dose

We sought to determine whether protection was
maintained against a range of neomycin doses. Once
the optimal protective dose of quinoline (lowest dose
with maximal protection) was determined, five dpf

larvae were then pretreated with each quinoline at the
optimal dose (drug dependent) followed by treatment
with neomycin doses of 0, 100, 200, and 400 μM for
1 h (quinoline still present). Zebrafish were then fixed
and processed for hair cell counts.

Gentamicin protection

In order to determine whether the quinoline drugs
protected against other aminoglycosides, we tested
the drugs against gentamicin. In the zebrafish lateral
line, gentamicin is known to cause damage after both
short and long damage protocols with seemingly
different pathways (Owens et al. 2009). Each quino-
line drug was tested at its previously determined
optimal protective dose for 1 h, followed by treatment
with gentamicin for a short (400 μM×1 h) or long
period (50 μM×6 h). Zebrafish were then fixed and
processed for hair cell counts.

Uptake of Texas red-conjugated gentamicin
(GTTR)

Since quinine is a known blocker of the mechano-
transduction channel (Farris et al. 2004) and thus a
blocker of aminoglycoside uptake, we sought to
determine whether other protective quinoline drugs
affected the uptake of aminoglycosides. GTTR was
prepared as described by Steyger et al. (2003). Five
dpf zebrafish larvae were pretreated with protective
drugs (100 μM×15 min), then treated with 50 μM
GTTR for 3 and 18 min with the protective drug still
present. This dose protocol was chosen because it
causes rapid uptake of GTTR without oversaturation
or toxicity to hair cells. Larvae were then thoroughly
rinsed and placed in MS222 for in vivo imaging. The
SO2 neuromast was then examined with fluorescence
microscopy and images in the z-plane were acquired
at 1 μm sections to quantify the uptake. Fluorescence
was quantified using Slidebook software to subtract
background fluorescence and calculate mean fluores-
cence. Mean fluorescence for zebrafish treated with
quinoline was compared to untreated controls after
exposure to both 3 and 18 min of GTTR.

Inhibition of cholinergic pathways

In addition to evaluating blockade of uptake as a
possible mechanism for protection, we also evaluated
known activities of the quinoline drugs. Tacrine is
known to be an inhibitor of acetylcholinesterase
(Drukarch et al. 1987; Pearce and Potter 1988). To
determine whether this was the mechanism of pro-
tection, we blocked nicotinic and muscarinic recep-
tors of acetylcholine using dihydrobetaerythroidine
(DBE) and atropine, respectively. Five dpf larval
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zebrafish were first exposed to DBE, atropine, or both
at 1, 10, or 100 μM concentration for 1 h. Fish were
then treated with tacrine 100 μM for 1 h with the
cholinergic blocker still present. Zebrafish were then
treated with neomycin 200 μM for 1 h, with both the
cholinergic blocker and tacrine still present. If
cholinergic pathways were involved, one would expect
an inhibition of tacrine’s protective effects.

Inhibition of histaminergic pathways

Mefloquine, amodiaquine, and tacrine are known
inhibitors of histamine N-methyltransferase (HNMT),
which metabolizes and breaks down histamine (Harle
and Baldo 1988; Cumming et al. 1990; Horton et al.
2005). Inhibition of HNMT and enhancement of the
effects of histamine thus were hypothesized as a
possible mechanism of protection. To evaluate this
possibility, we blocked H1 and H2 receptors of
histamine using diphenhydramine and ranitidine,
respectively. Five dpf larval zebrafish were first
exposed to diphenhydramine, ranitidine, or both
blockers at up to a 100-μM concentration for 1 h
(above 100 μM concentration, there was lethality to
the fish). Fish were then treated with mefloquine
10 μM for 1 h with the antihistamine still present.
Zebrafish were then treated with neomycin 200 μM
for 1 h, with both the antihistamine and meflo-
quine still present. If histamine-related pathways
were involved, one would expect an inhibition of
mefloquine-related protection.

Structural analogue testing

To potentially define the critical structural components
of our quinoline ring derivatives that were involved in
hair cell protection, we evaluated for protection among
the commercially available structural analogues quino-
line, isoquinoline, indole, and naphthalene. Note, in
contrast to the eight quinoline derivatives identified by
the screen, these four drugs were not identified by the
initial zebrafish screen and were chosen due to their
structural similarity without any knowledge of their
protective capacity. Five dpf zebrafish were pretreated
with the structural analogue for 1 h at 0, 10, 50, 100, and
200 μm concentrations, followed by treatment with
neomycin (200 μM×1 h), short-term (400 μM×1 h) or
long-term (50 μM×6 h) gentamicin. Zebrafish were then
fixed for immunohistochemistry, followed by quantifi-
cation with hair cell counts.

Minimum inhibitory concentration (MIC)
and minimum bactericidal concentration testing

All candidate drugs were tested at 200 μM concentra-
tion to determine whether they interfered with the

known bactericidal activity of neomycin. Escherichia coli
ATCC 25922 was used to inoculate the antibiotic
dilutions. The MIC was tested in accordance with the
National Clinical and Laboratory Standards Institute
(Wikler 2006, 2007).

Statistics

All values were calculated and presented as the
mean value ± 1 SD. Statistical analyses were
performed using one- and two-way ANOVA
(VassarStats: faculty.Vassar.edu/lowry/VassarStats.html).
Results were considered statistically significant if pG0.05.

RESULTS

Quinoline derivatives protect against neomycin-
induced hair cell death

Each of the eight quinoline ring derivatives demon-
strated dose-dependent protection against neomycin
(pG0.0001, one-way ANOVA; Fig. 2; Table 1).
Amsacrine, quinine, and mefloquine were particu-
larly potent protectants, with ED50 values of less
than 10 μM based on linear regression estimates.
Tacrine was the least potent protectant with an
ED50 of 92 μM. Quinine and mefloquine demon-
strated some hair cell toxicity at higher doses,
resulting in a decline in hair cell survival at
200 μM doses. We then tested the optimal protec-
tive doses of each quinoline against a higher dose
of neomycin (400 μM) and found that significant
protection was maintained for all eight drugs (pG0.0001,
two-way ANOVA; Fig. 2, Table 2).

Quinoline derivatives protect against gentamicin-
induced hair cell death

Previously, we have demonstrated that gentamicin
causes damage after short- and long-term expo-
sures and that this may occur through different
pathways (Owens et al. 2009). When tested against
short-term gentamicin (400 μM for 1 h), we found
that all eight quinoline derivatives provided signif-
icant protection (F(8, 88)021.88, pG0.0001, one-way
ANOVA; Fig. 3). We found similar protection from
each of the quinoline derivatives against long-term
gentamicin damage (50 μM for 6 h) with signifi-
cant protection (F(8, 75)025.47, pG0.0001, one-way
ANOVA; Fig. 3).

All protective quinoline derivatives reduce
uptake of Texas-red conjugated gentamicin

Uptake of GTTR was quantified at 3 and 18 min after
administration of GTTR. At 3 min, uptake of GTTR
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was significantly reduced in all quinoline derivatives
except cinchonidine when compared to controls (F(8,
21)06.20, pG0.05, one-way ANOVA; Fig. 4). After
18 min, GTTR uptake was significantly reduced in all
quinoline derivatives except chloroquine (F(8, 26)0
10.96, pG0.05, one-way ANOVA; Fig. 4). The slope of
the increase in fluorescence between 3 and 18 min
was significantly decreased in all eight of the quino-
line derivatives (Fig. 4). For four drugs in particular
(amsacrine, quinine, tacrine, and cinchonine), there

was essentially no increase in fluorescence from 3 to
18 min.

Longer exposure to gentamicin
does not overcome protective effects

We hypothesized that reduced gentamicin uptake
might simply be delaying hair cell death by increasing
the duration required to reach a lethal gentamicin
level. To determine whether this was the case, we

FIG. 2. Dose–response curves for selected quinoline derivatives. A
Five dpf zebrafish pretreatedwith cinchonidine at variable doses for 1 h,
followed by treatment with 200 μM neomycin demonstrate significant
dose-dependent protection (F(4, 45)=91.46, pG0.0001, one-way
ANOVA). B Cinchonidine-induced hair cell protection is maintained
at higher doses of neomycin (200 and 400 μM). C Zebrafish pretreated
with variable doses of quinine for 1 h, followed by treatment with
200 μM neomycin demonstrate significant dose-dependent protection
(F(4, 45)=41.34, pG0.0001, one-way ANOVA). D Quinine-induced

hair cell protection is maintained at higher doses of neomycin (200 and
400 μM). E Zebrafish pretreated with tacrine for 1 h, followed by
treatment with 200 μM neomycin demonstrate significant dose-
dependent protection (F(4, 45)=74.83, pG0.0001, one-way ANOVA).
F Tacrine-induced hair cell protection is maintained at higher doses of
neomycin (200 and 400 μM). For all graphs, data points represent the
mean hair cell survival of eight to ten fish. Error bars = ±1 SD from the
mean. Data for these three drugs as well as the remaining five quinoline
derivatives are presented in Tables 1 and 2.
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tested whether the quinoline derivatives prevented hair
cell death from longer exposures to gentamicin (dou-
bling the duration of exposure in the short-term
gentamicin damage protocol). We found no significant
increase in hair cell death when doubling the duration
of gentamicin exposure (Fig. 3A compared to Fig. 5).

Inhibition of cholinergic or histaminergic
pathways did not affect quinoline-induced hair
cell protection

While uptake of aminoglycoside was reduced by
the quinoline derivatives, we also examined wheth-
er other mechanisms might be involved in protec-
tion. Tacrine is known as an acetylcholinesterase
inhibitor, which thus increases levels of available
acetylcholine. Blockade of acetylcholine activity at
nicotinic receptors (with atropine) and muscarinic
receptors (with dihydrobetaerythroidine) both

failed to affect tacrine-induced hair cell protection,
suggesting alternate mechanisms for protection
(data not shown). It should be noted that in the
original FDA library screen, the cholinesterase
inhibitors physostigmine, edrophonium, and huper-
zine were all tested and not found to be protective
(Ou et al. 2009).

In addition, mefloquine is a known inhibitor of
histamine-N-methyl transferase. However, as with block-
ade of acetylcholine, blockade of histaminergic path-
ways at H1 receptors (with diphenhydramine) and H2
receptors (with ranitidine) also failed to affect meflo-
quine-induced hair cell protection (data not shown).

Some structural analogues demonstrated partial
protection against neomycin and gentamicin

Four structurally related compounds with no known
protective effects were tested for protection against
neomycin-induced hair cell death (Fig. 6). Of these four
compounds, only indole demonstrated a small but
significant protection (F(4, 42) 011.72, pG0.0001, one-
way ANOVA) against neomycin-induced hair cell death
(Fig. 6) with an increase of hair cell survival from 32±12
to 60±13% after pretreatment with 100 μM indole. The
remaining three compounds, including quinoline itself,
failed to provide any protection against neomycin. We
then tested whether any of these four structural
analogues prevented short- and long-term gentamicin
damage. None of these compounds protected against
short-term gentamicin; however, quinoline and isoqui-
noline demonstrated modest but significant protection
against long-term gentamicin damage (F(5, 57)030.71,
pG0.05, one-way ANOVA; Fig. 7).

We then tested whether these four structural
analogues inhibited the uptake of GTTR. We
found that none of the four compounds signifi-
cantly inhibited the uptake of GTTR at 3 or 18 min
(Fig. 8).

TABLE 1
Hair cell survival (percent of control) and ED50 of protection after pretreatment with increasing doses of quinoline derivative

followed by 200 μM neomycin treatment

Drug

Protective drug concentration

ED50 (μM)
Treatment effect;
p value (ANOVA)0 μM 10 μM 50 μM 100 μM 200 μM

Drug alone
(no neo)

Amsacrine 16±6 103±12** 108±10** 102±19** 102±8** 107±10 4 F(4, 43)=105.51, pG0.0001
Quinine 24±9 94±10** 101±12** 102±10** 74±28** 64±24 4 F(4, 45)=41.34, pG0.0001
Mefloquine 20±6 88±8** 95±13** 103±17** 85±14** 82±11 6 F(4, 40)=73.48, pG0.0001
Cinchonidine 18±8 59±15** 91±15** 99±7** 103±11** 101±8 160 F(4, 45)=91.46, pG0.0001
Amodiaquine 13±8 49±7** 64±18** 85±15** 101±8** 94±9 40 F(4, 44)=51.19, pG0.0001
Chloroquine 33±13 30±20 64±16** 65±20** 95±10** 104±11 50 F(4, 41)=25.15, pG0.0001
Cinchonine 17±11 52±13** 50±9** 61±10** 78±12** 104±18 64 F(4, 43)=37.15, pG0.0001
Tacrine 15±6 22±7 41±8** 53±10** 86±16** 106±12 92 F(4, 45)=74.83, pG0.0001

Drug alone column indicates hair cell survival in the presence of 200 μM quinoline derivative without neomycin

**pG0.01, Tukey HSD test

TABLE 2
Hair cell survival (percent of control) after pretreatment with
protective drug (optimal concentration) followed by variable

doses of neomycin

Drug

Neomycin dose (μM)

p value (two-way ANOVA)200 400

No
pretreatment

24±9 13±5 N/A

Amsacrine 103±12** 67±4** F(1, 36)=165.24, pG0.0001
Quinine 94±10** 88±8** F(1, 36)=757.14, pG0.0001
Mefloquine 95±13** 83±10** F(1, 32)=603.14, pG0.0001
Cinchonidine 91±15** 71±7** F(1, 36)=442.42, pG0.0001
Amodiaquine 85±15** 85±12** F(1, 36)=400.68, pG0.0001
Chloroquine 95±10** 73±11** F(1, 36)=479.25, pG0.0001
Cinchonine 78±12** 73±15** F(1, 33)=257.98, pG0.0001
Tacrine 86±16** 62±8** F(1, 35)=293.36, pG0.0001

Zebrafish were pretreated with optimal protective dose from Table 1 (10 μM
amsacrine, 10 μM quinine, 10 μM mefloquine, 50 μM cinchonidine, 100 μM
amodiaquine, 200 μM chloroquine, 200 μM cinchonine, 200 μM tacrine)

**pG0.01, two-way ANOVA
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Protection against short-term gentamicin
correlated with reduction in GTTR uptake

We examined whether GTTR uptake at 18 min
correlated with protection against neomycin or
gentamicin. We found a statistically significant
correlation between protection against short-term
gentamicin and a reduction in GTTR uptake (r20
0.896, F(1, 10)086.19, pG0.0001; Fig. 9). In con-
trast, we found no correlation between GTTR

uptake and protection against neomycin (r200.14;
regression data not shown), or protection against
long-term gentamicin damage (r200.503; regression
data not shown).

Inhibition of bactericidal activity

None of the eight protective quinoline derivatives
or four structural analogues significantly increased

FIG. 3. Quinoline derivatives protect
against short-term (400 μM×1 h) and
long-term (50 μM×6 h) gentamicin dam-
age protocols. Previous studies (Owens et
al. 2009) suggest that different death
pathways are involved in short- and
long-term gentamicin damage in the
zebrafish lateral line. A Pretreatment with
each of the eight quinoline derivatives
provided significant protection against
short-term gentamicin-induced hair cell
death (**F(8, 88)=21.88, pG0.0001, one-
way ANOVA). Similarly, in B, each of the
eight quinoline derivatives protected
against long-term gentamicin-induced
hair cell death (**F(8, 75)=25.47, pG
0.0001, one-way ANOVA). Data bars
represent the mean hair cell survival of
eight to ten fish. Error bars = ±1 SD from
the mean.
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the minimum inhibitory concentration or the
minimum bactericidal concentration of neomycin.
There was no greater than a twofold change in
the minimum inhibitory concentration (4.0 μg/
ml) and minimum bactericidal concentration
(4.0 μg/ml) of neomycin (up to a twofold
increase is considered within the normal variation
of the test; Wikler 2006, 2007). This indicates that co-
administration of these protective drugs would not be

expected to interfere with the desired antibacterial
properties of neomycin.

DISCUSSION

Quinoline derivatives protect
against aminoglycoside-induced hair cell loss

This study provides further validation of the utility of the
zebrafish drug screening model. The eight quinoline
derivatives described here were identified in a drug
screen of the NINDS Custom Collection II and subse-
quently noted to have similar structural characteristics.

We found that all eight of the quinoline derivatives
effectively protected against neomycin and short-term
gentamicin. Significant protection against long-term
gentamicin exposure was also found, albeit to a lesser
extent. Thismay lend further support to previous findings
suggesting that short- and long-term gentamicin damage
occurs through different pathways (Owens et al. 2009).
However, overall, these shared features between quino-
line derivatives suggest a shared mechanism of action.

All of the protective quinoline derivatives
reduce GTTR uptake

All eight of the protective quinoline compounds blocked
uptake of GTTR when measured quantitatively after 3
and 18min of exposure to GTTR. Interestingly, we found
that protection against short-term gentamicin correlated
significantly with a reduction in GTTR uptake and
18 min. We did not find a correlation of GTTR uptake
with protection against neomycin or long-term gentami-
cin damage. This suggests that short-term gentamicin
damage is more directly dependent on the rapid
gentamicin uptake we observe with GTTR studies and is
more evident that the mechanisms of damage between
neomycin, short-term, and long-term gentamicin may
differ. It also suggests that some of the protection that we
see, in particular against long-term gentamicin by
quinoline derivatives, may be through other mechanisms
unrelated to blockade of gentamicin uptake.

A number of the quinoline derivatives do in fact have
other potential mechanisms of protection, although our
investigation into possible cholinergic or histaminergic
involvement was not revealing. It is worth noting that
quinoline derivatives have been noted to have some
antioxidant properties in other systems (Detsi et al.
2007; Naik et al. 2009; Ghinet et al. 2012) although this
has not been examined in hair cells.

Does the speed of aminoglycoside uptake affect
toxicity?

One could hypothesize that reducing the rate of uptake of
aminoglycoside into a hair cell would reduce the toxicity,

FIG. 4. Quinoline derivatives reduce the uptake of Texas red-
conjugated gentamicin (GTTR). Five dpf zebrafish were pre-
treated with quinoline derivatives, then exposed to 50 μM GTTR.
SO2 neuromast from each fish was then imaged after 3 and
18 min of exposure to GTTR. Red fluorescence was quantified in
z-series through the entire neuromast, after subtraction of
background fluorescence. A Fluorescence is reduced after
treatment with all eight quinolines relative to control at 3 and
18 min. B Control neuromast after 18 min of exposure to GTTR.
Red fluorescence is GTTR, green is YO-PRO1 labeled nuclei. C
Cinchonine-treated neuromast after 18 min of exposure to GTTR.
GTTR uptake is markedly reduced. Data points in A represent
mean fluorescence of five to seven fish (one SO2 neuromast
measured per fish). Error bars represent SD. Scale bar in C=
10 μm and applies to B and C.
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by potentially allowing more time for scavengers of
reactive oxygen species or other survival mechanisms to
act. Alternatively, a reduction of the rate of aminoglycoside
uptake might only “postpone” hair cell death until a
certain critical level of intracellular gentamicin was
reached.Our studies using longer durations of gentamicin
(Fig. 5) suggested that the latter scenario was not the case.
There was no increase of hair cell death with increased
duration of exposure to gentamicin with any of the
quinoline derivatives, including chloroquine and cincho-
nidine (both of which allowed measurable amounts of
GTTR into the hair cell between 3 and 18 min). This

finding supports the notion that the rate of aminoglyco-
side entry plays a role in the degree of toxicity. One can
hypothesize that given enough time, a similar intracellular
concentration of gentamicin could be reached in the
presence of chloroquine and cinchonidine; however, the
reduced rate of entry and possibly sequestration of
gentamicin appeared to be sufficient to protect hair cells.

Inconsistencies with qualitative data

This study demonstrates the importance of studying
aminoglycoside uptake in a quantitative fashion. This

FIG. 6. Structural analogues provide minimal protection against
neomycin-induced hair cell death. Five dpf zebrafish were pretreated
for 1 h with variable doses of A quinoline, B isoquinoline,C naphthalene,
andD indole prior to treatment with 200 μMneomycin for 1 h.Of the four

compounds, only indole demonstrated significant protection (F(4, 42)=
11.72, pG0.0001, one-way ANOVA). Structure of each analogue is
depicted alongside each graph. Data bars represent the mean hair cell
survival of eight to ten fish. Error bars = ±1 SD from the mean.

FIG. 5. Increasing the duration of short-
term gentamicin exposure from 1 to 2 h
did not lead to an increase in hair cell
death. GTTR uptake studies demonstrated
that all quinoline derivatives reduced the
rate of GTTR uptake. One could hypoth-
esize that reducing the rate of uptake
would only delay hair cell death; howev-
er, doubling the exposure duration from 1
(Fig. 3A) to 2 h (shown here) did not lead
to a significant reduction in hair cell
survival. Data bars represent the mean
hair cell survival of eight to ten fish. Error
bars = ±1 SD from the mean.
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has been demonstrated by Alharazneh et al. (2011) in
quantitative studies of GTTR uptake in mammalian
cochlea in vitro and is echoed in this study. Previously,
tacrine, based on qualitative testing, did not appear to
significantly affect aminoglycoside uptake (Ou et al.
2009); however, in this study, it was found to
significantly reduce uptake. Evaluating only qualita-
tively, complete blockade can easily be identified;
however, it is extremely difficult to identify partial
uptake blockade without careful quantitation.

Ototoxicity of some quinolines

It is interesting to note the antimalarial compounds
contained within this group of protective drugs. In
particular, quinine and mefloquine are known to have
toxicity to hair cells. This was confirmed in our dose–
response testing which revealed a reduction in hair

cell survival at higher doses (Table 1) of these two
drugs. This highlights the fact that all drugs inherently
have multiple targets, and many protective drugs can
have toxic effects at higher doses. It also demonstrates
the importance of thorough dose testing to define the
therapeutic window for any drug. The ease of this
kind of extensive dose–response testing in the zebra-
fish lateral line makes it a particularly valuable model.

Structural observations

Of the four structural analogues, only indole demon-
strated marginal but statistically significant protection
(Fig. 6) against neomycin damage. Interestingly, the
unmodified quinoline core structure and its isomer
isoquinoline did partially protect against long-term
but not short-term gentamicin damage. None of the
structural analogues significantly blocked GTTR up-

FIG. 7. Structural analogues (quinoline
and isoquinoline) demonstrate partial
protection against long-term gentamicin
damage but do not protect against short-
term gentamicin. A Quinoline and iso-
quinoline partially protected against long-
term gentamicin (50 μM×6 h) damage (*F
(5 , 57) = 30.71, p G0.05, one-way
ANOVA). B In contrast, none of the
structural analogues protected against
short-term (400 μM×1 h) gentamicin-
induced hair cell death. Data bars repre-
sent the mean hair cell survival of ten fish.
Error bars = ±1 SD from the mean.
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take, consistent with our hypothesis that protection
occurred via blockade of aminoglycoside uptake. The
small amount of protection afforded by indole against
neomycin and quinoline and isoquinoline against
long-term gentamicin could thus potentially be
through alternative mechanisms unrelated to uptake.

The diastereomers cinchonine and cinchonidine
interestingly have somewhat different protection pro-
files. Cinchonidine has a lower ED50, suggesting higher
potency; however, cinchonine was more effective at
inhibiting GTTR uptake. Of the two diastereomers, the
more potent cinchonidine is also structurally more
similar to quinine (which had the lowest ED50).

It is worth noting that the only class of medications
currently recommended by the American Academy of
Otolaryngology—Head and Neck Surgery for use in the
middle ear are the fluoroquinolones (Roland et al.
2004), which also contain a quinoline-based structure.
Since this would potentially be an attractive way of

delivering protective drugs to the ear, we tested the
fluoroquinolone ofloxacin in our model to determine
whether it conferred protection in the lateral line, but
found no significant protection (data not shown).

Caveats

As with all hair cell findings in the zebrafish lateral
line, we must acknowledge that there are critical
differences between lateral line hair cells and the
mammalian inner ear. The lateral line has no
distinction between inner or outer hair cells, nor is
there a separation of fluid spaces. Furthermore, while
we did not demonstrate an effect of cholinergic and
histaminergic pathways, we cannot rule out a role for
either pathway since it is possible that there was
inadequate penetration of the drug into the lateral
line hair cells to have an effect.

The quinoline ring structure is in fact a common
building block for many drugs. In this case, in
isolation, quinoline itself provided no protection
(Fig. 6). Further studies and structural analysis may
better characterize the specific structural element
shared by these drugs that conferred protection
against aminoglycoside-induced hair cell damage.

Summary

This study introduces a group of quinoline derivatives
as a new class of protective drugs. The identification
of new classes of protective drugs is critical, particu-
larly in light of the fact that inhibition of certain death
pathways can lead to upregulation of others.

FIG. 8. Structural analogues do not reduce the uptake of Texas red-
conjugated gentamicin (GTTR). Five dpf zebrafish were pretreated
with structural analogues then exposed to 50 μM GTTR for 3 and
18 min. Red fluorescence was quantified in z-series through the
entire neuromast, after subtraction of background fluorescence.
There was no significant difference for any analogue at 3 or 18 min
when compared to control. Data points represent mean fluorescence
of five fish (one SO2 neuromast measured per fish). Error bars = ±1
SD from the mean.

FIG. 9. Protection against short-term gentamicin correlated with
reduction in GTTR uptake at 18 min in quinoline derivatives and
structural analogues. Ordinate represents mean hair cell survival (%
control; n=10) after pretreatment with quinoline derivative and
exposure to gentamicin 400 μM×1 h. Abscissa represents mean
fluorescence after quinoline pretreatment and 18 min of exposure to
GTTR (n=5). Solid line represents result of linear regression (r2=0.896, F
(1, 10)=86.19, pG0.0001). Error bars = ±1 SD from the mean.
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Acceptance of the hypothesis that hair cells will “find
a way to die,” may necessitate the use of protective
cocktails—mixtures of protective drugs from different
classes to inhibit multiple death pathways. In some
respects, blocking uptake of the hair cell toxicant may
be the most effective method to prevent hair cell
death by preventing the initiation of even the earliest
steps in cell death. This group of protective com-
pounds warrants further investigation in vivo in
mammalian models.
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Estradiol Selectively Enhances Auditory Function in Avian
Forebrain Neurons

Melissa L. Caras,1,2 Matthew O’Brien,3 Eliot A. Brenowitz,2,3,4 and Edwin W. Rubel2,4,5,6

1Neurobiology and Behavior Graduate Program, 2Virginia Merrill Bloedel Hearing Research Center, Departments of 3Biology, 4Psychology,
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Sex steroids modulate vertebrate sensory processing, but the impact of circulating hormone levels on forebrain function remains unclear.
We tested the hypothesis that circulating sex steroids modulate single-unit responses in the avian telencephalic auditory nucleus, field L.
We mimicked breeding or nonbreeding conditions by manipulating plasma 17 !-estradiol levels in wild-caught female Gambel’s white-
crowned sparrows (Zonotrichia leucophrys gambelii). Extracellular responses of single neurons to tones and conspecific songs presented
over a range of intensities revealed that estradiol selectively enhanced auditory function in cells that exhibited monotonic rate level
functions to pure tones. In these cells, estradiol treatment increased spontaneous and maximum evoked firing rates, increased pure tone
response strengths and sensitivity, and expanded the range of intensities over which conspecific song stimuli elicited significant re-
sponses. Estradiol did not significantly alter the sensitivity or dynamic ranges of cells that exhibited non-monotonic rate level functions.
Notably, there was a robust correlation between plasma estradiol concentrations in individual birds and physiological response proper-
ties in monotonic, but not non-monotonic neurons. These findings demonstrate that functionally distinct classes of anatomically over-
lapping forebrain neurons are differentially regulated by sex steroid hormones in a dose-dependent manner.

Introduction
Sex steroid hormones modulate vocal signaling in adult verte-
brates (Bass, 2008; Brenowitz, 2008), but how these modulations
impact the auditory function of listeners remains unclear. Song-
birds are well suited for addressing this issue. Song is a complex,
learned vocalization that serves several functions, including spe-
cies and individual identification, mate attraction, and territory
defense (Catchpole and Slater, 1995). In seasonal breeders, such
as Gambel’s white-crowned sparrow, song behavior is sensitive to
hormonal state; high levels of circulating sex steroid hormones,
typical of the breeding season (Wingfield and Farner, 1978), increase
singing rate, song duration, and song stereotypy (Smith et al., 1995;
Meitzen et al., 2009a). Associated changes in the morphology and
physiology of the neural circuit underlying song production are also
observed (Nottebohm, 1981; Brenowitz et al., 1991; Smith et al.,
1997; Tramontin et al., 2003; Soma et al., 2004; Park et al., 2005;
Meitzen et al., 2007a,b, 2009b; Phillmore et al., 2011).

Recent work has explored the effect of sex steroid hormones on
songbird auditory sensitivity at the level of the periphery and brain-

stem (Henry and Lucas, 2009; Caras et al., 2010). Additional studies
have examined the impact of sex steroid hormones on the processing
of song stimuli in regions specialized for song perception or produc-
tion such as the sensorimotor nucleus HVC (proper name), the cau-
domedial nidopallium (NCM) or the caudomedial mesopallium
(CMM) (Maney et al., 2006; Tremere et al., 2009; Remage-Healey et
al., 2010, 2012; Sanford et al., 2010; Phillmore et al., 2011; Tremere
and Pinaud, 2011; Remage-Healey and Joshi, 2012).

Many issues remain unexplored. First, neurons in NCM, the
main focus for the majority of studies on this topic, express hor-
mone receptors (Bernard et al., 1999; Gahr, 2001; Jeong et al.,
2011). Receptor expression is not a prerequisite for hormonal
sensitivity, however, as steroid action can be mediated via other
neuromodulatory systems (Maney and Pinaud, 2011). It is there-
fore of interest to determine whether auditory regions upstream
of NCM, some of which lack sex steroid receptors, are also af-
fected by hormonal state. Similarly, it is unclear whether circu-
lating sex steroids modulate fundamental aspects of auditory
processing in the forebrain, and if so, whether the magnitude of
these modulations depends on the plasma level of hormone. To
address these questions, we brought adult female sparrows into
breeding [high 17!-estradiol (E2)] or nonbreeding condition
(low E2) in the laboratory and made in vivo extracellular record-
ings from single units in the forebrain field L complex. Field L is
the primary thalamic recipient of auditory information and is
analogous to mammalian primary auditory cortex (Fortune and
Margoliash, 1992; Vates et al., 1996; Reiner et al., 2004) (see Fig.
1B). Unlike cells in downstream nuclei, field L neurons do not
express steroid receptors (Jeong et al., 2011; Maney and Pinaud,
2011). We found that modulations of systemic E2 affect many
fundamental response properties in monotonic field L neurons.
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Materials and Methods
Subjects
Adult female Gambel’s white-crowned sparrows (n ! 21) were captured
in eastern Washington state during autumn and spring migrations be-
tween 2007 and 2011. Birds were housed in outdoor aviaries at the Uni-
versity of Washington for up to 30 weeks before being moved to indoor
aviaries. Once inside, all birds were housed in groups on a short-day
photoperiod (SD) (8 h light/16 h dark) for a minimum of 10 weeks to
ensure sensitivity to the stimulating effects of hormones and photope-
riod (Wingfield et al., 1979). Food and water were available ad libitum.
All procedures were approved by the Institutional Animal Care and Use
Committee at the University of Washington, Seattle.

Hormone and photoperiod manipulations
Birds were brought into either nonbreeding-like condition or breeding-
like condition in the laboratory. To induce a nonbreeding condition, we
housed birds (n ! 12) on a SD photoperiod as above. Birds housed on a
SD photoperiod maintain regressed gonads, have basal plasma sex hor-
mone levels, and display neural morphology and physiology typical of
the nonbreeding season (Middleton, 1965; Smith et al., 1995; Tramontin
et al., 2000; Park et al., 2005; Meitzen et al., 2007b). To induce a breeding
condition, we housed birds (n ! 9) on a long day (LD) (20 h light/4 h
dark) photoperiod typical of their Alaskan breeding grounds and im-
planted them with subcutaneous hormone pellets made from SILASTIC
tubing (inner diameter, 1.0 mm; outer diameter, 2.0 mm, length, 12 mm;
VWR). Pellets were filled with crystalline E2, rinsed in ethanol, and
soaked overnight in 0.1 M PBS before implantation (Tramontin et al.,
2003). Supplemental hormone is necessary to raise plasma hormone
levels of laboratory-housed birds to physiological levels observed in
breeding birds in the wild (Smith et al., 1995). Birds were housed under
these conditions for 3 weeks; this time period is sufficient to induce
neural morphology and physiology typical of the breeding season (Tra-
montin et al., 2000; Park et al., 2005; Meitzen et al., 2007b).

Electrophysiology
Surgical procedures
All experiments took place in a double-walled acoustically isolated cham-
ber (Acoustic Systems). At the beginning of each experiment, birds were
anesthetized with 25% urethane (6 "l/g body weight; Thermo Fisher
Scientific), divided evenly into three intramuscular injections separated
by 30 min. Supplementary doses (0.67 "l/g) were delivered throughout
the experiment to maintain anesthetic state as assessed by toe pinch. After
birds were fully anesthetized, we injected 0.1 ml of 1% lidocaine (APP
Pharmaceuticals) subcutaneously at the dorsal midline of the skull, made
an incision, and removed the skin and fascia. A metal post was fixed to the
skull with dental cement (Lang Dental), and birds were secured to a head
holder/stereotaxic device. Body temperature was maintained at 40 – 42°C
by a heating pad using a cloacal thermal probe and digital controller
(TC-1000 Temperature Controller; CWE). A small craniotomy was
made dorsal to field L in the right hemisphere using stereotaxic coordi-
nates relative to the bifurcation of the midsagittal sinus (1.4 mm lateral,
1.8 –2.3 mm anterior). The dura was removed and a glass micropipette
electrode (5–19 M" impedance) filled with 10% Fluoro-Ruby [10,000
molecular weight (MW) tetramethylrhodamine dextran; Invitrogen] or
10% biontinylated detran amine (BDA) (10,000 MW, Invitrogen) in
0.9% NaCl was positioned over the opening. The electrode was advanced
by an electric microdrive (Newport), which was controlled by the exper-
imenter from outside the sound attenuation booth. For some recording
sessions, the craniotomy opening was covered in petroleum jelly to pre-
vent tissue dehydration. We made one to three electrode penetrations in
each bird. Although we recorded activity at a wide range of depths
(#800 –3300 "m), we restricted our analysis to units that were con-
firmed histologically to be within field L (see below, Electrode track
reconstruction).

Auditory processing is lateralized in songbirds, although the exact
nature of hemisphere specificity depends on sex, species, brain area,
anesthetic state, stimulus selection, and method of analysis (Cynx et al.,
1992; George et al., 2004, 2005; Avey et al., 2005; Hauber et al., 2007;

Poirier et al., 2009; Phan and Vicario, 2010). To avoid introducing a
lateralization confound into our experimental design, we chose to focus
only on the right hemisphere.

Stimulus delivery and calibration
The stimulus delivery system we employed has been used previously
(Caras et al., 2010). Briefly, a small speaker (Etymotics ER-2B) and mi-
crophone (Etymotics ER-10B) were enclosed within a custom-made
sound delivery tube and positioned flush against the skull surrounding
the left external auditory meatus. Petroleum jelly was applied to the
outside of the tube and skull, creating a closed sound delivery system.
Sound delivery was controlled by custom scripts (Python) running on a
computer located outside the sound attenuation chamber. Stimuli were
routed through an RX6 multifunction processor (Tucker-Davis Tech-
nologies) that performed both digital/analog conversion and attenuation
of the signal before delivery to the speaker.

Before each experiment, we used random-phase band-limited (6 Hz to
20 kHz) white noise to calibrate pure-tone sound pressure levels (deci-
bels SPL re: 20 "Pa). For our initial experiments, we used the white-noise
generated calibration table to determine root-mean squared sound pres-
sure levels (RMS decibels SPL) for song stimuli. In later experiments, we
presented individual songs to the microphone and determined RMS
decibel SPL values separately for each song. The levels for earlier record-
ings were corrected for each song type presented. RMS amplitudes for
song stimuli were reliable within # 4.9 dB SPL.

Auditory stimuli
We presented two different types of stimuli in this study. Pure-tone
stimuli were 100 ms in duration with 5 ms linear ramp rise–fall times.
Tones were generated on-line using the same custom software that con-
trolled sound delivery. Song stimuli consisted of a set of songs recorded
from seven individual male sparrows held under breeding condition in
the laboratory. We used male songs because females of this species do not
sing. We recorded songs using Syrinx software (John Burt; www.syrinxpc.
com, University of Washington, Seattle, WA) and previously published
protocols (Meitzen et al., 2007b, 2009a). Low-frequency background
noise was digitally filtered off-line. We recorded one song from each bird,
for a total of seven songs.

Gambel’s white-crowned sparrow songs typically consist of five sylla-
bles: a whistle, a warble, and three buzzes (see Fig. 1 A). The songs pre-
sented in this study were 2.15 $ 0.19 s in duration (mean $ SD) and
spanned an average frequency range of 2.44 –5.98 kHz. These values are
similar to those previously published for a larger song set (Meitzen et al.,
2009a).

The majority of song stimuli (see Fig. 1 A, 1 through 4) were recorded
from captive males before 2007, and thus were unfamiliar to all of our
experimental birds. Three songs (see Fig. 1 A, 5 through 7) were recorded
from males that had overlapping periods of captivity with some of the
experimental birds, and therefore may have been familiar. Although song
familiarity can affect neurophysiological responses in more specialized
auditory regions, such as NCM, field L does not display this characteristic
(Theunissen et al., 2004). We therefore did not include song familiarity as
a factor in our data analysis.

Data acquisition
We recorded the extracellular activity of well isolated single units. Spikes
were amplified 10,000% (ISO-80; World Precision Instruments; and
MA3; Tucker-Davis Technologies), bandpass filtered 0.1–10 kHz with a
24 dB/octave roll-off (Krohn-Hite model 3550), digitized at 24.4 sam-
ples/s (RX6 multifunction processor; Tucker-Davis Technologies), and
monitored on-line via a digital oscilloscope and audio speaker. Custom
data acquisition software displayed spike trains, isolated waveforms, and
raster plots in real time. We analyzed raw waveforms off-line using cus-
tom MATLAB scripts (David Schneider and Sarah Woolley, Columbia
University, New York, NY) to ensure that only well isolated single units
were included in the dataset. Neurons were assessed to be well isolated by
the following criteria: (1) a stable waveform shape, (2) a high (&4) signal-
to-noise ratio, and (3) the absence of any interspike intervals '1 ms. The
vast majority of recordings (71 of 77) met all three criteria. The remain-
ing six recordings demonstrated the presence of two clearly separable
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waveforms with high signal-to-noise ratios. These waveforms were man-
ually sorted off-line; sorting efficacy was additionally verified by
principal-components analysis.

Band-limited white noise (0.25– 8 kHz) at 80 dB SPL was used as a
search stimulus. Once a unit was well isolated, we presented song and
tone stimuli, with the order of presentation randomized across cells. For
song trials, we chose one song exemplar at random and presented it from
90 to 10 dB SPL in 10 dB descending steps at a rate of 0.14/s. We recorded
5–10 trials at each intensity. For tone presentations, we initially estimated
the characteristic frequency (CF) and best threshold of the unit on-line.
We then presented a range of frequencies around the CF, in increments
approximately equal to 10% of the CF. Each frequency was presented
from 90 to 10 dB SPL in 10 dB descending steps at a rate of 1.25/s to
construct the full response area of the unit. We recorded 5–10 trials for
each frequency–intensity pair, with the order of frequency presentation
randomized across trials.

It should be noted that the stimulus intensities used here (10 –90 dB
SPL) are similar to the sound amplitudes that would be experienced by
free-living birds in the wild. Avian species are capable of singing at high
intensities, with maximum values ranging from 74 to 105 dB SPL at 1 m
(Brackenbury, 1979; Brenowitz, 1982), although some species can gen-
erate song amplitudes as high as 111.5 dB SPL [e.g., the Screaming Piha
(Lipaugus vociferans) (Nemeth, 2004)]. Therefore, we consider the stim-
ulus levels used here to be within a normal, ethologically relevant range.

Data analysis
Tone responses. A unit was considered tone responsive if its average
stimulus-evoked firing rate was significantly different (Student’s paired t
test, p ' 0.05) than its average spontaneous firing rate (calculated from
the 100 ms immediately preceding tone onset). The vast majority (54 of
56) of tone responses were excitatory. The remaining two cells (one from
a nonbreeding female, one from a breeding female) gave what appeared
to be postinhibitory rebound responses, as evidenced by strong excita-
tion immediately following tone offset. If these cells were truly exhibiting
postinhibitory rebound, their firing rates should be suppressed during
tone presentation. The spontaneous firing rates of the cells were already
quite low (1.48 and 1.67 spikes (sp)/s, respectively), however, making it
difficult to detect a suppressive response. Because these potentially sup-
pressive responses were so rare, we removed them from the tone analyses.
Both of these cells did show suppressive responses to songs and were
included in the song analyses (see below, Song responses).

To determine the pure-tone sensitivity of a unit, we measured the
threshold for each stimulus frequency. Threshold was defined as the
lowest intensity (decibels SPL) to elicit a significant response. An addi-
tional criterion was that successively higher level stimuli must also elicit
reliable responses. The CF was identified as the stimulus frequency with
the lowest threshold. If multiple frequencies had the same (lowest)
threshold, CF was defined as the stimulus with the greatest response
strength (RS) at threshold. Here, we define RS as the difference between
the average stimulus-evoked firing rate and the average spontaneous
firing rate during the 100 ms immediately preceding tone onset, a win-
dow equal to the duration of the tone.

We measured the frequency bandwidth 10 dB above the best threshold
of the neuron as an indicator of frequency tuning. In addition, we made
the following measurements of the responses to the CF: First, we identi-
fied the maximum average evoked firing rate, and the stimulus intensity
that elicited the maximum response (max decibels). Second, we set a
noise floor 2 SDs above the baseline rate of the neuron. We then defined
the firing rate range (spikes per second) of the neuron as the difference
between the noise floor and the maximum evoked firing rate. Third, we
calculated the dynamic range of the neuron, or the range of stimulus
intensities within which a neuron is sensitive to differences in intensity.
The dynamic range (decibels SPL) was calculated as the difference be-
tween the max decibels and the threshold.

During the early phases of our studies, it became clear that neuronal
responses in field L could be either monotonically related to tone inten-
sity at CF, or non-monotonic. Monotonic and non-monotonic neurons
are thought to play different roles in auditory coding (Polley et al., 2006;
Sadagopan and Wang, 2008; Watkins and Barbour, 2011), raising the

possibility that breeding condition might modulate each neuronal pop-
ulation in a distinctive manner. We therefore chose to analyze mono-
tonic and non-monotonic responses separately, as discussed below.

To objectively determine whether a cell should be considered mono-
tonic or non-monotonic, we set a boundary halfway between the noise
floor and the maximum average evoked firing rate. A neuron was con-
sidered non-monotonic if its average evoked firing rate dropped below
this boundary at stimulus intensities above the decibel level that evoked
the maximum firing rate. If the cell maintained a high evoked firing rate,
staying above this boundary, it was considered monotonic (see Fig. 2).

To determine whether these categorizations truly reflected two sepa-
rate populations of neurons, we calculated a monotonicity index (MI) for
each cell. The MI ranges from 0 to 1, with increasing values indicative of
increasing degrees of monotonicity. Similar measures of monotonicity
have been used previously by other researchers (Sutter and Schreiner,
1995; Recanzone et al., 2000; de la Rocha et al., 2008; Watkins and Bar-
bour, 2011). The MI was calculated for each cell as follows: MI ! Rate
evoked at highest pure-tone amplitude presented/ maximum evoked rate
of the neuron. In the majority of our cases (27 of 28 monotonic and 23 of
25 non-monotonic neurons), the highest pure-tone amplitude tested was
90 dB SPL. In the remaining three cases, the highest amplitude tested was
80 dB SPL.

One non-monotonic neuron recorded in a breeding female had par-
ticularly strong tone and song responses. To determine whether this cell
was an outlier, we averaged tone and song-evoked !RS! values separately
across stimulus level for each non-monotonic cell recorded under breed-
ing condition. We used these average values to perform Dixon’s Q test for
outliers (Dixon, 1950). We found that the cell in question was an outlier
at the 99th confidence interval (Rorabacher, 1991) for both tone and
song-evoked responses. We therefore removed this cell from all analyses.

Song responses. To determine whether a unit was responsive to song,
we first established a noise floor 2 SDs above and below the spontaneous
rate of the neuron. For a unit to be considered song responsive, its evoked
firing rate had to fulfill the following criteria at a minimum of two con-
secutive song intensities: (1) surpass the noise floor and (2) be statistically
different (Student’s paired t test, p ' 0.05) than the average spontaneous
firing rate during the 2000 ms immediately preceding song onset, a win-
dow approximately equal to the duration of each song stimulus. We
found that these criteria reliably included units that were considered
responsive by an experienced observer, while minimizing false positives.
Two neurons clearly responded to song, but only at the highest stimulus
intensity tested, and therefore could not meet the response criteria. An
observer experienced in single-unit physiology blinded to the experi-
mental conditions examined raster and poststimulus time histogram
(PSTH) plots. A decision to include these cells in the analysis was made
after this observer agreed that the neurons showed increased activity
during song presentation.

A unit’s song threshold (decibels SPL) was defined as the lowest of at
least two consecutive intensities to elicit a significant response. We then
identified the maximum average evoked firing rate (for excitatory song
responses), the minimum average evoked firing rate (for suppressive
song responses), and the stimulus intensity that elicited the maximum or
minimum firing rate (max or min decibels, respectively). We calculated
the song dynamic range (decibels SPL) as the difference between max or
min dB and the threshold. Finally, similar to tones, we used RS (spikes
per second) as a measure of response magnitude. Songs elicited both
excitatory and suppressive responses (see Fig. 6), however, which re-
sulted in positive and negative RS values, respectively. To analyze all song
responses as a whole, we used the absolute value of RS.

Electrode track reconstruction
Two injections of either 10% Fluoro-Ruby (20 of 21 birds) or 10%
BDA (1 of 21 birds) were made at the end of each electrode penetra-
tion to enable off-line reconstruction of recording sites. Fluoro-Ruby
was injected iontophoretically through the recording pipette by using
a current source (BAB-501; Kation Scientific) set to (10 "A for 1
min, followed by (4 "A (alternating 7 s on/off) for 8 min. BDA was
injected with 5–10 rapid 40 ms pulses of nitrogen gas at 20 psi using a
picospritzer (Parker).
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At the end of each recording session, birds were perfused transcardially
with ice-cold PBS, followed by 4% paraformaldehyde. Brains were re-
moved, postfixed in paraformaldehyde, cryoprotected in 30% sucrose,
embedded in gelatin, and postfixed in a 20% sucrose/10% neutral buff-
ered formalin solution for 48 h. Parasagittal 40 "m sections were cut on
a freezing microtome and floated in 0.05 M PB. Sections were mounted
onto gelatin-subbed slides and processed for Nissl; alternates were air
dried until fluorescent or BDA processing.

Sections containing Fluoro-Ruby injections were cleared in xylene,
coverslipped in DPX mounting medium (Electron Microscopy Sci-
ences), and dried overnight. Sections containing BDA injections were
incubated in 30% hydrogen peroxide in 100% methanol, rehydrated in
PBS, incubated in ABC (Vector Laboratories), and visualized using DAB
(3),3-diaminobenzidine) (Sigma-Aldrich). All images were captured on
a Olympus BH2 microscope fitted with a QImaging camera and QCap-
ture software.

Only units that could be localized unambiguously to field L were in-
cluded in our analyses. It should be noted here that differences in spec-
trotemporal tuning have been reported for the different subregions of the
field L complex (Sen et al., 2001; Nagel and Doupe, 2008; Kim and

Doupe, 2011), raising the possibility that E2 has disparate effects on these
different areas. There was insufficient statistical power to allow analysis
by subregion, however, as our experimental design already consisted of
multiple independent variables. We therefore did not separate our re-
cording sites into anatomical subregions for our analysis.

Hormone measurement
Immediately before each recording session, we collected blood from the
alar wing vein of each bird into a heparinized tube and centrifuged the
sample at 4°C. Separated plasma was stored at * 80°C until ELISA. Estra-
diol levels were measured using a kit (Cayman Chemicals) that had not
previously been used with this species, so the assay was first validated as
described below.

Multiple controls were used to assess the validity of the kit. First,
plasma samples were pooled from multiple sparrows and stripped of
steroids by incubating with dextran-coated charcoal in assay buffer
(Sigma-Aldrich). This stripped plasma is expected to contain no, or very
low levels of estradiol. Second, stripped plasma was spiked with E2 to
3200 pg/ml and serially diluted. This serial dilution is expected to parallel
the standard curve of the kit. Third, raw (unstripped) plasma was divided

Figure 1. Experimental song stimuli, avian auditory schematic, and histological reconstruction. A, Individual Gambel’s white-crowned sparrow songs were recorded from seven wild-caught males and used
as sound stimuli in this study. Typical white-crowned songs consist of five syllables: a whistle, a warble, and three buzzes. In each experiment, songpresentation was randomized. B, Simplified sagittal schematic
of the ascending avian auditory system. Field L, the primary recipient of auditory information coming from the thalamic nucleus ovoidalis (Ov), consists of an interconnected set of subregions (L1, L2a, L2b/L, L3),
each of which make connections to secondary nuclei, such as the caudal mesopallium (CM) and the caudomedial nidopallium (NCM). MLd, Mesencephalicus lateralis pars dorsalis. Rostral is left; dorsal is up. C,
Parasagittal Nissl-stained section from a nonbreeding female. D, An adjacent parasagittal section from the same nonbreeding female shown in C. Two injections of Fluoro-Ruby were used to reconstruct a single
recording track. E, Schematic drawing of the section shown in C. Field L (shaded gray) is bounded dorsally by the hyperpallial lamina (LH) and ventrally by the dorsal medullary lamina (LMD). The magenta circles
indicate injection sites. The dashed vertical line shows the reconstruction of a single electrode track that penetrated through field L. The black diamonds show the location of individual recording sites along the
track. Sections were 40 "m thick. Scale bar, 500 "m. Rostral is left; dorsal is up.
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into two samples, one of which was spiked with 1000 pg/ml. These sam-
ples are expected to differ in E2 concentration by exactly 1000 pg/ml, and
thus is a test of the precision of the kit. Finally, to determine whether
lipids or proteins endogenous to white-crowned sparrow plasma inter-
fere with the assay, hormones were extracted from all of the samples
outlined above, reconstituted in assay buffer, and assayed separately.

To extract hormones, anhydrous diethyl ether was added to each sam-
ple aliquot and vortexed for 1 min. The ether fraction was pipetted into a
new test tube, and the extraction was repeated for the remaining plasma
layer. Ether fractions were combined for each sample and evaporated
under nitrogen gas. Dried, extracted hormone was resuspended in the kit
assay buffer and samples were stored at 4°C until use.

Results from the validation assay were as expected: stripped plasma
contained extremely low levels of estradiol, serial dilutions paralleled the
standard curve of the kit, and raw-spiked plasma differed from raw
plasma by #1000 pg/ml. No dramatic differences were observed between
extracted samples assayed in buffer and those assayed in raw plasma;
therefore, we did not extract hormone from experimental samples and
instead assayed the raw plasma directly.

We ran 50 "l aliquots of each sample along with eight estrogen stan-
dards (6.6 – 4000 pg/ml) in a single assay following the protocol of the kit.
Some samples were lost during preparation; therefore, only seven sam-
ples were assayed for each experimental group. Most samples and all of
the kit standards were run in duplicate; however, three samples in each
experimental group were run singly because of insufficient sample vol-
ume. Briefly, we incubated each sample with 50 "l of E2 antiserum and 50
"l of an E2-acetylcholinesterase conjugate for 1 h. After emptying and
washing the plate, we added 200 "l of enzymatic substrate (Ellman’s
reagent) to all sample wells. After a 1 h incubation, we read the plate
immediately at 405 nm on a Dynex MRX II microplate reader.

We plotted the optical densities of the kit standards as a function of
known E2 concentration and fit the points with a sigmoid 4PLC equation;
sample hormone levels were extrapolated from this standard curve. In-
traassay variability was 6.50%.

Statistics
Monotonic and non-monotonic neurons were analyzed separately.
To measure the effect of breeding condition on tone and song-evoked
!RS! values, we set breeding condition as the between-subjects vari-
able and stimulus level as the within-subject variable in two-way
repeated-measures mixed-model ANOVAs. For some cells, we had an
incomplete dataset, such that a given stimulus (tone or song) was only
presented for a limited range of intensities. These missing values
presented an obstacle for running a repeated-measures ANOVA. We
therefore performed each ANOVA twice: In one version, we included all
the cells in the dataset and discarded any stimulus level with missing
values. In the other version, we discarded any cells that had missing
values and included all the stimulus levels. Both of these versions gave
similar results; therefore, we report here only the results obtained when
all cells were included in the ANOVAs.

We used a Mann–Whitney U test to compare E2 levels across experi-
mental conditions. All correlations (between song and tone thresholds or
between hormone levels and firing rates) were assessed with Pearson’s r.
For the remainder of our analyses, we indicate which statistical tests were
used in table legends, or in Results, when appropriate. Unless otherwise
stated, all values are reported as means $ SEMs. All statistical analyses
were made using PASW Statistics 18.0 or GraphPad Prism.

Results
Plasma E2 levels
Females housed under breeding (LD(E2) condition had elevated
levels of plasma E2 compared with females housed under non-
breeding (SD) condition (397.8 $ 187.5 vs 26.3 $ 8.13 pg/ml;
Mann–Whitney U ! 1.000; n1 ! n2 ! 7; p ! 0.003). Plasma E2

levels in birds housed under breeding condition were similar to
the physiological range reported by Wingfield and Farner (1978)
for wild breeding female white-crowned sparrows (#300 –500
pg/ml).

Auditory responses of field L neurons
We recorded from a total of 77 auditory-responsive cells histo-
logically confirmed to be in field L (Fig. 1C–E). Of these, 30
auditory cells were recorded from 9 birds in breeding condition
and 47 cells were recorded from 12 birds in nonbreeding condi-
tion (Table 1). For some cells, we were only able to record song
responses (either because the cell was unresponsive to tones, or
because we could not hold the isolation long enough to record a
full tone response area). Similarly, in another subset of cells, we
were only able to record tone responses. We were able to record
both song and tone responses in a final subset of cells.

Tone responses
Tone responses can be monotonic or non-monotonic
Tone-responsive neurons in field L can be categorized as mono-
tonic or non-monotonic, based on the shape of their rate level
function. Monotonic neurons increase their firing rate with in-
creasing stimulus intensities (Fig. 2A,C). Conversely, the firing
rate of non-monotonic neurons increases up to some midlevel
stimulus intensity before decreasing at higher intensities (Fig.
2B,D).

We calculated a MI for each neuron to determine whether
monotonic and non-monotonic cells were two separate popula-
tions. The results of this analysis are shown in Figure 2E. While
there is a small amount of overlap between the two groups, the
distributions clearly segregate from one another. Only 3 of 25
neurons classified as non-monotonic have MIs & 0.70. Each of
these neurons had classic “inverted V”-shaped rate level func-
tions, up through 80 dB SPL. At 90 dB SPL, each of these cells
showed an increase in activity, such that their overall rate level
function was “N” shaped. This “N” shape accounted for the high
MI values in these cells. If the MI was instead calculated using 80
dB SPL as the maximum stimulus amplitude, each of these cells
showed values of MI ' 0.70.

Similarly, only 2 of 28 cells that were classified as monotonic
had values of MI ' 0.70. Both of these cells showed rate level
functions that saturated at midlevel intensities, with a small de-
crease in firing rate at 90 dB SPL. This decrease, although not
large enough for us to classify the cells as non-monotonic, ac-
counts for the lower MI values.

When we compared the groups using a two-sample t test, we
found that monotonic neurons had significantly higher MIs than
non-monotonic neurons (0.887 $ 0.025 vs 0.410 $ 0.054; t(51) !
8.331; p ' 0.001). Together, these findings suggest that the
monotonic and non-monotonic cells we report on here likely
comprise two distinct populations of neurons.

Monotonic (n ! 28) and non-monotonic (n ! 25) cells were
equally abundant in field L, and breeding condition had no effect

Table 1. Auditory-responsive cells in field L

Breeding Nonbreeding

No. total responsive cells 30a (9) 47 (12)
No. total song responses 21 (8) 37 (11)
No. total tone responses 24 (9) 29 (10)

Only song response 6 (5) 18 (9)
Only tone response 9 (7) 10 (5)

Monotonic 3 (3) 9 (5)
Non-monotonic 6 (5) 1 (1)

Both tone and song response 15a (6) 19 (8)
Monotonic 9 (6) 7 (5)
Non-monotonic 6a (3) 12 (7)

Values are number of cells; numbers in parentheses indicate number of animals.
aValue excludes an outlier that was removed from the dataset. For explanation of response breakdown, see Results.
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on their relative proportions. Similarly, spike half-widths of
monotonic and non-monotonic neurons remained stable across
breeding conditions. These results are presented in more detail
with their accompanying statistics in Table 2.

The anatomical positions of monotonic and non-monotonic
neurons did not differ across the anterior–posterior and dorsal–
ventral extents of field L. Individual recording sites overlapped
along both the rostral– caudal and dorsal–ventral axes (Fig. 3),
and breeding condition had no effect on the spatial distribution
of monotonic or non-monotonic neurons (Table 2).

Breeding condition does not affect CF distributions or
frequency tuning
Tone-responsive neurons in the avian auditory forebrain are
tuned to specific frequencies arranged in a topographic manner

(Müller and Leppelsack, 1985; Wild et al., 1993). We investigated
whether the CF distributions for monotonic and non-monotonic
neurons differed between breeding conditions. Breeding condi-
tion had no effect on the distribution of characteristic frequencies
in monotonic or non-monotonic neurons. We also quantified
tuning precision by calculating frequency bandwidths 10 dB
above the best threshold of each neuron. No effect of breeding
condition was observed on frequency bandwidths for monotonic
or non-monotonic cells. Detailed results and accompanying sta-
tistics can be found in Table 2.

Breeding condition increases spontaneous and maximum firing
rates in monotonic neurons
Previous work has suggested that E2 increases neuronal respon-
siveness in NCM, a secondary region of the songbird auditory

Figure 2. Field L contains monotonic and non-monotonic neurons. A, Representative PSTH (left) and raster plots (right) from an individual monotonic neuron in a nonbreeding female. Plots were
generated in response to 10 presentations of the characteristic frequency of the neuron (8 kHz) and are arranged in rows by decreasing tone intensity (indicated by decibel SPL values on the left). The
x-axis for each panel shows time (in seconds) as indicated on the bottom row of panels. The y-axis for each PSTH panel is the firing rate of the neuron in spikes per second; the y-axis for each raster
panel indicates the trial number. For clarity, only the bottom-most panels in B have y-axis labels. Stimulus presentations are indicated by gray-shaded regions. B, Representative raster and PSTH
plots from an individual non-monotonic neuron in a breeding female. Characteristic frequency was 3.5 kHz. Plot conventions and labeling are as in A. C, The rate level function for the neuron shown
in A. The gray-shaded region highlights the firing rate range of the neuron (spikes per second). The dashed line is the halfway (50%) point between the maximum firing rate of the neuron and the
noise floor (2 SDs above the spontaneous rate) and is the cutoff point for determining whether a neuron is monotonic or non-monotonic. The evoked firing rate of this neuron increases with
increasing tone intensity and reaches a maximum firing rate at 70 dB SPL. As the firing rate of this neuron remained elevated at higher intensities, and never dropped below the 50% boundary, it
was classified as monotonic. D, The rate level function for the neuron shown in B. This neuron only increased its evoked firing rate to midlevel tone presentations (50 –70 dB SPL). After reaching its
maximum rate at 60 dB SPL, the firing rate of the neuron drops below 50% of the firing rate range. This neuron was therefore classified as non-monotonic. Plot conventions are as in C. E, Group
histograms for monotonic (white) and non-monotonic (black) neurons showing the proportion of cells with various MIs. Increasing MI values represent increasing degrees of monotonicity. The
majority of monotonic neurons have values of MI & 0.70 (dotted vertical line), while the majority of non-monotonic neurons have values of MI ' 0.70. The number of cells and the number of birds
(in parentheses) are as follows: monotonic neurons, 28 (16); non-monotonic neurons, 25 (13).
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forebrain that expresses estrogen receptors (ERs) (Tremere et al.,
2009; Maney and Pinaud, 2011; Tremere and Pinaud, 2011) (Fig.
1B). To determine whether E2 has similar effects on field L neu-
rons, a region that does not express steroid receptors, we calcu-
lated average spontaneous and maximum evoked firing rates
from cells in birds under different breeding conditions (Fig. 4). E2

treatment significantly increased spontaneous firing rates of
monotonic neurons. Similarly, monotonic cells showed a trend
toward an increase in maximum evoked firing rates at CF. Spon-
taneous and maximum firing rates increased by the same relative
amount, however, such that the firing rate range of these cells
remained constant across breeding and nonbreeding conditions.
Table 3 provides the statistical results of these comparisons.

Figure 4 also illustrates that E2 had different effects on non-
monotonic neurons. While breeding condition did not have
a significant effect on spontaneous firing rates of non-

monotonic neurons, E2 treatment significantly decreased
maximum evoked firing rates of these cells. This combination
resulted in a significant decrease in the firing rate range of
non-monotonic neurons. The associated statistics for these
comparisons are listed in Table 3.

Breeding condition increases tone-evoked response strength and
sensitivity of monotonic neurons
The effects of E2 on maximum evoked firing rates could be ex-
plained by an overall shift in evoked firing rates across stimulus
levels, and/or a change in the shape of the rate level function, both
of which could give rise to changes in auditory thresholds and
dynamic ranges. To address this issue, we calculated RS level
functions at CF for monotonic and non-monotonic neurons un-
der different breeding conditions.

Figure 5A shows group RS data for monotonic neurons across
stimulus level; accompanying statistical results are listed in Table
4. Input– output functions had similar shapes across experimen-
tal conditions, peaking at 80 dB SPL under breeding condition
and 90 dB SPL under nonbreeding condition. The effect of sound
intensity was significant. In addition, breeding condition signif-
icantly increased monotonic tone RS values across levels, by an
average of 9.08 sp/s. The interaction between breeding condition
and tone intensity on monotonic tone RS was also significant,
such that the largest differences between the experimental groups
occurred at midlevel intensities. Table 4 shows the accompanying
statistics for this analysis.

The effect of breeding condition on overall response magni-
tude resulted in differences in auditory sensitivity. Breeding con-
dition significantly lowered CF thresholds compared with
nonbreeding condition in monotonic cells (Fig. 5C). The E2-
induced decrease in threshold contributed to a slight, but non-
significant increase in monotonic neuron dynamic range (Fig.
5E). The statistics for these comparisons can be found in Table 3.

Figure 5B shows group RS data for non-monotonic neurons
across stimulus level. As above, input– output functions for
breeding and nonbreeding groups had similar shapes, peaking at
60 and 50 dB SPL, respectively, and the overall effect of sound
level was significant. In contrast to the monotonic neurons,
breeding condition significantly decreased tone RS values in non-
monotonic neurons across stimulus levels by an average of 5.76
sp/s. The interaction term between level and breeding condition
was not significant and no effect was found on CF threshold (Fig.
5D) or on dynamic ranges (Fig. 5F) in these cells. The results of
these statistical analyses can be found in Tables 3 and 4.

To summarize the preceding results, breeding condition in-
creased spontaneous firing rates, maximum evoked firing rates,

Table 2. Properties of cells under breeding and nonbreeding conditions

Breeding Nonbreeding Effect of breeding condition

Monotonic neurons
Spike half-width (ms) 0.154 $ 0.045 0.154 $ 0.038 F(1,26) ! 0.002 p ! 0.968
10 dB bandwidth (kHz) 1.55 $ 0.78 1.65 $ 0.82 F(1,26) ! 0.107 p ! 0.746
Mean CF (kHz) 3.93 $ 1.82 3.78 $ 2.15 F(1,26) ! 0.037 p ! 0.849
Mean recording depth (mm) 2.377 $ 0.368 2.270 $ 0.388 F(1,26) ! 0.548 p ! 0.466
Number (percentage of monotonic cells) 12 (43%) 16 (57%) $+1,N ! 28)

2 ! 0.571 p ! 0.450
Non-monotonic neurons

Spike half-width (ms) 0.167 $ 0.062 0.172 $ 0.052 F(1,23) ! 0.044 p ! 0.836
10 dB bandwidth (kHz) 1.30 $ 0.56 1.16 $ 0.49 F(1,17) ! 0.308 p ! 0.586
Mean CF (kHz) 4.53 $ 2.00 4.53 $ 2.05 F(1,23) ! 0.000 p ! 0.994
Mean recording depth 2.427 $ 0.421 2.338 $ 0.345 F(1,23) ! 0.334 p ! 0.569
Number (percentage of non-monotonic cells) 12 (48%) 13 (52)% $+1,N ! 25)

2 ! 0.040 p ! 0.841

Values are means $ SDs, unless otherwise noted. Spike half-width, 10 dB bandwidth, mean CF, and mean recording depth were assessed with one-way ANOVAs. The relative numbers of cells under each condition were assessed with
Pearson’s $2 test.

Figure 3. Breeding condition does not affect the spatial distribution of monotonic and non-
monotonic neurons. The anatomical location of individual tone responsive neurons are plotted
as a function of recording depth and anterior distance from the bifurcation of the midsagittal
sinus. Breeding (gray) and nonbreeding (black) monotonic (circles) and non-monotonic (trian-
gles) neurons are evenly distributed across the anterior–posterior and dorsal–ventral extents of
field L. Because the vast majority of neurons were recorded from the same medial–lateral
position, all tone-responsive neurons are plotted within a single sagittal plane. Sample sizes for
each group are the number of cells, followed by the number of birds in parentheses.
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tone-evoked response strengths, and pure-tone sensitivity in
monotonic, but not non-monotonic neurons.

Song responses of field L neurons
Song responses can be excitatory or suppressive
Previous work has shown an effect of E2 treatment on selectivity
and discrimination of conspecific song stimuli in secondary au-
ditory forebrain regions (Maney et al., 2006; Tremere et al., 2009;
Remage-Healey et al., 2010, 2012; Sanford et al., 2010; Tremere
and Pinaud, 2011; Remage-Healey and Joshi, 2012). All of these
studies presented song at a single intensity level, however. There-
fore, before determining whether E2 affects field L song response
properties, we first examined song-evoked rate level functions in
individual cells. We observed that, while the majority (40 of 58) of
responses to conspecific song were excitatory (Fig. 6A,C), in-
creasing their rate as a function of song level, a substantial portion
of them (18 of 58) were suppressive (Fig. 6B,D). Breeding con-
dition did not influence the relative proportions of excitatory or
suppressive song responses in field L (Table 5). To determine
whether breeding condition affects song-evoked excitability, we

calculated the maximum song-evoked !RS! for each cell; we found
no effect of breeding condition (Table 5).

Breeding condition increases song-evoked response strength and
dynamic range of cells with monotonic tone responses
We used the absolute value of response strength (!RS!) to analyze
the change in neuronal firing rate for all song responses together.
Song !RS! values increased as a function of song level in both
breeding and nonbreeding groups (F(4,56) ! 14.46; p ' 0.001). E2

treatment, however, did not significantly affect rate level shapes
or magnitudes (F(1,56) ! 0.075; p ! 0.785), and no interaction
between breeding condition and song level was observed (F(4,56) !
0.313; p ! 0.870). As noted in Table 5, breeding and nonbreeding
groups also had similar song thresholds and dynamic ranges.

Thus, our results show that, when all neurons in our sample are
considered, E2 treatment has no effect on song responses. Given that E2

treatmentmodulatedtoneresponses inaselectivemanner,however,we
analyzed song responses separately for different classes of neurons.

Tone and song thresholds were correlated within individual
cells for both breeding (r ! 0.60; n ! 15; p ! 0.019) and non-

Figure 4. Breeding condition modulates activity in a cell-specific manner. A, Representative raw trace (top), raster (middle), and PSTH (bottom) recorded from an individual monotonic neuron
in a breeding female. Raster and PSTH plots were generated in response to 10 presentations of the CF of the neuron (2.2 kHz) at the stimulus intensity that elicited the maximum firing rate of the
neuron (80 dB SPL). The single raw trace shows the response to the first presentation of the CF (identical to the bottom row of the raster). Stimulus presentation is indicated by the gray-shaded region.
This neuron is indicated in C, E, and G as the filled gray circle. B, Representative example from an individual monotonic neuron in a nonbreeding female. CF was 1.6 kHz; the intensity that elicited the
maximum rate was 70 dB SPL. Plot conventions are as in A. This neuron is represented in C, E, and G as the filled black circle. C, D, Breeding condition (gray) significantly increases spontaneous firing
rates compared with nonbreeding condition (black) in monotonic neurons (C), but does not significantly affect spontaneous firing rates in non-monotonic neurons (D). E, F, Breeding condition
marginally increases CF-evoked maximum firing rates in monotonic neurons (E), but significantly decreases maximum firing rates in non-monotonic neurons (F ). G, H, Breeding condition does not
significantly affect CF-evoked firing rate ranges in monotonic neurons (G), but significantly decreases firing rate ranges in non-monotonic neurons (H ). The bars in C–H are means; the circles
represent individual neurons. The asterisks indicate statistical significance ( p ' 0.05). The number of cells and the number of birds (in parentheses) are as follows: monotonic neurons: breeding,
12 (7); nonbreeding, 16 (9); non-monotonic neurons: breeding, 12 (6); nonbreeding, 13 (7).
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breeding (r ! 0.61; n ! 19; p ! 0.006) groups (Fig. 7). Song
thresholds were higher than tone thresholds. This finding is not
surprising, given that tone thresholds were measured at CF, the
optimal tonal stimulus of the unit.

The correlation between song and tone thresholds led us to
predict that E2 treatment enhances song responses, but only in
neurons with monotonic input– output functions in response to
pure-tone stimuli. To examine this issue, we examined song-
evoked !RS! level functions separately for cells that had mono-
tonic and non-monotonic tone input– output functions. For cells
that had monotonic tone responses, there was a significant effect
of sound intensity on average song-evoked !RS! values under both
breeding and nonbreeding conditions (Fig. 8A). E2 treatment
significantly increased song-evoked !RS! values in these cells by an
average of 2.578 sp/s across levels. Importantly, there was a sig-
nificant interaction between song intensity and breeding condi-
tion; while breeding condition had a small impact at even at the
lowest intensity tested, this effect became more pronounced as
song intensity increased. The greatest difference between condi-
tions was observed at 90 dB SPL. Because the greatest shift in the
input– output function occurred at higher stimulus levels, there
was no significant change in song threshold (Fig. 8C). In addi-
tion, there was a trend for breeding condition to increase song
dynamic range in cells with monotonic tone responses (Fig. 8E),
but this trend failed to achieve statistical significance. The results
of these statistical analyses can be found in Tables 3 and 4.

Average song-evoked !RS! values are plotted as a function of
sound level for cells that had non-monotonic tone responses
in Figure 8 B. In these cells, the effect of level was not signifi-
cant. E2 treatment did not significantly alter !RS! values across
sound intensity, nor was there a significant interaction be-
tween song intensity and breeding condition (Table 4). Fi-
nally, breeding condition did not have a significant effect on
song thresholds (Fig. 8 D) or song dynamic ranges (Fig. 8 F) in
cells that had non-monotonic tone responses (see Table 3 for
associated statistics).

In summary, breeding condition increased song-evoked re-
sponse strengths and dynamic ranges in neurons with mono-
tonic tone responses, but not neurons with non-monotonic
tone responses.

Plasma E2 concentrations predict firing rates and
response strengths
The observations that breeding condition influenced auditory
response properties in a select subset of field L neurons (Figs. 4, 5,
8) led us to ask whether plasma E2 concentrations in individual
birds correlate with single-unit firing rates or response strengths.
To address this question, we compared the response properties of
neurons from individual animals with the circulating level of
plasma E2. As shown in Figure 9, plasma E2 concentrations were
positively and significantly correlated with spontaneous firing
rates (r ! 0.71; n ! 18; p ' 0.001) and maximum evoked firing
rates (r ! 0.66; n ! 18; p ! 0.003) of monotonic neurons (Fig.
9A). Plasma E2 concentrations did not correlate with either spon-
taneous or evoked firing rates in non-monotonic cells (Fig. 9B).
Similarly, while systemic E2 levels positively predicted both tone-
evoked (Fig. 9C) and song-evoked (Fig. 9D) response strengths in
cells with monotonic rate level functions to pure tones, there was
no correlation between E2 and response strengths in cells with
non-monotonic tone rate level functions (Fig. 9E,F). The re-
sponse strengths shown in Figure 9C–F were all elicited at 50 dB

Table 3. Statistics for neurons under breeding and nonbreeding conditions

Effect of breeding condition

Monotonic neurons
Spontaneous rate (sp/s) F(1,26) ! 9.932 p ! 0.004
Maximum evoked rate (sp/s) F(1,26) ! 4.078 p ! 0.054
Firing rate range (sp/s) F(1,26) ! 2.274 p ! 0.144
CF threshold (dB SPL) F(1,26) ! 4.788 p ! 0.038
CF dynamic range (dB SPL) F(1,26) ! 2.979 p ! 0.096
Song threshold (dB SPL) F(1,14) ! 0.732 p ! 0.407
Song dynamic range (dB SPL) F(1,14) ! 4.212 p ! 0.059

Non-monotonic neurons
Spontaneous rate (sp/s) F(1,23) ! 1.388 p ! 0.251
Maximum evoked rate (sp/s) F(1,23) ! 5.001 p ! 0.035
Firing rate range (sp/s) F(1,23) ! 6.926 p ! 0.015
CF threshold (dB SPL) F(1,23) ! 1.118 p ! 0.301
CF dynamic range (dB SPL) F(1,23) ! 1.135 p ! 0.298
Song threshold (dB SPL) F(1,16) ! 0.482 p ! 0.497
Song dynamic range (dB SPL) F(1,16) ! 1.623 p ! 0.221

Three separate MANOVAs were performed on each cell population (monotonic and non-monotonic): One encom-
passed spontaneous rate, maximum evoked rate, and firing rate range. Another included CF threshold and CF
dynamic range. The third included song threshold and song dynamic range. Individual F statistics and associated p
values indicating the effect of breeding condition are reported here.

Figure 5. Breeding condition selectively increases tone-evoked response strength and sen-
sitivity in monotonically driven neurons. A, B, Breeding condition (gray) significantly increases
CF-evoked response strengths compared with nonbreeding condition (black) in monotonic
neurons (A), but decreases CF-evoked response strengths in non-monotonic neurons (B). C, D,
Breeding condition selectively decreases CF-evoked thresholds in monotonic neurons (C), but
does not significantly affect CF thresholds in non-monotonic neurons (D). E, F, Breeding condi-
tion does not significantly affect CF dynamic ranges in monotonic neurons (E), or non-
monotonic neurons (F ). Data in A and B are means $ SEMs. The bars in C–F are means; the
circles represent individual neurons. The asterisks indicate statistical significance ( p ' 0.05).
The number of cells and the number of birds (in parentheses) are as follows: monotonic neu-
rons: breeding, 12 (7); nonbreeding, 16 (9), except at 90 dB SPL in A; monotonic breeding, 11
(7). Sample sizes for non-monotonic neurons are as follows: breeding, 12 (6); nonbreeding, 13
(7), except at 90 dB SPL in B; non-monotonic breeding, 10 (5).
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Figure 6. Neurons in field L can show suppressive song responses. A, Representative rasters (left) and PSTH plots (right) from a single cell in a breeding female that gave an excitatory song
response are arranged in rows by decreasing stimulus intensity. To improve readability, only responses from 40 to 90 dB SPL are shown. The same plot conventions as in Figure 2 are used. The
amplitude envelope of the song stimulus (Fig. 1 A, song no. 1) can be seen at the top of the raster and PSTH plots. The maximum response of this neuron is indicated in C by an arrow. B, Representative
rasters from a single cell in a nonbreeding female that gave a suppressive song response. The song stimulus was song no. 1 in Figure 1 A. The maximum response of this neuron is indicated in D by
an arrow. Plot conventions are as in A. C, RS is plotted against song level for the neuron shown in A. As song intensity increased, RS increased above zero, indicative of a excitatory response. D, RS is
plotted against song level for the neuron shown in B. As song intensity increased, RS decreased below zero, indicative of a suppressive response.

Table 4. Effects of breeding condition and sound level on tone RS and song "RS" values for monotonic and non-monotonic neurons

Effectofbreedingcondition Effectofsoundlevel Breedingconditionbylevel interaction

Monotonic
Tone RS F(1,26) ! 6.082 p ! 0.021 F(7,26) ! 28.14 p ' 0.001 F(7,26) ! 2.329 p ! 0.027
Song !RS! F(1,14) ! 4.879 p ! 0.044 F(5,14) ! 12.13 p ' 0.001 F(5,14) ! 3.020 p ! 0.016

Non-monotonic
Tone RS F(1,23) ! 5.269 p ! 0.031 F(7,23) ! 12.01 p ' 0.001 F(7,23) ! 0.692 p ! 0.679
Song !RS! F(1,16) ! 1.087 p ! 0.313 F(4,16) ! 2.039 p ! 0.099 F(4,16) ! 1.175 p ! 0.330

Four separate two-way (condition by level) mixed-model ANOVAs were performed. Breeding condition was the between-subject measure; sound level was the repeated-subject measure. The values listed in each row are the result of a single
ANOVA.
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SPL; we observed similar results at all other sound levels tested
(data not shown).

Thus, spontaneous firing rates, maximum firing rates, and
sound-evoked response strengths of monotonic, but not non-
monotonic neurons, are all modulated by plasma E2 in a dose-
dependent manner.

Discussion
Hormonal regulation of auditory processing in the CNS
The influence of sex steroid hormones on central auditory pro-
cessing has received considerable attention, particularly for its
clinical relevance. The latency of auditory brainstem responses
(ABRs) change across the menstrual cycle and after hormone
replacement therapy in adult women (Al-Mana et al., 2008,
2010). In addition, sound localization is impaired in women with
Turner’s syndrome, a chromosomal abnormality that results in
estrogen deficiency (Hederstierna et al., 2009). Recent work in
both humans and rodents has demonstrated that ERs are ex-
pressed widely in the mammalian auditory system, including au-
ditory cortex (Stenberg et al., 2001; Charitidi et al., 2010; Tremere
et al., 2011). Whether plasma hormones affect the response prop-
erties of single neurons in the mammalian auditory cortex, how-
ever, is currently unknown. One group has reported that mouse
cortical multiunit responses to pup isolation calls differ between
mothers and virgins, but the relative contributions of hormonal state
and pup care experience cannot be separated in these experiments,
and these two variables may interact (Miranda and Liu, 2009). In the
current study, we demonstrate that single-unit auditory function in
the telencephalon of an avian species is modulated by circulating
reproductive hormones in a dose-dependent manner. Together,
these findings highlight the need for detailed neurophysiological

investigations of the mammalian auditory cortex under carefully
controlled hormonal conditions.

The majority of work investigating hormonal modulation of
central auditory function focuses on the rapid action of brain-
derived E2 to increase neuronal responsiveness in the songbird
nucleus NCM (Pinaud and Tremere, 2012). NCM is a secondary
nucleus downstream of field L and is specialized for conspecific

Table 5. Effects of breeding condition on all song responses pooled together

Breeding Nonbreeding Effectofbreedingcondition

Number of excitatory (E) and suppressive (S) song responses E ! 17, S ! 4 E ! 23, S ! 14 $+1,N!58,
2 ! 2.210 p ! 0.137

Maximum song !RS! (sp/s) 5.15 $ 5.12 3.86 $ 4.15 F(1,56) ! 1.090 p ! 0.301
Song threshold (dB SPL) 56.7 $ 22.0 57.3 $ 20.2 F(1,56) ! 0.012 p ! 0.912
Song dynamic range (dB SPL) 28.6 $ 23.1 21.6 $ 16.6 F(1,56) ! 1.762 p ! 0.190

Values are means $ SDs, unless otherwise noted. The effect of breeding condition on the number of excitatory and suppressive song responses was assessed with Pearson’s $2 test. The effect of breeding condition on maximum song !RS!
was assessed with a one-way ANOVA. Song threshold and dynamic range were analyzed together in a one-way MANOVA.

Figure 7. Song and tone thresholds are correlated within individual cells in both breeding
and nonbreeding condition. A, Song and CF thresholds from individual breeding cells are plot-
ted against one another. The circles represent units with monotonic tone responses; the trian-
gles represent units with non-monotonic tone responses. Although song thresholds tend to be
higher than those evoked by CF, thresholds are linearly correlated. B, Nonbreeding condition
song and tone thresholds are also linearly correlated. Plot conventions are as in A. The number
of cells and the number of birds (in parentheses) are as follows: breeding monotonic, 9 (6);
breeding non-monotonic, 6 (3); nonbreeding monotonic, 7 (5); nonbreeding non-monotonic,
12 (7).

Figure 8. Breeding condition increases song response strengths and dynamic ranges in cells
that have monotonic tone responses. A, Song !RS! values in cells that have monotonic tone
responses are plotted as a function of song level. Breeding condition (gray) increases song !RS!
values compared with nonbreeding condition (black). B, Breeding condition does not signifi-
cantly affect song !RS! values in cells that have non-monotonic tone responses. C, D, Breeding
condition does not affect song thresholds in cells that have either monotonic (C) or non-
monotonic (D) tone rate level functions. E, Breeding condition marginally increases song dy-
namic ranges in neurons with monotonic tone responses. F, Breeding condition does not
significantly affect song dynamic ranges in neurons that have non-monotonic tone responses.
Data in A and B are means $ SEMs. The bars in C–F are means; the circles represent individual
neurons. The number of cells and the number of birds (in parentheses) are as follows: mono-
tonic neurons: breeding, 9 (6), except at 10, 20, and 90 dB SPL in A, where the sample sizes are
6 (4), 7 (5), and 8 (5), respectively; nonbreeding, 7 (5), except at 10 dB SPL in A, where the
sample size was 5 (4); non-monotonic neurons: breeding, 6 (4), except at 10 and 20 dB SPL in B,
where the sample sizes are 1 (1) and 4 (3), respectively; nonbreeding, 12 (7), except at 10, 80,
and 90 dB SPL, where the sample sizes are 11 (6), 10 (6), and 9 (6), respectively.
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song processing (Mello et al., 2004). In ze-
bra finches, direct infusion of E2 into
NCM increases single-unit evoked firing
rates both locally in NCM and down-
stream in HVC (Tremere et al., 2009;
Remage-Healey et al., 2010; Tremere and
Pinaud, 2011; Remage-Healey and Joshi,
2012). Here, we report that E2 increases
neuronal responsiveness in the primary
auditory forebrain, indicating that the
central effects of sex steroids are not lim-
ited to higher processing regions, but ex-
tend more generally within the auditory
pathway. Surprisingly, the influence of sex
steroids on auditory thresholds has never
been assessed at a single-unit or multiunit
level in the telencephalon. We show that
monotonic field L cells have lower pure-
tone thresholds and expanded song dy-
namic ranges under breeding condition.
These results indicate that hormones do
not simply modulate specialized forebrain
processing tasks, such as neural song se-
lectivity or discrimination. Instead, E2

also modulates fundamental aspects of
auditory forebrain function across a wide
range of stimulus intensities.

Cellular basis of E2 modulation of field
L neurons
In NCM, blockade of ERs decreases neu-
ronal activity (Tremere et al., 2009;
Tremere and Pinaud, 2011), suggesting
that E2 influences neuronal responses by
binding directly to ERs. Field L does not
express classical ERs (Jeong et al., 2011;
Maney and Pinaud, 2011), and expresses
little to no GPR30 (a nonclassical ER) in
adulthood (Acharya and Veney, 2012),
but demonstrates a clear sensitivity to E2.
Here, we discuss multiple possibilities for
the cellular basis underlying estrogenic
modulation of field L neurons.

One possibility is that E2 directly mod-
ulates activity in an area upstream of field
L that contains ERs. In songbirds, ERs are
absent in the auditory thalamus and mid-
brain (Gahr et al., 1993; Gahr, 2001). While no systematic study
has examined ER expression in the songbird auditory brainstem,
ER% is expressed in three chicken brainstem nuclei: magnocellu-
laris, angularis, and laminaris (Y. Wang and E. W. Rubel, unpub-
lished observations). Additionally, ER% is expressed in hair cells
and support cells of the zebra finch inner ear (Noirot et al., 2009),
and in the cochlear ganglion of Gambel’s white-crowned spar-
rows (Y. Wang, E. A. Brenowitz, and E. W. Rubel, unpublished
observations). All of these auditory regions are possible candi-
dates for direct estrogenic influence.

Similarly, field L activity may be modulated by descending
input from efferent regions that express ERs. Field L’s only
known source of top– down input is from the caudolateral meso-
pallium (Vates et al., 1996; Reiner et al., 2004) (Fig. 1B), a sec-
ondary auditory region that lacks ER expression (Gahr, 1990,
2001; Gahr et al., 1993; Metzdorf et al., 1999). E2 modulation

could be initiated instead in brain regions that are indirectly con-
nected with field L. NCM, which expresses ERs (Bernard et al.,
1999; Gahr, 2001; Saldanha and Coomaralingam, 2005; Jeong et
al., 2011; Maney and Pinaud, 2011), is reciprocally connected to
field L via three synapses, which pass through the medial and
lateral portions of the caudal mesopallium (Fig. 1B). Addition-
ally, the cup of the robust nucleus of the arcopallium is auditory
responsive (Mello and Clayton, 1994) and may express ERs (Gahr
et al., 1993). The cup sends projections to the shell of nucleus
ovoidalis (Mello et al., 1998), which provides input into field L
(Bonke et al., 1979; Vates et al., 1996). None of these pathways
can be ruled out at this time.

Another possibility is that E2 modulates field L activity via
monaminergic signaling. The songbird auditory system receives
catecholaminergic innervation and these inputs are sensitive to
hormonal state (Maney and Pinaud, 2011). For example, sex ste-

Figure 9. Plasma E2 concentration predicts monotonic neuron firing rates and response strengths. A, Spontaneous (black
circles; left axis) and maximum evoked firing rates (gray squares; right axis) for individual monotonic neurons are plotted as a
function of circulating E2 concentration. As plasma E2 levels increase, spontaneous and maximum rates increase. Note that E2 levels
are plotted logarithmically along the x-axis; firing rates are plotted linearly along the y-axis. B, Circulating E2 does not correlate
with spontaneous or maximum evoked firing rates in non-monotonic neurons. The plot conventions are the same as in A. C, D,
Individual tone-evoked (C) and song-evoked (D) response strengths increase with increasing levels of plasma E2 in monotonic
neurons. E, F, E2 levels do not predict individual tone-evoked (E) or song-evoked (F ) response strengths in non-monotonic
neurons. Song-evoked response strengths in D and F are absolute values. All responses in C–F were elicited at 50 dB SPL. Similar
results were found for all other sound levels tested (data not shown). The number of cells and the number of birds (in parentheses)
are as follows: monotonic spontaneous rate, maximum rate, and tone RS, 18 (10); non-monotonic spontaneous rate, maximum
rate, and tone RS, 17 (10); monotonic song RS, 10 (7); non-monotonic song RS, 11 (8).
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roids regulate catecholamine turnover in field L (Barclay and
Harding, 1988, 1990). In female white-throated sparrows (a con-
gener to the white-crowned sparrow), systemic E2 increases the
number of catecholaminergic cells in locus ceruleus (LeBlanc et
al., 2007) and increases the density of monoaminergic fibers in
the auditory midbrain and forebrain (Matragrano et al., 2011,
2012). Furthermore, monoamines modulate songbird auditory
forebrain physiology (Dave et al., 1998; Shea and Margoliash,
2003; Cardin and Schmidt, 2004) and behavioral responses to
song playback (Appeltants et al., 2002; Riters and Pawlisch, 2007;
Vyas et al., 2009; Pawlisch et al., 2011). Future experiments
should test whether intact monoamine signaling is necessary to
mediate the effects of systemic E2 on field L neurons.

Dose-responsive effects of E2 on central sensory physiology
Few studies have addressed whether the effects of circulating E2

on central sensory physiology scale with hormone concentration
in a graded manner or are exerted in an all-or-none fashion once
hormone levels reach some critical level (Oshima and Gorbman,
1969). Here, we demonstrate that in monotonic neurons, firing
rates and response strengths gradually increase with increasing
plasma E2. These findings suggest that individual auditory re-
sponsiveness is maximal when plasma E2 is highest (during
courtship and copulation) (Wingfield and Farner, 1978) and is
less sensitive at other times during the breeding season, when
intersex communication may be less important. Given the meta-
bolic cost of increased neural activity (Niven and Laughlin,
2008), a graded hormonal effect may serve to reduce unnecessary
energy expenditure postmating, when other behaviors associated
with the breeding season (e.g., feeding young, molting) occur.

Cell-specific effect of E2

We found that E2 has robust effects on monotonic auditory func-
tion while leaving non-monotonic cell processing unchanged.
While the precise roles of monotonic and non-monotonic cells in
auditory coding are still a matter of speculation, several hypoth-
eses have been proposed. One of these hypotheses, the level tol-
erance model, suggests that non-monotonic neurons maintain
sound source identity over a wide range of intensities, allowing
the frequency content of a complex stimulus to be encoded by
neuronal firing rates without the confounding influence of stim-
ulus level (Sadagopan and Wang, 2008). If this model is true, then
our findings suggest that E2 may enhance sound responses in
monotonic neurons to allow better signal detection in the breed-
ing season, while the stability of non-monotonic cells might en-
sure that signal identity remains constant under variable listening
conditions. Maintaining a consistent representation of sounds
across seasons could be important for the accurate recognition of
species or individuals within a flock.

Disparate effects of E2 within auditory pathway
In a previous study, systemic E2 treatment elevated ABR thresh-
olds in female white-crowned sparrows (Caras et al., 2010). This
result seems to contradict the findings presented here. To recon-
cile this apparent discrepancy, it is important to note a few im-
portant differences between the studies. First, the ABR is a
population response, generated by electrical activity in the audi-
tory nerve and brainstem (Hall, 2007). Because no particular
pure-tone frequency will elicit an optimal response in all neurons
contributing to the ABR, the threshold is actually a measurement
of sensitivity to a suboptimal stimulus. Conversely, in the current
study, we calculated threshold at the optimal stimulus of an in-
dividual neuron: its CF. Furthermore, because the ABR is a

pooled response recorded far-field (Jewett et al., 1970; Jewett and
Williston, 1971), it is better described as a measure of neural
synchrony, as opposed to firing rate. It is therefore difficult to
compare the two measurements directly. Regardless of the meth-
odological differences between the two studies, the possibility still
remains that sex steroids have heterogeneous effects on separate
portions of the ascending auditory system. This divergence could
be explained by differences in hormone receptor expression pat-
terns or mechanisms of hormonal action, as discussed above.
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ABSTRACT
Research performed on transgenic animals has led to

numerous advances in biological research. However,

using traditional retroviral methods to generate trans-

genic avian research models has proved problematic. As

a result, experiments aimed at genetic manipulations on

birds have remained difficult for this popular research

tool. Recently, lentiviral methods have allowed the pro-

duction of transgenic birds, including a transgenic Japa-

nese quail (Coturnix coturnix japonica) line showing

neuronal specificity and stable expression of enhanced

green fluorescent protein (eGFP) across generations

(termed here GFP quail). To test whether the GFP quail

may serve as a viable alternative to the popular chicken

model system, with the additional benefit of genetic

manipulation, we compared the development, organiza-

tion, structure, and function of a specific neuronal circuit

in chicken (Gallus gallus domesticus) with that of the GFP

quail. This study focuses on a well-defined avian brain

region, the principal nuclei of the sound localization cir-

cuit in the auditory brainstem, nucleus magnocellularis

(NM), and nucleus laminaris (NL). Our results demon-

strate that structural and functional properties of NM

and NL neurons in the GFP quail, as well as their

dynamic properties in response to changes in the envi-

ronment, are nearly identical to those in chickens. These

similarities demonstrate that the GFP quail, as well as

other transgenic quail lines, can serve as an attractive

avian model system, with the advantage of being able to

build on the wealth of information already available from

the chicken. J. Comp. Neurol. 521:5–23, 2013.

VC 2012 Wiley Periodicals, Inc.

INDEXING TERMS: transgenic quail; auditory brainstem

Transgenic model systems, such as mice, fish, worms,

and flies, have had a remarkable impact on the study of

biology in recent decades (Jaenisch, 1988; Dunn et al.,

2005). Mice that express green fluorescent protein (GFP)

in neurons have helped tremendously to address ques-

tions about neuronal structure and function in both adult

(e.g., Feng et al., 2000; Grutzendler et al., 2002; Trach-

tenberg et al., 2002) and developing brains (e.g., Lendvai

et al., 2000; Portera-Cailliau et al., 2005; N€agerl et al.,

2007).

Despite their impact, traditional transgenic methods

have proved problematic for many popular research spe-

cies, such as birds, methods for which have remained

almost entirely elusive (Sang, 2004). During the last three

The first five authors contributed equally to this work.

Dr. Sanchez’s current address is Knowles Hearing Center, Department
of Communication Sciences and Disorders, Northwestern University,
Frances Searle Building, 2240 Campus Drive. Evanston, IL 60208.

D.T. Kashima’s current address is Vanderbilt School of Medicine, 215
Light Hall, Nashville, TN 37232.

Grant sponsor: National Institute on Deafness and Other
Communication Disorders, U.S. Public Health Service; Grant numbers: R01
DC03829 and Research Core Center DC04661; Grant sponsor: National
Center for Research Resources, National Institutes of Health; Grant
number: R21HD047347-01; Grant sponsor: Center of Excellence in
Genomic Science, National Institutes of Health; Grant number: P50
HG004071; Grant sponsor: National Institute of Dental and Craniofacial
Research; Grant number: FaceBase U01 DE020063.

*CORRESPONDENCE TO: Edwin W. Rubel, Virginia Merrill Bloedel
Hearing Research Center, University of Washington, Box 357923, Seattle,
WA 98195-7923. E-mail: rubel@uw.edu

VC 2012 Wiley Periodicals, Inc.

Received April 25, 2012; Revised June 26, 2012; Accepted July 6, 2012

DOI 10.1002/cne.23187

Published online July 14, 2012 in Wiley Online Library (wileyonlinelibrary.
com)

The Journal of Comparative Neurology | Research in Systems Neuroscience 521:5–23 (2013) 5

RESEARCH ARTICLE



decades, production of transgenic chicken was

attempted by using a number of retroviral vectors. How-

ever, transfection efficiency was generally low (Salter

et al., 1987; Bosselman et al., 1989; Perry and Sang,

1993; Zajchowski and Etches, 2000; Mozdziak et al.,

2003). More recently, a simple and effective method for

producing transgenic birds by using lentiviral vectors has

been introduced (Scott and Lois, 2005; Poynter et al.,

2009). The transgenic Japanese quail (Coturnix coturnix

japonica) expresses enhanced GFP (eGFP) driven by the

human synapsin I gene promoter. The consistent expres-

sion of eGFP is specific to neurons throughout develop-

ment and into maturation and is sufficient to visualize

individual axons and dendrites. Thus, fluorescently

labeled neurons will allow for more in-depth studies of

neuron migration, axonal pathways, dendritic structure,

and synaptogenesis in both fixed and living tissue.

In order to evaluate and promote the use of transgenic

quail as a useful avian model to study brain development,

structure, and function, we examined how specific neu-

rons in the GFP quail compared with equivalent neurons

in a member of the same taxonomic family, the white leg-

horn chicken (Phasianidae, Gallus gallus domesticus), a

widely used species in biological research, particularly

neuroembryology. Specifically, we investigated the simi-

larities of auditory neurons in nucleus magnocellularis

(NM) and nucleus laminaris (NL). NM and NL comprise a

well-described neural circuit in the auditory brainstem

used to study binaural auditory processing, development

(including circuit assembly), and afferent influence on

neuronal death and dendrite dynamics (for reviews, see

Rubel et al., 1990; Fritzsch et al., 2002; Burger and Rubel,

2008).

We show that the structure and function of NM and NL

neurons in the GFP quail are nearly identical to those of

the chicken. These similarities suggest that transgenic

quail are a viable alternative to the chicken model to

study the avian nervous system, especially when trans-

genic quail lines are produced that manipulate the

expression of specific genes and/or to identify specific

neuronal types. We suggest that the GFP quail can be an

advantageous model system to study the avian brain

when readily labeled and highly identifiable neurons are

desired.

MATERIALS AND METHODS
Animals

Fifty-one Japanese quail (Coturnix coturnix japonica)

embryos and hatchlings (embryonic day [E]9–posthatch

day [P]6) of either sex were used. The day of hatching

was considered to be posthatch 0 (P0). Quail hatch at

E16. In addition, 18 white Leghorn chicken (Gallus gal-

lus domesticus) embryos and hatchlings (E11–P10) of

either sex were used for comparison. Chickens hatch

at E21.

All experimental methods and animal husbandry proce-

dures to generate transgenic quail were carried out in ac-

cordance with the guidelines of the National Institutes of

Health and with the approval of the Institutional Animal

Care and Use Committee at the California Institute of

Technology (Huss et al., 2008). All other surgical proce-

dures were approved by the University of Washington

Institutional Animal Care and Use Committee and

conformed to NIH guidelines. All efforts were made to

minimize pain or discomfort of the animals used and to

minimize the number of the animals used.

Production of transgenic quail
Two lines of transgenic quail were produced and used

in the current study. The first line is Tg(syn1:eGFP) trans-

genic quail that express eGFP driven by the human synap-

sin gene I promoter. The production of this line has been

described before (Scott and Lois, 2005). The second line

is Tg(syn1:H2B-eGFP) transgenic quail that express eGFP

fused with a nuclear localized protein, histone H2B. The

original vector pLenti.Syn(0.5):eGFP has been previously

characterized (Dittgen et al., 2004). pLenti.Syn(0.5):eGFP

was linearized with BamH1 and Age1 and then ligated

with a fragment containing Bgl2-Age1 H2B. The final plas-

mid vector, pLenti.Syn(0.5):H2B-eGFP (9,655 bp), was

electroporated into E. coli DH10B (Invitrogen, Carlsburg,

CA). Purified plasmid DNA was isolated from transformed

E. coli by using standard column filter techniques

(Qiagen, Valencia, CA).

Abbreviations

4v fourth ventricle
cc central canal
D dorsal
dh dorsal horn
DL-APV DL-2-amino-5-phosphonovaleric acid
DRG dorsal root ganglion
DTX dendrotoxin
E embryonic day
Fl flocculus
GFP green fluorescent protein
NBQX 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-

sulfonamide disodium salt hydrate, FG 9202 disodium
salt hydrate

NL nucleus laminaris
NM nucleus magnocellularis
NT neural tube
P postnatal day
PFA paraformaldehyde
PFl paraflocculus
PTX picrotoxin
RT room temperature
SGFS stratum griseum et fibrosum superficilale
tect tectum
TTX tetrodotoxin
V ventral
vh ventral horn

Seidl et al.
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Lentivirus production
293FT cells (Invitrogen) were grown on gelatin-coated

plates and transfected with pLenti.Syn(0.5):H2B-eFFP by

using Lipofectamine 2000 along with the ViraPower Lenti-

viral Packaging Mix (Invitrogen) according to the manu-

facturer’s protocol. Supernatants were collected at 24,

48, and 72 hours post transfection, filtered at 0.45 lm,

and stored at !80"C until concentration. Supernatants

were concentrated by using Centricon Plus filter devices

with a 30-kDa MW cutoff (Millipore, Billerica, MA) accord-

ing to the manufacturer’s protocol. The resulting superna-

tants were ultracentrifuged at 50,000g for 2 hours at

4"C. The lentiviral pellets were resuspended in DMEM

(Mediatech, Manassas, VA) and stored at!80"C. The len-

tiviral titer was determined by infecting cells with serial

dilutions of the concentrated virus.

Production and analysis of transgenic quail
The transgenic quail were produced by using previously

published protocols (Sato et al., 2010) by the injection of

concentrated lentivirus solution into the subgerminal cav-

ity of stage X Japanese quail embryos (Eyal-Giladi and

Kochav, 1975). One G0 mosaic founder was bred to a

wild-type (WT) mate, which produced two transgenic off-

spring that were grown to adulthood and bred for experi-

mental analysis. We screened G1 hatchlings for the pres-

ence of the transgene by using standard molecular

techniques (Sambrook and Russell, 2001). First, polymer-

ase chain reaction (PCR) analysis was performed on

genomic DNA isolated from the chorioallantoic mem-

brane (CAM) tissue of the eggshell after hatching. The

CAM was scraped from the inside of the shell and

digested overnight at 55"C in the presence of sodium do-

decyl sulfate (SDS) and proteinase K. The genomic DNA

was isolated by using standard phenol/chloroform

extraction protocols. Genomic DNA (100 ng) was used to

perform multiplex PCR with oligonucleotide primers

designed against the H2B-eGFP portion of the transgene

along with chicken GAPDH as a housekeeping control.

Once transgenic birds had been identified, the number

and uniqueness of transgene integrations was deter-

mined by using Southern blot analysis. Genomic DNA (5

lg) was digested with PstI, separated on a 0.8% agarose

gel, and transferred to a nylon membrane. The blot was

hybridized with a 646-bp 32P-labeled DNA probe against

the woodchuck hepatitis virus posttranscriptional

response element (Wpre) of the transgene.

Cochlea removal
A previously described procedure was used for cochlea

ablation (Born and Rubel, 1985). Quail (P1–P6) were

anesthetized with a mixture of 40 mg/kg ketamine and

12 mg/kg xylazine. A small incision was made to widen

the external auditory meatus of the ear. The tympanic

membrane and columella were removed to expose the

oval window. The basilar papilla, including the lagena mac-

ula, was removed via the oval window using fine forceps,

floated on water, and examined with a surgical microscope

to verify complete removal. Only animals with a complete

removal of the basilar papilla, including the lagena, were

used for further tissue processing and data analysis. This

procedure results in complete removal of the basilar pa-

pilla, but spares the ganglion cells. In total, 15 animals

received a unilateral cochlea removal (right ear). Four were

allowed to survive for 4 hours, four for 14 hours, four for 1

day, and three for 6 days. Four additional animals did not

receive the surgery and served as controls.

Immunohistochemistry
Distribution and expression level of proteins of interest

were examined by using peroxidase or fluorescent immu-

nohistochemistry in control animals (n ¼ 9) or those used

for cochlea removal experiment (n ¼ 19; Wang and Rubel,

2008). For embryos, quail were rapidly decapitated and

the brains were removed from the skull and immersion-

fixed overnight in 4% paraformaldehyde (PFA) in phos-

phate buffer (PB; 0.1 M, pH 7.4) at 4"C. For hatchlings,

quail were anesthetized with a mixture of 200 mg/kg ke-

tamine and 60 mg/kg xylazine and transcardially per-

fused with 0.9% saline followed by 4% PFA. The brain was

removed from the skull and postfixed overnight in the

same fixative. All embryo and hatchlings brains were then

cut coronally either at 12 lm on a cryostat (Leica CM

1850, Leica Biosystems, Richmond, IL), at 30–40 lm on

a freezing sliding microtome, or at 50 lm with a vibra-

tome (Leica VT 1000S). Sucrose cryoprotection was

applied prior to cryostat or microtome sectioning.

Sections were collected in phosphate-buffered saline

(PBS; 0.01 M, pH 7.4) into alternate series, and stained

for either Nissl substance or immunohistochemically for

microtubule-associated protein 2 (MAP2), glutamate de-

carboxylase 65 (GAD65), gephyrin, and voltage-gated po-

tassium channel 1.2 (Kv1.2). Free-floating sections were

incubated with primary antibody solutions diluted in PBS

with 0.3% Triton X-100 for 6 hours to overnight at 4"C, fol-

lowed by biotinylated anti-IgG antibodies (1:200; Vector,

Burlingame, CA) or AlexaFluor secondary antibodies

(1:200–1:500; Molecular Probes, Eugene, OR) for 1–4

hours at room temperature (RT).

For peroxidase immunohistochemical staining, sec-

tions were incubated in avidin–biotin–peroxidase com-

plex solution (ABC Elite kit; Vector) diluted 1:100 in PBS

with 0.3% Triton X-100 for 1 hour at RT. Sections were

incubated for 3–7 minutes in 0.015% 3-30-diaminobenzi-

dine (Sigma-Aldrich, St. Louis, MO), either with 0.01%

Auditory brainstem of GFP quail
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hydrogen peroxide in PBS or with 0.03% hydrogen perox-

ide, 125 mM sodium acetate, 10 mM imidazole, and 100

mM nickel ammonium sulfate. Sections were mounted on

gelatin-coated slides and then dehydrated, cleared, and

coverslipped with DPX mounting medium (EMS, Hatfield,

PA). For fluorescent immunocytochemical staining, sec-

tions were mounted and coverslipped with either Fluoro-

mount-G (SouthernBiotech, Birmingham, AL), Glycergel

(Dako, Carpinteria, CA), or Vectashield (Vector).

Antibody characterization
The immunogen, clone type, and manufacturer’s infor-

mation, as well as dilution used for each antibody, are

provided in Table 1. Specificity of antibodies for MAP2,

GAD65, and gephyrin in chicken brain tissue has been

described in previous studies from our laboratory (Wang

et al., 2009; Tabor et al., 2011). Briefly, anti-MAP2 binds

specifically to MAP2a and MAP2b and is detected as a

300-kDa band in western blot analysis. Anti-GAD65

reacts strongly with GAD65-containing nerve terminals

and recognizes a 65-kDa protein corresponding to

GAD65 by western blot of mouse brain extract. Anti-

gephyrin stains the brain-specific 93-kDa splice variant

and was shown to detect the N-terminus of gephyrin in

western blot (Pfeiffer et al., 1984). The staining pattern

revealed in the current study for each of these antibodies

is identical to that of published studies.

According to the manufacturer’s information, anti-

Kv1.2 does not cross-react with Kv1.1, Kv 1.3, Kv1.4,

Kv1.5, or Kv 1.6 expressed in transfected cells. It detects

a molecular weight at 80 kDa in brain membranes pre-

pared from WT mice or rat, which is absent from Kv1.2

knockout mice.

Electrophysiology
Acute brainstem slices were prepared from transgenic

quail (E14–16) and chicken (E19–21) as described previ-

ously (Sanchez et al., 2010). Briefly, bilaterally symmetri-

cal coronal slices were made (200–300 lm thick) from

the rostral one-half of NL and collected in normal artificial

cerebrospinal fluid (ACSF) containing the following (in

mM): 130 NaCl, 3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 1

MgCl2, 3 CaCl2, and 10 glucose, pH adjusted to 7.3 with

KOH

Voltage-clamp and current-clamp experiments were

performed by using an Axon Multiclamp 700B amplifier

(Molecular Devices, Sunnyvale, CA). Patch pipettes were

pulled to a tip diameter of 1–2 lm and had resistances

ranging from 3 to 6 MX. For voltage-clamp experiments,

the internal solution was cesium-based containing the fol-

lowing (in mM): 108 CsMeSO3, 5 CsCl, 1 MgCl2, 15 phos-

phocreatine-Tris2, 8 BAPTA-Cs4, 10 HEPES, 3 QX-314.Cl,

4 MgATP, 0.4 Tris2GTP, pH adjusted to 7.3 with TrisOH.

The liquid junction potential was 5 mV, and data were

adjusted accordingly. The cesium-based internal solution

was used to block Kþ conductances and QX-314 chloride

TABLE 1.

Primary Antibodies Used

Antigen Immunogen

Manufacturer, species antibody was

raised in; mono- vs. polyclonal;

cat. and lot nos. Dilution

Microtubulin-associated protein 2 (MAP2) Bovine brain MAP2
(amino acids 997–1,332)

Chemicon; mouse; monoclonal;
clone AP20; MAB3418; lot LV1486526

1:1,000

Glutamate decarboxylase 65 (GAD65) Human GAD65 from
baculovirus-infected cells

Millipore; rabbit; polyclonal; AB5082;
lot LV1580833

1:1,000

Gephyrin Purified rat gephyrin Synaptic Systems; mouse; monoclonal,
clone mAB7a; 147011; lot 147011/21

1:1,000

Potassium channel 1.2 (Kv1.2) Fusion protein of rat Kv1.2
(amino acids 428–499;
cytoplasmic C-terminus)

NeuroMab; mouse; monoclonal;
clone K14/16;

1:1,000

Class III b-tubulin Rat brain microtubules Covance, mouse monoclonal, clone: TUJ1,
cat no: MMS-435P, lot no.: 14920201.

1:1,000

TABLE 2.

Animal Ages by Experiment

Experiment Method Age

GFP expression Unstained sections E9, E11,
E14, P5

Cytoarchitecture MAP2 IHC P1–P6
Calyx of Held Dye electroporation P2–P5
NM axon Dye electroporation E14
Inhibitory terminal

on NL
GAD65 & gephyrin IHC E14

Kv1.2 channel
expression

Kv1.2 IHC E14

Intrinsic and synaptic
properties

In vitro whole-cell
patch clamp
physiology

E14–16

Afferent influences Cochlea removal
MAP2 IHC

P1–P6

Abbreviations: GAD65, glutamate decarboxylase 65; GFP, green fluo-
rescent protein; IHC, immunohistochemistry; MAP2, microtubule-asso-
ciated protein 2.

Seidl et al.
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was used to block Naþ conductances in an attempt to

reduce space-clamp issues associated with dendritic fil-

tering. Series resistance was compensated for by % 80%

in all voltage-clamp recordings. For current-clamp experi-

ments, the internal solution was potassium-based con-

taining the following (in mM): 105 K-gluconate, 35 KCl, 1

MgCl2, 10 HEPES-Kþ , 5 EGTA, 4ATP-Mg2þ , and 0.3 GTP-

Naþ , pH adjusted to 7.3 with KOH. The liquid junction

potential was 10 mV, and data were adjusted

accordingly.

A small hyperpolarizing (!1 mV, 100 ms) voltage com-

mand was presented at the beginning of each recorded

trace to document and monitor whole-cell parameters

(resting membrane potential [RMP], cell membrane ca-

pacitance, series resistance, and input resistance). RMPs

were measured immediately after break-in to avoid ce-

sium-induced depolarization during voltage-clamp experi-

ments. Neurons were included in the data analysis only if

they had RMPs between !50 mV and !65 mV and had

series resistances <15 MX. Raw data were low-pass-fil-

tered at 2 kHz and digitized at 10 kHz by using a Digidata

1440A (Molecular Devices).

Pipettes were visually guided to NL and neurons were

identified and distinguished from surrounding tissue

based on cell morphology, known laminar structure, and

location of the nucleus within the slice. All experiments

were conducted in the presence of the c-aminobutyric

acid A receptor (GABAA-R) antagonist picrotoxin (PTX,

100 lM). After a GX seal was attained, membrane

patches were ruptured and NL neurons were held in

whole-cell configuration for voltage-clamp recording at

the following membrane potentials: !60 mV for isolated

AMPA-R–mediated excitatory postsynaptic currents

(EPSCs); !80 mV for isolated AMPA-R–mediated EPSC

depression; and !60 mV for isolated Kþ currents (volt-

age-clamp).

For current-clamp experiments, NL neurons were held

in whole-cell configuration at I ¼ 0 for recording intrin-

sic and synaptic membrane potentials. Isolated AMPA-

R–mediated EPSCs were recorded in the presence of an

N-methyl-D-aspartate receptor (NMDA-R) antagonist, DL-

2-amino-5-phosphonopentanoic acid (DL-APV; 100 lM).

Isolated Kþ currents were recorded in the presence of

the Naþ blocker tetrodotoxin (TTX; 1 lM), the AMPA-R

antagonist 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]-

quinoxaline-7-sulfonamide disodium salt hydrate (NBQX;

20 lM), and DL-2-amino-5-phosphonovaleric acid (DL-

APV). Dendrotoxin (DTX-I; 0.1 lM) and fluoxetine (100

lM) were used to selectively block low- and high-voltage

activated Kþ currents, respectively. Kþ leak currents

were subtracted offline by using the responses to the

hyperpolarizing steps from !80 to !90 mV as a

baseline.

Extracellular synaptic stimulation was accomplished by

using a concentric bipolar electrode (tip core diameter:

200 lm; World Precision Instruments, Sarasota FL).

Square electric pulses, 100 ls in duration, were delivered

by an Iso-flux stimulator (A.M.P.I; Jerusalem, Israel) and

interval generator (S88; Grass, West Warwick, RI). Stimu-

lating electrodes were placed in the dorsal neuropil

region of NL, approximately 30–50 lm from recorded NL

neurons. For current–voltage (I–V) experiments of iso-

lated AMPA-R currents, spermine (100 lM; N,N-bis(3-

aminopropyl)-1,4-diaminobutane, gerontine, muscul-

amine, neuridine) was added to the internal pipette

solution to reduce dialyzation of endogenous polyamines.

Spermine is a polyamine that blocks ion flux in a voltage-

dependent manner for AMPA-Rs lacking the GluA2

subunit.

Recording protocols were written and run by using

Clampex acquisition and Clampfit analysis software

(version 10.1; Molecular Devices). Statistical analyses

and graphing protocols were performed by using Prism

(version 5.0a; GraphPad, La Jolla, CA). The standard for

significant differences was defined as P < 0.05.

All bath-applied drugs were allowed to perfuse through

the recording chamber for 2 minutes before subsequent

recordings. D-APV, NBQX, spermine, and all other salts

and chemicals were obtained from Sigma-Aldrich. DTX-I,

PTX, and fluoxetine were obtained from Tocris (Ellisville,

MO). TTX and QX-314 were obtained from Alomone Labs

(Jerusalem, Israel).

Axon labeling
Terminal morphology and projection pattern of the au-

ditory nerve and NM axons were examined by electropo-

ration of a fluorescent dextran dye into a small number of

the auditory (eighth) nerve axons or a small cluster of NM

cells in GFP quail (E14–P6) and chickens (E20), as

described previously (Burger et al., 2005; Seidl et al.,

2010). Briefly, the whole brainstem blocks or thick slices

(1,000 lm) that contain NM and NL were prepared as

described above for physiological recordings. Alexa Fluor

568 dextran (20 mM in sterile 0.9% saline; Invitrogen)

was electroporated with square voltage pulses (100 ls)

applied through a glass pipette with a tip diameter of 1–2

lm. Following electroporation, the tissues were returned

to oxygenated ACSF for additional 4 hours at RT followed

by fixation in 4% PFA for 1–4 hours. To observe the termi-

nal morphology of the auditory nerve within NM, the

brainstem was sectioned at 100 lm by using a vibratome

before coverslipping. For projection pattern of NM axons,

the 1,000-lm-thick slices were dehydrated in a series of

ethanol steps and put into a clearing solution (3:5 mixture

of benzyl benzoate and methyl salicylate), so that filled

Auditory brainstem of GFP quail
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cells and axons could be imaged in their entirety in these

1,000-lm tissue slabs.

Imaging
eGFP, filled neuronal structure, and immunoreactivity

were imaged by using confocal microscopy (FluoView

FV1000 or FluoView FV300, Olympus, Tokyo, Japan).

Acquired images were false-colored in Adobe Photoshop

(Adobe Systems, San Jose, CA). All images are shown in

the coronal plane and dorsal is up.

RESULTS
The brainstem auditory nuclei of the developing

chicken embryo and hatchling have been studied exten-

sively (for reviews, see Rubel et al., 1990; Kubke and

Carr, 2000; Fritzsch et al., 2002; Hyson, 2005; Burger

et al., 2011). Here we repeated several anatomical, bio-

chemical, and biophysical studies previously done in

chickens with the Tg(syn1:eGFP) and Tg(syn1:H2B-eGFP)

quail, (collectively referred to as GFP quail) to

Figure 1

Seidl et al.
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demonstrate similarities in auditory brainstem structure

and function between the chicken and GFP quail.

Neuronal eGFP transgenic quail
HIV based VSV-g pseudotyped lentiviruses were used

to produce two transgenic quail expressing eGFP under

the control of the synapsin promoter: Tg(syn1:eGFP) quail

expressed eGFP throughout the cytoplasm of neurons,

whereas Tg(syn1:H2B-eGFP) quail expressed eGFP fused

with a nuclear localized protein, histone H2B (Fig. 1A–C).

Expression of eGFP was first observed at Hamburger–

Hamilton (HH) stage 15 (E3) in the differentiating neurons

within the midbrain anlage concomitant with the onset of

synapsin mRNA expression (Fig. 1D). Both Tg(syn1:eGFP)

and Tg(syn1:H2B-eGFP) quail lines fluorescently marked

neurons throughout the brain and spinal cord in a specific

and heritable manner during embryonic development

(Fig. 1E,F) and after hatching (Fig. 2A–L).

Expression of eGFP in the developing
auditory brainstem

Figure 3 shows eGFP expression in NM and NL neurons

of the Tg(syn1:eGFP) quail at E9, E11, E14, and P5. At all

ages examined, neurons of NM and NL formed distinct

nuclei. NM neurons had round somas with no visible den-

drites (Fig. 3A–D). In contrast, NL, positioned ventrolat-

eral to NM (Rubel et al., 1976; Jhaveri and Morest, 1982;

Young and Rubel, 1983), was composed of neurons

arranged in a monolayer with bipolar dendrites extending

dorsally and ventrally (Fig. 3A–F), similar to the anatomy

of the chicken NL (Smith and Rubel, 1979).

Anatomy and morphology of NL and NM in
GFP quail resemble chicken counterparts

We examined the detailed morphology of NL neurons

by using immunohistochemistry for MAP2, a universal

somatodendritic marker (Matus et al., 1981) previously

used to study the chicken auditory brainstem (Wang and

Rubel, 2008). MAP2 immunolabeling of P3 GFP quail

brainstems confirmed that NM neurons had round cell

bodies that were usually devoid of dendrites (Fig. 4A,B)

and that bipolar NL neurons were arranged in a mono-

layer with dorsal and ventral dendritic domains (Fig. 4C–

E). The length and complexity of NL dendritic arbors

increased dramatically from rostromedial to caudolateral

(Fig. 4CE), resembling the pattern of NL dendrites along

the tonotopic axis in late embryonic and posthatch chick-

ens (Smith and Rubel, 1979; Smith, 1981; Wang and

Rubel, 2008).

A striking feature of the chicken auditory brainstem is

the large, calycine terminals (endbulbs of Held) formed by

the auditory nerve terminals on NM cell bodies (Jhaveri

and Morest, 1982). To examine the morphology of audi-

tory nerve terminals in GFP quail, we labeled individual

axons using dye electroporation. In both Tg(syn1:eGFP)

and Tg(syn1:H2B-eGFP) quail (P5 and P2, respectively)

the endbulbs appeared similar in morphology to the end-

bulbs of Held found in E20 chicken embryos (data not

shown) and hatchlings (Parks and Rubel, 1978; Jhaveri

and Morest, 1982) (Fig. 5A–C).

The NM axon projection to NL in GFP quail mirrors the

chicken anatomy. In GFP quail, fluorescently labeled NM

axons projected to the ipsilateral and contralateral NL

(Fig. 6A). Contralaterally extending axons traversed the

Figure 1. Characterization of Tg(syn1:H2B-eGFP) embryonic quail. A: Schematic representation of the syn1:H2B-eGFP lentivector following

chromosomal integration. The length of the proviral sequence from the 50 LTR to the 30 LTR is 4,810 bp. The blue line indicates the 859-bp

sequence spanning the H2B and eGFP regions amplified by PCR for genotyping. The red line indicates the region of the transgene sequence

identified by a 646-bp probe used for Southern blotting. The PstI restriction site used to digest the genomic DNA for Southern blotting analy-

sis is indicated. LTR, long terminal repeat; psi, packaging signal; cPPT, central polypurine tract; H2B, histone 2B; WPRE, woodchuck hepatitis

virus posttranslational regulatory element. B: Southern blot analysis of genomic DNA isolated from the chorioallantoic membrane (CAM) of

eggshells after hatching. The blot shows two positive G1 hatchlings: Tg(syn1:H2B-eGFP)ct1 and Tg(syn1:H2B-eGFP)ct2 (ct, Caltech). Both lines

show single transgene integrations at distinct sites within the genome of the hatchlings (ct1, 2,900 bp; ct2, 3,200 bp). When bred to a WT,

these G1 birds produced phenotypically positive G2 hatchlings (G2þ ) about 50% of the time, as expected. Phenotypically negative G2 hatch-

lings (G2!) lacked the transgene, as did known wild-type hatchlings (WT). P, plasmid DNA control, 9,655 bp. C: Screening of hatchling

genomic DNA for Tg(syn1:H2B-eGFP). Multiplex PCR was performed by using chicken glyceraldehyde 3-phosphate dehydrogenase (GAPDH;

1,445 bp) as a housekeeping control. Oligonucleotide primers amplified an H2B-eGFP fragment of 859 bp in transgenic animals. Two positive

Tg and two negative WT are shown. Controls: P, plasmid DNA; N, no gDNA control; Tg, known transgenic gDNA; WT, known wild-type gDNA.

D: Transgene expression is first detected in the midbrain region of stage HH15 quail embryos. HH15 Tg(syn1:H2B-eGFP) embryos were fixed,

cryosectioned, immunolabeled with antibodies against b-III tubulin (Tuj1, red), and counterstained with DAPI (blue). GFP-positive nuclei

(green) are colocalized with cells positive for the neural specific marker. Highlighted rectangular region in the upper left panel shown at

higher magnification in upper right and lower panels. E: Neural specific eGFP expression continues throughout embryonic development.

Wholemount E4 Tg(syn1:H2B-eGFP) embryo showing eGFP expression throughout the CNS. F: Transverse section through an E4

Tg(syn1:H2B-eGFP) embryo showing strong eGFP expression in the dorsal root ganglion (DRG) and the lateral aspects of the neural tube (NT).

D, dorsal; V, ventral. Scale bar ¼ 200 lm in D, upper left; 50 lm in D, lower right (also applies to upper right and lower left); 1 mm in E; 100

lm in F.

Auditory brainstem of GFP quail
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midline just ventral to the fourth ventricle, before they

terminated on the ventral dendrites of the contralateral

NL (Fig. 6A,B). Ipsilateral axons projected to the dorsal

dendritic domain of the ipsilateral NL (Fig. 6C). As in

chickens, contralateral and ipsilateral NM terminal axons

were restricted to either the ventral or dorsal dendrites,

respectively, and only a few fibers crossed to the other

side (Fig. 6B,C).

Immunolabeling patterns in GFP quail
auditory brainstem

Studies in the chicken auditory brainstem have found

several molecules with intriguing distribution patterns

suggesting they play important roles in development and

function (e.g., GABAergic synapse and voltage-dependent

Kþ channels) of NM and NL. We examined the immuno-

labeling patterns of these molecules in GFP quail to

Figure 2. Characterization of Tg(syn1:H2B-eGFP) post-hatch quail. A-C (DAPI, eGFP, merge, respectively): Neural-specific eGFP expression

continues after embryonic development. A section of a P1 Tg(syn1:H2B-eGFP) quail containing nucleus laminaris (arrowheads in B.). The

granule cell layer of the cerebellum (gr in B), with its dense layer of cell nuclei, is highly labeled. DAPI counterstain, blue. PFl, parafloccu-

lus; Fl, flocculus; NL, nucleus laminaris; 4v, fourth ventricle. D–F: All regions of the brain show neural-specific eGFP expression. A section

through the optic tectum of a P1 Tg(syn1:H2B-eGFP) quail. The various tissue layers within the stratum griseum et fibrosum superficilale

(SGFS) of the tectum (tect) are clearly visible. G–I: Transverse section of the spinal cord of a P1 Tg(syn1:H2B-eGFP) quail showing eGFP-

positive nuclei localized to the gray matter of the maturing neural tissue. cc, central canal; dh, dorsal horn; vh, ventral horn. J–L: P1

Tg(syn1:H2B-eGFP) spinal cord section immunolabeled with antibodies against b-III tubulin (Tuj1, red). GFP-positive nuclei (green) are colo-

calized with cells positive for the neural-specific marker. Scale bar ¼ 200 lm in I (applies to A–I); 50 lm in L (applies to J–L).
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explore whether these molecules show similar distribu-

tion patterns in the NM-NL circuit.

GABAergic synapses in NL and NM
The distribution pattern of inhibitory synapses across

NM and NL in E15 GFP quail was examined by using anti-

bodies against GABAergic presynaptic (GAD65) and inhib-

itory postsynaptic (gephyrin) molecules. Figure 7A shows

gephyrin immunolabeling, indicating inhibitory postsynap-

tic sites in NM and NL. Punctate immunostaining against

GAD65 and gephyrin was observed surrounding NM cell

bodies (Fig. 7B–D) and throughout the dendritic and neu-

ronal domains of NL (Fig. 7E–G). Immunolabeled puncta

were distributed across the tonotopic axis in both NM

and NL (data not shown). The distribution pattern of inhib-

itory synapses was similar to the pattern observed in

Figure 3. eGFP expression in auditory brainstem of Tg(syn1:eGFP) quail. A–D: At E9, E11, E14, and P5 eGFP is expressed in soma and

dendrites of NM and NL neurons. At E9, nucleus magnocellularis (NM) and nucleus laminaris (NL) neurons are already distinct structures

showing relatively mature configurations (A). At P5 NM neurons appear round, almost devoid of dendrites (D). E,F: eGFP expression in NL

neurons reveals the monolayer organization of cell bodies and bipolar dendritic arbors. All images are coronal views, with dorsal up. Scale

bar ¼ 50 lm in A; 20 lm in B,F; 100 lm in C,D; 10 lm in E.

Auditory brainstem of GFP quail
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chicken using the same antibodies (Tabor et al., 2011)

and antibodies against other GABAergic synaptic compo-

nents (vesicular GABA transporter [VGAT]: Nishino et al.,

2008; GABA: Code et al., 1989; Kuo et al., 2009; GABAA

receptors: Code and Churchill, 1991).

Kv1.2 channels in NL and NM
Spatial distribution of Kv1.2, a low-voltage activated

potassium channel (KLVA), was found in NL by immuno-

staining GFP quail brainstem sections at E14 (Fig. 8).

High-magnification images revealed a high intensity of

Kv1.2 immunolabeling at the proximal axon of NL neurons

(Fig. 8A, arrowheads), resembling the pattern of Kv1.2

immunolabeling in the chicken auditory brainstem at E19

(Sanchez et al., in press).

Intrinsic physiological properties of NL
neurons in GFP quail and chicken
Membrane responses of NL neurons

Current-clamp studies were performed on NL neurons

from GFP quail (E14–16) and chicken (E19–21) by using

hyperpolarizing and depolarizing current steps. Represen-

tative changes in membrane potentials are shown for E16

GFP quail NL neurons in Figure 9. In all neurons tested,

only a single action potential (AP) occurred, despite large

systematic increases in depolarizing current injections

(Fig. 9A). In addition, voltage sag occurred in response to

large negative current injections in both GFP quail and

chicken (Fig. 9A). Voltage–current (V–I) relationships

were constructed by measuring the steady-state mem-

brane voltage after injection of current into the soma of

NL neurons. The flattened V–I curves above the resting

membrane potentials of the neurons were similar

between GFP quail and chicken (Fig. 9B), indicating low

input resistances.

K1 conductances of NL neurons
Kþ conductances in voltage-clamped NL neurons from

GFP quail (E14–16) and chicken (E19–21) were recorded

while neurons were clamped at different holding poten-

tials. Representative changes in Kþ currents from an E15

GFP quail NL neuron are shown in Figure 9C. I–V relation-

ships were constructed by measuring the steady-state

current response at different holding voltages (Fig. 9D).

The I–V curves for both GFP quail and chicken NL neu-

rons, showed that: 1) depolarizing voltage steps greater

than !60 mV activated significant KLVA currents; and 2)

depolarizing voltage steps between !30 and þ 20 mV

activated significant high-voltage activated potassium

channel (KHVA) currents (Fig. 9D). Indeed, these Kþ cur-

rents were highly sensitive to bath application of blockers

of KLVA (DTX-I) and KHVA (fluoxetine) channels (data not

shown). Hence, GFP quail NL neurons express strong Kþ

conductances consisting of both KLVA and KHVA channels

commonly found in age-equivalent chicken embryos.

Figure 4. Nucleus magnocellularis (NM) and nucleus laminaris (NL) cytoarchitecture in post-hatch GFP quail. A,B: At P3 in GFP quail, sim-

ilar to stage matched chickens, MAP2 immunoreactivity shows that NM neurons have round somata and very short processes are stained

(white arrowheads in B). C–E: NL neurons show typical bipolar configuration with symmetric dorsal (up) and ventral (down) dendritic

domains. From the rostromedial to the caudolateral poles of NL there is a gradient of increasing dendritic length along the tonotopic axis.

Scale bar ¼ 50 lm in A–C (that in C also applies to D,E).

Seidl et al.

14 The Journal of Comparative Neurology | Research in Systems Neuroscience



Figure 6. Nucleus magnocellularis (NM) axon projection pattern. A: NM axons send bilateral projections to neurons in nucleus laminaris

(NL). The ipsilateral NM axon provides an input to the dorsal dendrites of NL neurons. The contralateral axons cross the midline and travel

on the ventral side of NL neurons. B: Contralateral NM axons project to the ventral side of NL and very few axon fibers cross over to the

dorsal neuropil. C: Ipsilateral axons project almost exclusively to the dorsal side of the ipsilateral NL neurons. eGFP, magenta; dye, cyan.

Scale bar ¼ 100 lm in A; 30 lm in B,C.

Figure 5. Calyx-type auditory nerve terminals in NM. A: Auditory nerve terminals on NM cell bodies in P5 Tg(syn1:eGFP) quail. B: 3D ren-

dering of calyces and associated NM cells. C: Color-merged maximum intensity projection of NM in P2 Tg(syn1:H2B-eGFP) quail following

dye electroporation into the auditory nerve. eGFP, green; dye, magenta. Scale bar ¼ 10 lm in A,C; 5 lm in B.
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Synaptic physiological properties of NL
neurons in GFP quail and chicken
AMPA-R–mediated EPSCs of NL neurons

To determine whether EPSCs in the GFP quail NL neu-

rons are mediated by rapid, subunit-specific AMPA-Rs,

isolated AMPA-R–mediated EPSCs were recorded while

NM inputs were electrically stimulated. Our results

showed large, rapid, and highly consistent inward cur-

rents when GFP quail NL neurons were voltage-clamped

at !60 mV. Example traces are superimposed and shown

in Figure 10A from an E14 GFP quail NL neuron. The

AMPA-R–mediated EPSC kinetics (rise time and decay

tau) were extremely rapid and comparable to those

recorded from age-equivalent chicken NL neurons (GFP

quail rise: 0.44 6 0.10 ms, chicken rise: 0.49 6 0.07 ms;

GFP quail decay: 0.73 6 0.12 ms, chicken decay: 0.79 6
0.14 ms; Fig. 10B). These currents were reversibly

blocked by the AMPA-R antagonist NBQX (data not

Figure 7. Pattern of inhibitory synapse distribution in nucleus magnocellularis (NM) and nucleus laminaris (NL). A: Gephyrin immunolabel-

ing of inhibitory postsynaptic sites in NM and NL of E14 Tg(syn1:eGFP) quail. B–D: High-magnification images of gephyrin (B), GAD65

(GABAergic presynaptic sites; C), and combined (D) immunolabeling in NM. E–G: High-magnification images of gephyrin (E), GAD65 (F),

and combined (G) immunolabeling in NL. Scale bar ¼ 100 lm in A; 10 lm in B (applies to B–G).
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shown), suggesting that inward current responses are

mediated by AMPA-Rs in GFP quail NL neurons.

In mature chicken NL neurons, AMPA-Rs lack the

GluA2 subunit and show characteristic inward rectifica-

tion when the membrane potential is depolarized. To

test whether AMPA-Rs of GFP quail NL neurons also

lack the GluA2 subunit, I–V relationships were recorded.

The inset in Figure 10C shows isolated AMPA-R–medi-

ated EPSCs from an E16 GFP quail NL neuron at various

holding potentials, from which we constructed average

I–V relationships (Fig. 10C). Both GFP quail and chicken

neurons displayed a strong reduction in the outward

flow of current mediated by isolated AMPA-Rs, consist-

ent with inward rectification. The extent of rectification

is summarized in Figure 10D by utilizing a rectification

index (RI ¼ IAMPA-R þ 40 mV/IAMPA-R !60 mV) as an indi-

cation of AMPA-Rs lacking the GluA2 subunit. The aver-

age rectification index was similar for GFP quail (RI ¼
0.11 6 0.04, n ¼ 12) and chicken (RI ¼ 0.13 6 0.06, n

¼ 7). Taken together, the kinetics of GFP quail EPSCs

along with the strong inward rectification suggest that

AMPA-Rs lack the GluA2 subunit, a result consistent

with previous reports in the chicken (Sanchez et al.,

2010).

Synaptic depression of isolated AMPA-R–mediated

EPSCs was seen when an E15 GFP quail NL neuron was

voltage-clamped at !80 mV (to increase the driving force

of Naþ ) and afferent inputs were electrically stimulated at

100 Hz (Fig. 10E). Isolated AMPA-R–mediated EPSCs

showed comparable synaptic depression in age-equiva-

lent GFP quail and chicken NL neurons (Fig. 10F), sug-

gesting that factors governing the depression of synaptic

transmission are similar.

Synaptic AP properties of NL neurons
Mature auditory neurons have synaptic responses that

are extremely brief in order to accommodate rapid, high-

fidelity neural transmission. Electrical stimulation of affer-

ent inputs from NM in GFP quail resulted in extremely

brief, truncated, and highly reliable synaptic APs. Repre-

sentative traces after low-frequency stimulation (0.1 Hz)

are overlaid in Figure 10G from E14 GFP quail NL neu-

rons. AP height and kinetics were highly consistent

across all GFP quail NL neurons tested (Fig. 10H) and are

in close agreement with synaptic properties reported for

age-equivalent chicken NL neurons. These synaptic AP

properties were highly sensitive to bath application of an

AMPA-R antagonist (NBQX), a KLVA blocker (DTX-I), or a

KHVA blocker (fluoxetine, data not shown), implying that

AMPA-Rs and Kþ channels contribute to the highly speci-

alized features found in time-coding neurons of the GFP

quail auditory brainstem.

Afferent influences in NM and NL
Afferent inputs influence cell survival in NM and dendri-

tic structure in NL in young chickens (Deitch and Rubel,

1984; Born and Rubel, 1985; Wang and Rubel, 2008). We

analyzed NM cell number and dendrite structure of NL in

posthatch GFP quail 6 days after unilateral cochlea re-

moval. The NM ipsilateral to the silenced input exhibited

a significant decrease in the volume of the nucleus and

the number of neurons (Fig. 11A), compared with the con-

tralateral NM, which continued to receive intact inputs

(Fig. 11B).

Unilateral cochlea removal deprives excitatory inputs

to the dorsal domain of the ipsilateral NL and the ventral

Figure 8. Kv1.2 immunohistochemistry in NL. A,B: Kv1.2 channel immunolabeling can be seen in the proximal axon, possibly indicating

expression along the axon initial segment (arrowheads in A). eGFP, magenta; Kv1.2, cyan. Scale bar ¼ 20 lm in B (applies to A,B).
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domain of the contralateral NL. Six days after cochlea re-

moval, we found a dramatic decrease in the width of the

afferent-deprived dendritic domain compared with the

control domain of the same NL (Fig. 11C,D). Similar struc-

tural changes have been found in young chickens follow-

ing deafferentation (Deitch and Rubel, 1984). In addition,

dendritic reorganization of NL neurons may share com-

mon mechanisms in both avian species. Preceding den-

dritic retraction in deprived NL dendrites, we observed ro-

bust decreases in MAP2 immunoreactivity. This occurred

as early as 3 hours and was still present at 1 day following

the manipulation (Fig. 11E,F). This mirrors findings in the

young chicken brain (Wang and Rubel, 2008).

DISCUSSION
During the last three decades, animal models in which

genetic manipulations and high-resolution imaging are

possible have become phenomenally important. In partic-

ular, mouse transgenic models have been powerful tools

for studying the structure, function, and development of

the mammalian brain. However, much of our knowledge

about common principles of neural organization has

Figure 9. Specialized intrinsic properties of GFP quail NL neu-

rons. A: Representative traces obtained in current-clamp configu-

ration with bath application of AMPA-R, NMDA-R, and GABAA-R

antagonist (NBQX, 20 lM; DL-APV, 100 lM; and PTX, 100 lM,

respectively). Example of superimposed membrane voltage

responses (VM) recorded while currents were injected into the

soma of an E16 GFP quail NL neuron (top). Injected current range

was !300 to 500 pA; duration, 200 ms; steps, 50 pA. Only three

current steps are shown for clarity (bottom). Green circle above

traces indicates time at which steady-state membrane potentials

were measured (average of 5 ms between 180 and 185 ms of

the membrane voltage) to obtain the voltage–current (V–I) rela-

tionships shown in B. All neurons tested (n ¼ 6) responded to

depolarizing steps with a single action potential. RMP, resting

membrane potential. B: Average steady-state V–I relationships

(GFP quail; white circles, n ¼ 6, age E14–16). For comparison,

age-equivalent chicken V–I relationships are superimposed (white

circles, n ¼ 10, age E19–21). Note: quail hatch in 16 days and

chicks in 21 days. The flattened V–I function is indicative of low

input resistance and large Kþ conductances. C: Representative

traces obtained in voltage-clamp configuration with bath applica-

tion of NBQX, DL-APV, PTX, and the Naþ channel blocker TTX

(0.1 lM). Example of superimposed potassium currents (IK)

recorded while voltage clamping an E15 GFP quail NL neuron at

!60 mV (top). A range of voltage commands were applied from

!90 to 20 pA; duration, 200 ms; steps, 5 pA. Only three voltage

commands are shown for clarity (bottom). Green circle above

traces indicates time at which steady-state current responses

were measured (average of 5 ms between 180 and 185 ms of

the membrane current) to obtain current–voltage (I–V) relation-

ships shown in D. D: Average steady-state I–V relationships (GFP

quail; white circles, n ¼ 6, age E14–16). For comparison, age-

equivalent chicken I–V relationships are superimposed (white

circles, n ¼ 5, age E19–21). Both GFP quail and chicken currents

were sensitive to bath application of specific Kþ blockers, DTX-I

(0.1 lM) and fluoxetine (100 lM) (data not shown). Currents

were leak subtracted by using the recorded responses to hyper-

polarizing voltage commands (!80 to !90 mV) as a baseline.

Error bars in this and subsequent figures represent 61 standard

deviation. Stimulus artifacts are removed for clarity. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 10. Specialized synaptic properties of GFP quail NL neurons. A: Representative traces obtained in voltage-clamp configuration with bath

application of DL-APV and PTX. Patch pipettes contained a CsCl/QX-314 internal solution to block Kþ and Naþ channel conductances, respec-

tively. Example of superimposed isolated AMPA-R–mediated excitatory postsynaptic currents (EPSCs) recorded from an E14 GFP quail NL neu-

ron while voltage clamping the neuron at !60 mV and electrically stimulating afferent inputs from the ipsilateral nucleus magnocellularis (NM).

B: Population data showing isolated AMPA-R–mediated EPSC kinetics (rise and decay tau, fit with a single exponential) for GFP quail (Q; green

circles, n ¼ 9, age E14–16) and chicken (C; white circles, n ¼ 8, age E19). C: Normalized isolated AMPA-R–mediated I–V relationships for GFP

quail (green circles, n ¼ 3, age E14–16) and chicken (white circles, n ¼ 3, age E19). Inset shows representative superimposed isolated AMPA-

R–mediated EPSCs recorded at different holding voltages (!80 mV to þ 60 mV, steps 20 mV) from an E16 GFP quail NL neuron. Vertical scale

bar: 500 pA, horizontal scale bar: 2 ms. Thick black traces in inset and black circles in population graph represent currents recorded at þ 40 mV

and !60 mV to derive rectification indexes shown in D. I–V recording were obtained with spermine (100 lM) added to pipette internal solution

to block the ion channel of GluA2-lacking AMPA-Rs in a voltage-dependent manner. D: Population data showing rectification index (IAMP-R þ 40

mV/IAMPA-R !60 mV; see Materials and Methods) for GFP quail (Q; green circles, n ¼ 12, age E14–16) and chicken (C; white circles, n ¼ 7, age

E19). Rapid kinetics and strong inward rectification are indicative of AMPA-Rs lacking the GluA2 receptor subunit. E: Example of superimposed

isolated AMPA-R–mediated EPSCs (n ¼ 11) recorded from an E15 GFP quail NL neuron while voltage clamping the neuron at !80 mV and elec-

trically stimulating afferent inputs at a rate of 100 Hz. F: Normalized population data from GFP quail (green circles, n ¼ 7, age E14–16) and

chicken (white circles, n ¼ 6, age E19–21) showing strong isolated AMPA-R–mediated EPSC depression. G: Representative traces obtained in

current-clamp configuration with bath application of PTX. Example of superimposed synaptic action potentials (APs) recorded from an E14 GFP

quail NL neuron while electrically stimulating afferent inputs from the ipsilateral NM. H: Population data of GFP quail synaptic AP properties (age

E14–16, n ¼ 4, 10–11 APs each). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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come from studies of diverse vertebrate and invertebrate

organisms. Studies of the mature avian brain, for exam-

ple, have provided important clues about fundamental

principles of forebrain evolution (e.g., Wang et al., 2010).

More relevant to the current work, experimental studies

of embryonic chickens have added much to our under-

standing of vertebrate embryonic nervous system devel-

opment. Until recently, the availability of genetic techni-

ques, such as the production of transgenic and knockout

animal models, has been limited in the avian system.

However, the Japanese quail has proved to be an excel-

lent model organism for the production of transgenic avi-

ans using lentiviral vectors (Scott and Lois, 2005; Poynter

et al., 2009). Current HIV-based lentiviral vectors are able

to package relatively large constructs (up to 8 kb), which

allows for the use of many cell-specific promoters and

various reporter molecules. Once the transgene is inte-

grated into the genome of the host animal, it does not

appear to be highly subject to silencing, as is the case

with other classes of retroviruses. The high degree of

homology between chicken and quail genomes (Hillier,

2004; Wallis et al., 2004) allows researchers to design

avian-specific DNA constructs for the production of trans-

genic quail. Highly conserved regions of mammalian

genes can also be used to produce transgenic quail, as

the current study shows.

Figure 11. Afferent influence on cell survival of NM neurons and NL dendritic structure in transgenic quail. A,B: Following unilateral coch-

lea removal, there are decreases in the cell number and the size of the nucleus in the ipsilateral NM (A), compared with the intact contra-

lateral NM (B). Images were taken from an animal that survived for 6 days following the surgery. Dashed lines outline the boundary of

NM. C,D: At 6 days following cochlea removal, dramatic dendritic retraction was detected in the dorsal dendritic domain of the ipsilateral

NL (C) and the ventral domain of the contralateral NL (D). E,F: At 1 day following cochlea removal, deprived dendritic domains in NL exhib-

ited notable decreases in MAP2 immunoreactivity. White dots and lines in C and D indicate the location of the somata. Scale bar ¼ 200

lm in B (applies to A,B); 100 lm in D (applies to C,D) and F (applies to E,F).
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Sequencing of the quail genome will allow for increas-

ing numbers of quail-specific constructs to be generated

in the future. The relatively small size of the adults, short

time to sexual maturity, and abundant egg production of

the Japanese quail make the development of transgenic

lines less labor- and space-intensive compared with

chickens. In addition, transgenic quail offer all the advan-

tages of the classic avian developmental model system,

such as the ability to culture the embryos in vitro and uti-

lize quail/chicken transplant chimeras (Teillet et al.,

2008). Finally, dynamic time-lapse confocal imaging of

transgenic Japanese quail embryos expressing fluores-

cent reporters is ideal for examining complex cell and tis-

sue movements during development (Sato et al., 2010).

Our main goal was to determine the degree of similarity

between a well-studied avian model system, the chicken

auditory brainstem, and that of the novel transgenic GFP

quail (Scott and Lois, 2005). The hearing range and sensi-

tivity of quail and chicken are very similar (Niemiec et al.,

1994), facilitating direct comparisons of auditory struc-

ture and function between the species. By utilizing the

well-established circuitry of the chicken auditory brain-

stem for direct comparison, we found the GFP quail to be

a suitable alternative model organism to study the avian

nervous system. We conclude that in GFP quail, the struc-

ture and function of the auditory brainstem is indistin-

guishable from its equivalent in the chicken. The produc-

tion of the transgenic quail and the comparison between

specific form and function are discussed in greater detail

below.

Similarities between the GFP quail and the
chicken auditory brainstem

A large number of unique structural and functional

features of the brainstem auditory pathways have been

described over the past 40 years. These specialized fea-

tures are thought to be essential for the computation of

interaural time differences (ITDs), a computation

required for sound localization and auditory segmenta-

tion (for review, see Burger and Rubel, 2008). Structural

features of NM and NL in the GFP quail were virtually

indistinguishable from those of the chicken with respect

to general cytoarchitecture, innervation patterns (excita-

tory and inhibitory), detailed morphology of axonal ter-

minal endings, subcellular distribution of receptors and

ion channels, and physiological properties. Based on

these similarities, it was not surprising that neuronal

cell number and dendritic structure of these neurons

from the GFP quail are dynamically regulated by excita-

tory afferent inputs in similar ways to those observed in

the chicken (Born and Rubel, 1985; Wang and Rubel,

2008).

Potassium channel distribution in NM and
NL of the GFP quail

Quail NL neurons, like those of the chicken (Lu et al.,

2004; Kuba et al., 2005), strongly express low-voltage

activated potassium channels (KLVA). Interestingly, in the

GFP quail, the expression of the Kv1.2 staining in NL at

E14, an embryonic age equivalent to E19 in chicken, is

highest on the proximal axon, a pattern recently

described in age-matched chicken NL neurons (Sanchez

et al., in press). Similar expression patterns have been

observed in auditory nuclei involved in the processing of

temporally precise information (Dodson et al., 2002) and

other neurons in the mammalian cerebral cortex, retinal

ganglion cells, and elsewhere (Inda et al., 2006; Van Wart

et al., 2007; Shu et al., 2007; Kole et al., 2007; Lorincz

and Nusser, 2008). We speculate that this expression

pattern is required for the characteristic spiking pattern

exhibited by NL neurons.

General function of NL neurons in
the GFP quail

We found a striking resemblance between the physio-

logical properties of age-matched chickens and GFP

quail, including: 1) similar intrinsic membrane responses

to somatic current injections; 2) strong Kþ channel con-

ductances; 3) fast kinetics and strong synaptic depres-

sion of AMPA-R–mediated EPSCs; and 4) reliable and

rapid synaptic AP generation. Thus, age-equivalent GFP

quail NL neurons appear to contain several highly special-

ized membrane properties found in chicken embryos.

It needs to be determined, however, whether NL neu-

rons in the GFP quail show the same response character-

istics in vivo as they do in chicken. Of particular interest

would be their ITD tuning properties, as shown for NL

neurons in barn owl (Carr and Konishi, 1990) and chicken

(K€oppl and Carr, 2008). However, we see the main

advantage of the GFP quail animal model for in vitro appli-

cations, for which imaging of neurons can be combined

with manipulations and/or electrophysiological

recordings.

Transgenic quail as an avian
model organism

For decades, the avian peripheral and central nervous

system has been used to study numerous basic biological

processes and was the dominant animal for studies of

nervous system development for most of the 20th cen-

tury. With the advent of powerful genetic tools in inverte-

brates and mice, there has been a dramatic decrease in

the use of avian embryos and thus the large body of infor-

mation that past research has provided. Now, transgenic

quail, including the neuronal-specific eGFP lines

Auditory brainstem of GFP quail
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described here, constitute a powerful new addition that

may prove useful for future studies of comparative and

developmental neurobiology.
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The majority of hearing loss is caused by the perma-

nent loss of inner ear hair cells. The identification of

drugs that modulate the susceptibility to hair cell loss

or spur their regeneration is often hampered by the

difficulties of assaying for such complex phenomena in

mammalian models. The zebrafish has emerged as a

powerful animal model for chemical screening in many

contexts. Several characteristics of the zebrafish, such

as its small size and external location of sensory hair

cells, uniquely position it as an ideal model organism for

the study of hair cell toxicity, protection, and regen-

eration. We have used this model to screen for drugs

that affect each of these aspects of hair cell biology and

have identified compounds that affect each of these

processes. The identification of such drugs and drug-

like compounds holds promise in the future ability to

stem hearing loss in the human population.

Section editors:
Calum A. MacRae – Cardiovascular Division, Brigham and
Women’s Hospital, Boston, MA, USA.
Randall T. Peterson – Cardiovascular Research Center,
Massachusetts General Hospital, Charlestown, MA, USA.

Hair cells function as sensory receptors of the auditory and

vestibular systems in all vertebrates. Progressive loss of hair

cells in the cochlear partition of the inner ear through genetic

predisposition, aging, environmental noise exposure, and

drug toxicity can cause permanent deafness [1–4]. One of

the more experimentally tractable causes of hair cell death is

exposure to ototoxic agents, which include aminoglycoside

antibiotics, such as neomycin and gentamicin, and platinum-

based anticancer therapeutics, such as cisplatin [1,5]. It is

estimated that hearing thresholds are elevated in 10–20% of

those receiving aminoglycoside antibiotics and as much as

80% in cisplatin-treated patients [3,6]. However, because of

their cost and/or robust effectiveness, these drugs continue to

be used while their ototoxic effects often limit drug-dosing

paradigms. In addition, new therapeutics are not typically

evaluated for their ototoxic potential, raising the possibility

that drug-induced hearing loss is more prevalent than com-

monly thought. Drugs that prevent hair cell loss due to

ototoxin exposure would therefore offer potential benefit

for millions of people.

The first reports of drug-induced hearing loss occurred in

the 1940s following administration of the aminoglycoside

antibiotic streptomycin to treat tuberculosis [7]. Decades

later, we still know relatively little about mechanisms

through which these and other compounds exert their

ototoxic effects and about how to prevent them. We do

know, however, that several cellular responses are initiated
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following aminoglycoside exposure. These include activation

of multiple signaling cascades and ROS production, as well as

triggers of both necrotic and apoptotic-like cell death

mechanisms [8,9]. Despite these generalities, it is clear that

different classes of ototoxins stimulate hair cell death by

triggering different combinations of death-inducing path-

ways. For example, cisplatin induces several different cellular

responses when compared to aminoglycoside antibiotics [9].

Even drugs within the same general class (e.g. neomycin and

gentamicin) appear to act by different combinations of

mechanisms [10]. The initiation of multiple cellular processes

following ototoxin exposure raises the possibility that many

processes could potentially be targeted alone or in combina-

tion to preserve hearing during treatment with ototoxic drugs.

Recent advances in efforts to identify compounds that

modulate cellular responses to conditions that impact the

survival of inner ear hair cells have revolutionized the search

for drugs that provide robust protection or facilitate regen-

eration. This effort has been facilitated through the use of

zebrafish as an experimental platform that has become

increasingly used in the study of hearing and vestibular

function [11,12]. In addition to hair cells in the inner ear,

zebrafish possess hair cells clustered in structures called neu-

romasts along the surface of their head and body (Fig. 1) [13].

These groups of hair cells comprise the lateral line system,

which senses water movement near the animal and functions

in such behaviors as prey detection, predator avoidance, and

orientation to current [14–16]. Hair cells of the lateral line

share many properties with inner ear hair cells of mammals,

including sensitivity to aminoglycoside antibiotics and che-

motherapeutic compounds [17–20]. Furthermore, agents that

protect hair cells in mammals also protect lateral line hair

cells [21], and protectants originally identified in zebrafish

have recently been shown to confer similar protective effects

against ototoxins in rats [22]. This strongly suggests that

cellular pathways activated by ototoxin exposure are con-

served between hair cells of the zebrafish lateral line and

mammalian inner ear. Unlike mammals, hair cells in zebra-

fish regenerate following insult [23,24], offering an additional

potential therapeutic dimension to hair cell biology – the

potential to reverse hearing loss by studying a system with

innate regenerative ability. In this mini-review, we focus on

chemical screening using the lateral line of larval zebrafish as

a model for mechanosensory hair cell loss, protection and

regeneration. We specifically address these compounds as

they pertain to basic research, drug discovery, and repurpos-

ing of existing drugs, as well as target identification.

Chemical screens in the zebrafish lateral line
The high fecundity, small size and optical transparency of

larval zebrafish facilitate medium- or high-throughput screen-

ing. Larvae are distributed in 96-well plates, administered a

wide range of compounds dissolved in water, and assayed for

the desired phenotype. Screens of this type have been con-

ducted for a wide range of purposes, from basic biology to drug

safety testing [21,25–33]. Since 2000, our group has used the

lateral line in larval zebrafish for drug screening with four

primary and intersecting goals: (1) to better understand the

pathways underlying ototoxin-induced hair cell death or sur-

vival following such challenges [10,18,20,26,34–38]; (2) to

identify current drugs with unrecognized ototoxic potential

[39,40]; (3) to discover drugs and small molecules that protect

hair cells from known ototoxins [26,41]; and (4) to discover

compounds that alter the innate regenerative potential of

zebrafish hair cells with the goal of discovering drugs that

might trigger hair cell regeneration in mammals [Namdaran

et al., submitted] (Fig. 2). By using zebrafish to screen for

compounds that modulate hair cell loss, protection, and regen-

eration, each phenomenon can be evaluated in its native

context – while at the same time offering advantages of a

relatively high-throughput, scalable system that is typically

associated with cell culture. In addition, the same drug library
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Figure 1. A transgenic (brn3c:gfp) 5 day post-fertilization zebrafish larva. Sensory hair cells can be observed in green, arrayed around the head and body of the
larva. The inset depicts a higher magnification view of an anterior lateral line neuromast taken from the boxed area. Scale bar = 500 mM, 20 mM in the inset.
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can be screened multiple times for distinct phenotypic out-

comes, allowing us to maximize return on investment.

Identification of compounds with ototoxic potential
The attribution of ototoxic properties to a therapeutic com-

pound typically occurs only after the frequency of anecdotal

reports of hearing or vestibular impairment warrants further

study in animal models. This is unfortunate from both

financial and human suffering points of view. While ototoxi-

city is most widely recognized for aminoglycosides and pla-

tinum-based anticancer drugs, as well as some nonsteroidal

anti-inflammatory agents and loop diurectics, the inherent

nature of some effective therapeutic drugs to be both cyto-

toxic and tissue permeant implies that many FDA-approved

drugs may be ototoxic to varying degrees. The advent of the

zebrafish lateral line system as a valid platform to screen for

ototoxic agents has enabled us to efficiently identify novel

hair cell toxins from several libraries of FDA-approved drugs

and related compounds. Our initial screen of 1040 com-

pounds in the US Drug Collection library uncovered 21 toxic

compounds – seven known ototoxins and 14 additional

compounds with previously unrecognized hair cell toxicity

[40]. More recently, a screen of 88 anticancer drugs from the

NCI FDA-approved oncology drug set confirmed the hair cell

toxicity of four known hair cell toxins, further validating the

platform’s specificity. In addition, we confirmed the hair cell

toxicity of four antineoplastic drugs suspected to be potential

ototoxins and identified five additional anticancer therapeu-

tics as potential ototoxins [39]. These drugs with formerly

unrecognized ototoxicity potential range from mild to severe
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Figure 2. Library compounds can be administered in distinct screening paradigms to identify compounds that affect different aspects of hair cell biology.
(a) Following placement in multi-welled plates, 5-day post fertilization zebrafish larvae are exposed to library compounds before, during, or following
induced hair cell damage to identify compounds that induce hair cell damage, protect against known ototoxins, or modulate hair cell regeneration,
respectively. Following exposure, larvae are treated with vital dyes that selectively stain hair cells, and hair cell numbers can be assayed through basic
microscopy techniques. (b) Examples of fluorescently labeled hair cells of the zebrafish lateral line. The transgenic marker Tg(brn3c:gfp) and vital dye TO-
PRO3  selectively label hair cell soma and nuclei, respectively. Hair cell number and morphology can thus be assessed during screening. Although different
from the markers used in previous screens, these dyes nonetheless highlight the ease with which hair cells can be visualized in vivo.
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in their ability to kill lateral line hair cells. For example, we

demonstrated that raloxifene is approximately ten times

more toxic to lateral line hair cells than cisplatin, whereas

dactinomycin is ten times less toxic than cisplatin. While

validation in mammalian laboratory model systems will be

necessary to confirm their potential for ototoxic effects, these

studies highlight the possibility that commonly used ther-

apeutics may contribute to a much greater prevalence of mild

to moderate hearing loss within the population than pre-

viously thought.

Identification of compounds that protect against hair
cell loss
To screen for compounds that protect hair cells against

ototoxic drugs, only minor modifications are necessary to

our toxicity screens. Our initial screens for hair cell protec-

tants were designed to identify compounds that conferred

robust protection to neomycin-treated hair cells [26]. We

initially focused on small molecules within the Chembridge

Diverset E library. To efficiently screen a sample of 10,960

compounds from the library, compounds were multiplexed

five per well and then reassessed individually when protec-

tion was observed. Two compounds, PROTO1 and PROTO2,

exhibited robust protection of lateral line hair cells over a

broad range of neomycin concentrations. Further testing of

these compounds in mice revealed that they also protected

hair cells in neomycin-treated utricular explants, validating

the zebrafish lateral line as a model for the discovery of novel

otoprotective drugs. Both PROTO1 and PROTO2 are related

benzothiophene carboximides, raising the possibility that

they may confer their protective effects through action on

the same target.

The identification of PROTO1 and 2 highlights the

strength of such a screen, as it would be difficult or impossible

to select these relatively unknown molecules as candidate

protectants of aminoglycoside-mediated hair cell death. The

targets of these compounds are unknown at present, how-

ever, making it difficult to determine the mechanism of

action of these drugs. We are currently using a methodology

similar to our original small molecule screen to evaluate the

protective benefit of PROTO1 analogues, in hopes of identi-

fying the conserved chemical structure required for otopro-

tection. In a complementary approach, we have also

undertaken a screen of a customized cell death inhibitor

library to better understand the myriad cell death pathways

that are necessary for hair cell death due to specific ototoxins.

A small-scale pilot screen conducted in 2005 by an indepen-

dent research group demonstrated that multiple antioxidants

protect lateral line hair cells from cisplatin toxicity, serving as

proof-of-concept for basic biology-based screening paradigms

[21]. Our current screens point to a complex network of

interconnected cell death pathways being activated in

response to a single ototoxic drug, and distinct differences

in pathway activation following exposure to different ami-

noglycoside antibiotics.

Repurposing existing FDA-approved drugs
There are numerous economic challenges to de novo drug

development. FDA approval of new drugs requires approxi-

mately 10–12 years and often hundreds of millions of dollars

to identify effective compounds with optimal pharmacoki-

netic profiles [42,43]. The odds of a newly minted drug being

brought to market are approximately 1:5000 [44], making

drug synthesis a far less efficient endeavor than identification

of new uses for therapeutics that have already been shown to

be safe and effective for human use. Although most drug

repurposing success stories are the result of educated guesses

pertaining to a compound’s mechanism of action on a parti-

cular disease state, the paucity of convincing evidence for a

singular hair cell death pathway indicates that screening each

of the approximately 10,000 FDA-approved therapeutics may

be an effective approach in terms of both efficiency and

ultimate expense.

We are attempting to undertake such a shortcut from the

lab to the clinic. To date, we have screened one such library,

the aforementioned US Drug Collection of 1040 therapeutic

compounds [41]. From the Drug Collection we identified

seven compounds that protected against neomycin-induced

hair cell death, three of which are FDA-approved. Follow-up

of these compounds revealed that one compound, the acetyl

cholinesterase inhibitor tacrine, was capable of conferring

protective effects on mammalian hair cells in vitro. We have

recently initiated additional screens to identify further FDA-

approved therapeutics that confer protection against the hair

cell toxicity of multiple aminoglycoside antibiotics and from

the neoplastic agent cisplatin.

Blocking ototoxin entry into hair cells: the ultimate
protectant?
Perhaps the most appealing way to block hair cell loss asso-

ciated with ototoxin exposure is by preventing entry into the

hair cell before it can induce cellular damage. In the case of

aminoglycoside antibiotics, several genetic and chemical

studies indicate that the major route of entry occurs through

mechanotransduction channels [34,45–53], which are chan-

nels of unknown molecular identify that allow hair cells to

respond to vibrational (sound) stimuli. In our screen to

identify novel hair cell protectants from the US Drug Collec-

tion library, we identified four compounds that significantly

reduced entry of fluorescently labeled aminoglycoside (gen-

tamicin-conjugated Texas Red) into lateral line hair cells [41]

and confer robust protection. This is probably due to

impaired mechanotransduction, as uptake of mechanotrans-

duction-dependent vital dyes was also reduced in treated hair

cells. Other studies demonstrate that similar protection is

achieved by blocking mechanotransduction in mammals
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[45]. Although these mechanotransduction inhibitors pre-

vent aminoglycoside entry into hair cells, they do not affect

the antibiotic properties of the aminoglycoside itself and thus

allow them to remain therapeutically relevant [26]. It is

highly probable that several other compounds identified in

our screens will function, at least in part, by preventing

ototoxin entry into hair cells. Compounds that block uptake

of non-aminoglycoside ototoxins (e.g. cisplatin) will be of

particular interest, although the routes through which these

agents enter hair cells remain unknown.

The appeal of preventing aminoglycoside-induced hearing

loss by impeding mechanotransduction is tempered by the

notion that the very act of fully or partially blocking ami-

noglycoside entry also renders hair cells themselves nonfunc-

tional. Substantial hearing loss, even if only temporary,

would certainly ensue from such a course of action. Because

they are thought to operate through the same mechanism as

auditory hair cells, mechanotransduction blockers would also

be expected to impede the function of vestibular hair cells,

the receptors that convey movement and balance informa-

tion in the vestibular system. The advantages of blocking

permanent hearing loss would therefore need to be balanced

with any temporary deafness and/or vestibular disorientation

that such drugs would inevitably cause. It is unclear how long

such drugs retain their ability to block mechanotransduction,

raising the possibility that such blockades are irreversible. For

example, the long-lasting protective effects following wash-

out of two of the four compounds identified from our Drug

Collection library screen, carvedilol and phenoxybenzamine,

are indicative of such a long-lasting mechanotransduction

blockade.

Screening for compounds that alter hair cell
regeneration
While hair cell loss, and the resulting hearing loss, is perma-

nent in humans and other mammals, birds, zebrafish, and

other non-mammalian vertebrates possess the remarkable

ability to regenerate hair cells and restore sensory function

[23,24]. Hair cells in the larval zebrafish lateral line comple-

tely regenerate by 72 hours after toxic neomycin damage [35],

making this an ideal system in which to quickly evaluate

compounds that alter regenerative potential. This regenera-

tion process is sensitive to small molecule inhibitors such as

DAPT, which blocks the Notch signaling pathway [54]. One

recent screen of 480 compounds by Moon et al. [55] found

that low molecular weight fucoidan enhanced the regenera-

tive capacity of the zebrafish lateral line, apparently by

increasing supporting cell proliferation. Our group has

screened the US Drug Collection, initially used for our oto-

protective screen (see above), and an additional library of 640

drugs from Enzo Life Sciences, for compounds that modulate

hair cell regeneration [Namdaran et al., in press]. This study

identified six compounds that inhibited regeneration and

two compounds that enhanced hair cell regeneration. Both

enhancer compounds are synthetic glucocorticoids, suggest-

ing that modulating steroidal pathways may facilitate other,

as yet undetermined, signaling cascades for stimulating hair

cell regeneration in the mammalian inner ear.

Intersection between chemical and genetic screens
Zebrafish are particularly amenable for traditional forward

genetic screens, with the first large-scale screens conducted to

identify genes important for early vertebrate development

[56–58] and more recent screens aimed at uncovering genes

involved in the development of specific tissues or modifica-

tion of behavioral phenotypes [59–62]. Our group developed

a mutagenesis screen to identify genes that modify hair cell

responses to neomycin exposure as a complement to the

chemical genetic screens discussed above [26].

Chemical and genetic screens can be combined to permit

the identification of both a compound of interest and its

putative target(s). This can be particularly useful as any

chemical can be potentially pleiotropic in its effects, masking

its key target or mechanism of action in the process of

interest. Depending on the experimental protocol, two dif-

ferent scenarios to identify these interactions can be envi-

sioned. In the first, random or selected sets of compounds can

be screened for their ability to rescue or modify a particular

mutant phenotype. In the second, mutagenesis screening

techniques can be used to identify mutants that fail to display

a particular phenotype when treated with a compound of

interest. Such approaches have been successfully undertaken

in zebrafish – in some cases, the drugs identified offer promise

in the clinic [25,30,63,64]. Furthermore, in both scenarios,

such screens provide valuable information towards identify-

ing the cellular pathways in which a compound of interest

acts. These types of combinatorial screening approaches are

particularly useful for providing valuable information about

the target of compounds discovered in our hair cell chemical

screens, such as the otoprotective benzothiophene carbox-

amides. Conducting such a chemical genetic screen with

these mutants and/or compounds offers a promising step

to provide protective measures against ototoxin-induced hair

cell death in humans, and may provide insight into other

forms of hearing loss.

Conclusion
The zebrafish lateral line provides a powerful tool to discover

drugs, potential drugs, and genes that affect hearing in the

human population. Beyond their translational aspects, mole-

cules that induce or promote hair cell survival possess the

power to provide information about the pathways involved

in these processes. A better understanding of the pathways

involved in ototoxin-induced hair cell death and regenera-

tion will maximize efficiency at which we can predictively

design drugs based on their target interactions. These tools
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have broader impact in their ability to evaluate the simila-

rities and distinctions between drug-induced hair cell death

and noise- or age-related hair cell damage.
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‘‘In-bone’’ Utricle CulturesV A Simplified, Atraumatic
Technique for In Situ Cultures of the Adult Mouse

(Mus musculus) Utricle
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Hypothesis: The ‘‘in-bone’’ method of culturing utricles de-
scribed here is a reliable and atraumatic technique for cultur-
ing mature mouse hair cells and studying hair cell death and
protection.
Background: The current in vitro technique for studying hair
cells of the mature mouse utricle involves removal from the
temporal bone and free floating culture in media. This technique
can be problematic because of variability in the preservation
of the sensory epithelium and a steep learning curve that results
in injury of the sensory epithelium in less experienced hands.
We present a new atraumatic technique of culturing the utricle
in situ within the temporal bone.
Methods: Leaving the temporal bone largely intact, a window is
opened in the bony vestibule overlying the mouse utricle. The
entire temporal bone is then placed into culture media. Utricles
were cultured in situ for several days with minimal damage to

the epithelium. The utricles are then fixed in situ, removed from the
temporal bone, and processed. A standardized aminoglycoside-
induced hair cell damage protocol was developed.
Results:Mature mouse utricles maintained hair cell numbers for
3 days in culture. Exposure to neomycin resulted in significant
dose-dependent hair cell toxicity (p G 0.0001, 1-way analysis of
variance). Exposure to the protective drug tacrine resulted in sig-
nificant protection against neomycin (p G 0.05, 3-way analysis
of variance).
Conclusion: The ‘‘in-bone’’ technique is a reliable and atrau-
matic method for culturing mature mouse utricles and studying
hair cell death and protection. It is easily mastered and can make
in vitro study of hair cells accessible to more research groups.
Key Words: Hair cellsV MouseV Utricle.

Otol Neurotol 34:353Y359, 2013.

Hair cell death and protection are frequently studied
with in vitro preparations. In neonatal mice, this can be
done with whole organ of Corti cultures, because of the
improved survival of neonatal hair cells and ease of dis-
section. In contrast, mature mouse inner ear hair cells
have been a challenge to maintain in culture. For this
reason, free-floating vestibular macular cultures have been
a useful tool for in vitro evaluation of the mature mouse
hair cell. This technique has been used effectively in stud-
ies of hair cell regeneration and hair cell death, as well as
various agents that protect hair cells (1Y8).

The utility of the free-floating utricle preparation has
been limited, however, by the technical difficulty of the

dissection and the fragility of the fresh tissue when ma-
nipulations are required. Frequently, particularly in less
experienced hands, there is mechanical damage to the
sensory epithelium, leading to unusable tissue and more
wastage of mice. The steep learning curve involved can
make this technique cumbersome, particularly for new
researchers seeking to gain experience with the inner ear,
as well as students with less time to achieve technical
mastery of a technique. In addition, it is inevitable that the
process of avulsing the utricle from its neural connections
may lead to intracellular events that predispose a hair cell
to death, or otherwise alter the conditions of the tissue.

This report describes a simple atraumatic method for
preparing mature mouse utricles for culture. The ‘‘in-bone’’
method was then used to directly compare neomycin-
induced hair cell damage in this new preparation to the
free-floating utricle method. Lastly, protection against
neomycin-induced hair cell death by the protective drug
tacrine was demonstrated using the in-bone method.
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METHODS

Animals
CBA/CaJ male mice, 4 to 6 weeks old, were obtained from

Harlan Sprague Dawley, Inc. (Indianapolis, IN, USA) and main-
tained in the University of Washington Animal Care Facility. All
procedures described have been approved by the University of
Washington Animal Care and Use Committee.

Dissection
Mice were sacrificed by cervical dislocation. Each temporal

bone is harvested manually with removal of the bulla and then
placed into cold sterile culture medium (DMEM, 1% fetal bovine
serum, 0.001% ofloxacin). Attached muscle fibers are removed,
but neural tissue within the internal acoustic meatus is left intact
(Fig. 1A). A small window in the thin bone overlying the utricle
(easily identified through the transparent bone due to the white
otoconia) on the cranial side of the temporal bone is carefully
removed with a fine bone pick. Care is taken to leave the petrous
ridge intact. Breaking the petrous ridge can destabilize the bony
structure and lead to separation of the cochlea from the vestibu-
lar organs. Adequate bone over the vestibule is removed to expose
the sensory epithelial surface of the utricle (Fig. 1B). The pig-
mented membranous labyrinth overlying the sensory epithelium
(easily visible in pigmented mice) is then carefully removed
with a number 11 scalpel blade and fine No. 55 Dumont for-
ceps to expose the utricle to the culture media without disturb-
ing the overlying otoconia. At no point is the utricle’s epithelial
or neural side actually touched by any dissecting instruments.
Once the pigmented epithelium is opened, the dissection is
complete, and the temporal bone is placed into a 48-well culture
plate with 1 ml of culture medium at room temperature.
Cultures were maintained in a 48-well culture plate for 0 to

3 days in a 37-C incubator, maintained at 5% CO2, changing
culture media daily while nutating and rotating at 30 revolutions
per minute, continuously. No neurotrophic factors were added
to the culture media. Leaving the utricle within the temporal
bone allows easy and atraumatic manipulation of the tissue as
well as easy changing of culture media without fear of acci-
dental aspiration of the utricle. Before fixation, otoconia are
removed; a 25-gauge needle on a 3 ml syringe is used to gently
blow off otoconia with a steady stream of culture media, whereas
the utricle remains attached within the temporal bone. Again,
leaving the utricle within the temporal bone during otoconia re-
moval allows for much easier manipulation of the utricle with-
out directly contacting the sensory epithelium. Tissue fixation is
then performed by placing the temporal bone overnight in 4%
paraformaldehyde at 4-C on a nutator. The fixed temporal bone
is then rinsed in phosphate-buffered saline (PBS).
Only after fixation is the utricle actually handled with in-

struments. At this point, the utricle can be dissected free with
much less risk of unintentionally damaging the sensory epithe-
lium. Postfixation utricles are harvested from the temporal bone
by carefully severing all connections to the membranous labyrinth
and vestibular nerve and then grasping the utricle carefully on the
neural side and removing it with fine No. 55 Dumont forceps.

Use of Ofloxacin in Media
Initial attempts at whole temporal bone cultures were un-

successful because of high rates of infection. Culture and sen-
sitivity analysis by the University of Washington microbiology
laboratory identified several bacteria, including Staphylococcus
aureus, Enterobacter cloacae, Acinetobacter baumanni, and
Proteus mirabilis, all of which were sensitive to members of the

fluoroquinolone family of antibiotics. To combat these bacteria,
the fluoroquinolone ofloxacin (Sigma, St. Louis, MO, USA)
was prepared as a 0.3% stock solution in PBS and added to
culture media at 4 Kl/ml for a final concentration of .001%
ofloxacin. We found that ofloxacin is only required during the
first 24 hours of culture to prevent infection for the duration of
the culture period. We also tested whether 0.001% ofloxacin
affected hair cell survival in free-floating utricle cultures and
found no difference in survival.

Neomycin Damage Protocol
In the current study, utricles from in-bone preparations were

cultured in 0, 1, 2, and 4 mM neomycin (Sigma) for 24 hours
and then either fixed overnight or allowed to recover for

FIG. 1. Photomicrograph of mouse temporal bone before (A)
and after (B) opening of window in bone overlying utricle. In A, the
circle indicates location for bone removal overlying utricle directly
adjacent to the petrous ridge. In B, the bone overlying the utricle
has been removed with a fine bone pick or No. 11 scalpel blade,
and the pigmented epithelium overlying the otoconia has been
removed with fine forceps without touching the utricle or otoconia.
The otoconia are undisturbed and visible overlying the utricular
sensory epithelium. The petrous ridge is left intact as it helps
maintain bony stability. The whole temporal bone is then placed
directly into the culture well. The utricle sensory epithelium is not
manipulated with any instruments until after the culture period and
after fixation.
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48 additional hours in DMEM/1% FBS before fixation in 4%
paraformaldehyde for immunohistochemical staining.

Tacrine Protection Protocol
Previous studies have shown that tacrine exposure has a pro-

tective effect against neomycin exposure in free-floating utricles
(8). We sought to determine whether similar results would be
obtained using the in-bone method. In-bone utricles were ex-
posed to 1 KM tacrine (Sigma) for 4 hours, followed by treat-
ment with 0, 2, or 4 mM neomycin for 24 hours, with tacrine still
present. After 24 hours of treatment, culture media was replaced
with fresh media (DMEM, 1% fetal bovine serum) without neo-
mycin or tacrine. Utricles were left in culture for an additional
48 hours after removal of tacrine and neomycin. Five utricles
were used per experimental condition.

Hair Cell Counts
Otoconia were removed and utricles were fixed overnight

in 4% paraformaldehyde, as described previously. After rins-
ing in PBS, the utricles were placed in blocking solution (2%
bovine serum albumin, 0.4% normal goat serum, 0.4% normal
horse serum, and 0.4% Triton X-100 in PBS) for 3 hours at room
temperature. Utricles were then double labeled using antibodies
against calmodulin (monoclonal mouse, 1:200; Sigma) and
calbindin (polyclonal-rabbit, 1:250; Chemicon, Billerica, MA,
USA) overnight at 4-C (5). After additional PBS rinses, the
utricles were incubated with secondary antibodies (Alexa 594
goat antirabbit IgG 1:500 and Alexa 488 horse antimouse IgG
1:500; Invitrogen, Carlsbad, CA, USA) for 2 hours at room
temperature. Utricles were then washed in PBS and mounted in
Fluoromount-G (Southern Biotech, Birmingham, AL, USA).
Utricles were examined using either a Zeiss Axioplan II fluo-

rescence microscope or an Olympus FV-1000 confocal microscope
(Fig. 2). Hair cell counts from 4 randomly selected 900 Km2

areas from the striolar and the extrastriolar regions were deter-
mined (Cunningham et al., 2002). For each utricle, hair cells in
the 4 areas were totaled for striolar and extrastriolar regions sepa-
rately. These hair cell totals were then averaged for the mean hair

cell density in striolar and extrastriolar regions and are presented as
a percentage of control utricles (T standard deviation [SD]) cultured
without neomycin.

Free-Floating Utricle Cultures
For purposes of comparison to the in-bone method, utricles

were cultured using the free-floating utricle method, as previ-
ously described (2,5). Mature mice (4Y6 wk of age) were sac-
rificed by cervical dislocation. Utricles were then removed from
the temporal bones using sterile technique and cultured in tis-
sue culture plates with a 2:1 mixture of basal medium Eagle and
Earle’s balanced salt solution, with 5% fetal bovine serum
(Invitrogen). Utricles were cultured for 24 hours with 0, 1, 2, or
4 mM neomycin. Five utricles were cultured per experimental
condition. After neomycin treatment, otoconia were removed
by a steady stream of phosphate-buffered solution (PBS), and
then, utricles were fixed overnight in 4% paraformaldehyde at
4-C. After this, tissue was processed exactly as above. Utricles
were also cultured for 24 hours with 0, 1, 2, or 4 mM neomy-
cin in the presence of 0.001% ofloxacin to determine whether
there was any effect of ofloxacin on hair cell survival in free-
floating cultures.

Scanning Electron Microscopy of In-bone Utricles
Utricles prepared with the in-bone method were cultured for

1 hour or 72 hours in DMEM/1% FBS and then rinsed in PBS
before fixation in 4% glutaraldehyde in 0.1 M sodium phosphate
at 4-C overnight. Specimens were then rinsed 3 times in 0.1 M
sodium phosphate buffer (PB) and then postfixed in 1% osmium
tetroxide in 0.1 M PB for 30 minutes in an ice bath. Specimens
were then rinsed in 0.1 M PB and dehydrated through a graded
ethanol series: 35%, 70%, 95%, and 100% (!2). Utricles were
then critical point dried, mounted on SEM stubs, and sputter
coated with Au/Pd. Note that utricles were kept in situ within the
temporal bone through processing and imaging. SEM was per-
formed using a JEOL JSM-840A scanning electron microscope.

Statistics
All values were calculated and presented as the mean value T

1 SD. Statistical analyses were performed using 1-way ANOVA
(Vassarstats, http://faculty.vassar.edu/lowry/VassarStats.html) and
3-way ANOVA (PASW Statistics 18.0; SPSS, Inc., Chicago,
IL, USA). Results were considered statistically significant if
p G 0.05.

RESULTS

Utricular Hair Cell Survival in Culture Media
Adult utricles were cultured for 1 to 3 days in culture

media. After 3 days in culture media, hair cell numbers
were well preserved (Fig. 2). Hair cells were then counted
from striolar and extrastriolar regions. Mean hair cell den-
sity per 1,000 Km2 (SD) in striolar and extrastriolar areas
was 11.0 (4.4) and 11.7 (1.9), respectively, after 24 hours
of culture. After 3 days in culture media, mean hair cell
density per 1,000 Km2 in striolar and extrastriolar areas
was 11.5 (3.1) and 14.7 (2.5), respectively, demonstrating
favorable stability of hair cell density while in this cul-
ture condition (n = 5Y9 utricles per group). Scanning elec-
tron microscopy of in-bone utricles fixed after 72 hours
in culture demonstrated excellent stereocilia morphology
when compared with utricles fixed after 1 hour in culture

FIG. 2. Confocal image of mouse utricle cultured for 3 days and
then fixed and labeled with antibodies against calmodulin (green)
and calbindin (red) to delineate striolar (S) and extrastriolar (ES)
hair cells. Hair cells are well preserved. Scale bar = 50 Km.
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(Fig. 3). Many hair cells exhibited blebbing of the apical
plasma membrane after 1 hour in culture media. This seemed
reduced after 72 hours in culture media, presumably be-
cause of acclimatization of hair cells to the media.

Neomycin Damage Protocol
Utricles were cultured for 24 hours with 0, 1, 2, and

4 mM neomycin using the in-bone method and then fixed
for fluorescence microscopy. The mean (T1 SD) striolar
and extrastriolar hair cell numbers expressed as a per-
centage of undamaged (no neomycin) controls are shown
in Figure 4A. Hair cell counts after 24 hours in culture
media with neomycin showed no significant hair cell loss
in striolar or extrastriolar regions (striolar, p 9 0.20 value;
extrastriolar, p 9 0.20, 1-way ANOVA). This is in con-
trast to marked dose dependent hair cell loss demon-
strated with free floating utricles exposed to 24 hours of
1, 2, and 4 mM neomycin (Fig. 4A; striolar, p G 0.0001;
extrastriolar, p G 0.0001; 1-way ANOVA). In addition, to
determine whether ofloxacin was having a protective ef-
fect on hair cells, we also cultured free-floating utricles
exposed to 0, 1, 2, and 4 mM neomycin with and without
0.001% ofloxacin for 24 hours and found no difference
in hair cell survival (p 9 0.05, 2-way ANOVA, data not
shown).

Because no hair cell death was seen with the in-bone
method at 24 hours, we examined whether hair cell death

would emerge over a longer period. After rinsing away
neomycin, utricles were cultured for 48 additional hours
(24 h with neomycin followed by 48 hours in culture
media without neomycin). Immunohistochemistry was per-
formed to measure hair cell counts in striolar and extra-
striolar regions. With this 72-hour protocol, there was
significant dose-dependent hair cell loss. Figure 5B shows
an example of a utricle cultured by this protocol after 4 mM
neomycin compared with a utricle cultured for the same
period but without neomycin exposure (Fig. 5A). Both
striolar and extrastriolar hair cells in the in-bone cultures
were dramatically affected (Fig. 4B; p G 0.001 for both
striolar and extrastriolar hair cells, 1-way ANOVA). In-
terestingly, although at 24 hours, the 2 methods yielded
dissimilar results, by 72 hours the in-bone damage protocol
data closely matches with damage seen with free floating
mouse utricles cultured for 24 hours with neomycin.

Tacrine-Induced Hair Cell Protection
We have previously identified tacrine as a drug that

protects zebrafish lateral line hair cells and hair cells
from cultured explanted utricles of mature mice against
neomycin-induced hair cell death (8). To determine whether
protective drugs found effective in our zebrafish screen and
with free floating utricles were also protective with the in-
bone method, hair cell counts were performed on utri-
cles exposed to 2 and 4 mM neomycin with and without

FIG. 3. Scanning electron micrographs of mouse utricles cultured using in-bone method. A and B demonstrate in-bone utricle after 1 hour
in culture media. In A, the utricle sensory epithelium is easily visualized within the bony vestibule. At higher magnification (B), the stereocilia
bundles are visible. Small blebs of the apical plasma membrane are seen and are likely because of the acute exposure to culture media.
C and D demonstrate in-bone utricle after 72 hrs in culture media. After 72 hours in culture (C), the utricle sensory epithelium remains well
visualized in the bony vestibule with excellent morphology of stereocilia seen at higher magnification (D). Blebbing has also decreased,
potentially because of acclimatization of hair cells to culture conditions after 72 hours.
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tacrine (Fig. 6). Tacrine pretreatment increased hair cell
survival after 4 mM from 17% (mean hair cell density,
1.06 per 1,000 Km2; no tacrine) to 46% (mean hair cell
density 4.31 per 1,000 Km2; with tacrine) in striolar
regions of the utricle. In extrastriolar regions, tacrine pre-
treatment increased hair cell survival after 4 mM neomy-
cin from 35% (mean hair cell density, 4.44 per 1,000 Km2;
no tacrine) to 57% (mean hair cell density 7.19 per

1,000 Km2; with tacrine). This protective effect of tacrine
was significant against both 2 and 4 mM neomycin in
both striolar and extrastriolar regions (p G 0.05, repeated
measures 3-way ANOVA).

DISCUSSION

Viable culture preparations from adult mammalian in-
ner ear have been problematic. There is currently no satis-
factory way to culture mature organ of Corti for a prolonged
duration. As a result, most in vitro studies using adult in-
ner ear tissue have avoided using cochlea, instead using
free floating utricle explants, which survive nicely in cul-
ture (1,2,4,9). This technique, although effective, is tech-
nically difficult because of the size and fragility of the
sensory epithelium.

FIG. 4. Neomycin dose-response curves showing hair cell sur-
vival in utricles cultured for 24 hours (A) and 72 hours (B). A,
Striolar and extrastriolar hair cell survival after 24 hours in vitro is
compared between free-floating and in-bone utricle cultures.
Utricles were exposed to 24 hours of neomycin at 0-, 2-, and 4-mM
concentrations and then fixed and analyzed. B, In-bone cultures
were exposed to neomycin for 24 hours and then rinsed and then
cultured in fresh media (without neomycin) for an additional
48 hours. Hair cell loss for in-bone cultures maintained for a total of
72 hours are compared with data from free floating cultures, re-
peated from A. In A, in-bone striolar (solid line •) and in-bone
extrastriolar (solid line h;) there was no hair cell loss in response to
neomycin. This is in comparison to the dose-response curves for
striolar (dotted line 0) and extrastriolar (dashed line r) hair cells in
free floating utricles exposed to identical neomycin treatments. In B,
after 24 hours of neomycin exposure, and 48 additional hours in
culture without neomycin, in-bone utricles demonstrate increasing
striolar (solid line •) and extrastriolar (solid line h;) hair cell loss with
increasing neomycin concentrations, more closely resembling the
free floating utricle cultures after just 24 hours (dotted line 0 and
dashed line r). Data points represent the mean of 5 utricles for each
experimental condition. Error bars represent the SD from the mean.

FIG. 5. Immunocytochemistry of neomycin-induced hair cell
death in the mouse utricle cultured using the in-bone technique.
Utricles were cultured for 24 hours with 0 (A) and 4 mM (B) neo-
mycin, and then rinsed several times to remove neomycin and
allowed to recover for 48 additional hours. Utricles were then fixed
and labeled with antibodies against calmodulin (green) and cal-
bindin (red). In A, there is excellent survival of striolar (red) and
extrastriolar hair cells. In B, with 4-mM neomycin, there is marked
striolar and extrastriolar hair cell loss. Scale bar in B = 50 Km.
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The in-bone culture method we discuss here allows the
adult mouse utricle to be harvested and left in culture for
3 days. Because the utricle is left within the temporal
bone and not manipulated until after fixation, there is
much less tissue damage and, thus, much more consistent
tissue quality. In addition, removal of otoconia is signif-
icantly easier with the utricle left attached within the tem-
poral bone. This alone makes this technique much more
accessible and more easily taught to students and technical
staff. In our experience, achieving expertise in the tradi-
tional utricle explant technique often can require months
of practice, whereas the in-bone method can be mastered
within days.

Aminoglycoside Damage Occurs Predictably
As with the free floating utricle cultures, aminoglycoside

damage with the in-bone method occurs with a predictable
dose-response relationship. However, it is interesting to
note that damage occurs at a slower rate. With the in-bone
method and neomycin exposure up to 4 mM for 24 hours,
hair cell loss was not seen immediately but was very evi-
dent 2 days later, even when no neomycin was present
during the final 48 hours of incubation. On the other hand,
significant hair cell loss occurs after 1 day with free float-
ing utricles in our study as well as others (5,6). Whether
the in-bone culture method or the free floating method
more closely resembles in vivo exposure conditions re-
mains unclear. It should be noted that the time course of
utricular hair cell loss after aminoglycoside exposure in
vivo is not well described. Although most in vivo amino-
glycoside damage protocols seem to require several days
to cause damage (10), more recent studies demonstrate that

aminoglycosides can be detected in the inner ear within
hours after systemic administration (11,12). In addition,
others have found that hair cell death occurs within hours
after direct exposure of hair cells to aminoglycosides in
vivo in guinea pig (12). It should be noted that in the in-
bone culture, aminoglycosides would only have access
to the apical side of the utricular hair cells, whereas free
floating cultures, although still protected by otoconia, are
circumferentially bathed in solutions containing amino-
glycoside, potentially increasing the toxicity. Although
unproven, one could also hypothesize that the in-bone cul-
ture method, by leaving neural connections relatively intact
and sensory epithelium undisturbed, might result in hair
cells that are less fragile than those in free floating utricles
and thus less susceptible to aminoglycoside damage. These
differences may account for some of the differences seen
between the in-bone and free floating utricle cultures.

Difficulties With In-bone Method
Initial attempts at culturing whole temporal bones were

hindered by difficulties with culture media infection. Mi-
crobiologic testing of the infected media yielded multiple
organisms, all of which were sensitive to fluoroquinolone
antibiotics. Cultures thereafter were thus cultured with
0.001% ofloxacin with excellent results and no apparent
ototoxicity based on hair cell counts. It is notable that ac-
cording to current recommendations from the Ameri-
can Academy of OtolaryngologyYHead and Neck Surgery
(13,14), only fluoroquinolone antibiotics are considered
safe to use in the middle ear and ‘‘less’’ ototoxic. Neverthe-
less, to minimize any possible effect that ofloxacin might
have on hair cell survival, culture media was changed after
24 hours to remove ofloxacin from the preparation. This
initial 24-hour exposure to 0.001% ofloxacin was suffi-
cient to prevent any subsequent infection during 5-day
culture periods. In addition, to rule out the possibility that
ofloxacin was protecting hair cells against neomycin, we
exposed free floating utricles to neomycin with and with-
out ofloxacin present and found no significant effect.

Caveats
The methods described here are meant to serve as an

alternative to the free-floating preparation of the adult
mouse utricle. Although there are advantages in terms of
technical ease, difficulties with infection do require the
addition of an antibiotic (ofloxacin) to the culture media.
In addition, leaving the utricle within the temporal bone may
expose cultured hair cells to additional survival factors gen-
erated by other tissues (bone, muscle, and nerves) in the
culture media. This ‘‘co-culture’’ scenario could introduce
more variability into the system, although in this study,
the results from damaging and protective compounds were
quite consistent. Clearly, the free-floating utricle prepara-
tion, as well as isolated epithelium preparations (15), re-
mains valuable tools for investigating many questions about
hair cell viability and regeneration.

Acknowledgments: The authors thank Dale Cunningham for
excellent technical expertise in electron microscopy.

FIG. 6. Pretreatment with tacrine protects against neomycin-
induced hair cell death in in-bone utricle cultures. Utricles were
cultured using the in-bone method and then pretreated either with
0.01% DMSO control or 1 mM tacrine in culture media. Utricles
were then treated with 2 or 4 mM neomycin for 24 hours followed
by 48 hours in culture media alone without neomycin or tacrine.
Pretreatment with tacrine significantly protected striolar and ex-
trastriolar hair cells against 2 and 4 mM neomycin when compared
with DMSO pretreatment controls (*pG 0.05, repeated measures,
6-way ANOVA). Data bars represent the mean of 5 utricles (black
bars = extrastriolar hair cells, hatched bars = striolar hair cells).
Error bars represent the SD from the mean.
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a b s t r a c t

Millions of people worldwide suffer from hearing and balance disorders caused by loss of the sensory
hair cells that convert sound vibrations and head movements into electrical signals that are conveyed to
the brain. In mammals, the great majority of hair cells are produced during embryogenesis. Hair cells that
are lost after birth are virtually irreplaceable, leading to permanent disability. Other vertebrates, such as
fish and amphibians, produce hair cells throughout life. However, hair cell replacement after damage to
the mature inner ear was either not investigated or assumed to be impossible until studies in the late
1980s proved this to be false. Adult birds were shown to regenerate lost hair cells in the auditory sensory
epithelium after noise- and ototoxic drug-induced damage. Since then, the field of hair cell regeneration
has continued to investigate the capacity of the auditory and vestibular epithelia in vertebrates (fishes,
birds, reptiles, and mammals) to regenerate hair cells and to recover function, the molecular mechanisms
governing these regenerative capabilities, and the prospect of designing biologically-based treatments
for hearing loss and balance disorders. Here, we review the major findings of the field during the past 25
years and speculate how future inner ear repair may one day be achieved.

! 2013 Elsevier B.V. All rights reserved.

1. Introduction

Damage and loss of hair cells in the inner ear through aging,
exposure to noise, environmental chemical toxins, medications,
disease and genetic disorders cause hearing and balance disorders
in millions of people each year. In the past, clinicians seldom
envisioned treatments of the inner ear to prevent hearing or bal-
ance disorders, or treatments to restore the cells that are damaged
or lost. Instead, prevention of hearing loss is mainly limited to
peripheral protection (e.g., ear plugs), and treatment is based on
either increasing the stimulation of remaining hair cells (amplifi-
cation) or bypassing the hair cells entirely (cochlear and brainstem
implants). While enormous progress has been made during the
past fifty years in those treatment modalities, we believe that
during the next two-to-five decades, biologically-based methods
will allow prevention of hearing and balance disorders and
replacement of lost receptor elements through regeneration or

transplantation. This prediction is based on two important dis-
coveries that occurred over the past three decades. The first, with
overwhelming importance to all of biology and medicine, is the
discovery that most cell death is governed by the activation of
a well-conserved and relatively small number of pathways that
have been grouped together under the name of “apoptosis”. This
important discovery forms the basis for research aimed at devel-
oping treatments that will prevent a significant percentage of
hearing and balance disorders. The second discovery was mainly of
interest to hearing biologists; the discovery that most vertebrates
have the capacity to repair and restore function to the damaged
inner ear through the regeneration of hair cells. Most of this con-
tribution will review the history of this latter discovery, high-
lighting some of the most important findings of the early period of
the field. In addition, we indicate where some of this germinal
research is providing exciting prospects for today and for the future.

The potential for new hair cell production throughout life in
some vertebrates has been recognized for over 80 years. For
example, Leon Stone studied regeneration of lateral line amputa-
tion and regeneration of the entire tail in amphibian embryos in the
1930s (Stone, 1933, 1937). In the early 1980s, a number of groups
showed continuous production of hair cells in the inner ear of
mature rays and fishes (Corwin, 1981, 1983; Popper and Hoxter,
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1984). These studies demonstrated that addition of hair cells to the
periphery of vestibular epithelia in many cold-blooded vertebrates
occurs throughout life, as the animals continually grow. Until the
late 1980’s, it was generally accepted that warm-blooded verte-
brates could not form new hair cells after development, either
normally or in response to damage. This assumption was not
challenged for several reasons. First, it appears that earlier in-
vestigators had not attempted to examine the possibility that hair
cells in the inner ear or lateral line organs of cold-blooded verte-
brates would regenerate after localized damage to these organs.
Furthermore, it was already known that little growth of inner ear
sensory organs occurs in mammals or birds after they reach
maturity, and that mammals show little recovery of hearing after
hair cell damage (e.g., McGill and Schuknecht, 1976; Blakeslee et al.,
1978; Li, 1992; Sliwinska-Kowalska et al., 1992). Finally, it was
generally assumed that post-embryonic production of sensory or
neuronal cells in mammals is limited to a few unique sites, such as
the olfactory neuroepithelium and taste buds (e.g., Farbman, 1990)
and that specialized undifferentiated precursor cells were limited
to these sites. Therefore, few if any researchers had investigated the
possibility of hair cell regeneration in vertebrates. In both birds and
mammals, all hair cells in the hearing organ (the organ of Corti in
mammals and the basilar papilla in birds) are produced during
embryogenesis or shortly thereafter (Ruben, 1967; Cotanche and
Sulik, 1984; Katayama and Corwin, 1989). Although some mitotic
activities may continue after embryogenesis, the new cells appa-
rently do not differentiate into hair cells (Oesterle and Rubel, 1993).
However, as discussed in detail below, serendipitous findings in
two laboratories led to the realization that birds at any age can
make new hair cells in their basilar papillae when damage has
occurred (Cotanche, 1987a; Cruz et al., 1987; Corwin and Cotanche,
1988; Ryals and Rubel, 1988). Further, the vestibular epithelia of
birds and most other non-mammalian vertebrates normally renew
their hair cells throughout life (Jørgensen and Mathiesen, 1988),
and production of new vestibular hair cells increases after damage
(Weisleder and Rubel, 1993). Hair cell replacement in auditory and
vestibular epithelia following hair cell loss results in near-complete
recovery of hearing and balance function (reviewed in
Bermingham-McDonogh and Rubel, 2003 and discussed below).
These discoveries initiated a search for methods to stimulate
regeneration or replacement of lost hair cells in mammals e
a search that, if fruitful, will revolutionize the treatment of sen-
sorineural hearing loss and balance disorders during this century.

In this review, we discuss the origins of some of themajor trends
in this field, which has now reached its 25th year anniversary and is
virtually embryonic in the time-line of science. This is largelymeant
to be a historical account and therefore deals primarily with the
period up to 2000, attempting to provide a historical perspective
for the work presented in the remainder of this issue. Due to space
limitations, we are unable to include a discussion of many relevant
papers. Readers are encouraged to read the following articles or
chapters for more comprehensive reviews of the literature: Corwin
andWarchol, 1991; Stone et al., 1998; Bermingham-McDonogh and
Rubel, 2003; Stone and Cotanche, 2007; Oesterle and Stone, 2008.

While this researchhasyet to result inanewtreatment forhearing
loss or balance disorders, it has stimulated a field of scientific inquiry
that has shed enormous light on the capacity of the inner ear for hair
cell regeneration, and it has raised hopes that a biological treatment
for the hearing impaired will be available in the near future.

2. Initial experiments: discovery of hair cell regeneration in
birds

Two serendipitous and nearly simultaneous findings in the mid-
1980’s suggested that mature birds are able to restore the

population of hair cells lost following exposure to ototoxic drugs or
intense noise. In 1985 and 1986, Raul Cruz, Paul Lambert, and
Edwin Rubel performed an experiment intended to examine the
time-course of aminoglycoside-induced hair cell death to the
chicken basilar papilla (Fig. 1; Cruz et al., 1987). A large group of
neonatal chicks was injected daily with 50 mg/kg gentamicin for 10
consecutive days. Experimental and vehicle-injected control ani-
mals were allowed to survive varying amounts of time, ranging
from 1 day to 3 weeks after the injection period. The goal of this
study was simply to determine the onset of hair cell death in order
to begin identifying cellular pathways that underlie
aminoglycoside-induced hearing loss. Hair cell counts from serial
section microscopic analysis revealed that, after the 10-day ami-
noglycoside treatment, hair cells were nearly totally eliminated in
the basal one-third of the basilar papilla. A week later, the damage
had spread to eliminate a majority of the hair cells throughout the
basal two-thirds of the basilar papilla. Surprisingly however, the
number of hair cells had been partially restored at the basal end
where the initial hair cell death had occurred. After another 2
weeks, the number of hair cells throughout the basilar papilla
appeared almost normal. These unexpected results constituted
some of the first evidence that hair cells in warm-blooded verte-
brates can regenerate after damage in post-mitotic auditory sen-
sory epithelia.

While the Rubel group was counting hair cells following ami-
noglycoside ototoxicitiy, Douglas Cotanche was examining the
neonatal chick basilar papilla following acoustic trauma using
scanning electron microscopy (Cotanche, 1987a). The initial pur-
pose of these studies was to examine age differences in the top-
ography of the frequency-place map (see Rubel and Ryals, 1983).
Pairs of chickens were subjected to a 1500 Hz pure tone for 48 h at
120 dB SPL. One group of chickens was sacrificed immediately,
while the others were allowed to recover for 1e10 days. The basilar
papillae were processed for scanning and transmission electron
microscopy. Immediately following noise exposure, a large area of
hair cell loss and damage was found in a tonotopically-stereotyped
position. Remarkably however, 2 days later, small stereociliary
bundles beganpopulating the areawhere hair cells had been lost. In
addition, apical surfaces of the cells with these small bundles bore
a striking resemblance to immature hair cells and the sequence of
stereociliary differentiation paralleled that seen in embryogenesis
over the course of 10 days of recovery (Fig. 2; Cotanche and Sulik,
1984; Cotanche, 1987b).

Taken together, data from these two labs strongly suggested that
new hair cells were being produced in the mature basilar papilla to
replace those destroyed by aminoglycoside treatment or noise
trauma. However, other interpretations were possible; amino-
glycosides and noise may cause deterioration or dedifferentiation
of hair cells to the extent that they were unrecognizable in the
microscopic sections or that the stereocilia deteriorated, and then
recovery ensued. Furthermore, even if hair cells were now taking
the place of cells that had been destroyed by the treatments, in-
vestigators could not conclude that this involved the generation of
new cells. It was possible that the damage induced supporting cells
in the sensory epithelium (or other cells outside of the sensory
epithelium) to transform into hair cells. This is not uncommon in
tissues that show continuous cell turnover, as exemplified by ol-
factory receptor epithelium and taste buds (Beites et al., 2005;
Miura et al., 2006).

Proof that hair cells were being regenerated was rapidly pro-
vided by two studies that used 3H-thymidine to label mitotically
active cells in the inner ear of postnatal birds after noise exposure.
This method makes use of the fact that the nucleic acid, thymidine,
is incorporated into DNA during S-phase of the cell cycle. Thymi-
dine then remains in the nucleus of the daughter cells for their
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lifespan, which enables investigators to identify cells born of
mitosis. Using this method, two groups, Brenda Ryals and Edwin
Rubel and Jeffrey Corwin and Douglas Cotanche demonstrated that
damage to the avian basilar papilla causes a population of sup-
porting cells to enter the cell cycle and to produce new cells, which
subsequently differentiate into replacement hair cells and sup-
porting cells (Corwin and Cotanche, 1988; Ryals and Rubel, 1988).
An important and complimentary difference between these two
studies was that, while Corwin and Cotanche studied neonatal
chicks in which hearing is well developed, Ryals and Rubel’s
experiment was carried out on fully mature quail, removing any
assertion that the ability of hair cells to regenerate is only a prop-
erty of young animals. These studies also indicated that production
of new hair cells did not occur in the neonatal chicken or adult quail
basilar papilla unless there was hair cell damage. In the same year,
however, Jørgensen and Mathiesen (1988) discovered that cell di-
vision and production of new hair cells in the budgerigar vestibular
epithelium occurs spontaneously throughout life, without inten-
tional hair cell damage. This was subsequently confirmed
(Roberson et al., 1992) and extended to include damage-induced
regeneration of hair cells in chicken vestibular sensory epithelia
(Weisleder and Rubel, 1992, 1993).

In summary, during the period between 1985 and 1993, it
became clear that the assumption that warm-blooded vertebrates
cannot restore hair cells after injury is wrong. Both young and adult
birds can regenerate new hair cells to repopulate areas damaged by
aminoglycosides or noise, and they continually replace vestibular
hair cells throughout life. In addition, it soon became apparent that
the ability to replace damaged hair cells was widespread across
vertebrates and hair cell organ systems (Balak et al., 1990; Jones and
Corwin, 1993; Baird et al., 1993; Lombarte et al., 1993).

The discovery of hair cell regeneration had two critical ramifi-
cations for the field of hearing research. First, it stimulated a new
vibrant area of investigationwith the goal of identifying treatments
to actually cure hearing loss (and balance disorders). Second, it
provided the impetus for renewed interest in the study of inner ear

development. While it was assumed that hair cell regeneration
would recapitulate hair cell development in many ways, this dis-
covery also made it clear that new hair cells could form in an
environment that was quite different from the normal embryonic
environment. Thus, it became clear that understanding the cellular
and molecular processes underlying development would be
essential for stimulating regeneration in the mammalian ear.
Accordingly, one could consider this early work on regeneration as
a stimulus for some of the developmental investigations seen in the
reports that follow our introductory manuscript.

3. The source of hair cell regeneration: supporting cells and
repair

The early studies that suggested new hair cells arise from
mitotically dividing supporting cells (Ryals and Rubel,1988; Corwin
and Cotanche, 1988) were soon followed up by studies that con-
firmed this assumption. Further evidence for supporting cells as the
source of regenerated hair cells after damage came from experi-
ments performed in the lateral line neuromasts of live salamanders.
These organs, found in amphibians and fish, contain both hair cells
and supporting cells that are analogous in morphology and func-
tion to those in avian inner ear sensory epithelia. Balak et al. (1990)
killed all hair cells residing in individual neuromasts using laser
ablation, leaving only supporting cells in the epithelia. In vivo im-
aging allowed Balak and colleagues to follow supporting cells in the
same neuromast over time, and they clearly observed supporting
cells increase rates of cell division compared to control neuromasts,
and daughter cells differentiate into both supporting and hair cells.

During the same period, studies carried out in avian auditory
sensory epithelium demonstrated supporting cells become mitot-
ically active as early as 18e24 h after the onset of noise exposure
and 12 h after onset of hair cell loss (Girod et al., 1989; Raphael,
1992; Hashino and Salvi, 1993; Stone and Cotanche, 1994). Girod
et al. (1989) began 3H-thymidine exposure during the last 6 h of
an 18 h noise exposure paradigm and continued it for 6e24 h. They

Fig. 1. Hair cell regeneration occurs in post-hatch (mature) chicken basilar papilla after aminoglycoside-induced hair cell loss. A, Transverse section of mid-portion of normal basilar
papilla. Tall and short hair cells are located medially (arrow) and laterally, respectively. TM indicates tectorial membrane, and BM indicates basilar membrane. B, Transverse section
of mid-portion of basilar papilla 8 days (age 18 days) after 10 consecutive days of gentamicin injections. C, Transverse section of mid-portion of basilar papilla 22 days (age 32 days)
after gentamicin injections. D, Mean hair cell number in gentamicin-treated chickens as a percentage of hair cells counted in undamaged control animals. In the mid-portion of the
basilar papilla, hair cell regeneration occurs to restore approximately 70% of lost hair cells by 3 weeks after damage. Bars represent 1 SEM. (From: Cruz RM, Lambert PR, Rubel EW.
1987. Light microscopic evidence of hair cell regeneration after gentamicin toxicity in chick cochlea. Arch Otolaryngol Head Neck Surg 113: 1058e1062.)
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reported extensive proliferative activity in the damaged regions of
the sensory epithelium 12e27 h after the beginning of the noise
exposure. As to the source of the new hair cells, Girod et al. state,
“At this time, none of the labeled cells had structural similarities
with either hair cells or supporting cells in our Toluidine Blue
stained material. Instead, they were cytologically indistinguishable
from hyaline cells and cuboidal cells.” This study concluded that, in
the inferior region of the avian basilar papilla, supporting cells and
hyaline/cuboidal cells are “potential precursor populations”, based
on the fact that they are the earliest cell types showing 3H-thymi-
dine incorporation. In more superior regions, it was clear that
resident supporting cells were the precursors. Other authors have
concluded that hyaline/cuboidal cells do not serve as progenitors to
new hair cells after noise damage (Cotanche et al., 1995); rather,
only supporting cells do, since they divide and give rise to both hair
cells and supporting cells (Raphael, 1992; Hashino and Salvi, 1993;
Stone and Cotanche, 1994). Additionally, mitotic activity of sup-
porting cells followed the spatial pattern of hair cell loss, suggesting
the absence of hair cells signals supporting cells to re-enter the cell
cycle (Fig. 3a).

Studies on birds and amphibians also suggested a variety of
other previously unknown reparative processes occur in the
injured inner ear. These include replacement of lost hair cells
through an unusual process called direct transdifferentiation
(Beresford, 1990), during which supporting cells convert into hair
cells without dividing (Fig. 3b). The first evidence for direct trans-
differentiation came from several studies showing that blockade of
mitosis after injury does not prevent new hair cell production in
either the amphibian saccule (Baird et al., 1996, 2000) or the avian
basilar papilla (Adler and Raphael, 1996). The same conclusion was
reached by Roberson et al. (1996, 2004), who showed that many
new hair cells were not labeled for 3H-thymidine or bromodeox-
yuridine following infusion of either nucleotide into the chicken
inner ear using an osmotic pump during the entire period of
regeneration. Finally, cells with morphological or molecular prop-
erties intermediate between supporting cells and hair cells were
noted in regenerating sensory epithelia (Adler et al., 1997; Steyger
et al., 1997).

In addition to direct transdifferentiation, repair of injured hair
cells was shown to be another response to hair cell damage. Both

Fig. 2. Hair cell regeneration occurs in adult chicken basilar papilla after noise-induced hair cell loss. aef, scanning electron microscopy analysis conducted on the 1500 Hz region of
chicken basilar papillae. a, control basilar papilla. bef, basilar papillae from chickens exposed to 1500 Hz pure tone for 48 h at 120 dB SPL at 0 h (b), 24 h (c), 48 h (d), 6 days (e), and
10 days (f) after noise exposure. Arrowheads, new stereociliary bundles. Bars represent 100 mm (From: Cotanche, DA. 1987a. Regeneration of hair cell stereociliary bundles in the
chick cochlea following severe acoustic trauma. Hearing Research 30: 181e196.)
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noise and drug exposure can cause injury to stereociliary bundles,
giving the appearance that the hair cell itself has been lost from the
epithelium. Subsequently, bundles were rebuilt (Sobkowicz et al.,
1992, 1996; Zheng et al., 1999a; Gale et al., 2002). These observa-
tions have important clinical implications, and they remind in-
vestigators that morphological recovery cannot be assumed to be
due exclusively to regeneration, and modifications including repair
should also be examined.

4. Recovery of synaptic contacts, organ structure, and
ultrastructure

Other important early experiments defined additional features
of hair cell regeneration in the avian inner ear. For example, re-
searchers investigated the time-course of the regenerative
response, the dynamics of nuclear migration and cell shape
changes during regeneration, and the innervation of the restored
sensory epithelium. Of particular interest was the demonstration,
first made by Yehoash Raphael (1992), of a stereotyped pattern of
nuclear migration of the hair cell precursors during their transi-
tions through the cell cycle (Fig. 3a). This pattern reproduced the
sequence of events seen by Corwin and Katayama during devel-
opment of the avian inner ear (Katayama and Corwin, 1989, 1993),
further suggesting that many of the regenerative processes stimu-
lated by injury had marked similarities to the processes that occur
during normal development, a theme that exists throughout this
research area. During this same period, a series of studies from the
Rubel laboratory confirmed that supporting cells are the source of
regenerated hair cells in damaged vestibular epithelia and showed
that their nuclei migrate from near the basement membrane to the
lumenal surface during mitosis. Weisleder and Rubel (1992, 1993;
1995) carefully studied the development of 3H-thymidine-labeled
cells after aminoglycoside-induced hair cell death, and Tsue et al.
(1994) used markers of G1, S, G2, and M phases of the cell cycle
to track mitotic activity in the avian vestibular epithelium damaged
with ototoxic drugs.

Though supporting cells can produce new hair cells after noise
trauma or aminoglycoside treatment, questions remained as to
whether new cells would develop the mature stereotyped organi-
zation of stereocilia, enabling restoration of normal mechano-
transduction, and form synapses with eighth-nerve afferents,
enabling transmission of information from the periphery to the
brain. Duckert and Rubel (1990) and Cotanche and Corwin (1991)
investigated the time-course of stereociliary regeneration and
maturation in the chicken basilar papilla after noise trauma or
ototoxic drug treatment. Initially, the bundles on regenerated hair
cells were disoriented, but around 4 days after noise exposure, they
became realigned to one another and to surviving hair cells outside
of the lesion (Cotanche and Corwin, 1991). However, after
gentamicin-induced hair cell death, there was a longer time-course
of restoring stereociliary orientation (Duckert and Rubel, 1990). By
10e12 weeks after gentamicin treatment, most regenerated ster-
eocilia in the mid portion of the basilar papilla were oriented
appropriately, but the entire basal end did not look normal for
another 10 weeks. Likewise, after 20e25 weeks post-gentamicin
treatment, stereotyped patterns of stereocilia height and number
of stereocilia in each bundle were also restored (Duckert and Rubel,
1990). This remarkable restoration of the positional gradients of
stereociliary length and number, suggests a “memory” for these
parameters resides in supporting cells or the basement membrane
in the area of damage, or amongst surviving hair cells in nearby
regions.

Afferent synaptic terminals formed on regenerating hair cells as
early as one day after a 10-day gentamicin treatment protocol
(Duckert and Rubel, 1990) and within 10 days of noise exposure
(Ryals and Westbrook, 1994). These initially immature-appearing
terminals were found quite early, on immature hair cells, some of
which had not yet reached the lumen nor formed stereocilia. Ves-
iculated terminals (presumably from efferent projections) were
found most often on short hair cells (either erupted or not), and
were evident around one week after gentamicin treatment.

5. Functional recovery

While restoration of synaptic contacts, stereociliary structure, and
sensory organ organization were being examined, several groups
investigated whether hair cell regeneration resulted in restored
auditory and vestibular function. Studies using evoked brainstem
potentials (ABRs) in chickens were the first to test the recovery of
hearing after hair cell destruction. McFadden and Saunders (1989)
examined recovery of ABR thresholds after acoustic trauma. In this
situation, recovery appeared very fast and appeared to be largely
independent of hair cell regeneration. They attributed this rapid
hearing recovery to recovery of the tectorial membrane (Cotanche,
1987c). However, when ABR thresholds were followed after
aminoglycoside-inducedhearing loss Tucci andRubel (1990) showed
that recovery of neural responses very closely follows a time-course
similar to the production and differentiation of new hair cells (see
also Girod et al., 1991). Soon, behavioral and electrophysiological
studies on quail, chickens, starlings, pigeons, and other avian species
provided convincing evidence that after severe deficits due to a va-
riety of ototoxic treatments, hearing returns to near normal levels of
sensitivity following hair cell regeneration (fully reviewed in
Bermingham-McDonogh and Rubel, 2003). Psychoacoustic analyses
on starlings (Marean et al.,1998) took these analyses a step further by
studying the reemergence of spectral and temporal acuity during
regeneration, and subsequent studies showed that even complex
song recognition and production are restored after severe distur-
bances due to deafening (Woolley and Rubel, 2002; Dooling et al.,
2006). Similarly, several studies showed that regeneration of hair
cells in the vestibular epithelium restores vestibular reflexes and

Fig. 3. Schematic representation of hair cell regeneration from supporting cells after
damage. After damage, hair cells are extruded from the epithelium which signals
nearby supporting cells to re-enter the cell cycle and produce mitotically-derived
daughter cells (A), or convert directly into hair cells (B). Dividing supporting cells
can give rise to both hair cells and supporting cells (A). Blue designates hair cells (HCs)
and yellow designates supporting cells (SCs). (From: Oesterle EC and Stone JS. 2008.
Hair cell regeneration: mechanisms guiding cellular proliferation and differentiation.
Springer Handbook of Auditory Research Chapter 5: 141e196.)
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eighth-nerve responses to normality (Carey et al., 1996; Goode et al.,
1999; Boyle et al., 2002; Dickman and Lim, 2004). Perhaps evenmore
interesting is a later study showing that the central projections un-
derlying the vestibulo-ocular reflex (VOR) do not recover fully when
animals are maintained in strobe illumination (depriving them of
retinal slip information), but rapidly assumed normal functionwhen
normal visual stimulation is resumed (Goode et al., 2001). This study
provides an important demonstration that the specificity of central
organization does not remain perfectly intact in the absence of ves-
tibular activation, but it can be rapidly restored through an unknown
process when each part of the circuit is available.

6. What about hair cell regeneration in mature mammals?

Following thediscoveryof hair cell regeneration in the innerearof
birds, several investigators turned to rodents to investigate the pos-
sibility that this capability is present but greatly attenuated in the
mammalian inner ear. They quickly established that supporting cells
in the mature mammalian auditory sensory epithelium (organ of
Corti) do not form new hair cells but instead maintain mitotic qui-
escence, even after hair cell damage (Roberson and Rubel, 1994;
Sobkowicz et al., 1997). In contrast, two important investigations by
Forge et al. (1993) and Warchol et al. (1993) showed that the mam-
malian vestibular epithelium contains mechanisms for more plasti-
city. Careful ultrastructural examination of utricles of gentamicin-
treated adult guinea pigs using both SEM and TEM revealed the re-
emergence of some cells with immature-appearing stereocilia bun-
dlesandundifferentiatedcytoplasm, characteristic of developinghair
cells (Forge et al., 1993, 1998). Warchol et al. (1993) demonstrated
that a small number of supporting cells in adult guinea pig and hu-
man utricles re-entered the cell cycle and divided when in culture.
However, rates of supporting cell division in adult rodent utricles
after in vivo damage were very low, and few if any of the newly
formed post-mitotic cells differentiated into bona fide hair cells
(Warchol et al.,1993; Rubel et al.,1995; Li and Forge,1997; Kuntz and
Oesterle, 1998; Ogata et al., 1999; Oesterle et al., 2003). The con-
clusion from these studies was that some degree of hair cell
replacement can occur naturally in mature mammalian vestibular
epithelia, but neither proliferative nor non-mitotic mechanisms
restore significant numbers of hair cells in the mature organ of Corti.

7. Approaches toward identifying key regulators of hair cell
regeneration

Armed with the understanding that non-mammals mount
a robust regenerative response to hair cell loss while mammals do
not, it was clear early on that the focus needed to shift toward
identifying molecular mechanisms that could robustly promote or
inhibit supporting cells to form new hair cells in animals that DO
regenerate hair cells (non-mammalian vertebrates) and those that
do not mount a robust regenerative response (mammals). To
address this problem, it was first necessary to develop in vitro
models that enabled investigators to efficiently test specific hy-
potheses about potential regulators of hair cell regeneration. Two
groups performed the initial experiments to develop in vitro
preparations of inner ear sensory organs from mature birds or ro-
dents (see Warchol et al., 1993; Oesterle et al., 1993; Warchol and
Corwin, 1993; Lambert, 1994). Shortly thereafter, other in-
vestigators developed cell culture methods for purified avian and
mammalian supporting cells (e.g., Warchol, 1995; Stone et al., 1996;
Zheng et al., 1997). Most early investigations focused on developing
methods that enabled supporting cell division to proceed. Later, it
became evident that more long-term cultures were required to
observe hair cell differentiation (e.g., Shang et al., 2010; Slattery and
Warchol, 2010; Lin et al., 2011).

At this point, investigators selected candidate molecules to test
for their ability to promote or inhibit regeneration using in vitro
preparations. Some researchers reasoned that molecules identified
as key regulators of hair cell regeneration in non-mammals might
be manipulated in damaged mammalian tissue in order to coax
regeneration. Others postulated that signals regulating hair cell
development could be re-activated in mature damaged tissue to
promote regeneration. Still others chose candidate drugs or growth
factors to test, based on their roles in other systems. In all cases,
investigators’ primary goal was to drive mature supporting cells
into the cell cycle or to identify signals that prevented this process.
These approaches led to the identification of several molecules
with the capacity to stimulate or block hair cell regeneration in
birds and mammals (for reviews, see Oesterle and Hume, 1999;
Oesterle and Stone, 2008). For example, Oesterle et al. (1997, 2000)
showed that insulin-like growth factor 1 (IGF-1) and insulin can
stimulate proliferation in cultures of mature avian utricles and
basic fibroblast growth factor (FGF-2) inhibits cell proliferation in
cultured avian inner ear sensory epithelia. Attempts to perform
comprehensive screens for growth factors that induce proliferation
in cultured developing mammalian organ of Corti did not yield
many strong candidates (Zine and de Ribaupierre, 1998; Zheng
et al., 1999b), and technologies remain to be developed to exam-
ine cultured adult organ of Corti. However, transforming growth
factor- a (TGF-a) did increase cell proliferation in cultures of mature
mouse vestibular sensory epithelium (Yamashita and Oesterle,
1995; Lambert, 1994; Zheng et al., 1997, 1999b), and infusion of
TGF-a with insulin into the ears of rats caused a modest amount of
supporting cell division in the mature vestibular system (Kuntz and
Oesterle, 1998; Oesterle et al., 2003).

Investigators also took their quest for regulators of hair cell
regeneration inside the cell, to look at molecules that more directly
control cell cycle entry, progression, and exit. Some of the earliest
studies addressed the role of the cyclin-dependent kinase inhibitor,
p27kip1, in limiting the period of mitotic activity in the developing
organ of Corti (Chen and Segil, 1999; Löwenheim et al., 1999). These
studies demonstrated that constitutive deletion of p27kip1 sig-
nificantly extended the normal developmental period of cell division
in the organ of Corti and caused overproduction of hair cells and
supporting cells. Unfortunately, supporting cells still established
mitotic quiescence by the end of the second postnatal week. Nev-
ertheless, subsequent studies of potential roles for manipulations of
p27kip1 and other cell cycle regulatory proteins continue to yield
important results defining the role of several cell cycle regulators in
supporting cell quiescence (White et al., 2006; Minoda et al., 2007;
Laine et al., 2010; Oesterle et al., 2011; White et al., 2012).

Efforts to promote supporting cell division in mature mammals
were accompanied by the search for molecules that control hair cell
specification and differentiation. It is hoped that such molecules
could be used to either promote new post-mitotic cells to differ-
entiate as hair cells or to push supporting cells or other cell types to
convert directly into hair cells (via direct transdifferentiation). Early
studies focused onmolecules that control the differentiation of hair
cells during normal development. Huda Zoghbi and collaborators
showed that the basic helix-loop-helix transcription factor, Atoh1,
is necessary for hair cell differentiation in both auditory and ves-
tibular epithelia (Bermingham et al., 1999). Shortly thereafter, Wei-
Qiang Gao and colleagues discovered that misexpression of Atoh1
in a non-sensory region of the cultured developing organ of Corti
drove those cells to transdifferentiate into hair cells (Zheng and
Gao, 2000). More recent investigations in mature mammalian
epithelia showed that Atoh1 can drive mammalian supporting cells
to acquire hair cell features in cultured utricles and in vivo (Shou
et al., 2003; Staecker et al., 2007). The results of manipulating
Atoh1 in vivo in the mature mammalian organ of Corti appear
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mixed. Some authors report robust regeneration and functional
recovery, while others find less convincing evidence (Kawamoto
et al., 2003; Izumikawa et al., 2005; Staecker et al., 2007;
Schlecker et al., 2011; Liu et al., 2012).

Given Atoh1’s remarkable ability to drive hair cell differentiation,
investigators became interested in finding ways to promote Atoh1
expression in supporting cells using exogenous agents, which could
be more therapeutically wieldy than gene misexpression. Studies in
fruit flies and other animals had shown that Atoh1 transcription is
strongly antagonized by signaling via the Notch receptor (reviewed
in Lewis, 1996). Early investigation of Notch signaling in the devel-
oping organ of Corti showed that it is critical for establishing correct
cell types and patterning (Lanford et al., 1999). In particular, deletion
of the gene encoding Jagged2, a Notch ligand, resulted in hair cell
overproduction at the expense of supporting cells. This finding was
consistent with Notch’s known role in maintaining sensory pro-
genitors during development. The first study to implicate Notch
signaling in hair cell regeneration in mature epithelia was Stone and
Rubel (1999), which demonstrated upregulation of Notch ligand
expression was correlated temporally and spatially with renewed
hair cell and supporting cell production. In essence, a developmental
program of gene expression had been recapitulated. More recent
studies have confirmed the inhibitory role of Notch in hair cell
regeneration in neonatal and mature sensory epithelia from non-
mammals (Ma et al., 2008; Daudet et al., 2009) and mammals
(Doetzlhofer et al., 2009; Collado et al., 2011; Lin et al., 2011; Zhao
et al., 2011). To date, all studies that have blocked Notch activity to
promote hair cell regeneration in mature animals have been per-
formed in vitro; in vivo effects remain to be examined.

8. The future

Scientific efforts in numerous laboratories over the past 25 years
have made major contributions to our understanding of hair cell
regeneration as a mechanism for restoring hearing or balance
function after injury in mature animals. They have demonstrated
that most or all non-mammalian vertebrates readily regenerate
hair cells after damage, and regenerated hair cells develop normal
features, become innervated, and communicate effectively with the
brain. Second, investigators showed that adult mammalian sup-
porting cells in auditory and vestibular organs are rigorously
blocked from re-entering the cell cycle after hair cell damage, and
simple manipulations are only mildly effective in driving their re-
entry into the cell cycle. Third, it is now well established that
adult mammalian vestibular epithelia contain some supporting
cells with the capacity to directly convert into hair cells, but such
ability remains to be demonstrated in the mature organ of Corti.
Finally, the most recent studies demonstrated that some genetic
manipulations can drive mammalian supporting cells to convert
into hair cell-like cells, but so far, these manipulations seem to be
most effective in the neonatal ear and are insufficient to restore
inner ear anatomy and function to normal levels in mature animals.

The next phase of hair cell regeneration research has many
challenges. Below, we define some of the major approaches that are
currently being taken to promote higher degrees of hair cell
replacement in mature mammals.

8.1. Identification of methods to induce hair cell regeneration in
mature mammals

A major push is underway to define manipulations sufficient to
drive adult supporting cells to form adequate numbers and types of
new hair cells. To do this, investigators are taking advantage of
exciting technological advancements inmolecular biology, including
gene expression profiling and in vivomanipulation of gene activity.

Gene expression (or transcriptional) profiling is one strategy
being used to unravel the molecular cascades involved in sup-
porting cell quiescence and proliferation in auditory and vestibular
sensory epithelia. Utilizing this approach, researchers are identi-
fying genes that are up-regulated, down-regulated, and unchanged
during hair cell regeneration in non-mammals (e.g., Hawkins et al.,
2007; Alvarado et al., 2011; Schuck et al., 2011). They are also using
genetic profiling in mammals to identify signals that may restrict
supporting cells to quiescence. Comparison of supporting cell gene
expression patterns in non-mammals and mammals after hair cell
damage will provide important clues as to why adult mammalian
supporting cells fail to mount a robust regenerative response,
particularly in the organ of Corti. One strength of this approach
compared to past approaches is it will identify genes that have not
yet been associated with sensory cell fate determination and dif-
ferentiation in the inner ear or in other tissues.

As the field becomes inundated with results from genetic
profiling experiments, the next step will be to test the specific
function of genes, gene combinations, and signaling pathways
identified as potential regulators of hair cell regeneration. The
zebrafish might be an excellent model for relatively quick, high-
throughput screening of hair cell regeneration capacity in the
presence of modulators of signaling cascades. Lateral line neuro-
masts are composed of both supporting and hair cells that are
analogous in morphology and function to other species, but they
reside on the outside of the fish allowing easy access to small
molecules (reviewed in Brignull et al., 2009). Small molecules that
disrupt various signaling pathways can be applied to zebrafish
in vivo to assess their direct involvement in the regenerative pro-
cesses. Likewise, direct testing of candidate molecules can be
accomplished in mammalian systems in vitro and in vivo. Trans-
genic mouse lines utilizing Cre-loxP and tetracycline-responsive
element technology are used to conditionally control gene
expression in specific cellular populations before, during, and after
development (e.g., Sage et al., 2005, 2006). In such mice, the ac-
tivity of individual genes can be manipulated in normal and dam-
aged sensory epithelia in vitro and in vivo to test their role in
supporting cell proliferation or hair cell differentiation. Use of
adenovirally expressed vectors to force overexpression of specific
genes or to deliver RNA sequences to knockdown gene expression
also provides a solid method for testing hypotheses (e.g., Loponen
et al., 2011; Zhao et al., 2011). Not only can adenovirus technol-
ogy prove useful in manipulating gene expression in cells to pro-
vide understanding of molecular mechanisms at work, but it also
may serve as a route for genetic therapy in patients one day. A re-
view of these approaches is provided in “Gene therapy for the inner
ear” by Fukui and Raphael, 2013.

8.2. Stem cells as a source for new hair cells

Several research groups are investigating ways to promote
supporting cells or other cells inside the inner ear to divide or
convert into hair cells. Another viable approach toward restoring
hair cells is to introduce into the inner ear, cells from other sources
that have the capacity to form hair cells. To accomplish this, in-
vestigators are studying different types of stem or progenitor cells,
defining their capacities to form new hair cells, and characterizing
ways to introduce such cells into the inner ear. A review of these
efforts is provided in Okano and Kelley (2012).

9. Conclusion

In the early 1980s, it was impossible for most auditory scientists
to imagine clinicians could someday repair the damaged cochlea by
inducing the production of new sensory cells to transduce sound
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into electrical signals conveyed to the brain. Today, thanks to work
pioneered in the 1980s and 1990s, laboratories around the world
are eagerly seeking ways to use the recent findings of modern
biology to protect and repair the inner ear. The momentum driving
this research will only continue to grow and propel the field to
develop therapies to treat, and perhaps to cure, hearing and balance
impairments.
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Abstract
Millions of people worldwide suffer from hearing and balance disorders caused by loss of the
sensory hair cells that convert sound vibrations and head movements into electrical signals that are
conveyed to the brain. In mammals, the great majority of hair cells are produced during
embryogenesis. Hair cells that are lost after birth are virtually irreplaceable, leading to permanent
disability. Other vertebrates, such as fish and amphibians produce hair cells throughout life.
However, hair cell replacement after damage to the mature inner ear was either not investigated or
assumed to be impossible until studies in the late 1980s proved this to be false. Adult birds were
shown to regenerate lost hair cells in the auditory sensory epithelium after noise- and ototoxic
drug-induced damage. Since then, the field of hair cell regeneration has continued to investigate
the capacity of the auditory and vestibular epithelia in vertebrates (fishes, birds, reptiles, and
mammals) to regenerate hair cells and to recover function, the molecular mechanisms governing
these regenerative capabilities, and the prospect of designing biologically-based treatments for
hearing loss and balance disorders. Here, we review the major findings of the field during the past
25 years and speculate how future inner ear repair may one day be achieved.

Keywords
hair cell regeneration; historical review; proliferation; transdifferentiation; sensory epithelia; hair
cells; supporting cells

Introduction
Damage and loss of hair cells in the inner ear through aging, exposure to noise,
environmental chemical toxins, medications, disease and genetic disorders cause hearing
and balance disorders in millions of people each year. In the past, clinicians seldom
envisioned treatments of the inner ear to prevent hearing or balance disorders, or treatments
to restore the cells that are damaged or lost. Instead, prevention of hearing loss is mainly
limited to peripheral protection (e.g., ear plugs), and treatment is based on either increasing
the stimulation of remaining hair cells (amplification) or bypassing the hair cells entirely
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(cochlear and brainstem implants). While enormous progress has been made during the past
fifty years in those treatment modalities, we believe that during the next two-to-five decades,
biologically-based methods will allow prevention of hearing and balance disorders and
replacement of lost receptor elements through regeneration or transplantation. This
prediction is based on two important discoveries that occurred over the past three decades.
The first, with overwhelming importance to all of biology and medicine, is the discovery
that most cell death is governed by the activation of a well-conserved and relatively small
number of pathways that have been grouped together under the name of “apoptosis”. This
important discovery forms the basis for research aimed at developing treatments that will
prevent a significant percentage of hearing and balance disorders. The second discovery was
mainly of interest to hearing biologists; the discovery that most vertebrates have the capacity
to repair and restore function to the damaged inner ear through the regeneration of hair cells.
Most of this contribution will review the history of this latter discovery, highlighting some
of the most important findings of the early period of the field. In addition, we indicate where
some of this germinal research is providing exciting prospects for today and for the future.

The potential for new hair cell production throughout life in some vertebrates has been
recognized for over 80 years. For example, Leon Stone studied regeneration of lateral line
amputation and regeneration of the entire tail in amphibian embryos in the 1930s (Stone,
1933; 1937). In the early 1980s, a number of groups showed continuous production of hair
cells in the inner ear of mature rays and fishes (Corwin; 1981, 1983; Popper and Hoxter,
1984). These studies demonstrated that addition of hair cells to the periphery of vestibular
epithelia in many cold-blooded vertebrates occurs throughout life, as the animals continually
grow. Until the late 1980's, it was generally accepted that warm-blooded vertebrates could
not form new hair cells after development, either normally or in response to damage. This
assumption was not challenged for several reasons. First, it appears that earlier investigators
had not attempted to examine the possibility that hair cells in the inner ear or lateral line
organs of cold-blooded vertebrates would regenerate after localized damage to these organs.
Furthermore, it was already known that little growth of inner ear sensory organs occurs in
mammals or birds after they reach maturity, and that mammals show little recovery of
hearing after hair cell damage (e.g., McGill and Schuknecht, 1976; Blakeslee et al., 1978;
Li, 1992; Sliwinska-Kowalska et al., 1992). Finally it was generally assumed that post-
embryonic production of sensory or neuronal cells in mammals is limited to a few unique
sites, such as the olfactory neuroepithelium and taste buds (e.g., Farbman, 1990) and that
specialized undifferentiated precursor cells were limited to these sites. Therefore, few if any
researchers had investigated the possibility of hair cell regeneration in vertebrates. In both
birds and mammals, all hair cells in the hearing organ (the organ of Corti in mammals and
the basilar papilla in birds) are produced during embryogenesis or shortly thereafter (Ruben,
1967; Cotanche and Sulik 1984; Katayama and Corwin, 1989). Although some mitotic
activities may continue after embryogenesis, the new cells apparently do not differentiate
into hair cells (Oesterle and Rubel, 1993). However, as discussed in detail below,
serendipitous findings in two laboratories led to the realization that birds at any age can
make new hair cells in their basilar papillae when damage has occurred (Cotanche, 1987a;
Cruz et al., 1987; Corwin and Cotanche, 1988; Ryals and Rubel, 1988). Further, the
vestibular epithelia of birds and most other non-mammalian vertebrates normally renew
their hair cells throughout life (Jørgensen and Mathiesen, 1988), and production of new
vestibular hair cells increases after damage (Weisleder and Rubel, 1993). Hair cell
replacement in auditory and vestibular epithelia following hair cell loss results in near-
complete recovery of hearing and balance function (reviewed in Bermingham-McDonogh
and Rubel, 2003 and discussed below). These discoveries initiated a search for methods to
stimulate regeneration or replacement of lost hair cells in mammals - a search that, if
fruitful, will revolutionize the treatment of sensorineural hearing loss and balance disorders
during this century.
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In this review, we discuss the origins of some of the major trends in this field, which has
now reached its 25th year anniversary and is virtually embryonic in the time-line of science.
This is largely meant to be a historical account and therefore deals primarily with the period
up to 2000, attempting to provide a historical perspective for the work presented in the
remainder of this issue. Due to space limitations, we are unable to include a discussion of
many relevant papers. Readers are encouraged to read the following articles or chapters for
more comprehensive reviews of the literature: Corwin and Warchol, 1991; Stone et al.,
1998; Bermingham-McDonogh and Rubel, 2003; Stone and Cotanche, 2007; Oesterle and
Stone, 2008. While this research has yet to result in a new treatment for hearing loss or
balance disorders, it has stimulated a field of scientific inquiry that has shed enormous light
on the capacity of the inner ear for hair cell regeneration, and it has raised hopes that a
biological treatment for the hearing impaired will be available in the near future.

Initial Experiments: Discovery of Hair Cell Regeneration in Birds
Two serendipitous and nearly simultaneous findings in the mid-1980's suggested that mature
birds are able to restore the population of hair cells lost following exposure to ototoxic drugs
or intense noise. In 1985 and 1986, Raul Cruz, Paul Lambert, and Edwin Rubel performed
an experiment intended to examine the time-course of aminoglycoside-induced hair cell
death to the chicken basilar papilla (Figure 1; Cruz et al., 1987). A large group of neonatal
chicks was injected daily with 50 mg/kg gentamicin for 10 consecutive days. Experimental
and vehicle-injected control animals were allowed to survive varying amounts of time,
ranging from 1 day to 3 weeks after the injection period. The goal of this study was simply
to determine the onset of hair cell death in order to begin identifying cellular pathways that
underlie aminoglycoside-induced hearing loss. Hair cell counts from serial section
microscopic analysis revealed that, after the 10-day aminoglycoside treatment, hair cells
were nearly totally eliminated in the basal one-third of the basilar papilla. A week later, the
damage had spread to eliminate a majority of the hair cells throughout the basal two-thirds
of the basilar papilla. Surprisingly however, the number of hair cells had been partially
restored at the basal end where the initial hair cell death had occurred. After another 2
weeks, the number of hair cells throughout the basilar papilla appeared almost normal.
These unexpected results constituted some of the first evidence that hair cells in warm-
blooded vertebrates can regenerate after damage in post-mitotic auditory sensory epithelia.

While the Rubel group was counting hair cells following aminoglycoside ototoxicitiy,
Douglas Cotanche was examining the neonatal chick basilar papilla following acoustic
trauma using scanning electron microscopy (Cotanche, 1987a). The initial purpose of these
studies was to examine age differences in the topography of the frequency-place map (see
Rubel and Ryals, 1983). Pairs of chickens were subjected to a 1500 Hz pure tone for 48 hrs
at 120 dB SPL. One group of chickens was sacrificed immediately, while the others were
allowed to recover for 1-10 days. The basilar papillae were processed for scanning and
transmission electron microscopy. Immediately following noise exposure, a large area of
hair cell loss and damage was found in a tonotopically-stereotyped position. Remarkably
however, 2 days later, small stereociliary bundles began populating the area where hair cells
had been lost. In addition, apical surfaces of the cells with these small bundles bore a
striking resemblance to immature hair cells and the sequence of stereociliary differentiation
paralleled that seen in embryogenesis over the course of 10 days of recovery (Figure 2;
Cotanche and Sulik, 1984; Cotanche, 1987b).

Taken together, data from these two labs strongly suggested that new hair cells were being
produced in the mature basilar papilla to replace those destroyed by aminoglycoside
treatment or noise trauma. However, other interpretations were possible; aminoglycosides
and noise may cause deterioration or dedifferentiation of hair cells to the extent that they
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were unrecognizable in the microscopic sections or that the stereocilia deteriorated, and then
recovery ensued. Furthermore, even if hair cells were now taking the place of cells that had
been destroyed by the treatments, investigators could not conclude that this involved the
generation of new cells. It was possible that the damage induced supporting cells in the
sensory epithelium (or other cells outside of the sensory epithelium) to transform into hair
cells. This is not uncommon in tissues that show continuous cell turnover, as exemplified by
olfactory receptor epithelium and taste buds (Beites et al., 2005; Miura et al., 2006).

Proof that hair cells were being regenerated was rapidly provided by two studies that
used 3H-thymidine to label mitotically active cells in the inner ear of postnatal birds after
noise exposure. This method makes use of the fact that the nucleic acid, thymidine, is
incorporated into DNA during S-phase of the cell cycle. Thymidine then remains in the
nucleus of the daughter cells for their lifespan, which enables investigators to identify cells
born of mitosis. Using this method, two groups, Error! Reference source not found. and
Edwin Rubel, and Jeffrey Corwin and Douglas Cotanche, demonstrated that damage to the
avian basilar papilla causes a population of supporting cells to enter the cell cycle and to
produce new cells, which subsequently differentiate into replacement hair cells and
supporting cells (Corwin and Cotanche, 1988; Ryals and Rubel, 1988). An important and
complimentary difference between these two studies was that, while Corwin and Cotanche
studied neonatal chicks in which hearing is well developed, Ryals and Rubel's experiment
was carried out on fully mature quail, removing any assertion that the ability of hair cells to
regenerate is only a property of young animals. These studies also indicated that production
of new hair cells did not occur in the neonatal chicken or adult quail basilar papilla unless
there was hair cell damage. In the same year, however, Jørgensen and Mathiesen (1988)
discovered that cell division and production of new hair cells in the budgerigar vestibular
epithelium occurs spontaneously throughout life, without intentional hair cell damage. This
was subsequently confirmed (Roberson et al., 1992) and extended to include damage-
induced regeneration of hair cells in chicken vestibular sensory epithelia (Weisleder and
Rubel, 1992; 1993).

In summary, during the period between 1985 and 1993, it became clear that the assumption
that warm-blooded vertebrates cannot restore hair cells after injury is wrong. Both young
and adult birds can regenerate new hair cells to repopulate areas damaged by
aminoglycosides or noise, and they continually replace vestibular hair cells throughout life.
In addition, it soon became apparent that the ability to replace damaged hair cells was
widespread across vertebrates and hair cell organ systems (Balak et al., 1990; Jones and
Corwin, 1993; Baird et al., 1993; Lombarte, et al, 1993).

The discovery of hair cell regeneration had two critical ramifications for the field of hearing
research. First, it stimulated a new vibrant area of investigation with the goal of identifying
treatments to actually cure hearing loss (and balance disorders). Second, it provided the
impetus for renewed interest in the study of inner ear development. While it was assumed
that hair cell regeneration would recapitulate hair cell development in many ways, this
discovery also made it clear that new hair cells could form in an environment that was quite
different from the normal embryonic environment. Thus, it became clear that understanding
the cellular and molecular processes underlying development would be essential for
stimulating regeneration in the mammalian ear. Accordingly, one could consider this early
work on regeneration as a stimulus for some of the developmental investigations seen in the
reports that follow our introductory manuscript.
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The Source of Hair Cell Regeneration: Supporting Cells and Repair
The early studies that suggested new hair cells arise from mitotically dividing supporting
cells (Ryals and Rubel, 1988; Corwin and Cotanche, 1988) were soon followed up by
studies that confirmed this assumption. Further evidence for supporting cells as the source of
regenerated hair cells after damage came from experiments performed in the lateral line
neuromasts of live salamanders. These organs, found in amphibians and fish, contain both
hair cells and supporting cells that are analogous in morphology and function to those in
avian inner ear sensory epithelia. Balak et al. (1990) killed all hair cells residing in
individual neuromasts using laser ablation, leaving only supporting cells in the epithelia. In
vivo imaging allowed Balak and colleagues to follow supporting cells in the same neuromast
over time, and they clearly observed supporting cells increase rates of cell division
compared to control neuromasts, and daughter cells differentiate into both supporting and
hair cells.

During the same period, studies carried out in avian auditory sensory epithelium
demonstrated supporting cells become mitotically active as early as 18-24 hours after the
onset of noise exposure and 12 hours after onset of hair cell loss (Girod et al., 1989;
Raphael, 1992; Hashino and Salvi, 1993; Stone and Cotanche, 1994). Girod et al. (1989)
began 3H-thymidine exposure during the last 6 hrs of an 18 hr noise exposure paradigm and
continued it for 6-24 hrs. They reported extensive proliferative activity in the damaged
regions of the sensory epithelium 12-27 hrs after the beginning of the noise exposure. As to
the source of the new hair cells, Girod et al. state, “At this time, none of the labeled cells had
structural similarities with either hair cells or supporting cells in our Toluidine Blue stained
material. Instead, they were cytologically indistinguishable from hyaline cells and cuboidal
cells.” This study concluded that, in the inferior region of the avian basilar papilla,
supporting cells and hyaline/cuboidal cells are “potential precursor populations”, based on
the fact that they are the earliest cell types showing 3H-thymidine incorporation. In more
superior regions, it was clear that resident supporting cells were the precursors. Other
authors have concluded that hyaline/cuboidal cells do not serve as progenitors to new hair
cells after noise damage (Cotanche et al., 1995); rather, only supporting cells do, since they
divide and give rise to both hair cells and supporting cells (Raphael, 1992; Hashino and
Salvi, 1993; Stone and Cotanche, 1994). Additionally, mitotic activity of supporting cells
followed the spatial pattern of hair cell loss, suggesting the absence of hair cells signals
supporting cells to re-enter the cell cycle (Figure 3a).

Studies on birds and amphibians also suggested a variety of other previously unknown
reparative processes occur in the injured inner ear. These include replacement of lost hair
cells through an unusual process called direct transdifferentiation (Beresford, 1990), during
which supporting cells convert into hair cells without dividing (Figure 3b). The first
evidence for direct transdifferentiation came from several studies showing that blockade of
mitosis after injury does not prevent new hair cell production in either the amphibian saccule
(Baird et al., 1996; Baird et al., 2000) or the avian basilar papilla (Adler and Raphael, 1996).
The same conclusion was reached by Roberson et al. (1996; 2004), who showed that many
new hair cells were not labeled for 3H-thymidine or bromodeoxyuridine following infusion
of either nucleotide into the chicken inner ear using an osmotic pump during the entire
period of regeneration. Finally, cells with morphological or molecular properties
intermediate between supporting cells and hair cells were noted in regenerating sensory
epithelia (Adler et al., 1997; Steyger et al., 1997).

In addition to direct transdifferentiation, repair of injured hair cells was shown to be another
response to hair cell damage. Both noise and drug exposure can cause injury to stereociliary
bundles, giving the appearance that the hair cell itself has been lost from the epithelium.
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Subsequently, bundles were rebuilt (Sobkowicz et al., 1992; 1996; Zheng et al., 1999a; Gale
et al., 2002). These observations have important clinical implications, and they remind
investigators that morphological recovery cannot be assumed to be due exclusively to
regeneration, and modifications including repair should also be examined.

Recovery of Synaptic Contacts, Organ Structure, and Ultrastructure
Other important early experiments defined additional features of hair cell regeneration in the
avian inner ear. For example, researchers investigated the time-course of the regenerative
response, the dynamics of nuclear migration and cell shape changes during regeneration, and
the innervation of the restored sensory epithelium. Of particular interest was the
demonstration, first made by Yehoash Raphael (1992), of a stereotyped pattern of nuclear
migration of the hair cell precursors during their transitions through the cell cycle (Figure
3a). This pattern reproduced the sequence of events seen by Corwin and Katayama during
development of the avian inner ear (Katayama and Corwin, 1989; 1993), further suggesting
that many of the regenerative processes stimulated by injury had marked similarities to the
processes that occur during normal development, a theme that exists throughout this
research area. During this same period, a series of studies from the Rubel laboratory
confirmed that supporting cells are the source of regenerated hair cells in damaged
vestibular epithelia and showed that their nuclei migrate from near the basement membrane
to the lumenal surface during mitosis. Weisleder and Rubel (1992; 1993; 1995) carefully
studied the development of 3H-thymidine-labeled cells after aminoglycoside-induced hair
cell death, and Tsue et al. (1994) used markers of G1, S, G2, and M phases of the cell cycle
to track mitotic activity in the avian vestibular epithelium damaged with ototoxic drugs.

Though supporting cells can produce new hair cells after noise trauma or aminoglycoside
treatment, questions remained as to whether new cells would develop the mature stereotyped
organization of stereocilia, enabling restoration of normal mechanotransduction, and form
synapses with eighth-nerve afferents, enabling transmission of information from the
periphery to the brain. Duckert and Rubel (1990) and Cotanche and Corwin (1991)
investigated the time-course of stereociliary regeneration and maturation in the chicken
basilar papilla after noise trauma or ototoxic drug treatment. Initially, the bundles on
regenerated hair cells were disoriented, but around 4 days after noise exposure, they became
realigned to one another and to surviving hair cells outside of the lesion (Cotanche and
Corwin, 1991). However, after gentamicin-induced hair cell death, there was a longer time-
course of restoring stereociliary orientation (Duckert and Rubel, 1990). By 10-12 weeks
after gentamicin treatment, most regenerated stereocilia in the mid portion of the basilar
papilla were oriented appropriately, but the entire basal end did not look normal for another
10 weeks. Likewise, after 20-25 weeks post-gentamicin treatment, stereotyped patterns of
stereocilia height and number of stereocilia in each bundle were also restored (Duckert and
Rubel, 1990). This remarkable restoration of the positional gradients of stereociliary length
and number, suggests a “memory” for these parameters resides in supporting cells or the
basement membrane in the area of damage, or amongst surviving hair cells in nearby
regions.

Afferent synaptic terminals formed on regenerating hair cells as early as one day after a 10-
day gentamicin treatment protocol (Duckert and Rubel, 1990) and within 10 days of noise
exposure (Ryals and Westbrook, 1994). These initially immature-appearing terminals were
found quite early, on immature hair cells, some of which had not yet reached the lumen nor
formed stereocilia. Vesiculated terminals (presumably from efferent projections) were found
most often on short hair cells (either erupted or not), and were evident around one week after
gentamicin treatment.
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Functional Recovery
While restoration of synaptic contacts, stereociliary structure, and sensory organ
organization were being examined, several groups investigated whether hair cell
regeneration resulted in restored auditory and vestibular function. Studies using evoked
brainstem potentials (ABRs) in chickens were the first to test the recovery of hearing after
hair cell destruction. McFadden and Saunders (1989) examined recovery of ABR thresholds
after acoustic trauma. In this situation, recovery appeared very fast and appeared to be
largely independent of hair cell regeneration. They attributed this rapid hearing recovery to
recovery of the tectorial membrane (Cotanche, 1987c). However, when ABR thresholds
were followed after aminoglycoside-induced hearing loss Tucci and Rubel (1990) showed
that recovery of neural responses very closely follows a time-course similar to the
production and differentiation of new hair cells (see also Girod et al., 1991). Soon,
behavioral and electrophysiological studies on quail, chickens, starlings, pigeons, and other
avian species provided convincing evidence that after severe deficits due to a variety of
ototoxic treatments, hearing returns to near normal levels of sensitivity following hair cell
regeneration (fully reviewed in Bermingham-McDonogh and Rubel, 2003). Psychoacoustic
analyses on starlings (Marean et al., 1998) took these analyses a step further by studying the
reemergence of spectral and temporal acuity during regeneration, and subequent studies
showed that even complex song recognition and production are restored after severe
disturbances due to deafening (Woolley and Rubel, 2002; Dooling et al., 2006). Similarly,
several studies showed that regeneration of hair cells in the vestibular epithelium restores
vestibular reflexes and eighth-nerve responses to normality (Carey et al., 1996; Goode et al.,
1999; Boyle et al, 2002; Dickman and Lim, 2004). Perhaps even more interesting is a later
study showing that the central projections underlying the vestibulo-ocular reflex (VOR) do
not recover fully when animals are maintained in strobe illumination (depriving them of
retinal slip information), but rapidly assumed normal function when normal visual
stimulation is resumed (Goode et al., 2001). This study provides an important demonstration
that the specificity of central organization does not remain perfectly intact in the absence of
vestibular activation, but it can be rapidly restored through an unknown process when each
part of the circuit is available.

What about Hair Cell Regeneration in Mature Mammals?
Following the discovery of hair cell regeneration in the inner ear of birds, several
investigators turned to rodents to investigate the possibility that this capability is present but
greatly attenuated in the mammalian inner ear. They quickly established that supporting
cells in the mature mammalian auditory sensory epithelium (organ of Corti) do not form
new hair cells but instead maintain mitotic quiescence, even after hair cell damage
(Roberson and Rubel, 1994; Sobkowicz et al., 1997). In contrast, two important
investigations by Forge et al. (1993) and Warchol et al. (1993) showed that the mammalian
vestibular epithelium contains mechanisms for more plasticity. Careful ultrastructural
examination of utricles of gentamicin-treated adult guinea pigs using both SEM and TEM
revealed the re-emergence of some cells with immature-appearing stereocilia bundles and
undifferentiated cytoplasm, characteristic of developing hair cells (Forge et al., 1993; 1998).
Warchol et al. (1993) demonstrated that a small number of supporting cells in adult guinea
pig and human utricles re-entered the cell cycle and divided when in culture. However, rates
of supporting cell division in adult rodent utricles after in vivo damage were very low, and
few if any of the newly formed post-mitotic cells differentiated into bona fide hair cells
(Warchol et al., 1993; Rubel et al., 1995; Li and Forge, 1997; Kuntz and Oesterle, 1998;
Ogata et al., 1999; Oesterle et al., 2003). The conclusion from these studies was that some
degree of hair cell replacement can occur naturally in mature mammalian vestibular
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epithelia, but neither proliferative nor non-mitotic mechanisms restore significant numbers
of hair cells in the mature organ of Corti.

Approaches Toward Identifying Key Regulators of Hair Cell Regeneration
Armed with the understanding that non-mammals mount a robust regenerative response to
hair cell loss while mammals do not, it was clear early on that the focus needed to shift
toward identifying molecular mechanisms that could robustly promote or inhibit supporting
cells to form new hair cells in animals that DO regenerate hair cells (non-mammalian
vertebrates) and those that do not mount a robust regenerative response (mammals). To
address this problem, it was first necessary to develop in vitro models that enabled
investigators to efficiently test specific hypotheses about potential regulators of hair cell
regeneration. Two groups performed the initial experiments to develop in vitro preparations
of inner ear sensory organs from mature birds or rodents (see Warchol et al., 1993; Oesterle
et al., 1993; Warchol and Corwin, 1993; Lambert, 1994). Shortly thereafter, other
investigators developed cell culture methods for purified avian and mammalian supporting
cells (e.g., Warchol, 1995; Stone et al., 1996; Zheng et al., 1997). Most early investigations
focused on developing methods that enabled supporting cell division to proceed. Later, it
became evident that more long-term cultures were required to observe hair cell
differentiation (e.g., Shang et al., 2010; Slattery and Warchol, 2010; Lin et al., 2011).

At this point, investigators selected candidate molecules to test for their ability to promote or
inhibit regeneration using in vitro preparations. Some researchers reasoned that molecules
identified as key regulators of hair cell regeneration in non-mammals might be manipulated
in damaged mammalian tissue in order to coax regeneration. Others postulated that signals
regulating hair cell development could be re-activated in mature damaged tissue to promote
regeneration. Still others chose candidate drugs or growth factors to test, based on their roles
in other systems. In all cases, investigators’ primary goal was to drive mature supporting
cells into the cell cycle or to identify signals that prevented this process. These approaches
led to the identification of several molecules with the capacity to stimulate or block hair cell
regeneration in birds and mammals (for reviews, see Oesterle and Hume, 1999; Oesterle and
Stone, 2008). For example, Oesterle et al. (1997; 2000) showed that insulin-like growth
factor 1 (IGF-1) and insulin can stimulate proliferation in cultures of mature avian utricles
and basic fibroblast growth factor (FGF-2) inhibits cell proliferation in cultured avian inner
ear sensory epithelia. Attempts to perform comprehensive screens for growth factors that
induce proliferation in cultured developing mammalian organ of Corti did not yield many
strong candidates (Zine and de Ribaupierre, 1998; Zheng et al., 1999b), and technologies
remain to be developed to examine cultured adult organ of Corti. However, transforming
growth factor- α (TGF-α) did increase cell proliferation in cultures of mature mouse
vestibular sensory epithelium (Yamashita and Oesterle, 1995; Lambert, 1994; Zheng et al.,
1997; 1999b), and infusion of TGF-α with insulin into the ears of rats caused a modest
amount of supporting cell division in the mature vestibular system (Kuntz and Oesterle
1998; Oesterle et al., 2003).

Investigators also took their quest for regulators of hair cell regeneration inside the cell, to
look at molecules that more directly control cell cycle entry, progression, and exit. Some of
the earliest studies addressed the role of the cyclin-dependent kinase inhibitor, p27kip1, in
limiting the period of mitotic activity in the developing organ of Corti (Chen and Segil,
1999; Löwenheim et al., 1999). These studies demonstrated that constitutive deletion of
p27kip1 significantly extended the normal developmental period of cell division in the organ
of Corti and caused overproduction of hair cells and supporting cells. Unfortunately,
supporting cells still established mitotic quiescence by the end of the second postnatal week.
Nevertheless, subsequent studies of potential roles for manipulations of p27kip1 and other
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cell cycle regulatory proteins continue to yield important results defining the role of several
cell cycle regulators in supporting cell quiescence (White et al., 2006; Minoda et al., 2007;
Laine et al., 2010; Oesterle et al., 2011; White et al., 2012).

Efforts to promote supporting cell division in mature mammals were accompanied by the
search for molecules that control hair cell specification and differentiation. It is hoped that
such molecules could be used to either promote new post-mitotic cells to differentiate as hair
cells or to push supporting cells or other cell types to convert directly into hair cells (via
direct transdifferentiation). Early studies focused on molecules that control the
differentiation of hair cells during normal development. Huda Zoghbi and collaborators
showed that the basic helix-loop-helix transcription factor, Atoh1, is necessary for hair cell
differentiation in both auditory and vestibular epithelia (Bermingham et al., 1999). Shortly
thereafter, Wei-Qiang Gao and colleagues discovered that misexpression of Atoh1 in a non-
sensory region of the cultured developing organ of Corti drove those cells to
transdifferentiate into hair cells (Zheng and Gao, 2000). More recent investigations in
mature mammalian epithelia showed that Atoh1 can drive mammalian supporting cells to
acquire hair cell features in cultured utricles and in vivo (Shou et al., 2003; Staecker et al.,
2007). The results of manipulating Atoh1 in vivo in the mature mammalian organ of Corti
appear mixed. Some authors report robust regeneration and functional recovery, while others
find less convincing evidence (Kawamoto et al., 2003; Izumikawa et al., 2005; Staecker et
al., 2007; Schlecker et al., 2011; Liu et al., 2012).

Given Atoh1's remarkable ability to drive hair cell differentiation, investigators became
interested in finding ways to promote Atoh1 expression in supporting cells using exogenous
agents, which could be more therapeutically wieldy than gene misexpression. Studies in fruit
flies and other animals had shown that Atoh1 transcription is strongly antagonized by
signaling via the Notch receptor (reviewed in Lewis, 1996). Early investigation of Notch
signaling in the developing organ of Corti showed that it is critical for establishing correct
cell types and patterning (Lanford et al., 1999). In particular, deletion of the gene encoding
Jagged2, a Notch ligand, resulted in hair cell overproduction at the expense of supporting
cells. This finding was consistent with Notch's known role in maintaining sensory
progenitors during development. The first study to implicate Notch signaling in hair cell
regeneration in mature epithelia was Stone and Rubel (1999), which demonstrated
upregulation of Notch ligand expression was correlated temporally and spatially with
renewed hair cell and supporting cell production. In essence, a developmental program of
gene expression had been recapitulated. More recent studies have confirmed the inhibitory
role of Notch in hair cell regeneration in neonatal and mature sensory epithelia from non-
mammals (Ma et al., 2008; Daudet et al., 2009) and mammals (Doetzlhofer et al., 2009;
Collado et al., 2011; Lin et al., 2011; Zhao et al., 2011). To date, all studies that have
blocked Notch activity to promote hair cell regeneration in mature animals have been
performed in vitro; in vivo effects remain to be examined.

The Future
Scientific efforts in numerous laboratories over the past 25 years have made major
contributions to our understanding of hair cell regeneration as a mechanism for restoring
hearing or balance function after injury in mature animals. They have demonstrated that
most or all non-mammalian vertebrates readily regenerate hair cells after damage, and
regenerated hair cells develop normal features, become innervated, and communicate
effectively with the brain. Second, investigators showed that adult mammalian supporting
cells in auditory and vestibular organs are rigorously blocked from re-entering the cell cycle
after hair cell damage, and simple manipulations are only mildly effective in driving their re-
entry into the cell cycle. Third, it is now well established that adult mammalian vestibular
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epithelia contain some supporting cells with the capacity to directly convert into hair cells,
but such ability remains to be demonstrated in the mature organ of Corti. Finally, the most
recent studies demonstrated that some genetic manipulations can drive mammalian
supporting cells to convert into hair cell-like cells, but so far, these manipulations seem to be
most effective in the neonatal ear and are insufficient to restore inner ear anatomy and
function to normal levels in mature animals.

The next phase of hair cell regeneration research has many challenges. Below, we define
some of the major approaches that are currently being taken to promote higher degrees of
hair cell replacement in mature mammals.

Identification of methods to induce hair cell regeneration in mature mammals
A major push is underway to define manipulations sufficient to drive adult supporting cells
to form adequate numbers and types of new hair cells. To do this, investigators are taking
advantage of exciting technological advancements in molecular biology, including gene
expression profiling and in vivo manipulation of gene activity.

Gene expression (or transcriptional) profiling is one strategy being used to unravel the
molecular cascades involved in supporting cell quiescence and proliferation in auditory and
vestibular sensory epithelia. Utilizing this approach, researchers are identifying genes that
are up-regulated, down-regulated, and unchanged during hair cell regeneration in non-
mammals (e.g., Hawkins et al., 2007; Alvarado et al., 2011; Schuck et al., 2011). They are
also using genetic profiling in mammals to identify signals that may restrict supporting cells
to quiescence. Comparison of supporting cell gene expression patterns in non-mammals and
mammals after hair cell damage will provide important clues as to why adult mammalian
supporting cells fail to mount a robust regenerative response, particularly in the organ of
Corti. One strength of this approach compared to past approaches is it will identify genes
that have not yet been associated with sensory cell fate determination and differentiation in
the inner ear or in other tissues.

As the field becomes inundated with results from genetic profiling experiments, the next
step will be to test the specific function of genes, gene combinations, and signaling
pathways identified as potential regulators of hair cell regeneration. The zebrafish might be
an excellent model for relatively quick, high-throughput screening of hair cell regeneration
capacity in the presence of modulators of signaling cascades. Lateral line neuromasts are
composed of both supporting and hair cells that are analogous in morphology and function
to other species, but they reside on the outside of the fish allowing easy access to small
molecules (reviewed in Brignull et al., 2009). Small molecules that disrupt various signaling
pathways can be applied to zebrafish in vivo to assess their direct involvement in the
regenerative processes. Likewise, direct testing of candidate molecules can be accomplished
in mammalian systems in vitro and in vivo. Transgenic mouse lines utilizing Cre-loxP and
tetracycline-responsive element technology are used to conditionally control gene
expression in specific cellular populations before, during, and after development (e.g., Sage
et al., 2005; 2006). In such mice, the activity of individual genes can be manipulated in
normal and damaged sensory epithelia in vitro and in vivo to test their role in supporting cell
proliferation or hair cell differentiation. Use of adenovirally expressed vectors to force
overexpression of specific genes or to deliver RNA sequences to knockdown gene
expression also provides a solid method for testing hypotheses (e.g., Loponen et al., 2011;
Zhao et al., 2011). Not only can adenovirus technology prove useful in manipulating gene
expression in cells to provide understanding of molecular mechanisms at work, but it also
may serve as a route for genetic therapy in patients one day. A review of these approaches is
provided in provided in “Gene therapy for the inner ear” by Fukui and Raphael, in this issue.
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Stem cells as a source for new hair cells
Several research groups are investigating ways to promote supporting cells or other cells
inside the inner ear to divide or convert into hair cells. Another viable approach toward
restoring hair cells is to introduce into the inner ear, cells from other sources that have the
capacity to form hair cells. To accomplish this, investigators are studying different types of
stem or progenitor cells, defining their capacities to form new hair cells, and characterizing
ways to introduce such cells into the inner ear. A review of these efforts is provided in
Okano and Kelley, 2012.

Conclusion
In the early 1980s, it was impossible for most auditory scientists to imagine clinicians could
someday repair the damaged cochlea by inducing the production of new sensory cells to
transduce sound into electrical signals conveyed to the brain. Today, thanks to work
pioneered in the 1980s and 1990s, laboratories around the world are eagerly seeking ways to
use the recent findings of modern biology to protect and repair the inner ear. The momentum
driving this research will only continue to grow and propel the field to develop therapies to
treat, and perhaps to cure, hearing and balance impairments.
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Highlights

• Discovery of hair cell regeneration was serendipitous.

• Not known or generally believed possible before 1986-87.

• The future is bright - “we've come a long way, baby”!
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Figure 1.
Hair cell regeneration occurs in post-hatch (mature) chicken basilar papilla after
aminoglycoside-induced hair cell loss. A, Transverse section of mid-portion of normal
basilar papilla. Tall and short hair cells are located medially (arrow) and laterally,
respectively. TM indicates tectorial membrane, and BM indicates basilar membrane. B,
Transverse section of mid-portion of basilar papilla 8 days (age 18 days) after 10
consecutive days of gentamicin injections. C, Transverse section of mid-portion of basilar
papilla 22 days (age 32 days) after gentamicin injections. D, Mean hair cell number in
gentamicin-treated chickens as a percentage of hair cells counted in undamaged control
animals. In the mid-portion of the basilar papilla, hair cell regeneration occurs to restore
approximately 70% of lost hair cells by 3 weeks after damage. Bars represent 1 SEM.
(From: Cruz RM, Lambert PR, Rubel EW. 1987. Light microscopic evidence of hair cell
regeneration after gentamicin toxicity in chick cochlea. Arch Otolaryngol Head Neck Surg
113: 1058-1062.)
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Figure 2.
Hair cell regeneration occurs in adult chicken basilar papilla after noise-induced hair cell
loss. a-f, Scanning electron microscopy analysis conducted on the 1500 Hz region of
chicken basilar papillae. a, Control basilar papilla. b-f, Basilar papillae from chickens
exposed to 1500 Hz pure tone for 48 hours at 120 dB SPL at 0 hours (b), 24 hours (c), 48
hours (d), 6 days (e), and 10 days (f) after noise exposure. Arrowheads, new stereociliary
bundles. Bars represent 100 μm. (From: Cotanche, DA. 1987a. Regeneration of hair cell
stereociliary bundles in the chick cochlea following severe acoustic trauma. Hearing
Research 30: 181-196.)
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Figure 3.
Schematic representation of hair cell regeneration from supporting cells after damage. After
damage, hair cells are extruded from the epithelium which signals nearby supporting cells to
re-enter the cell cycle and produce mitotically-derived daughter cells (A), or convert directly
into hair cells (B). Dividing supporting cells can give rise to both hair cells and supporting
cells (A). Blue designates hair cells (HCs) and white designates supporting cells (SCs).
(From: Oesterle EC and Stone JS. 2008. Hair cell regeneration: mechanisms guiding cellular
proliferation and differentiation. Springer Handbook of Auditory Research Chapter 5:
141-196.)
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Cellular/Molecular

Functional Mechanotransduction Is Required for Cisplatin-
Induced Hair Cell Death in the Zebrafish Lateral Line

Andrew J. Thomas,1,2 Dale W. Hailey,1,3 Tamara M. Stawicki,1,3 Patricia Wu,1,2 Allison B. Coffin,1,2 Edwin W Rubel,1,2

David W. Raible,1,3 Julian A. Simon,4 and Henry C. Ou1,2,5

1Virginia Merrill Bloedel Hearing Research Center, 2Department of Otolaryngology-Head and Neck Surgery, and 3Department of Biological Structure,
University of Washington, Seattle, Washington 98195, 4Fred Hutchinson Cancer Research Center, Seattle, Washington 98109, and 5Seattle Children’s
Hospital, Seattle, Washington 98105

Cisplatin, one of the most commonly used anticancer drugs, is known to cause inner ear hair cell damage and hearing loss. Despite much
investigation into mechanisms of cisplatin-induced hair cell death, little is known about the mechanism whereby cisplatin is selectively
toxic to hair cells. Using hair cells of the zebrafish lateral line, we found that chemical inhibition of mechanotransduction with quinine and
EGTA protected against cisplatin-induced hair cell death. Furthermore, we found that the zebrafish mutants mariner (myo7aa) and
sputnik (cad23) that lack functional mechanotransduction were resistant to cisplatin-induced hair cell death. Using a fluorescent analog
of cisplatin, we found that chemical or genetic inhibition of mechanotransduction prevented its uptake. These findings demonstrate that
cisplatin-induced hair cell death is dependent on functional mechanotransduction in the zebrafish lateral line.

Introduction
Cisplatin is a widely used and highly effective anticancer drug. In
developed countries, it is also the most commonly used ototoxin,
a heterogeneous class of compounds that cause inner ear damage.
Hearing loss from cisplatin has been largely underestimated, and
is now believed to occur in up to 80% of patients treated with
cisplatin (Rybak, 1981; Skinner et al., 1990; Knight et al., 2005,
2007). There is currently no U.S. Food and Drug Administration-
approved drug or treatment known to prevent cisplatin-induced
hearing loss. Most cancer patients have no alternative and must
accept that hearing loss, often debilitating, is a likely consequence
of their treatment. While a number of different mechanisms have
been proposed for how cisplatin damages hair cells after entering
the cell, the mechanism of uptake into hair cells is not well un-
derstood. Cisplatin uptake has been hypothesized to be similar to
that seen in cancer cells, in which the copper transporter Ctr1 and
the organic cation transporter Oct2 have been demonstrated to
play important roles (Ishida et al., 2002; Stewart, 2007; Filipski et
al., 2008).

The uptake of cisplatin has been studied in vitro in hair cell
lines (More et al., 2010) as well as in neonatal rat organ of Corti

explants (Ding et al., 2011). Within the inner ear, Ctr1 expression
has been found in inner and outer hair cells, stria vascularis, and
spiral ganglia (More et al., 2010). Inhibition of Ctr1 using low-
concentration copper sulfate reduces cisplatin-induced hair cell
death (More et al., 2010; Ding et al., 2011). Similarly, Oct2 has
also been proposed to mediate cisplatin-induced ototoxicity,
with inhibition of Oct2 by cimetidine leading to protection
against cisplatin-induced hearing loss in mice (Ciarimboli et al.,
2010).

The zebrafish lateral line is a well-established model for study-
ing hair cell biology. Lateral line hair cells share mechanisms of
mechanotransduction (MET) with hair cells of the inner ear.
Multiple studies have demonstrated that like mammalian hair
cells, zebrafish lateral line hair cells die in response to ototoxins
such as aminoglycosides and cisplatin (Williams and Holder,
2000; Harris et al., 2003; Ton and Parng, 2005; Ou et al., 2007;
Chiu et al., 2008).

We performed chemical and genetic manipulations to exam-
ine mechanisms of cisplatin uptake into zebrafish lateral line hair
cells and found that functional mechanotransduction was
required for cisplatin-dependent hair cell death. Chemical inhi-
bition of Oct2 and Ctr1 did not significantly affect cisplatin-
induced hair cell death. We then characterized a commercially
available rhodamine-conjugated platinum reagent (Rho-Pt) as a
tool for studying cisplatin uptake. We compared hair cell death
caused by Rho-Pt to that of unconjugated cisplatin and charac-
terized the kinetics of uptake of Rho-Pt into hair cells of the
zebrafish lateral line. Interventions that reduced cisplatin-
induced hair cell death also reduced uptake of Rho-Pt, suggesting
that Rho-Pt can be effectively used to study cisplatin uptake.

Materials and Methods
Animals. Zebrafish (Danio rerio) embryos of either sex were produced by
paired matings of adult fish maintained at the University of Washington
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zebrafish facility by standard methods (West-
erfield, 2000). We used AB wild-type, as well as
marinerty220 , sputniktj264a, and Tg(pou4f3:
gap43-GFP)s356t zebrafish strains. Mariner and
sputnik are circler mutants originally discov-
ered in a large-scale zebrafish genetic screen
(Granato et al., 1996) and identified to have
mutations in myosin VIIAa (Ernest et al., 2000)
and cadherin 23 (Söllner et al., 2004), respec-
tively. The Tg(pou4f3:gap43-GFP) transgenic
zebrafish express green fluorescent protein
(GFP) in hair cells of the lateral line and inner
ear under control of the pou4f3 (brn3c) pro-
moter and are targeted to the plasma mem-
brane with a GAP-43 membrane targeting
sequence (Xiao et al., 2005); hereafter, we des-
ignate this transgenic line brn3c:mGFP.

Embryos were maintained in fish embryo
media (EM; 1 mM MgSO4, 120 !M KH2PO4, 74
!M Na2HPO4, 1 mM CaCl2, 500 !M KCl, 15 !M

NaCl, and 500 !M NaHCO3 in dH2O) at a den-
sity of 50 animals per 100 mm 2 Petri dish and
kept in an incubator at 28.5°C. At 4 d postfer-
tilization (dpf), larvae were fed live paramecia.
All zebrafish procedures described were ap-
proved by the University of Washington Ani-
mal Care and Use Committee.

Materials. Cisplatin solution (1 mg/ml in so-
dium chloride) was obtained from the Univer-
sity of Washington Pharmacy (Seattle, WA)
and the pH adjusted to equal that of EM.
Rhodamine-Universal Labeling System (RHO-
ULS; referred to here as Rho-Pt) was obtained
from Kreatech Diagnostics. Rho-Pt consists of
6-carboxytetramethylrhodamine (6-TAMRA)
coupled to the Universal Linkage System (ULS)
molecule. Identity and purity of the compound
were confirmed by mass spectroscopy and HPLC using an Agilent 6130
Quadrupole LC/MS system with Agilent 1260 Infinity HPLC and an Agilent
Poroshell 120 SB-C18 2.7 !m column (Agilent Technologies). The small
amount of impurities (!20%) in the Rho-Pt solution include the hydro-
lyzed form of ULS, which has a hydroxyl leaving group instead of chlorine, as
well as some unconjugated hydrolyzed 6-TAMRA. Purified 6-TAMRA, the
single isomer of 5(6)-TAMRA, was obtained from Anaspec and used to
assess uptake and toxicity of unconjugated 6-TAMRA. Quinine (catalog
#22620), cimetidine (catalog #C4522), and neomycin sulfate 10 mg/ml so-
lution (catalog #N1142) were obtained from Sigma. Copper solutions were
prepared by dissolving copper(II) sulfate pentahydrate (Fluka) in EM. All
solutions were diluted in EM.

Application of potential cisplatin uptake modulators. Free-swimming 5
dpf zebrafish larvae were transferred into a 48 well plate at a density of
10 –12 fish per well using a wide-bore glass pipette. Potential protectants
to be evaluated against a hair cell toxicant (cisplatin, Rho-Pt, or neomy-
cin) were aliquoted into their appropriate well, and larvae were incubated
at 28.5°C for 1 h pretreatment, with the exception of copper pretreatment
for 20 min. A hair cell toxicant was then added, and the larvae were
cotreated with the toxicant and potential protectant present at 28.5°C. All
modulating compounds were also assessed individually to determine
whether they exhibited toxicity to lateral line hair cells. To thoroughly
test protection against a range of concentrations and durations, we tested
modulating compounds against both short- (6 h) and long-duration (24
h) cisplatin protocols. Low concentrations (50 –100 !M) of cisplatin
cause lateral line hair cell death after 24 h, while higher concentrations
(250 –500 !M) are toxic after 6 h (Ou et al., 2007; Vlasits et al., 2012).
While we have not seen evidence that these short- and long-duration
protocols cause damage through different pathways, we have observed
this phenomenon with aminoglycosides in the zebrafish lateral line (Ow-
ens et al., 2009). As a result, we evaluated protection against both short-
and longer-duration protocols in the event that there were different

mechanisms of damage. After toxicant exposure, larvae were anesthe-
tized with MS-222 (3-aminobenzoic acid ethyl ester, methanesulfonate
salt; Sigma-Aldrich) and then fixed overnight in 4% paraformaldehyde
(PFA) at 4°C.

Immunocytochemistry and hair cell counts. After fixation in PFA, larvae
were rinsed in PBS and then incubated in blocking solution [1%
Triton-X, 5% normal goat serum (NGS) in PBS] for 1–2 h at room
temperature. Larvae were then incubated overnight at 4°C in anti-
parvalbumin primary antibody (monoclonal, 1:400 in 1% Triton-X, 1%
NGS in PBS; Millipore) to label hair cells. After primary antibody label-
ing, larvae were rinsed in 1% Triton-X in PBS and then incubated for 2– 4
h at room temperature in Alexa 488 goat anti-mouse fluorescent anti-
body solution (1:500 in 1% Triton-X, 1% NGS in PBS; Invitrogen) sec-
ondary antibody. The larvae were then rinsed and mounted between two
coverslips in Fluoromount-G (Southern Biotech) for imaging. A Zeiss
Axioplan II microscope using a FITC filter set at a final magnification of
200" was used to count hair cells from the SO1, SO2, O1, and OC1
neuromasts (Raible and Kruse, 2000). Approximately 10 fish were stud-
ied per treatment group. Results are presented as the mean hair cell
survival as a percentage of the control group treated only in EM. Error
bars in figures indicate #1 SD.

Rho-Pt dose–response. To assess toxicity of Rho-Pt, 5 dpf zebrafish
larvae were incubated in 0 to 200 !M cisplatin and/or Rho-Pt solution for
24 h at 28.5°C. The fish were then anesthetized with MS-222 and fixed
with 4% PFA overnight at 4°C.

Tip link-breaking experiments. Zebrafish larvae were exposed to regular
EM (controls) or EM with no calcium and 5 mM EGTA for 20 min. The
fish were then rinsed three times for 1 min each in fresh EM (normal EM,
1 mM calcium) to avoid confounding effects of depleted calcium levels on
hair cell survival. Each basket was then transferred to a well containing
either EM alone, 500 !M cisplatin, 100 !M neomycin, or 50 !M Rho-Pt
for 1 h at 28.5°C. A single 1 h treatment was used for 100 !M neomycin
and 50 !M Rho-Pt. Previous studies in zebrafish demonstrated some

Figure 1. Low-concentration copper and/or cimetidine treatment does not prevent cisplatin-induced hair cell death. a, Dose–
response functions for treatment with cimetidine before 50 !M cisplatin for 24 h. Increasing concentrations of cimetidine did not
significantly protect against cisplatin-induced hair cell death. b, Dose–response function of low-concentration copper treatment
alone or low-concentration copper before 50 !M cisplatin for 24 h. Copper concentrations of 0.01– 0.25 !M alone did not cause
significant hair cell toxicity. When used before and during cisplatin treatment, there was no significant protection against cisplatin-
induced hair cell death. c, Dose–response functions demonstrating that combined treatment of 400 !M cimetidine and low-
concentration copper ranging from 0.05 to 0.5 !M did not significantly protect against 50 !M cisplatin for 24 h. d, Dose–response
functions for higher concentrations of cisplatin. Treatment with 0.25 !M copper, 400 !M cimetidine, or a combination of 0.25 !M

copper and 400 !M cimetidine did not significantly protect against cisplatin treatment of 100, 250, or 500 !M for 6 h. For all
treatment groups (a– d), n $ 9 –12 fish. Error bars indicate SD. ***p ! 0.001 by one-way ANOVA and Tukey–Kramer post-test.
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recovery of tip links by 4 h after treatment (Suli et al., 2012). To prevent
any tip link recovery during the experiment, the 4 h cisplatin treatment
was subdivided into four 1 h cisplatin treatments, each proceeded by an
additional 20 min chelation step to break any reformed tip links.

Rho-Pt uptake. To assess uptake of Rho-Pt, 5 dpf zebrafish larvae were
pretreated with either EM only (control), a modulator of copper trans-
port (cimetidine or copper sulfate), or a mechanotransduction inhibitor
(quinine or EGTA). Larvae were then incubated in 50 !M Rho-Pt for 15,
60, or 240 min and then rinsed twice in EM. For experiments requiring
nuclear labeling, larvae were then treated with SYTOX Green (5 !M for 1
min; Invitrogen) to label neuromast hair cell nuclei. Larvae were then
rinsed twice in EM and anesthetized in 0.001% MS-222 in EM before
imaging.

FM1-43 uptake. To assess the efficacy of mechanotransduction blockade,
FM1-43 (Invitrogen) uptake into lateral line hair cells was examined. Ze-
brafish larvae (5 dpf) were pretreated with a mechanotransduction inhibitor
(quinine or EGTA) followed by treatment with FM1-43 (3 !M for 30 s).
Larvae were then rinsed twice in EM and anesthetized before imaging.

Live imaging. Fish were anesthetized in MS-222 and then transferred to
a Lab-Tek Chambered Coverglass slide (Nunc) containing 2 ml of
0.001% MS-222 in EM. The larva was immobilized with 112 micron
nylon mesh and two stainless-steel slice hold-downs (model SHD-
26GH/10; Warner Instruments). Approximately five neuromasts were
imaged per larva and were selected from the SO3, O1, OC1, D1, MI2,
MI1, O2, OP1, M2, or IO4 neuromasts (Raible and Kruse, 2000), de-
pending on visibility and fish orientation. Image stacks were obtained
using SlideBook 5.0 software (Intelligent Imaging Innovations) running
a Marianas spinning disk confocal system (an Observer inverted micro-
scope; Zeiss), Evolve 512 " 512 camera (Photometrics), and Piezo XYZ
microscope stage (Applied Scientific Instrumentation). Consistent im-
aging parameters were used for all groups: a 488 nm laser exposure time

of 4 ms and intensification of 450 were used
for visualizing nuclear labeling with SYTOX
Green, a 561 laser exposure time of 40 ms with
intensification of 100 was used for visualization
of Rho-Pt, and DIC images were obtained after
fluorescent images as either a single midvolume
plane or a complete z stack. Flat-field correction
was used for all images. Optical volumes collected
with a Zeiss 63"/1.2 W C-Apochromat water-
immersion objective (1.2 numerical aperture), at
0.2116 !m/pixel and 0.5 !m z steps, were ex-
ported as 16 bit TIFF image stacks and analyzed
using Fiji software (Schindelin et al., 2012).

Image analysis. Rho-Pt uptake in the entire
neuromast was measured from a summed in-
tensity projection of the neuromast following
correction for specimen background intensi-
ties. Background fluorescence was measured in
each image slice from a representative region of
interest (ROI) defined adjacent to the neuro-
mast. This mean ROI intensity was subtracted
from its respective slice throughout the stack.
An ROI was drawn around the neuromast
boundary and applied to a summed intensity
projection of the background corrected stack
for measurement of raw integrated density.
These results are reported as the mean and SD
of the summed intensities for all neuromasts
measured within the treatment group.

Fluorescence changes for hair cell nuclei
within a neuromast were quantified using a
nuclear mask generated using the signal of a
SYTOX Green nucleic acid label. A summed
intensity projection image of this was created
and total Rho-Pt nuclear intensity measured as
the summed intensities in the stack. Nuclear
Rho-Pt fluorescence intensity is reported as the
mean and SD for all neuromasts measured in
the treatment group.

Whole-mount in situ hybridization. Zebrafish larvae (5 dpf) were used
for in situ hybridization. Larvae were fixed in 4% paraformaldehyde for
2 h at room temperature and stored in 100% methanol at %20°C before
preceding with hybridization. Additionally, larvae were treated with 10
!g/ml proteinase K for 30 min. In situ hybridization was performed as
described previously (Thisse and Thisse, 2008). The Ctr1 probe was gen-
erated from a template of the full-length coding cDNA of Ctr1 in the
PCRII vector. The Oct2 in situ probe was generated using a full-length
Oct2 clone including some untranslated region (Open Biosystems; clone
6793882). Antisense probes for Oct2 were created by linearizing the vec-
tor at both XhoI (&1.9 kb) and BstxI (&800 bp) sites.

Statistics. To compare groups, Student’s t test as well as one-way and
two-way ANOVA with Tukey’s post hoc tests were used as appropriate.
Statistical tests were performed using GraphPad Prism version 5.01 for
Windows (GraphPad Software). Statistical significance was defined as
p ! 0.05 for all comparisons.

Results
Inhibition of Oct2 and Ctr1 does not affect cisplatin-induced
hair cell death in zebrafish lateral line hair cells
Both Oct2 and Ctr1 have been proposed as key regulators of
cisplatin uptake into hair cells. We evaluated the role of these two
transporters in regulating cisplatin-induced toxicity in zebrafish
lateral line hair cells using cimetidine as a competitive inhibitor of
Oct2 and low-concentration copper as a competitive inhibitor of
Ctr1. It is important to note that previous in situ hybridization
studies for Oct2 did not demonstrate detectable expression in
zebrafish hair cells (Thisse et al., 2004; McDermott et al., 2007).
We performed in situ hybridization with an Oct2 probe and

Figure 2. Functional mechanotransduction is required for cisplatin-induced hair cell death in the zebrafish lateral line. a,
Inhibition of mechanotransduction with quinine pretreatment led to significant dose-dependent protection against cisplatin-
induced hair cell death ( p ! 0.001, one-way ANOVA). b, Transgenic mutants lacking functional mechanotransduction are pro-
tected against cisplatin-induced hair cell death. sputnik and mariner mutants demonstrate significant protection against 50 !M

cisplatin for 24 h compared to wild-type (Wt) siblings ( p ! 0.001, Tukey–Kramer post-test). c, Tip link breakage using 5 mM EGTA
chelation resulted in significant protection against 4 h exposure to 500 !M cisplatin ( p ! 0.001, Tukey–Kramer post-test). d,
Protection afforded by quinine, sputnik, and mariner is maintained with higher-concentration, shorter-duration cisplatin damage
protocols. Pretreatment with 100 !M quinine results in significant protection against 250 and 500 !M cisplatin for 6 h ( p ! 0.001,
Tukey–Kramer post-test). Similarly, sputnik and mariner mutants exhibit significant protection against 250 !M cisplatin (6 h
treatment; p ! 0.001 sputnik and p ! 0.01 mariner, Tukey–Kramer post-test) or 500 !M cisplatin (6 h treatment; p ! 0.001,
Tukey–Kramer post-test) compared to Wt siblings. For all treatment groups, n $ 9 –13 fish. Error bars indicate SD. ***p ! 0.001
by one-way ANOVA and Tukey–Kramer post-test.
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found no detectable expression in hair
cells (data not shown). However, in light
of the previous mammalian findings (Cia-
rimboli et al., 2010), and the possibility that
low-level expression in hair cells might
elude detection by in situ hybridization, we
examined whether cimetidine would inhibit
cisplatin-induced hair cell death in the ze-
brafish. A wide concentration range of ci-
metidine (20–400 !M) was used to cover
reported IC50 values for inhibition of Oct2
ranging from 110 to 373 !M (Okuda et al.,
1999; Minematsu et al., 2010). Zebrafish
were pretreated with cimetidine for 1 h, fol-
lowed by cotreatment with 50 !M cisplatin
for an additional 24 h. We found no signifi-
cant protection against cisplatin-induced
hair cell loss for all concentrations of cime-
tidine evaluated ( p ' 0.05, one-way
ANOVA; Fig. 1a).

To evaluate the role of the Ctr1 copper
transporter in cisplatin toxicity, we used a
low concentration of copper sulfate that
acts as a competitive inhibitor of Ctr1
(More et al., 2010; Ding et al., 2011). Mc-
Dermott et al. (2007) previously exam-
ined Ctr1 expression in the zebrafish and
found expression in multiple tissues in-
cluding hair cells. We performed in situ
hybridization using a Ctr1 probe and
found broad expression throughout the
embryo (data not shown). Zebrafish lar-
vae were pretreated for 20 min with cop-
per concentrations ranging from 0.01 to 0.25 !M. These
concentrations were chosen because they are below the level at
which we and others have observed significant hair cell toxic-
ity from copper in zebrafish (Hernández et al., 2006; Macken-
zie and Raible, 2012). The zebrafish were then cotreated with
copper and 50 !M cisplatin for 24 h. We found no significant
protection against cisplatin-induced hair cell loss for all con-
centrations of copper evaluated ( p ' 0.05, one-way ANOVA;
Fig. 1b).

Although neither low-concentration copper nor cimetidine
treatment independently provided significant protection against
cisplatin-induced hair cell death, we explored the possibility that
the two chemical inhibitors could have a significant effect when
combined. In other systems, cimetidine provides additional re-
duction of cisplatin uptake and toxicity in Ctr1-downregulated
cells (Pabla et al., 2009). We treated larvae with 400 !M cimeti-
dine and a concentration range of copper (0.05 to 0.5 !M), then
added 50 !M cisplatin and cotreated for 24 h. As shown in Figure
1c, the combination of cimetidine and low dose copper did not
provide significant protection against 24 h cisplatin damage (p '
0.05, one-way ANOVA).

We then examined whether protection would be seen against
a shorter-duration but higher-concentration cisplatin damage
protocol. Blockers of Oct2 and Ctr1 were tested against 100 –500
!M cisplatin for 6 h. We found no significant protection of cime-
tidine, copper, or a combination of both cimetidine and copper
against any concentration of cisplatin using this higher concen-
tration cisplatin damage protocol (p ' 0.05, two-way ANOVA;
Fig. 1d).

Inhibition of mechanotransduction blocks cisplatin-induced
hair cell death
We next sought to determine whether mechanotransduction
played a role in cisplatin-induced hair cell death using a variety of
known methods to disrupt mechanotransduction. Quinine is a
potent blocker of mechanotransduction (Farris et al., 2004; Al-
harazneh et al., 2011). To confirm the effects of quinine on
mechanotransduction in the zebrafish lateral line, we first tested
its effects on neomycin toxicity and FM1-43 uptake, both of
which are thought to be mechanotransduction-dependent pro-
cesses (Seiler and Nicolson, 1999; Gale et al., 2001; Alharazneh et
al., 2011). As predicted, pretreatment with 100 !M quinine
followed by cotreatment with 200 !M neomycin for 1 h re-
sulted in significant protection against neomycin-induced
hair cell death. Hair cell survival increased from 30.2 # 6.8%
in untreated controls (neomycin alone) to 91.5 # 10% with
quinine treatment ( p ! 0.001, Student’s t test; data not
shown). Pretreatment with 100 !M quinine before FM1-43
treatment (3 !M for 30 s) also led to a decrease in FM1-43
uptake into hair cells. Rapid FM1-43 uptake into hair cells was
reduced to 30.9 # 11.0% of control fluorescence values ( p !
0.001, one-way ANOVA), suggesting that mechanotransduc-
tion was inhibited. We then examined the effect of quinine on
cisplatin toxicity by pretreating zebrafish larvae with quinine
concentrations of 10 to 100 !M for 1 h followed by cotreat-
ment with 50 !M cisplatin for 24 h. These data are shown in
Figure 2a. We found that quinine significantly protected
against cisplatin-induced hair cell death ( p ! 0.001, one-way
ANOVA), with hair cell survival increasing from 40.6 # 6.9%
to 109.3 # 7.6% with increasing quinine concentrations.

Figure 3. Rho-Pt causes dose-dependent hair cell toxicity in the lateral line. a, Molecular structure of Rho-Pt (used with
permission of Kreatech Diagnostics, Amsterdam, The Netherlands) and cisplatin. b, Dose–response functions of Rho-Pt and cis-
platin treatment for 24 h. Significant dose-dependent hair cell toxicity is demonstrated for both Rho-Pt (n $ 6 –11 fish) and
cisplatin (n $ 11–13 fish; p ! 0.001, one-way ANOVA), although Rho-Pt toxicity is significantly reduced compared to cisplatin
( p!0.001, two-way ANOVA). c, Hair cell survival for variable ratios of cisplatin/Rho-Pt (n$10 fish per group). Analysis of hair cell
survival after treatment with variable ratios of cisplatin/Rho-Pt suggest that toxicity was additive, rather than synergistic or
antagonistic, with a Chou–Talalay combination index of 1.09 # 0.15. Error bars indicate SD.
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Mutant strains of zebrafish with defective mechanotransduc-
tion were used to further test the relationship between functional
mechanotransduction and cisplatin toxicity. Mutants sputnik
and mariner have defective mechanotransduction due to muta-
tions in cadherin 23 (Söllner et al., 2004) and myosin VIIAa (Er-
nest et al., 2000), respectively. Hair cells in both of these mutants
are known to be resistant to toxicity from the aminoglycoside
streptomycin (Seiler and Nicolson, 1999), but their sensitivity to
cisplatin has not been reported previously. mariner and sputnik
larvae (5 dpf) were treated with 25–100 !M cisplatin for 24 h, and
hair cell survival was compared to wild-type siblings receiving
identical treatment. We found significant protection against
cisplatin-induced hair cell death in both the mariner and sputnik

mutants compared to wild-type siblings
(p ! 0.001, Tukey–Kramer post-test; 50
!M data shown in Fig. 2b). For mariner,
hair cell survival was maintained between
90.3 # 17.1% and 98.0 # 9.8%, despite
increasing concentrations of cisplatin.
For sputnik, hair cell survival was main-
tained between 90.4 # 12.8% and
105.1 # 6.8%, despite increasing con-
centrations of cisplatin.

We also examined the effect of tip link
disruption on cisplatin-induced hair cell
death. We broke hair cell tip links using 5
mM EGTA solution (Gale et al., 2001;
Phillips et al., 2006) and confirmed the
efficacy of the EGTA treatment on mecha-
notransduction by testing the effects of
EGTA on neomycin toxicity and FM1-43
uptake. Similar to our findings with
quinine, 5 mM EGTA treatment for 20
min significantly prevented neomycin-
induced hair cell death, with hair cell sur-
vival increasing from 27.9 # 5.6% in
untreated controls (200 !M neomycin for
1 h, without EGTA) to 90.0 # 11.0% after
EGTA pretreatment (p ! 0.001, Student’s
t test; data not shown). Evaluation of
FM1-43 (3 !M for 30 s) uptake into lateral
line hair cells revealed that EGTA pre-
treatment significantly reduced FM1-43
uptake to 9.6 # 6.1% of control fluores-
cence values ( p ! 0.001, one-way
ANOVA), again suggesting that mecha-
notransduction was inhibited. We then
determined whether EGTA treatment
would protect against cisplatin-induced
hair cell death. Indeed, 5 mM EGTA pre-
treatment followed by 500 !M cisplatin
treatment for 4 h significantly protected
against cisplatin-induced hair cell death
compared to controls (p ! 0.001, Tukey–
Kramer post-test; Fig. 2c), with hair cell
survival increasing from 70.4 # 12.8% to
92.7 # 8.3%. To prevent tip link reforma-
tion, the zebrafish were taken out of cis-
platin and retreated with EGTA chelation
every hour during the 4 h treatment (see
Materials and Methods). Note, however,
that the EGTA chelations interrupted the
cisplatin treatment and resulted in re-

duced hair cell death relative to continuous cisplatin treatment.
EGTA protection against longer-duration (24 h) cisplatin was
not performed due to the likelihood of tip link reformation dur-
ing this period (Zhao et al., 1996; Gale et al., 2001; Suli et al.,
2012).

Last, we tested whether inhibition of mechanotransduction
was protective against higher concentrations of cisplatin. We
found that quinine-treated zebrafish as well as sputnik and mar-
iner mutants were significantly protected against 6 h treatment
with 250 and 500 !M cisplatin (p ! 0.01, two-way ANOVA; Fig.
2d). In summary, these results strongly suggest that functional
mechanotransduction is required for cisplatin-induced hair cell
death in the zebrafish lateral line.

Figure 4. Rho-Pt uptake in lateral line hair cells. a, b, Single confocal longitudinal (a) and axial (b) planes through a neuromast
after Rho-Pt treatment in brn3c:mGFP fish. The hair cell membrane is outlined in green by mGFP. Diffuse Rho-Pt fluorescence is
seen inside of hair cells. Arrows indicate examples of fluorescent punctae of Rho-Pt located inside of hair cells. Scale bar, 10 !m.

Figure 5. Time course of Rho-Pt uptake into lateral line hair cells. a, Representative maximum intensity projection images of
Rho-Pt uptake at 15, 60, or 240 min in wild-type zebrafish. Rho-Pt is seen within cytoplasm and nuclei of lateral line hair cells within
15 min. Scale bar, 10 !m. b, Quantification of whole neuromast Rho-Pt and 6-TAMRA (unconjugated fluorophore) fluorescence.
Fluorescence increases between 15 min and 4 h. n $ 26 –29 individual neuromasts (average, 4 per fish). There is no significant
uptake of 6-TAMRA dye. c, Quantification of nuclear Rho-Pt fluorescence. The nuclear region was defined by SYTOX prelabeling.
Nuclear Rho-Pt signal also increases between 15 min and 4 h. For both a and b, fluorescence is reported in arbitrary units of
integrated fluorescence intensity. n $ 26 –30 neuromasts for each data point. Error bars indicate SD.
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Rho-Pt is taken up by hair cells and
causes hair cell death
We next examined uptake of cisplatin in
hair cells, addressing whether inhibition
of mechanotransduction influences up-
take. We used a Rho-Pt molecule contain-
ing a cisplatin-like moiety linked to the
fluorescent dye 6-TAMRA, a rhodamine
derivative (Fig. 3a). Like cisplatin, this re-
agent is known to use its platinum moiety
to bind DNA (Alers et al., 1999; van Gijls-
wijk et al., 2001).

To validate the use of this com-
pound, we confirmed that it caused dose-
dependent toxicity to lateral line hair cells
as we would expect from a cisplatin-like
compound. Treatment with 50 –200 !M

Rho-Pt for 24 h resulted in significant
dose-dependent toxicity (p ! 0.001, one-
way ANOVA), but of significantly less po-
tency than unconjugated cisplatin (p !
0.001, two-way ANOVA; Fig. 3b).

We then examined whether cisplatin
and Rho-Pt had additive or synergistic ef-
fects. If Rho-Pt and cisplatin caused hair
cell death through the same mechanism,
we would expect additive or slightly an-
tagonistic, rather than synergistic effects.
We measured hair cell survival after expo-
sure to cisplatin or Rho-Pt alone at 50,
100, 150, and 200 !M concentrations, and
cisplatin/Rho-Pt combination ratios of 50
!M/150 !M, 100 !M/100 !M, and 150
!M/50 !M (Fig. 3c). We then calculated
the Chou–Talalay combination index for
the two drugs (CompuSyn). This index is
accepted as an effective method of quan-
tifying synergism in drug combinations
(Chou, 2006). The calculated combina-
tion index for hair cell toxicity from cis-
platin and Rho-Pt was 1.09 # 0.15,
consistent with an additive rather than
synergistic interaction between cisplatin
and Rho-Pt, suggesting that the two drugs
are acting through similar mechanisms.

We examined whether Rho-Pt was
taken up by hair cells by exposing 5 dpf AB
wild-type zebrafish to 50 !M Rho-Pt and
performing in vivo imaging over 4 h. Lo-
calization of fluorescent signal relative to
the hair cell membrane was determined
in single confocal image planes of brn3c:
mGFP fish, which express mGFP outlin-
ing the hair cell membrane in green.
Within 15 min, both diffuse and punc-
tate fluorescent labeling was visualized within lateral line hair
cells (Fig. 4). While most of the punctate labeling was identi-
fied within hair cells, some was also seen external to the hair
cells. Since cisplatin is thought to enter the nucleus and bind
DNA, we differentially quantified the level of fluorescence
within the whole neuromast versus only the nuclear compart-
ments and found an increase in fluorescence in both regions
between 1 and 4 h (Fig. 5a– c). We also quantified the uptake of

unconjugated fluorescent dye (6-TAMRA) and found no sig-
nificant uptake (Fig. 5b).

Rho-Pt uptake into lateral line hair cells is dependent on
functional mechanotransduction
The data presented above suggest that Rho-Pt can be used as a
fluorescent surrogate for cisplatin and therefore might be use-
ful for assessing cisplatin uptake mechanisms in hair cells.
Consistent with the findings presented above, neither low-

Figure 6. Functional mechanotransduction is required for uptake of Rho-Pt. Chemical or genetic inhibition of mechanotrans-
duction leads to reduction in Rho-Pt uptake. Left panels are representative control neuromasts for each treatment group [un-
treated controls for copper, cimetidine, quinine, and EGTA; wild-type (Wt) siblings for sputnik and mariner]. Middle panels are
representative treated or mutant neuromasts. Right panels are quantified neuromast fluorescence after 1 h of Rho-Pt treatment
compared to controls. Inhibition of Ctr1 (by 0.25 !M copper) and Oct2 (by 400 !M cimetidine) have no significant effect on Rho-Pt
uptake. In contrast, inhibition of mechanotransduction by quinine (100 !M) significantly reduced Rho-Pt uptake. Similarly, tip link
breakage by EGTA (5 mM) also significantly reduced Rho-Pt uptake. The sputnik and mariner mutants without functional mecha-
notransduction both demonstrate significant reduction in Rho-Pt uptake. Note that in conditions of reduced functional mechano-
transduction, Rho-Pt signal appears to accumulate in the region of the cuticular plate and stereocilia (arrows), with reduced signal
within the cell body. Scale bars: 10 !m. Error bars indicate SD. n $ 20 –30 neuromasts per treatment group; n $ 6 –10
neuromasts for wild-type siblings. ***p ! 0.001 by Student’s t test.
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concentration copper treatment nor high-concentration ci-
metidine treatment significantly altered Rho-Pt fluorescence
after a 1 h incubation (Fig. 6). In contrast, Rho-Pt uptake after a
1 h incubation was dramatically reduced in conditions shown to
block or profoundly decrease cisplatin toxicity, including treat-
ment of larvae with 100 !M quinine, EGTA chelation, or use of
mariner and sputnik larvae (Fig. 6). Interestingly, in all conditions
of reduced mechanotransduction activity, Rho-Pt signal was
concentrated at the base of the kinocilia approximately at the
level of the cuticular plate (Fig. 6) and dramatically reduced in the
cell body. We then increased the duration of Rho-Pt exposure
from 1 h to 4 h to evaluate whether uptake was blocked or simply
delayed by inhibition of mechanotransduction. We found that
Rho-Pt fluorescence remained dramatically and significantly
blocked after treatment with quinine, and in sputnik and mariner
mutants (p ! 0.001, one-way ANOVA; Fig. 7). Together, these
results suggest that reduction in mechanotransduction results in
decreased cisplatin uptake and, consequently, survival of hair
cells.

Discussion
Functional mechanotransduction is required for cisplatin-
induced hair cell death in the zebrafish lateral line
This study provides evidence for a role of functional mechano-
transduction in cisplatin-induced hair cell death in the zebrafish
lateral line. To date, cisplatin entry into hair cells was thought to
mirror entry into cancer cells, either through the Ctr1 or Oct2
transporters (Ciarimboli et al., 2010; More et al., 2010; Ding et al.,
2011). In this study, chemical inhibition of Oct2 using cimetidine
did not inhibit cisplatin-induced hair cell death. Similarly, block-
ade of Ctr1 using low-concentration copper also did not protect
against cisplatin-induced hair cell death. In contrast, we found
that blockade of mechanotransduction using the potent mecha-
notransduction blocker quinine (Farris et al., 2004; Alharazneh et
al., 2011) protected against cisplatin-induced hair cell death.
Similarly, the myosin VIIAa mutant zebrafish mariner, with de-
fective mechanotransduction, demonstrated complete protec-
tion against hair cell damage by cisplatin. While the finding in
mariner could be related to other intracellular roles of myosin
VIIAa, evaluation of the cadherin23 mutant zebrafish sputnik,
which has a defect in mechanotransduction due to the absence of
functional tip links, also demonstrated complete protection
against cisplatin-induced hair cell loss. Furthermore, chemically
breaking tip links using EGTA reproduced the hair cell protection
seen with sputnik.

Our findings demonstrate that in the zebrafish lateral line,
functional mechanotransduction plays a more significant role
than either Oct2 or Ctr1 in cisplatin-induced hair cell death. This
is contrary to findings in HEI-OC1 cells (More et al., 2010) and
neonatal rat organ of Corti explants (Ding et al., 2011) where
inhibition of Ctr1 with low-concentration copper was found to
reduce cisplatin damage of hair cells. It is important to note that
while we and others (McDermott et al., 2007) have found Ctr1
expression in zebrafish hair cells, we did not find detectable ex-
pression of Oct2 in the lateral line. This finding likely explains the
lack of protection by cimetidine. It also demonstrates that the
zebrafish lateral line has significant differences from the adult
mammalian inner ear. Thus, findings in the zebrafish may not be
applicable to mammals. However, it is critical to note that the
mouse-derived HEI-OC1 cells do not have stereocilia and likely
lack functional mechanotransduction (Kalinec et al., 2003), and
thus also have significant differences from the adult mammalian
inner ear. In addition, HEI-OC1 cells have characteristics resem-

bling neonatal hair cells (nestin expression) and supporting cells
(OCP2 expression) (Kalinec et al., 2003). Given these differences,
the mechanism of cisplatin uptake in HEI-OC1 cells may not
accurately represent that of an adult mammal. Similarly, it is
known that the rat inner ear does not develop mature suscepti-
bility to aminoglycosides until after postnatal day 8 (Marot et al.,
1980). Thus, neonatal rat organ of Corti explants may also have
large differences compared to mature mammal inner ear epithe-
lium in the mechanism whereby hair cells are affected by cisplatin
exposure.

Both Oct2 and Ctr1 are expressed in the stria vascularis within
the mammalian cochlea. Within the stria vascularis, they might
play a role in pumping cisplatin into the endolymphatic spaces of
the inner ear, where cisplatin could then enter hair cells through
mechanotransduction-dependent processes. Blockade of these
transporters might then prevent cisplatin-induced hair cell death
by preventing cisplatin from reaching the organ of Corti. Con-
sistent with this idea, treatment of mice with cimetidine re-
sulted in protection against cisplatin exposure (Ciarimboli et
al., 2010). Additional studies in mammalian systems are cer-
tainly warranted.

Rho-Pt can be used to study cisplatin uptake
In vivo study of fluorescently conjugated drug analogs is an effec-
tive and direct method for the study of drug uptake (Steyger et al.,
2003; Dai et al., 2006; Wang and Steyger, 2009). While the use of
fluorescently conjugated cisplatin has been described in hair cells
(Ding et al., 2011), specific use of the Rho-Pt reagent to study
mechanisms of uptake has not been reported. We first examined
whether Rho-Pt would have a similar damage profile to uncon-
jugated cisplatin. Our dose–response functions demonstrated a
similar but reduced damage profile for Rho-Pt when compared to
cisplatin. Since cisplatin is a relatively small molecule for a drug,
conjugation of any fluorophore could change the kinetics of up-
take and alter the damage profile. Unfortunately, fluorophores
tend to be sterically bulky. Although the rhodamine derivative
6-TAMRA compares favorably in molecular weight to many
other fluorophores such as Alexa dyes and Texas Red, its conju-
gation to cisplatin may result in the observed decrease in toxicity.

Additional support for the use of Rho-Pt as a fluorescent
proxy for cisplatin comes from experiments that block cisplatin-

Figure 7. Rho-Pt uptake remains inhibited after 4 h continuous exposure. Quantification of
Rho-Pt fluorescence after 4 h treatment (compared to 1 h treatment in Fig. 6). Exposure to
prolonged Rho-Pt does not overcome the effect of inhibiting mechanotransduction. Rho-Pt
fluorescence remains significantly decreased ( p ! 0.001 by Student’s t test) with quinine
treatment as well as in the sputnik and mariner mutants compared to their wild-type (Wt)
siblings. n $ 20 –24 neuromasts per treatment group. Error bars indicate SD. ***p ! 0.001 by
Student’s t test.
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induced hair cell death. We found that all manipulations that
reduced cisplatin-induced hair cell death (quinine, EGTA, mari-
ner, sputnik) also significantly reduced Rho-Pt entry into hair
cells. Similarly, manipulations that failed to prevent cisplatin-
induced hair cell death (cimetidine, copper) also failed to reduce
Rho-Pt uptake. The correlation between our findings with cispla-
tin and Rho-Pt strongly suggest that Rho-Pt can be used as a
proxy for studying cisplatin uptake.

Cisplatin is known to damage cancer cells by entering the
nucleus and forming DNA adducts (Munchausen, 1974; Cohen
et al., 1979). It has been assumed that similar processes occur in
hair cells. Our in vivo imaging revealed that Rho-Pt was taken up
rapidly into hair cells, appearing in both nuclear and extranuclear
compartments. It is not known whether entry into the nucleus is
critical to cisplatin-induced hair cell death since protection
against cell death by inhibition of mechanotransduction reduced
both the nuclear and extranuclear fluorescent signal.

Proposed model for platinum uptake
Drug uptake into hair cells has been studied extensively with
aminoglycosides (Steyger et al., 2003; Dai et al., 2006; Wang and
Steyger, 2009). For these drugs, both direct entry through MET
channels (Marcotti et al., 2005) and apical endocytosis (Hashino
and Shero, 1995) have been suggested as routes of entry into hair
cells. Additionally, the process of apical endocytosis has been
shown to depend on calcium and calmodulin and is inhibited
when mechanotransduction is disrupted (Seiler and Nicolson,
1999). It is worth noting that inhibition of endocytosis with con-

canavalin A has not been found to alter uptake of Texas Red-
conjugated gentamicin (Alharazneh et al., 2011). However, it is
not known whether aminoglycosides and cisplatin share similar
uptake mechanisms. We hypothesize that disrupting mechano-
transduction could inhibit cisplatin uptake by preventing entry
through the MET channel or by inhibiting apical endocytosis.
Based on our findings, we propose two possible models for cis-
platin entry into hair cells (Fig. 8) as follows.

In the first model, cisplatin is transported into hair cell stere-
ocilia directly via the MET channel. Consistent with this model,
cisplatin has been shown to block the MET channel in a dose- and
voltage-dependent manner (Kimitsuki et al., 1993). Entry into
the hair cell body from the stereocilia could occur by many dif-
ferent mechanisms, including diffusion or other processes de-
pendent on calcium influx through the MET channel (Seiler and
Nicolson, 1999).

In the second model, cisplatin enters stereocilia through a
mechanism other than the MET channel, but relies on activity of
the MET channel for transport into the hair cell body. In this
model, calcium influx via the MET channel could activate
calmodulin-dependent apical endocytosis and lead to transport
of cisplatin from the stereocilia or cuticular plate into the hair cell
body.

Our finding that Rho-Pt appears to accumulate in the region
of the stereocilia and cuticular plate when mechanotransduction
is blocked is most suggestive of Model 2, as we would expect no
visible labeling of the hair cell in the blocked state for Model 1. It
is possible, however, that the stereocilia labeling represents ad-

Figure 8. Two models of cisplatin entry into hair cells. a, Illustration of a neuromast with functional mechanotransduction. Rho-Pt is observed inside of hair cells and at the kinocilia and the
stereocilia. b, Model 1: a schematic of stereocilia with active mechanotransduction illustrating a possible mode of Rho-Pt entry directly through the MET channel. c, Model 2: a schematic of stereocilia
representing an alternative mode of entry where Rho-Pt enters the stereocilia through a separate channel, and calcium entry through the MET channel stimulates transport of Rho-Pt from the
stereocilia into the body of the hair cell. d, Illustration of neuromast with impaired mechanotransduction. Rho-Pt staining is present at the kinocilia, stereocilia, and cuticular plate, but not within the
hair cell body. e, Model 1 with blocked MET channel. A schematic of stereocilia with no entry of Rho-Pt through blocked MET channels is shown. Retained fluorescence of the stereocilia and kinocilia
in this condition could result from binding of Rho-Pt to proteins on the outside of these structures. f, Model 2 with blocked MET channel. Entry of Rho-Pt through an alternative channel and blocked
entry of calcium through the MET channel are shown. In this scenario, Rho-Pt enters the stereocilia, but is not transported into the hair cell body due to the absence of calcium influx through the
blocked MET channel.
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herent Rho-Pt on the outer surface of the stereocilia but blocked
from entry.

The mechanism of transport from the stereocilia into the hair
cell body is unclear. The cuticular plate is composed of a dense
network of actin largely devoid of vesicles (Tilney et al., 1980;
Kachar et al., 1997). However, immediately below the base of the
kinocilia is a gap in the actin matrix in which vesicles are present
and in close proximity to microtubules (Kachar et al., 1997).
These microtubule systems extend from the cuticular plate to the
hair cell base and presumably mediate transcytosis within the cell
(Leake and Snyder, 1987; Steyger et al., 1989; Kachar et al., 1997).
While it is not known whether these structures play a role in
intracellular drug trafficking, we hypothesize that in the
mechanotransduction-blocked state, Rho-Pt/cisplatin re-
mains trapped in this transition zone.

Understanding mechanisms of cisplatin uptake may lead to
new strategies of preventing cisplatin-induced hearing loss
Many potential pathways have been proposed as critical for
cisplatin-induced hair cell death. These include activation of
caspases, STAT1, and ROS pathways (Wang et al., 2004; Schmitt
et al., 2009; Kim et al., 2010). It has also become apparent for cell
death in general that inhibition of one cell death pathway can lead
to activation of other cell death pathways, making a “silver bullet”
agent that prevents cisplatin-induced hearing loss unlikely
(Zhang et al., 2009; Zhivotovsky and Orrenius, 2010). Blockade
of cisplatin uptake, however, would potentially prevent any death
pathways from being initiated. Understanding the requirement
of functional mechanotransduction for cisplatin-induced hair
cell death thus may lead to novel approaches to prevent cisplatin-
induced hearing loss.
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Engineered Deafness Reveals That Mouse Courtship
Vocalizations Do Not Require Auditory Experience

Elena J. Mahrt,1 David J. Perkel,2,3,4 Ling Tong,3,4 Edwin W Rubel,3,4,5 and Christine V. Portfors1

1School of Biological Sciences, Washington State University, Vancouver, Washington 98686, and 2Department of Biology, 3Department of Otolaryngology-
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Auditory experience during development is necessary for normal language acquisition in humans. Although songbirds, some cetaceans,
and maybe bats may also be vocal learners, vocal learning has yet to be well established for a laboratory mammal. Mice are potentially an
excellent model organism for studying mechanisms underlying vocal communication. Mice vocalize in different social contexts, yet
whether they learn their vocalizations remains unresolved. To address this question, we compared ultrasonic courtship vocalizations
emitted by chronically deaf and normal hearing adult male mice. We deafened CBA/CaJ male mice, engineered to express diphtheria toxin
(DT) receptors in hair cells, by systemic injection of DT at postnatal day 2 (P2). By P9, almost all inner hair cells were absent and by P16
all inner and outer hair cells were absent in DTR mice. These mice did not show any auditory brainstem responses as adults. Wild-type
littermates, also treated with DT at P2, had normal hair cells and normal auditory brainstem responses. We compared the temporal
structure of vocalization bouts, the types of vocalizations, the patterns of syllables, and the acoustic features of each syllable type emitted
by hearing and deaf males in the presence of a female. We found that almost all of the vocalization features we examined were similar in
hearing and deaf animals. These findings indicate that mice do not need auditory experience during development to produce normal
ultrasonic vocalizations in adulthood. We conclude that mouse courtship vocalizations are not acquired through auditory feedback-
dependent learning.

Introduction
In learning to speak, humans copy the sounds made by others
through imitative vocal learning. Few other mammals show evi-
dence of vocal learning (cetaceans, Deecke et al., 2000; bats,
Knoernschild et al., 2010). In contrast, thousands of songbird
species are vocal learners (Konishi, 1965; Price, 1979; Nowicki
and Marler, 1988; Tchernichovski et al., 1999), and they have
become the model system for mechanistic studies of this process.

However, songbirds have limitations as a model for mamma-
lian vocal learning. Vocal learning likely evolved independently
in these taxa, and genetic manipulations are not yet routine in
songbirds. An experimentally accessible mammal with vocal
learning would allow direct study of mechanisms underlying hu-
man vocal learning and associated disorders.

Mice are a candidate organism for studying mechanisms un-
derlying vocal communication. They emit ultrasonic social vo-
calizations (D’Amato and Moles, 2001; Holy and Guo, 2005;

Portfors, 2007), and the genetic basis of these signals can provide
insight into human communication disorders (Enard et al., 2009;
Scattoni et al., 2009; Wohr et al., 2011; Schmeisser et al., 2012).
Whether mice learn their vocalizations, however, is unresolved.

Several experimental approaches can test for vocal learning,
including rearing in isolation, artificial tutoring, cross-fostering,
and deaf-rearing. Only two of these approaches have been ap-
plied to mice. Kikusui et al. (2011) cross-fostered two mouse
strains and showed that the animal’s adult vocalizations resem-
bled those of its own genetic strain. Because inbred mouse strains
can have compromised high-frequency hearing (Henry and
Lepkowski, 1978; Zheng et al., 1999), negative cross-fostering
results may not indicate a lack of vocal learning. Positive results
could reflect altered social interactions rather than true imitation.
A more sensitive approach to detect learning is deprivation of
auditory experience (Konishi, 1965).

Two studies have come to opposite conclusions using gene
knock-outs expected to induce hearing loss. Otoferlin knock-out
mice (Hammerschmidt et al., 2012), with disrupted synaptic
transmission by inner hair cells, were found to emit adult vocal-
izations with normal acoustic features. In contrast, caspase-3
knock-out mice, with some loss of hair cells by postnatal week 5,
emitted abnormal adult vocalizations (Arriaga et al., 2012). Two
potentially important limitations of these mouse strains could
help explain this discrepancy. First, it is unclear how much audi-
tory experience each mouse strain received. Hearing has not been
assessed in Otoferlin knock-out animals before postnatal (P) day
30. Caspase-3 knock-out mice have residual hearing up to 5 weeks
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of age. In addition, caspase-3 knock-out mice have abnormal
brain morphology (Kuida et al., 1996; Takahashi et al., 2001); this
phenotype alone, independent of any hearing loss, could cause
abnormal vocalizations.

To overcome these limitations, we used transgenic mice that
allowed us to prevent all auditory experience. These mice were
engineered to express diphtheria toxin (DT) receptors (DTRs) in
hair cells. Injection of DT at P2 led to complete hair cell death
before the onset of hearing (Tong et al., 2011; Golub et al., 2012).
We were thus able to compare temporal and acoustic features of
vocalizations made by deaf and hearing adult male mice.

Materials and Methods
Animals
To compare vocalizations emitted by hearing and deaf male mice, we
used a mouse line that expresses DTRs in hair cells to induce deafness.
CBA/CaJ mice had the human dtr gene inserted into the pou4f3 gene
(Golub et al., 2012). Pou4f3!/DTR mice express DTRs on all hair cells,
whereas Pou4f3!/! (WT) mice do not. We used the CBA/CaJ strain
because it has good hearing up to at least one year (Willott, 1986; Willott,
1991; Zheng et al., 1999; Zheng and Johnson, 2001). We gave 49 P2 mice
a systemic injection of DT (4 ng/g i.m.; List Biological Laboratories) (Fig.
1). Pups were raised with their mothers until weaning at P21. After wean-
ing, pups were group housed in same sex, mixed genotype cages. To
identify individual animals throughout the course of the experiment, we
placed Sharpie markings on the pups’ paws and then cut unique patterns
in their fur as adults. Genotyping for Pou4f3 of all mice was performed at
P18 by tail clippings and a DNeasy Blood & Tissue Kit C250 (QIAGEN).

All animal care and experimental procedures followed the guidelines
of the National Institutes of Health and were approved by the University
of Washington Institutional Animal Care and Use Committee (protocol
2048-02).

Assessing the effectiveness of DT injections
Cochlear whole mounts. We examined the extent of inner and outer hair
cell loss in Pou4f3!/DTR and Pou4f3!/! mice at P9 (7 d after DT injec-
tion) and P16 (14 d after DT injection). Mice were killed, and the tem-
poral bones were dissected free. After removal of the bulla, the stapes was
lifted from the oval window, the membrane was removed from the round
window, and a small opening was made in the apical turn. Cold 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, was perfused slowly
through the cochlea from the opening of the apex turn, after which the
temporal bones were kept in the same fixative for 2 h at room tempera-
ture. After fixation, the temporal bones were washed three times (10 min
each) in PBS, pH 7.4. The tissue was prepared as a whole-mount prepa-
ration. The cochlea segments of the organ of Corti were carefully dis-
sected free from the cochlea. The stria vascularis was removed or
trimmed, and the tectorial membrane was removed with forceps.

We used two antibodies to label hair cells: a mouse monoclonal anti-
parvalbumin antibody (catalog #MAB 1572, Millipore, 1:1000) and a
rabbit anti-Myosin6 (catalog #25– 6791, Proteus Bioscience, 1:500). To
label supporting cells, we used a goat anti-Sox2 (catalog #SC-17320,
Santa Cruz Biotechnology, 1:500).

The tissue was permeabilized for 30 min with 0.1% saponin/0.1%
Tween 20 in PBS. To prevent nonspecific binding of the primary anti-
body, we incubated the tissue for 1 h in a blocking solution consisting of
5% normal serum/0.1% Triton X-100 in PBS. Primary antibody incuba-
tions were performed for 1 d at 4 deg C in PBS, 5% serum and 0.1%
Triton X-100. We used fluorescent-labeled secondary antibodies (Alexa-
488, Alexa-568, Invitrogen) at a dilution of 1:400 in the same buffer for
2 h at room temperature. For mouse antibodies against parvalbumin, we
used the Mouse-on-Mouse kit (catalog #BMK2202) as specified by the
manufacturer (Vector Laboratories). Sections were washed after each
antibody incubation (three times, 10 –15 min each) in 0.1% Tween 20 in
PBS. After counterstaining nuclei with DAPI (catalog #D9542, Sigma-
Aldrich, 1 !g/ml), the specimens were mounted in Vectashield (Vector
Laboratories), coverslipped, and examined with confocal fluorescence
microscopy.

Figure 1. Experimental timeline. Injection of DT was given at P2. The majority of inner hair
cells were gone by P9, and all cochlear hair cells were eliminated by P16 in Pou4f3!/DTR mice.
*Auditory brainstem responses obtained.

Table 1. Description of syllable categories

Syllable type Spectrographic representation Criteria

One jump One frequency step of at least 2 kHz with
"5 ms separation

Two jump Two frequency steps of at least 2 kHz
with "5 ms separation

Three jump Three frequency steps of at least 2 kHz
with "5 ms separation

Four jump Four frequency steps of at least 2 kHz
with "5 ms separation

Five jump Five frequency steps of at least 2 kHz
with "5 ms separation

FM upsweep Upward change in frequency #6 kHz

FM downsweep Downward change in frequency #6 kHz

Reverse chevron Downsweep followed by an upsweep;
total bandwidth #6 kHz

Chevron Upsweep followed by a downsweep;
total bandwidth #6 kHz

Complex Three or more phases with frequency
modulation of #6 kHz

Constant frequency Frequency did not change by #6 kHz

Short Duration "5 ms
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We viewed whole-mount preparations on an IX-81 inverted micro-
scope (Olympus) integrated into an FV-1000 laser scanning confocal
microscope (Olympus). We collected the images with a 10$/.40 NA
UPLSAPO objective or a 100$/1.40 NA UPLSAPO oil-immersion ob-
jective. The fluorescent labels were excited with a 405 nm laser diode, 488
nm argon ion laser, and a 561 nm diode pumped solid state laser. We
collected the images with a 4-channel dichroic mirror (blue/green/red/
far red), a 490 nm long pass dichroic, and a 425– 475 nm diffraction filter
setting on channel 1, a 560 nm long pass dichroic mirror and 500 %550
nm diffracting setting on channel 2 with a 585– 655 nm emission filter on
channel 3. Sequential image acquisition was performed to avoid bleed-
through using Fluoview software, version 1.3a. We imported images into
ImageJ 1.42a (National Institutes of Health) to create maximum inten-
sity projections from z-series stacks, which were saved as 24-bit RGB
TIFFs. The figures we created with Adobe Photoshop CS version 8
(Adobe) were subjected to histogram stretch and " adjustment to fill the
dynamic range and compensate for printing.

Auditory brainstem recordings. To confirm that the DTR males were
functionally deaf and that the WT males had normal hearing, we mea-
sured auditory brainstem responses (ABRs) of all animals after the vo-
calization recordings. In addition, we measured the ABRs of 11 mice at
P20 to ensure that DT injections deafened animals. Mice were anesthe-
tized (ketamine, 100 mg/kg; xylazine, 5 mg/kg, i.p.), placed on a heating
pad to maintain body temperature near 37°C, and placed in a sound-
attenuating chamber. We recorded ABRs using standard subcutaneous
needle electrodes with the positive electrode at the vertex of the skull and
the reference electrode in the ipsilateral thigh. Sound stimuli were gen-
erated and ABR recordings digitized using custom software. Responses
were preamplified (100$; Grass Technologies P15 amplifier), sent
through an MA3 amplifier with an additional 20 dB post-preamp gain
(Tucker Davis Technologies), bandpass filtered (100 –3000 Hz; Krohn-
Hite filter model 3550), and digitized at 24.4 kHz. We sampled responses
for a 15 ms window (with a 5 ms stimulus onset delay). The threshold was

Table 2. All measured acoustic parameters in 12 syllable categories for hearing micea

Parameter Location One jump Two jump Three jump Four jump Five jump
FM
upsweep

FM
downsweep

Reverse
chevron Chevron Complex

Constant
frequency Short

Duration (ms) Line 40.1 (7.6) 69.7 (12.9) 66.1 (22.9) 92.4 (29.1) 69.9 (20.3) 28.8 (5.8) 39.8 (12.9) 33.9 (4.2) 49.6 (6.8) 58.5 (11.6) 30.7 (8.2) 4.1 (0.4)
Segment 1 duration (ms) Line 19.4 (3.7) 20.4 (5.0) 10.9 (3.5) 19.5 (10.2) 7.0 (1.6) 17.0 (4.8) 22.9 (3.5)
Segment 2 duration (ms) Line 19.8 (7.7) 21.3 (6.6) 17.3 (5.1) 14.2 (5.7) 10.5 (6.2) 16.9 (3.6) 26.7 (4.9)
Segment 3 duration (ms) Line 25.4 (7.7) 18.1 (15.6) 11.0 (0.9) 10.6 (3.5)
Segment 4 duration (ms) Line 15.6 (8.5) 14.1 (5.6) 9.9 (5.7)
Segment 5 duration (ms) Line 29.1 (26.7) 15.0 (9.5)
Segment 6 duration (ms) Line 11.8 (6.4)
Gap 1 (ms) Line 0.9 (0.4) 1.5 (1.0) 1.5 (1.0) 1.4 (0.8) 0.6 (0.2)
Gap 2 (ms) Line 1.2 (0.9) 1.8 (1.2) 1.3 (1.0) 1.5 (1.3)
Gap 3 (ms) Line 0.8 (0.3) 0.9 (0.7) 1.9 (1.8)
Gap 4 (ms) Line 0.9 (0.6) 0.6 (0.2)
Gap 5 (ms) Line 0.5 (0.0)
Peak time (ms) Fcontour 17.0 (4.8) 22.9 (3.5)
Start f1 (kHz) Line 81.6 (7.4) 72.4 (7.2) 87.1 (6.3) 75.3 (7.1) 83.8 (6.9) 70.1 (5.7) 87.4 (8.5) 83.0 (8.2) 74.1 (8.5) 76.1 (8.4) 79.3 (6.1) 79.4 (5.0)
Start f2 (kHz) Line 79.9 (6.7) 90.8 (9.7) 77.4 (9.8) 89.5 (7.5) 79.7 (14.2) 74.3 (6.6) 91.6 (7.8)
Start f3 (kHz) Line 76.5 (6.2) 97.2 (15.1) 87.5 (14.6) 100.8 (12.9)
Start f4 (kHz) Line 78.6 (5.8) 83.6 (6.6) 76.9 (9.5)
Start f5 (kHz) Line 76.9 (8.7) 96.0 (9.6)
Start f6 (kHz) Line 68.4 (8.0)
End f (kHz) Line 89.9 (5.8) 73.6 (6.3) 79.1 (6.0) 80.1 (5.3)
End f1 (kHz) Line 88.5 (8.4) 84.0 (9.3) 95.5 (7.5) 89.1 (5.8) 89.1 (4.2) 74.3 (6.6) 91.6 (7.8) 79.4 (4.9)
End f2 (kHz) Line 77.8 (7.0) 91.5 (9.9) 82.5 (8.6) 87.6 (3.8) 84.7 (9.2) 83.6 (6.3) 74.0 (5.8)
End f3 (kHz) Line 77.3 (6.5) 91.3 (16.5) 86.2 (14.0) 98.1 (16.1)
End f4 (kHz) Line 72.5 (6.7) 79.9 (8.2) 78.3 (8.3)
End f5 (kHz) Line 71.0 (7.8) 86.3 (10.8)
End f6 (kHz) Line 70.0 (10.7)
Minimum f (kHz) Fcontour 69.5 (5.1) 60.2 (7.3) 64.3 (10.0) 60.6 (7.7) 63.3 (5.7) 69.5 (5.7) 72.1 (7.3) 74.4 (6.6) 69.4 (6.1) 70.3 (6.9) 76.4 (5.6) 78.4 (4.8)
Maximum f (kHz) Fcontour 95.2 (7.9) 101.9 (3.7) 108.4 (7.4) 107.9 (4.9) 103.3 (13.2) 89.2 (6.2) 87.7 (8.2) 87.2 (8.0) 91.1 (7.4) 90.1 (7.9) 82.6 (5.8) 82.8 (4.7)
Peak f (kHz) Line 74.3 (6.6) 91.6 (7.8)
Mean f (kHz) Fcontour 81.7 (5.9) 77.8 (6.6) 82.4 (9.5) 80.5 (5.2) 85.0 (7.6) 80.1 (5.5) 80.4 (7.3) 79.3 (6.5) 82.0 (7.0) 80.3 (7.4) 79.7 (5.6) 80.0 (4.8)
Bandwidth (kHz) Fcontour 25.7 (6.2) 41.6 (5.2) 44.2 (8.1) 47.3 (5.9) 40.0 (10.0) 19.7 (2.6) 15.6 (2.6) 12.8 (3.1) 21.7 (3.5) 19.8 (2.9) 6.2 (1.1)
& f1 (kHz) Fcontour 17.7 (4.5) 28.0 (7.4) 29.5 (7.5) 29.6 (7.1) 24.6 (4.3)
& f2 (kHz) Fcontour 20.5 (5.0) 25.8 (7.4) 25.1 (6.0) 20.4 (5.6)
& f3 (kHz) Fcontour 17.6 (1.6) 19.7 (2.8) 17.3 (4.6)
& f4 (kHz) Fcontour 15.7 (1.2) 15.3 (5.3)
& f5 (kHz) Fcontour 11.5 (5.7)
FM amplitude (kHz) Line 10.6 (3.9)
F offset (kHz) Line 73.6 (6.1)
FM frequency (Hz) Line 12.2 (3.1)
F initial phase (°) Line %5.4 (15.6)
Segment slope 1 (kHz/s) Line 0.4 (0.4) 0.7 (0.3) 0.9 (0.7) 0.9 (0.4) 1.0 (0.8) 0.8 (0.1) %0.4 (0.2) %0.6 (0.2) 0.8 (0.2) 0.0 (0.1)
Segment slope 2 (kHz/s) Line %0.1 (0.2) %0.3 (0.4) 0.5 (0.4) %0.4 (0.7) 0.4 (0.5) 0.6 (0.2) %0.8 (0.2)
Segment slope 3 (kHz/s) Line %0.7 (0.5) %0.4 (0.7) %0.2 (0.3) %0.2 (0.4)
Segment slope 4 (kHz/s) Line %1.3 (1.8) %0.4 (0.3) 0.1 (0.3)
Segment slope 5 (kHz/s) Line %0.5 (0.3) %0.8 (0.7)
Segment slope 6 (kHz/s) Line %0.2 (0.7)
Peak time shift ABS (ms) Both 0.9 (0.7) 0.3 (0.3)
Peak time shift (ms) Both 0.6 (1.1) 0.2 (0.4)
Residual (kHz) Line 1.2 (0.4) 1.4 (0.2) 1.3 (0.3) 1.1 (0.2) 1.0 (0.5) 1.4 (0.2) 1.5 (0.4) 0.9 (0.2) 1.3 (0.2) 1.7 (0.2) 0.9 (0.2)
aData are mean (SD). ABS, Absolute value.
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defined as the lowest sound pressure level (SPL) in which a recognizable
waveform was present and repeatable. For WT animals, stimuli were
presented 500 times from 80 to 20 dB SPL in steps of 10 and then 1000
repetitions in steps of 5 dB SPL when approaching threshold. Stimuli for
DTR animals were presented at 1000 repetitions at intensities of 90 and
70 dB SPL. Thresholds were determined at 4, 8, 16, and 32 kHz (stimuli
were 5 ms duration, 1 ms rise/fall time, repetition rate 19/s) and for a
broad-band click.

Vocalization recordings
Vocalizations emitted in the presence of a female were recorded from 21
DTR and 12 WT male mice between the ages of P60 and P70. The male
was placed in an empty acrylic cage (10 $ 19 $ 8 in.), located inside a
dark, single-walled sound-attenuating chamber lined with anechoic
foam and allowed to acclimate for 2 min. An age-matched female was
then placed in the cage, and vocalizations were recorded for 15–20 min.

Females were paired once with each male but were never paired with
more than three males in a day, and never consecutively. Recordings were
always done during their active (dark) period and at approximately the
same time across days. We recorded up to five different sessions from
each male, each on different days.

Vocalizations were recorded with an UltraSoundGate CM16 micro-
phone (Avisoft Bioacoustics) positioned 20 cm above the cage floor. The
microphone was connected to an Avisoft UltraSoundGate 416H pream-
plifier (Avisoft Bioacoustics), and the acoustic signals were amplified and
digitized at a sampling rate of 375 kHz with 16-bit resolution. Gain was
manually adjusted during recordings to optimize acoustic sampling
while preventing saturation.

Data analysis
We used Avisoft SASLab Pro software (Avisoft Bioacoustics) for initial
analysis of the same two recording sessions for all animals. We calculated

Table 3. All measured acoustic parameters in 12 syllable categories for deaf micea

Parameter Location One jump Two jump Three jump Four jump Five jump
FM
upsweep

FM
downsweep

Reverse
chevron Chevron Complex

Constant
frequency Short

Duration (ms) Line 43.4 (6.7) 54.4 (15.6) 64.7 (8.8) 69.6 (16.5) 77.4 (19.9) 30.7 (3.8) 38.8 (10.9) 34.9 (7.5) 52.6 (6.5) 63.1 (11.8) 33.3 (8.6) 3.7 (0.7)
Segment 1 duration (ms) Line 18.2 (5.8) 24.2 (8.1) 12.7 (7.3) 23.5 (9.9) 22.4 (11.5) 14.3 (2.5) 26.5 (3.6)
Segment 2 duration (ms) Line 24.6 (7.1) 15.7 (6.7) 21.2 (5.4) 7.8 (4.4) 12.6 (6.8) 20.6 (5.4) 26.1 (5.0)
Segment 3 duration (ms) Line 13.0 (4.0) 17.8 (5.4) 11.6 (7.4) 10.6 (4.8)
Segment 4 duration (ms) Line 10.3 (4.0) 11.5 (6.3) 7.0 (2.2)
Segment 5 duration (ms) Line 11.7 (6.2) 14.2 (6.3)
Segment 6 duration (ms) Line 6.4 (6.6)
Gap 1 (ms) Line 0.6 (0.1) 0.9 (0.5) 0.7 (0.2) 0.9 (0.6) 0.6 (0.2)
Gap 2 (ms) Line 0.6 (0.1) 1.2 (0.5) 0.6 (0.3) 1.4 (1.3)
Gap 3 (ms) Line 0.8 (0.2) 1.0 (0.3) 0.5 (0.0)
Gap 4 (ms) Line 0.8 (0.4) 0.8 (0.5)
Gap 5 (ms) Line 0.8 (0.2)
Peak time (ms) Fcontour 14.3 (2.5) 26.5 (3.6)
Start f1 (kHz) Line 87.7 (9.1) 71.3 (4.5) 87.0 (4.5) 76.3 (11.9) 84.6 (7.8) 68.5 (4.5) 81.4 (3.8) 73.7 (8.3) 68.2 (4.4) 70.9 (4.0) 75.1 (3.6) 77.2 (5.3)
Start f2 (kHz) Line 77.8 (6.3) 94.5 (15.0) 75.8 (6.9) 95.3 (12.5) 89.9 (19.4) 66.0 (8.5) 84.7 (3.7)
Start f3 (kHz) Line 78.7 (6.3) 107.8 (6.6) 84.7 (6.8) 96.6 (10.2)
Start f4 (kHz) Line 76.5 (3.0) 92.2 (19.0) 94.9 (15.6)
Start f5 (kHz) Line 83.3 (8.0) 99.7 (4.7)
Start f6 (kHz) Line 78.6 (3.7)
End f (kHz) Line 85.8 (4.9) 69.5 (3.7) 74.8 (5.2) 76.4 (4.3)
End f1 (kHz) Line 89.5 (7.9) 84.7 (6.1) 91.5 (6.3) 85.9 (7.3) 89.5 (6.2) 66.0 (8.5) 84.7 (3.7) 77.6 (5.1)
End f2 (kHz) Line 77.5 (8.8) 94.9 (15.4) 84.8 (4.5) 94.5 (11.0) 93.0 (13.0) 76.5 (9.3) 71.1 (3.4)
End f3 (kHz) Line 79.0 (6.3) 100.1 (4.7) 88.7 (5.9) 97.3 (8.8)
End f4 (kHz) Line 68.9 (1.4) 88.2 (15.6) 94.4 (16.0)
End f5 (kHz) Line 78.8 (13.6) 84.3 (14.5)
End f6 (kHz) Line 74.3 (5.3)
Minimum f (kHz) Fcontour 67.5 (3.3) 63.8 (4.8) 65.9 (3.0) 63.2 (3.8) 67.0 (2.9) 67.9 (4.7) 68.6 (3.6) 66.3 (8.0) 65.6 (3.9) 65.4 (3.1) 72.4 (4.1) 76.6 (5.2)
Maximum f (kHz) Fcontour 97.0 (7.5) 103.5 (10.2) 110.7 (5.3) 105.7 (6.1) 111.7 (4.8) 84.7 (5.0) 81.2 (3.6) 78.1 (8.6) 84.3 (3.8) 84.5 (7.8) 78.3 (3.8) 78.9 (5.2)
Peak f (kHz) Line 66.0 (8.5) 84.7 (3.7)
Mean f (kHz) Fcontour 80.3 (4.1) 82.1 (6.2) 86.5 (3.9) 83.4 (4.1) 87.3 (0.7) 77.3 (4.5) 75.5 (3.6) 71.1 (8.5) 76.7 (3.6) 75.4 (4.6) 75.8 (3.9) 77.6 (5.1)
Bandwidth (kHz) Fcontour 29.5 (6.2) 39.7 (9.4) 44.8 (5.3) 42.5 (6.8) 44.7 (7.8) 16.8 (2.7) 12.6 (2.6) 11.8 (2.0) 18.7 (2.3) 19.1 (7.6) 5.9 (1.2)
& f1 (kHz) Fcontour 19.1 (7.2) 23.0 (8.6) 26.2 (2.4) 25.9 (6.9) 26.2 (3.4)
& f2 (kHz) Fcontour 19.8 (7.2) 22.1 (1.9) 23.5 (6.1) 24.3 (2.2)
& f3 (kHz) Fcontour 16.1 (1.9) 15.5 (6.2) 23.0 (1.8)
& f4 (kHz) Fcontour 13.5 (5.9) 22.0 (1.3)
& f5 (kHz) Fcontour 16.1 (3.1)
FM amplitude (kHz) Line 11.5 (4.3)
F offset (kHz) Line 66.0 (12.2)
FM frequency (Hz) Line 12.3 (3.4)
F initial phase (°) Line %0.2 (13.9)
Segment slope 1 (kHz/s) Line 0.0 (0.3) 0.6 (0.2) 0.4 (0.4) 0.5 (0.5) %0.2 (1.0) 0.6 (0.1) %0.4 (0.1) %0.6 (0.3) 0.7 (0.1) 0.1 (0.0)
Segment slope 2 (kHz/s) Line %0.1 (0.4) %0.2 (0.8) 0.4 (0.4) %0.1 (0.3) %0.2 (0.9) 0.6 (0.3) %0.7 (0.1)
Segment slope 3 (kHz/s) Line %0.6 (0.4) %0.4 (0.6) 0.4 (0.3) 0.2 (0.4)
Segment slope 4 (kHz/s) Line %1.2 (0.4) %0.4 (0.4) 0.0 (0.1)
Segment slope 5 (kHz/s) Line %0.6 (0.6) %1.1 (0.3)
Segment slope 6 (kHz/s) Line %1.0 (0.3)
Peak time shift ABS (ms) Both 0.5 (0.4) 0.5 (0.4)
Peak time shift (ms) Both 0.3 (0.6) 0.3 (0.5)
Residual (kHz) Line 1.3 (0.2) 1.3 (0.4) 1.2 (0.2) 1.0 (0.5) 1.1 (0.2) 1.3 (0.2) 1.3 (0.3) 0.8 (0.2) 1.1 (0.2) 1.6 (0.4) 0.8 (0.2)
aData are mean (SD). ABS, Absolute value.
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spectrograms (Hamming window; FFT length 1024; 100% frame size;
75% temporal overlap) and adjusted the element detection threshold
parameters (minimum duration 1 ms; maximum entropy of 1; hold time
15–20 ms) manually for each recording session to maximize detection of
vocalizations and minimize detection of nonvocal sounds. The software
automatically detected syllables, defined as continuous sounds above a
certain power threshold bounded by silence of at least 2 ms, and provided
syllable beginning and end times. We calculated the number of syllables
emitted per minute for each recording session.

Temporal analysis of syllables. We defined a syllable bout as a group of
three or more syllables bounded by at least 130 –180 ms of silence. The
general range for this threshold was determined by examining the valley
in the distribution of the duration of silent periods (corresponding to
intersyllable and interbout intervals) for all animals. The specific value
for each individual animal was determined by an experimenter who was
blind to the condition of the animal, and based on the highly reliable
intersyllable interval within a bout. Avisoft automatic detection software
(Avisoft Bioacoustics) automatically determined the number of bouts.
For each recording session, we calculated the fraction of syllables in a
bout, number of bouts/min, mean number of syllables/bout, and mean
intersyllable interval (from start of one syllable to start of the next sylla-
ble). We averaged values across recording sessions to determine mean
values for each animal.

Syllable categorization. We assigned each syllable to one of 12 catego-
ries by visually inspecting the spectrogram, generally following the
scheme of Scattoni et al. (2008). Table 1 illustrates the categorization
criteria. For each recording session, we calculated the fraction of syllables
in each category and averaged these values across recording sessions for
each animal.

Syllable-sequence analysis. For each recording session, we calculated a
matrix of syllable-transition events, including each of the 12 syllable
categories and silent periods between bouts. We normalized this matrix
in two ways. First, each element was divided by the total number of
transitions in that session, such that the value at element i, j in the matrix
represents the probability during that session of observing a transition
from syllable category i to category j. The second type of normalization
gave us conditional transition probabilities. We normalized across rows
of the matrix to calculate the probability that, given that the previous
syllable was of category i, the next one would be of type j. Each of these
matrices was averaged across recording sessions for each animal.

Figure 2. Low- and high-power confocal images of whole-mount preparations from representative P9 mice. A–C, WT (Pou4f3!/!) mouse. D–F, Pou4f3!/DTR mouse. Both mice were injected
with DT on P2. Red cells show antigenicity to SOX2, indicating an organ of Corti support cell phenotype; hair cells are indicated by antigenicity to a mixture of antibodies against myosin6 and
parvalbumin, and blue represents DAPI-stained nuclei. A, In WT mice, the low-power image shows that the full complement of hair cells was present throughout the basal to apical turns. B,
High-power image shows the characteristic single row of inner hair cells, a space for the tunnel of Corti, and then three rows of outer hair cell somata in the basal region. C, Middle turn region. D, In
the Pou4f3!/DTR mice, however, the low-power image reveals a dramatic loss of hair cells by 7 d after the DT injection. E, High-power images reveal complete loss of inner hair cells and almost
complete loss of outer hair cells in the basal region, coupled with what appears to be complete survival of supporting cells. F, In the middle region, an occasional inner hair cell remained, but it usually
appeared swollen and degenerative, whereas a large complement of outer hair cells had not yet degenerated. Again, supporting cell complement appeared intact. By P16, all hair cells had been lost
(data not shown). Scale bars: (in A) A, D, 100 !m; (in B) B, C, E, F, 10 !m.

Figure 3. Pou4f3!/DTR mice were deaf. ABRs from all male mice were obtained at P70.
Thresholds are mean ' SD for hearing (!) and deaf ($) animals. The highest level tested
with the DTR mice was 90 dB SPL, and none of the animals had any response at this intensity.
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Acoustic measurements. For a subset of sylla-
bles with the highest signal-to-noise ratio, we
calculated detailed acoustic parameters. For
this analysis, we used the Matlab software
package Mouse Vocalization Categorizer
(MUSCat), originally developed by Dr. S. E.
Roian Egnor (HHMI, Janelia Farm), with our
own modifications. MUSCat facilitated semi-
automated syllable detection and categoriza-
tion and calculated a spectrogram (Hamming
window, no overlap, 0.5 ms time bins, 122 Hz
frequency resolution) for each syllable. For
each time bin with acoustic power above a
given threshold, MUSCat measured the fre-
quency with highest power. The set of these
frequency values within the spectrogram deter-
mined the frequency contour of the syllable
(Fcontour). To ensure precise contouring, an
experimenter manually viewed each Fcontour
overlaid on the spectrogram of the syllable. If
necessary, the experimenter manually cor-
rected the contour to match the actual syllable.
Syllable frequency contours allowed us to ex-
amine many more acoustic parameters than
more traditional methods.

To reduce the dimensionality of the data, we then fit the contour
points with simple functions. Frequency-jump syllables were fitted with
2– 6 line segments, one for each continuous acoustic element. FM up-
sweeps, FM downsweeps, constant frequency, and short syllables were
fitted with a single line segment. Chevrons and reverse chevrons were
fitted with two intersecting line segments. Complex syllables were fitted
with a sinusoid, varying center frequency, amplitude of frequency
modulation, frequency of frequency modulation, initial phase, and du-
ration. Although most parameters were measured from the fitted line
segments, some were measured directly from the Fcontours for greater
precision. The fitted parameter values for each syllable type and their
measurement locations are listed in Tables 2 and 3. We averaged values
for each measurement across recording sessions for each animal.

To assess the quality of fits to Fcontour values, we calculated a
residual value, defined as the mean absolute frequency error per con-
tour point across each syllable. A perfect fit had a residual value of 0
Hz. We empirically determined that syllables with poor fits had resid-
ual values #3 kHz and thus excluded syllables with residual values
larger than this threshold, resulting in exclusion of 5.6% of syllables
from the acoustic analysis.

Statistical analysis. We tested for normal distribution of all vocaliza-
tion parameters using Kolmogorov–Smirnov tests. All parameters had
non-normal distributions so we used only nonparametric statistical tests.
All results presented in the text and tables are mean ' SD. To compare
group means for bout structure, syllable transition pattern, and acoustic
parameters, we used Mann–Whitney U tests with correction for multiple
testing (Simes correction, # ( 0.05) (Simes, 1986). For all of these tests,
the sample size was 12 hearing animals and 14 deaf animals. To compare
distribution of syllable types emitted by WT and DTR groups, we used a
Kruskal–Wallis test. To compare similarity of vocalization parameters of
siblings and nonsiblings, we calculated coefficients of variation (SD/
mean) and compared these using Mann–Whitney U tests with Simes
correction for multiple testing. We set our significance level at p " 0.05
for all statistical tests.

Results
Of the 49 mice that were given injections of DT, 21 were male
Pou4f3!/DTR (DTR), and 12 were male Pou4f3!/! (WT). Of these
males, 14 DTR and 12 WT animals emitted #30 syllables across
recording sessions and were included in the data analysis.

To assess the efficacy of DT injections given at P2 to eliminate
hair cells, we examined whole-mounts 7 (P9) and 14 (P16) days
after injection. Figure 2 illustrates that, at 7 d after DT injection,

the majority of inner hair cells were gone (base, 100% gone; mid-
dle, #95% gone; apex, 95% gone) and #50% of outer hair cells
were gone (base, #90% gone; middle, 60 –70% gone; apex, 50 –
70% gone). In contrast, all inner and outer hair cells were normal
throughout the cochlea of WT mice. At 14 d after DT injection
(P16), all inner hair cells were gone throughout the cochlea and
"5% of outer hair cells remained in the DTR mice. WT mice had
a normal complement of inner and outer hair cell loss. Thus, we
confirmed that DTR mice had no hearing ability during develop-
ment and that the DT injections in WT mice had no effect.

To test auditory function, we obtained ABR thresholds for
clicks and pure tones (4 –32 kHz). In contrast to the WT mice that
had normal ABR thresholds (Fig. 3), none of the 14 DTR mice

Figure 4. Vocalizations of hearing and deaf male mice were qualitatively similar. A, Example spectrograms of ultrasonic
vocalizations emitted by one hearing and one deaf male mouse in the presence of a female. B, Mean number of syllables emitted
per minute #15 min recording sessions of hearing and deaf mice. The circles represent the mean values for each animal, and the
bars represent the mean values for the group. Error bars indicate the SDs of the group means.

Figure 5. The temporal organization of vocalizations emitted by hearing and deaf mice was
similar. A, Fraction of syllables contained in bouts. B, Number of bouts emitted per minute. C,
Number of syllables per bout. D, Intersyllable interval. In all plots, the circles represent the mean
values for each animal, and the bars represent the mean values for the group. Error bars indicate
the SDs of the group means.
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showed an ABR at 90 dB SPL (the maximum intensity available)
for all sound stimuli presented (Fig. 3). For the remainder of this
report, we refer to WT mice as hearing and DTR mice as deaf.

Both hearing and deaf mice readily investigated the female
and emitted qualitatively similar vocalizations (Fig. 4A). Al-
though syllable production rates were quite variable across indi-
viduals, this parameter did not differ significantly between the
hearing and deaf groups (Mann–Whitney U test; U ( 55.0; p (
0.15) (Fig. 4B). Over the 15 min recording sessions, hearing ani-
mals emitted an average of 27.9 ' 14.7 syllables/min and deaf
animals emitted an average of 22.7 ' 24 syllables/min. Because
our recording sessions were much longer than other studies
(Hammerschmidt et al., 2012), we examined emission rates for
the first 3 min after the female was introduced into the cage.
Hearing animals emitted an average of 93 ' 46.8 syllables/min,
and deaf animals emitted an average of 120 ' 89 syllables/min.
These values were not statistically different (Mann–Whitney U
test; U ( 74, p ( 0.60).

We analyzed the temporal organization of 21,251 and 18,662
syllables emitted by hearing and deaf males, respectively. Hearing
and deaf males emitted the majority of syllables in bouts, with no
significant difference between hearing and deaf animals (58 '
12.3%, hearing; 70.4 ' 15.3%, deaf; Mann–Whitney U test; U (
42.0; p ( 0.08; Fig. 5A). The number of bouts emitted per minute
did not differ (6.2 ' 3.5, hearing; 4.4 ' 4.5, deaf; Mann–Whitney
U test; U ( 54.0; p ( 0.16; Fig. 5B). Deaf animals emitted a
slightly higher number of syllables/bout (5.6 ' 0.8, hearing;
7.5 ' 1.6, deaf; Mann–Whitney U test; U ( 33.0; p ( 0.04; Fig.
5C). Finally, the intersyllable intervals did not differ (115 ' 7.4
ms, hearing; 109.5 ' 7.3 ms, deaf; Mann–Whitney U test; U (
53.0; p ( 0.2; Fig. 5D).

We categorized the syllables into 12 types. Although there was
high variability across individual animals, both hearing and
deaf mice emitted all 12 types of syllables (Fig. 6). FM up-
sweeps and chevrons were the most commonly emitted sylla-
ble types in both hearing and deaf animals. Frequency-jump

vocalizations with 4 and 5 jumps were
emitted only rarely. Except for the deaf
mice emitting significantly more chev-
rons (15% hearing; 27% deaf; Kruskal-
Wallis; H(2) ( 9.5; p ( 0.002), the
hearing and deaf mice emitted the sylla-
ble types in similar proportions.

We calculated transition-probability
matrices to describe the likelihood of
transitions from any given syllable type to
any other syllable type. When we analyzed
the conditional syllable transitions of 12
different syllable categories, there were no
differences between hearing and deaf
male mice (Mann–Whitney U tests; p #
0.169 for all tests). Males within each
group exhibited greater variability in the
ordering of their syllables than did males
across the hearing and deaf groups. This is
illustrated by the heat maps in Figure 7,
where no obvious patterns appear across
individual males within either hearing or
deaf groups. The average transition prob-
abilities of the hearing and deaf groups
were not significantly different. When we
analyzed the normalized syllable transi-
tions of 12 different syllable categories,

Figure 6. Hearing and deaf mice emitted the same types of syllables. The relative occurrence of
eachsyllabletypeforhearinganddeafanimals.Foreachsyllable,thecirclesrepresentthemeanvalues
for each animal, and the bars represent the mean values for the group. Error bars indicate the SDs of
the group means.

Figure 7. The pattern of syllable emissions was not different between hearing and deaf males. Transition probability matrices for two
hearing males, two deaf males, and the hearing and deaf group means. Syllable categories 1–12 are as follows: one jump, two jump, three
jump, four jump, five jump, FM upsweep, FM downsweep, reverse chevron, chevron, constant frequency, complex, and short, respectively.
S, Silence.
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there were no differences between hearing
and deaf male mice, except for chevron-
to-chevron transitions (Mann–Whitney
U test; U ( 13.0; p ( 0.04).

We found no significant differences
in any of the acoustic parameters be-
tween hearing and deaf animals (Mann–
Whitney U tests; p # 0.3 for all tests).
Figures 8 and 9 illustrate a subset of
acoustic parameters that had the lowest
p values for syllables with and without
frequency jumps, respectively. Tables 2
and 3 show the mean ' SD for all acous-
tic parameters for the hearing and deaf
groups, respectively.

A striking aspect of both hearing and
deaf mice vocalizations was the amount
of variability in almost all features.
Much of this variability was not ac-
counted for in our tests for statistical
differences between hearing and deaf
vocalization parameters because of the
way we pooled the data. In all measure-
ments, we first calculated the mean for
each animal and then calculated the
mean for the group. Thus, the variance
was determined based on the means of
the animals within a group, and vari-
ability within an animal was ignored. As
can be seen in Figure 10, the variability
within an animal was often greater than
the variability within a group. Figure
10A shows how the number of syllables
per bout was highly variable within an in-
dividual animal. Figure 10B shows how the
mean ' SD of individual animals also var-
ied within a group. Moreover, the within
animal variability for this parameter was
clearly greater than the within group vari-
ability. Figure 10 also shows that the within
animal variability was greater in the deaf an-
imals than in the hearing animals. Although we show this variability
analysis for only the number of syllables/bout, similar results held
for the majority of parameters we measured. One notable excep-
tion was intersyllable interval. The amount of between animal
variability was low (Fig. 5D), and the within animal variability
was also low, suggesting tighter control over this particular pa-
rameter of vocalization behavior.

To test whether nonauditory feedback, perhaps via social sig-
nals from the mother or cage-mates, could shape mouse vocal-
izations, we compared the similarities of vocalizations emitted by
siblings with those emitted by nonsiblings. We reasoned that, if
social interactions (or genetic similarity) consistently shaped vo-
calization parameters, siblings should exhibit more similarity in
their vocalization parameters than nonsiblings. We calculated
coefficients of variation (SD/mean) for temporal and acoustic
parameters of all pairs of siblings and pairs of nonsiblings. We
found that only one parameter was significantly more similar in
sibling pairs than nonsibling pairs: intersyllable interval (Mann–
Whitney U test; N ( 24 sibling pairs, 301 nonsibling pairs; U (
2119; p ( 0.03, all other parameters, p # 0.4). However, because
all animals, hearing or deaf, had very similar values of intersyl-
lable intervals (Fig. 5D), the actual differences in CVs between

sibling and nonsibling pairs were very small. Because deaf mice
emitted a higher relative percentage of chevron syllables, we
asked whether siblings were more likely to emit a similar fraction of
chevrons than were nonsiblings. The CVs of the fraction of chevrons
emitted by siblings and nonsiblings were not significantly different
(Mann–Whitney U test; N ( 24 sibling pairs, 301 nonsibling pairs;
U ( 2614; p ( 0.24).

Discussion
We compared vocalizations emitted by normal hearing and deaf
male mice. To induce deafness, we used mice engineered to express
DTRs in hair cells so that, by injecting DT at P2, we were able to
eliminate all inner and most outer hair cells by P9, before mice nor-
mally begin to hear. Thus, we were able to prevent auditory experi-
ence during development. We used this approach because in
songbirds, which exhibit vocal learning, juvenile deafening is the
manipulation that most dramatically disrupts adult song (Konishi,
1965). We found that deafness failed to disrupt the production of
normal adult courtship vocalizations in mice. Our detailed, quanti-
tative analysis of the temporal structure of vocalization bouts, the
types of vocalizations, the patterns of syllables, and the acoustic fea-
tures of each syllable type showed that vocalizations emitted by hear-

Figure 8. Acoustic parameters in jump syllables were not different for hearing and deaf animals. In all plots, the circles
represent the mean values for each animal, and the bars represent the mean values for the group. Error bars indicate the SDs of the
group means.
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ing and deaf mice were nearly indistinguishable. Specifically, deaf
mice emitted all the same syllable types, with the same acoustics, as
hearing mice. These findings indicate that mice, in contrast to song-
birds and humans, have little, if any, need for auditory experience
during development to produce normal adult vocalizations. Fur-
ther, our finding that vocalizations of siblings are not more similar
than those of nonsiblings suggests that social interactions do not
shape vocalizations in mice.

Strengths of the Pou4f3!/DTR mouse
The DTR mouse has a number of advantages over other mice
with engineered deafness or spontaneous mutations of genes
required for inner ear development. First, because the hair
cells are only killed once the DT is injected, the timing of
deafness can be controlled and all hearing ability eliminated
quickly at any age. Here, we injected DT at P2 and found that
all inner and most outer hair cells are eliminated by P9. This is
in contrast to mice engineered with gene knock-outs where the
timing and extent of hearing loss are less certain. For example,
caspase-3 knock-outs have residual hearing up to 5 weeks of
age (Takahashi et al., 2001). Thus, it is unclear the extent to
which these mice have auditory experience during develop-
ment. Second, because pou4f3 is not widely expressed
throughout the brain, the DT injections selectively targeted
hair cells. In contrast, knocking out genes can have global
effects. For example, knock-out of caspase-3 leads to loss of
inner hair cells (Takahashi et al., 2001) and also causes abnor-
mal morphology throughout the brain (Kuida et al., 1996).

The degraded vocalizations produced by these mice (Arriaga
et al., 2012) may well be independent of any hearing loss in
these animals.

Finally, our DTR mice were of the CBA/CaJ strain, which has
normal hearing (Zheng et al., 1999). In contrast, many mice with
gene knock-outs are bred on strains with compromised hearing.
For example, the C57Bl/6 strain, which is often used in vocaliza-
tion studies, starts losing its high-frequency hearing at 3 months
of age (Henry and Lepkowski, 1978; Henry and Chole, 1980;
Zheng et al., 1999). Thus, even “control” animals may have ab-
normal auditory experience, potentially compromising the inter-
pretation of any negative results.

Considering the strengths of the DTR mouse model, our find-
ing that deaf mice emit vocalizations that are very similar to those
emitted by mice with normal hearing indicates that the funda-
mental features of mouse courtship vocalizations are not altered
by a lack of hearing during development.

Deaf-rearing does not degrade mouse vocalizations
Rearing deaf animals has the potential to detect any of several
possible roles of auditory experience in the development of nor-
mal vocalizations. As in humans and songbirds, the normal de-
velopmental process could include a stage of acquiring a template
for later vocal production and a stage of practicing to learn to
produce an acquired or even an innate template (Marler, 1970;
Doupe and Kuhl, 1999; Kuhl, 2003). Loss of hearing would be
expected to disrupt all of these processes, resulting in abnormal
vocalizations. However, secondary effects of deafening, such as

Figure 9. Acoustic parameters in nonjump syllables were not different for hearing and deaf animals. In all plots, the circles represent the mean values for each animal, and the bars represent the
mean values for the group. Error bars indicate the SDs of the group means.

Mahrt et al. • Mouse Vocalizations Are Not Learned J. Neurosci., March 27, 2013 • 33(13):5573–5583 • 5581



decreased social interaction, could also contribute to degraded
vocalizations, complicating the interpretations of results. Our
finding that deaf mice do not have degraded vocalizations leads to
the conclusion that mice do not require auditory feedback to
develop essentially normal vocalizations.

We examined a number of parameters of bout structure and
found that almost all features were similar between hearing and
deaf animals. In particular, the intersyllable interval was remark-
ably similar. Both groups emitted syllables with intervals (start-
to-start) of 92–120 ms. This ) 9 Hz periodicity is in line with that
reported previously in CBA mice (Liu et al., 2003) and suggests
that a central pattern generator underlies this innate rhythmicity.
The one statistically significant difference in bout structure is that
deaf animals emitted slightly more syllables per bout. Consider-
ing that several possible mechanisms could underlie the control
of this parameter (e.g., efference copy signals, sensory or social
feedback), it is unlikely that the slight difference is the result of
imitative vocal learning.

It is well documented that, in the presence of a female or her
urine, male mice produce different syllable types (Holy and Guo,
2005; Portfors, 2007; Hammerschmidt et al., 2012; Hanson and
Hurley, 2012). Different strains have been reported to emit ap-
proximately the same types of syllables but at different relative
probabilities of occurrence (Panksepp et al., 2007; Choi et al.,
2011). Here, the overall category distributions were similar be-
tween groups, although deaf animals emitted significantly more

chevron syllables. The finding that deaf mice emitted all the same
syllable types as hearing mice indicates that the production of
specific syllable types is not learned. It is unclear why deaf males
produce more chevrons than hearing males, but because chevron
production is not correlated with courtship behavior (Hanson
and Hurley, 2012), it seems unlikely that these affect female mat-
ing decisions.

We examined in detail the first-order syllable-transition prob-
abilities. Because we examined all possible transitions, not only
those between common syllable types (Choi et al., 2011) or just
between jump and nonjump syllables (Holy and Guo, 2005;
Kikusui et al., 2011), our assay had the sensitivity to detect subtle
syllable sequencing differences between hearing and deaf ani-
mals. Despite this sensitivity, the only difference was that deaf
animals exhibited more chevron-to-chevron transitions. This re-
sult is likely an unavoidable consequence of the deaf animals
emitting more chevron syllables, and is not evidence of imitative
vocal learning.

Last, we examined whether the acoustics of syllables emitted
by hearing and deaf males were different. We divided syllables
into more categories than a previous study using Otoferlin knock-
out mice (Hammerschmidt et al., 2012) to reduce the chance of
missing an effect of learning on subtle syllable characteristics.
Because deafening did not cause significant changes in any of the
99 independent acoustic parameters we measured, our findings
confirm and extend the conclusion that acoustic features are not
learned.

In summary, we compared #250 parameters describing the
features of mouse vocalizations emitted by hearing and deaf male
mice and found only three statistically significant differences.
However, the statistical significance of these differences may have
depended on our use of mean values from each individual, ignor-
ing individual variability. In all parameters measured, the vari-
ability within individuals was always greater than the variability
of the mean parameter values across individuals within the
group. The origin of this high within-individual variability is
unknown. It could reflect intrinsic variations in neural and/or
muscular signals, or be driven by changing environmental con-
ditions not addressed here.

It is also unclear whether these differences are biologically
important. For example, it is unknown whether the number of
syllables in a bout or the distribution and sequencing of syllable
types emitted by males alter female mating decisions. In addition,
because of the large within-animal variability in vocalization pa-
rameters, a female would need to hear many repetitions to deter-
mine whether the emitter was hearing or deaf.

However, even if the changes we observed in deaf mice are
statistically and biologically significant, they do not necessarily
provide evidence for imitative vocal learning. For example, these
differences could be the result of operant conditioning, a form of
learning that could shape vocalizations through external feed-
back, such as social interactions. On the other hand, we did not
find evidence for such effects when we compared vocalizations of
siblings and nonsiblings. It will be important in future studies to
identify the environmental and genetic factors that cause individ-
ual and strain differences in mouse vocalizations.

Mice are useful models for genetic disorders of
vocal communication
Our finding that mice to do not learn their vocalizations indicates
that mice are not a good model for studying mechanisms of vocal
learning. They are, however, useful for understanding the genetic
and neural mechanisms of normal vocal communication and

Figure 10. The variability of vocalization parameters within an animal was high. A, Histo-
gram of syllables per bout for all of one animal’s vocalizations. B, Syllables per bout for each
animal (mean ' SD) and group mean ' SD.
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associated disorders. For example, manipulation of particular
genes has already shed light on the genetic basis of human com-
munication disorders (Enard et al., 2009; Scattoni et al., 2009;
Wohr et al., 2011; Fujita et al., 2012; Schmeisser et al., 2012;
Srivastava et al., 2012). It seems likely that the genetic mecha-
nisms underlying vocal communication are conserved across
mammals. Thus, understanding these mechanisms in mice will
provide a basis for teasing apart innate and learned aspects of
vocal communication in humans.
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Afferent Regulation of Chicken Auditory Brainstem
Neurons: Rapid Changes in Phosphorylation of
Elongation Factor 2
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ABSTRACT
The relationships between protein synthesis and neuro-

nal survival are poorly understood. In chicken nucleus

magnocellularis (NM), significant alterations in overall

protein synthesis precede neuronal death induced by

deprivation of excitatory afferent activity. Previously we

demonstrated an initial reduction in the overall rate of

protein synthesis in all deprived NM neurons, followed

by quick recovery (starting at 6 hours) in some, but not

all, neurons. Neurons with recovered protein synthesis

ultimately survive, whereas others become ‘‘ghost’’ cells

(no detectable Nissl substance) at 12–24 hours and die

within 48 hours. To explore the mechanisms underlying

this differential influence of afferent input on protein

synthesis and cell survival, the current study investi-

gates the involvement of eukaryotic translation elonga-

tion factor 2 (eEF2), the phosphorylation of which

reduces overall protein synthesis. Using immunocyto-

chemistry for either total or phosphorylated eEF2 (p-

eEF2), we found significant reductions in the level of

phosphorylated, but not total, eEF2 in NM neurons as

early as 0.5–1 hour following cochlea removal. Unex-

pectedly, neurons with low levels of p-eEF2 show

reduced protein synthesis at 6 hours, indicated by a

marker for active ribosomes. At 12 hours, all ‘‘ghost’’

cells exhibited little or no p-eEF2 staining, although not

every neuron with a comparable low level of p-eEF2

was a ‘‘ghost’’ cell. These observations demonstrate

that a reduced level of p-eEF2 is not responsible for im-

mediate responses (including reduced overall protein

synthesis) of a neuron to compromised afferent input

but may impair the neuron’s ability to initiate recovery

signaling for survival and make the neuron more vulner-

able to death. J. Comp. Neurol. 521:1165–1183, 2013.

VC 2012 Wiley Periodicals, Inc.

INDEXING TERMS: apoptosis; cell death; protein synthesis; cochlea removal; afferent deprivation; nucleus

magnocellularis

The importance of afferent input to neural integrity has

been well demonstrated in many systems (Guillery, 1973;

Kalil, 1980; Trune, 1982; Clarke and Egloff, 1988; Rubel

and Fritzsch, 2002; Vankirk and Byrd, 2003). Neuronal

cell death induced by afferent deprivation involves signifi-

cant alterations in the overall rate of protein synthesis as

well as in the expression level of certain apoptotic and

antiapoptotic proteins (Steward and Rubel, 1985; Garden

et al., 1994; Mostafapour et al., 2000, 2002; Wilkinson

et al., 2002, 2003; Robinson et al., 2003; Karnes et al.,

2009). However, it is not fully understood how overall pro-

tein synthesis and translation of specific proteins are

regulated by afferent inputs and how this regulation influ-

ences cell survival.

One important way in which protein synthesis is regu-

lated is through phosphorylation-induced modulation of

the activity of eukaryotic translation elongation factor 2

(eEF2). eEF2 catalyzes changes in ribosome conformation

for elongation of the amino acid chain during the elonga-

tion phase of protein translation (Nairn and Palfrey, 1987;

Jørgensen et al., 2006; Kaul et al., 2011). When phospho-

rylated, eEF2 loses its affinity for the ribosome, slowing

or stopping translation and overall protein synthesis
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(Ryazanov et al., 1988; Carlberg et al., 1990; Redpath

et al., 1993). In nonneuronal cells, the resulting suppres-

sion of translation leads to reduced cell viability and apo-

ptosis (White-Gilbertson et al., 2008) or serves to con-

serve energy under starvation (Kaul et al., 2011). In

addition, eEF2 phosphorylation promotes the translation

of a number of selected proteins, including the antiapop-

totic protein Bcl-xL (Zhang et al., 2011). A high level of

phosphorylated eEF2 (p-eEF2) and associated Bcl-xL syn-

thesis is critical for the growth, survival, and proliferation

of cancer cells (Bagaglio et al., 1993; Cheng et al., 1995;

Parmer et al., 1999; Arora et al., 2003; Wu et al., 2006;

Nakamura et al., 2009; Chen et al., 2011; Zhang et al.,

2011).

The role of eEF2 phosphorylation-mediated protein

synthesis in neuronal cell survival, however, has been

considerably less well-studied. Although tight regulation

of eEF2 phosphorylation by sensory input and glutamate

neurotransmission has been documented extensively

(Marin et al., 1997; Scheetz et al., 1997, 2000; Chotiner

et al., 2003; Sutton et al., 2004, 2006, 2007; Lenz and

Avruch, 2005; Cossenza et al., 2006; Nosyreva and Kava-

lali, 2010; Autry et al., 2011), this regulation is studied

mostly for its involvement in local dendritic protein trans-

lation and activity-dependent synaptic plasticity (Scheetz

et al., 2000; Park et al., 2008; Verpelli et al., 2010). In

contrast, whether and how eEF2 activity affects the sur-

vival of a neuron after a variety of challenges remains for

the most part unknown. One exception is a study in cul-

tured cortical neurons in which eEF2 phosphorylation

induces suppression in overall protein translation, appa-

rently protecting neurons from glutamate excitotoxicity

(Marin et al., 1997).

Here we identify a novel relationship among eEF2

phosphorylation, overall protein synthesis, and afferent-

regulated cell survival and/or death in chicken brainstem

auditory pathways. In birds, the nucleus magnocellularis

(NM) contains a homogeneous population of neurons that

is comparable to bushy neurons in the mammalian an-

teroventral cochlear nucleus (AVCN). NM and AVCN neu-

rons receive excitatory input from the ipsilateral auditory

nerve. Deprivation of this excitatory input by removal of

the cochlea induces age-dependent cell death in both

nuclei (Born and Rubel, 1985; Hashisaki and Rubel, 1989;

Moore, 1990; Tierney et al., 1997; Rubel and Fritzsch,

2002; Mostafapour et al., 2000, 2002). In NM, the time

course of cellular changes resulting in cell death or sur-

vival has been studied in detail: a subpopulation of neu-

rons dies quickly within 2 days, whereas others survive

(Born and Rubel, 1985). Thus NM provides an excellent

model for identifying critical signaling required in neuro-

nal survival by addressing the question of why some neu-

rons die and others survive under the same challenge.

Previous studies have demonstrated that the overall

rate of protein synthesis is a reliable indicator of the fate

of individual neurons following afferent deprivation.

Shortly after cochlea removal, all deprived NM neurons

exhibit reduced overall protein synthesis (Steward and

Rubel, 1985; Born and Rubel, 1988) and metabolic activ-

ity (Heil and Scheich, 1986; Born et al., 1991). Six hours

later, approximately 70% of deprived neurons begin to

recover synthetic and metabolic activity and ultimately

survive, whereas the remaining 30% continue with low lev-

els of synthetic activity and die within 2 days following

polyribosome degradation and mitochondrial vacuoliza-

tion (Born and Rubel, 1985; Steward and Rubel, 1985;

Garden et al., 1994, 1995a,b). Thus, a persistent reduc-

tion in the overall rate of protein synthesis marks cell

death following afferent deprivation. Two remaining ques-

tions are how afferent deprivation leads to the initial

reduction in protein synthesis and why the later recovery

takes place in some but not all neurons.

By using immunocytochemistry, the current study dem-

onstrates rapid reductions in the level of phosphorylated,

but not total, eEF2 in NM neurons following ipsilateral

cochlea removal. Many neurons with low levels of p-eEF2

are not able to recover adequate protein synthesis levels

and eventually die, demonstrating a robust relationship

between the level of p-eEF2 and neuron survival following

afferent deprivation. Given that eEF2 phosphorylation

reduces overall protein synthesis, we suggest that the

observed reduction in the level of p-eEF2 is not directly

related to the early reduction in overall protein synthesis

of deprived NM neurons but may contribute to a failure in

initiating or upregulating recovery/survival pathways in

challenged neurons.

MATERIALS AND METHODS
Fifty-seven white leghorn chicken hatchlings 4–10

days old were used for this study. Eggs were obtained

from Featherland Farms (Eugene, OR) and incubated and

hatched at a University of Washington vivarium. All proce-

dures were approved by the University of Washington

Institutional Animal Care and Use Committee and were

carried out in accordance with the National Institutes of

Health Guide for the care and use of laboratory animals.

All efforts were made to minimize the pain and discomfort

of animals and to minimize the number of animals used.

Cochlea removal
Deprivation of excitatory afferent input to NM neurons

on the right side of the brain was produced by removal of

the right basilar papilla (the avian cochlea). Excitatory

afferent input to the left NM remained intact so that NM

neurons on the left side of the brain served as a within-

McBride et al.
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animal control. The surgical procedure was described

previously (Born and Rubel, 1985). Briefly, animals were

anesthetized with a mixture of 40 mg/kg ketamine and

12 mg/kg xylazine. A small incision was made to widen

the external ear canal. The tympanic membrane and mid-

dle ear ossicle were removed, and the cochlea was pulled

out through the round window. The removed cochlea was

floated on water and examined with a dissecting micro-

scope to verify complete removal. Only animals with a

complete removal of the right cochlea were used for fur-

ther tissue processing and data analyses. Animals were

allowed to survive for 0.5 (n ¼ 7), 1 (n ¼ 9), 3 (n ¼ 7), 6

(n ¼ 11), 12 (n ¼ 9), or 48 (n ¼ 4) hours. An additional

10 unoperated animals were used as controls.

Antibody characterization
Four primary antibodies were used for immunocyto-

chemistry. To avoid staining saturation and to ensure the

ability of detecting bidirectional changes in staining opti-

cal density, the optimal concentration for each antibody

was determined by testing a series of dilutions ranging

from 1:500 to 1:50. Immunogen, host species, clone

type, manufacturer’s information, as well as dilution used

for each antibody, are listed in Table 1.

Anti-eEF2 detects endogenous levels of total eEF2 in-

dependent of phosphorylation. According to the data

sheet from the manufacturer, this antibody is predicted

to recognize chicken eEF2 at 95 kDa based on 100%

sequence homology with human and mouse eEF2. We

confirmed this by performing a Western blot on chicken

brainstem tissue. The anti-eEF2 antibody recognized a

single band with the appropriate molecular weight (Fig.

1B). In addition, this antibody detects a band of "95 kDa

in HEK293 cells with or without treatment of phospha-

tase, which dephosphorylates eEF2 (Fig. 1A).

Anti-p-eEF2 detects endogenous levels of eEF2 only

when phosphorylated at Thr56. It does not recognize

eEF2 phosphorylated at other sites; however, eEF2 can-

not be phosphorylated at its other phosphorylation site,

Thr58, without first being phosphorylated at Thr56, and

double-phosphorylated eEF2 has activity nearly identical

TABLE 1.

Primary Antibodies Used in the Current Study

Name Immunogen Manufacturer Species Concentration

Anti-eEF2 Synthetic peptide corresponding to residues
at amino terminus of human eEF2;
‘‘FTVDQIRAIMDKKANIR’’

Cell Signaling Technology
(Danvers, MA), No. 2332

Rabbit polyclonal 1:100

Anti-p-eEF2 Synthetic phosphopeptide corresponding to
residues surrounding Thr56 of human eEF2;
‘‘GETRFtDTRK’’; the phosphor-threonine is
indicated in lower case

Cell Signaling Technology
(Danvers, MA), No. 2331

Rabbit polyclonal 1:250

Y10B A hybridoma was made by fusing spleen cells
from a mouse model for autoimmune disease
with the myeloma SP 2/0; the antibodies
produced were screened, and the antibody
for rRNA was identified by its specificity for
nucleic acid motifs common to most rRNA
molecules

Provided by Dr. Joan Steitz
(Yale University)

Mouse monoclonal 1:500

Anti-MAP2 Bovine brain MAP2 (aa 997–1332) Chemicon International
(Temecula, CA), No. MAB3418

Mouse monoclonal 1:1,000

*The optimal primary antibody concentration was obtained by running a series of concentration tests to avoid floor or ceiling truncation, including
a negative control omitting primary antibody. eEF2, eukaryotic elongation factor 2; p-eEF2, phosphorylated eEF2; MAP2, microtubule-associated pro-
tein 2.

Figure 1. Western blot assay of anti-eEF2 and anti-p-eEF2 in

HEK293 cells (A) and in chick dorsocaudal brainstem (B). Molecu-

lar weight standards (left) were used to determine relative sizes

of labeled proteins. Anti-eEF2 detects a single band of approxi-

mately 95 kDa in both HEK293 cells and chick brainstem regard-

less of phosphatase treatment. Anti-p-eEF2 detects a single band

of the same molecular weight in chick brainstem and HEK293

cells under normal conditions but is absent in HEK293 cells

following phosphatase treatment.

eEF2 in afferent regulation of neuron survival
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to that of single-phosphorylated eEF2 (Redpath et al.,

1993). According to the data sheet from the manufac-

turer, this anti-p-eEF2 antibody recognizes chicken p-

eEF2 at 95 kDa, which we confirmed by performing a

Western blot on chicken brainstem tissue. The anti-p-

eEF2 antibody recognized a single band with the appropri-

ate molecular weight (Fig. 1B). In addition, this antibody

detects a band of "95 kDa in HEK293 cells in normal

buffer. This band is absent in HEK293 cells treated with

phosphatase (Fig. 1A).

The Y10B antibody for ribosomal RNA (rRNA) was

obtained from pooled supernatant collected from the

Y10B hybridoma that was originally provided by Dr. Joan

Steitz at Yale University. The production of the antibody

was described previously (Lerner et al., 1981). The Y10B

antibody immunoprecipitates whole ribosomes as well as

all sizes of phenol-extracted rRNA, indicating that it rec-

ognizes a nucleic acid motif common to many rRNAs

(Lerner et al., 1981; Garden et al., 1994). This antibody

has been used extensively in previous studies in the

chicken auditory brainstem nucleus as a marker for active

ribosomes and overall protein synthesis (Garden et al.,

1994, 1995a,b; Hyson and Rubel, 1995; Kim et al.,

2005). The staining pattern in the current study is compa-

rable to that reported previously.

Anti-microtubule-associated protein 2 (anti-MAP2)

detects endogenous levels of MAP2a and MAP2b protein,

a neuronal marker that associates with microtubules,

neurofilaments, and actin filaments. According to the

manufacturer’s data sheet, anti-MAP2 recognizes chicken

MAP-2 as a 300-kDa band on Western blot analysis. This

antibody has been used as a somatodendritic marker in

the chicken brain (Yamaguchi et al., 2008, 2011) and,

more specifically, in chicken auditory brainstem nuclei,

including NM (Wang and Rubel, 2008; Wang et al., 2009).

The staining pattern in the current study is comparable to

that reported from these studies.

Western blot
A Western blot immunoassay was conducted to con-

firm the specificity of the anti-eEF2 and anti-p-eEF2 used

in the present study. For phosphatase treatment,

HEK293 cells were incubated in a lysis buffer with calf in-

testinal phosphatase (CIP; No. M0290S; New England

Biolabs, Ipswich, MA) at 1 unit/lg protein for 30 minutes

at 37#C before harvest. Brain protein samples were har-

vested from the NM and the surrounding region in the

dorsocaudal brainstem of chicks. Molecular weight stand-

ards were used to determine relative sizes of labeled pro-

teins. The Western blot procedure for this tissue has

been described previously (Wang et al., 2009). Briefly, all

samples were homogenized in lysis buffer with protease

inhibitor cocktail (No. P8340; Sigma, St. Louis, MO). Each

sample (5 lg protein) was boiled for 5 minutes to dena-

ture protein and loaded onto a 4–20% SDS-polyacryl-

amide gel (Bio-Rad, Hercules, CA). The gel was run for

100 minutes at 100 V. Protein was then electroblotted to

a PVDF membrane (Bio-Rad). Membranes were blocked

in 5% nonfat milk and probed with the antibodies

(1:1,000). Horseradish peroxidase (HRP)-conjugated sec-

ondary antibodies (1:3,000; Bio-Rad) were used for detec-

tion with enhanced chemiluminescent reagents (ECL;

Amersham, Little Chalfont, Buckinghamshire, England).

An antibody against b-actin (Abcam, Cambridge, MA) was

used as a protein loading control.

Immunocytochemistry
After the surgery and designated survival periods, ani-

mals were deeply anesthetized and transcardially per-

fused with phosphate-buffered saline (PBS; 0.01 M), fol-

lowed by 4% paraformaldehyde in 0.1 M phosphate

buffer. Brains were removed from the skull, postfixed

overnight, and cryoprotected in 15% and 30% sucrose in

PBS. The brains were then frozen with dry ice and sliced

coronally at 30 lm on a sledge freezing microtome. Alter-

nate consecutive sections were collected in PBS and la-

beled by single or double immunocytochemistry.

For single immunocytochemistry for eEF2 or p-eEF2,

free-floating sections were incubated in a primary anti-

body solution with normal goat serum (1:200) at 4#C

overnight. This was followed by incubation with biotinyl-

ated goat anti-rabbit IgG antibody (1:400; Vector Labora-

tories, Burlingame, CA) at 4#C overnight. Sections were

then incubated in avidin-biotin-peroxidase complex solu-

tion (1:100; ABC Elite Kit; Vector Laboratories) for 1 hour

at room temperature. Immunoreactivity was visualized by

incubating sections for 6–10 minutes in 0.045% 3,3-dia-

minobenzidine (Sigma) with 0.03% hydrogen peroxide.

Sections were mounted on glass slides, then dehydrated,

cleared, and coverslipped with DPX mounting medium

(EMS, Hatfield, PA).

For double immunocytochemistry, after primary anti-

body incubation, sections were incubated with fluores-

cent secondary antibodies, Alexa 488 goat anti-rabbit

and Alexa 568 goat anti-mouse (1:200; Nos. A11008 and

A11004, respectively; Invitrogen Molecular Probes,

Eugene, OR) for 2 hours at room temperature. For double

labeling of p-eEF2 immunoreactivity and Nissl substance,

sections were first immunolabeled for p-eEF2 using Alexa

488 goat anti-rabbit secondary antibody and then incu-

bated in Neurotrace deep red, a fluorescent marker for

Nissl substance (1:75; No. N-21483; Invitrogen Molecular

Probes), for 1 hour. Fluorescently labeled sections were

then mounted on glass slides and coverslipped with Fluo-

romount (No. 0100-01; Southern Biotechnology, Birming-

ham, AL).

McBride et al.
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Quantification of changes in eEF2 and
p-eEF2 immunoreactivities

All measurements were conducted with sections la-

beled with single immunocytochemistry. Four to eight ani-

mals were used for each survival group and each anti-

body. For each animal, three sections were chosen: one

each from the caudal, intermediate, and rostral regions of

NM, as close as possible to the 25%, 50%, and 75% posi-

tions in the caudal–rostral axis of the nucleus, respec-

tively. For each section, NM neurons on each side of the

brain were imaged via brightfield optics with a $ 63 lens

on a Zeiss Axioplan microscope. For areas containing

lightly labeled neurons, an additional image was captured

using differential interference contrast to help identify

cell and nuclear boundaries. Neurons whose boundaries

could not be unambiguously identified or those that did

not contain a well-defined nucleus in the images were

excluded from analyses. For each included neuron, the

mean gray value of the cytoplasm (the nucleus was

excluded) was measured in ImageJ software (National

Institutes of Health, Bethesda, MD) and converted to opti-

cal density by using a step tablet. No further image

adjustments were made except for the images used for

illustration.

To allow quantified comparison between sides and sur-

vival groups, the optical density of each neuron was nor-

malized to generate a z-score via a method that has been

used extensively to quantify changes in staining inten-

sities at the individual cell level (Born and Rubel, 1988;

Garden et al., 1994, 1995a,b; Hyson and Rubel, 1995;

Karnes et al., 2010). Briefly, for each section, the mean

and standard deviation of the optical density were calcu-

lated across all measured neurons in the left (intact) NM

and used as standards to which the optical density of

each individual neuron in the same section on that side of

the brain or on the opposite side (deprived side) was nor-

malized. A neuron’s z-score, therefore, represents the

number of standard deviations that its optical density is

away from the mean optical density of the left (intact)

NM. This calculation is described by the following for-

mula, with OD representing optical density:

z-score ¼ ðODindividual & mean ODleft NMÞ=
standard deviation of ODleft NM

z-scores from the same side of all three sections of the

same animal were complied as a single database. Fre-

quency histograms of z-scores were graphed for individ-

ual animals and complied across all animals in each sur-

vival group, referred to as individual and grouped

histograms, respectively.

To quantify differences in staining intensity among sur-

vival times, the following analyses were conducted. The

first analysis examined changes in the overall range of

staining intensities between the deprived and the control

side of the brains at each survival time. The distribution

of z-scores in the left NM defines the normal dynamic

range of the staining intensity, and 95% of neurons have a

z-score between 2 and & 2. In the right (deprived) NM, z-

scores above 2 and below & 2 indicate increased and

decreased staining intensities, respectively. The percen-

tages of neurons with z-scores above 2 and below & 2

were calculated for the right (deprived) NM of each indi-

vidual animal. The percentages were used as individual

data points for comparisons between different survival

groups and unmanipulated animals, using Student’s

unpaired t-test to determine significance. For the second

analysis, z-scores of all neurons in each side of NM in

each animal were averaged. The averaged z-scores were

used as individual data points for comparison between

the deprived and intact sides of the same survival groups

using Student’s paired t-test. In addition, we compared

the average z-scores of the deprived side of each experi-

mental group to unmanipulated animals using Student’s

unpaired t-test. In these analyses P < 0.05 was consid-

ered statistically significant.

Correlation analyses of p-eEF2
immunoreactivity with Y10B
immunoreactivity and Nissl stain

These analyses were conducted using fluorescently

double-labeled sections. Four animals were used for each

correlation analysis. For each animal, two or three well-la-

beled sections were chosen from the intermediate region

of NM. For each section, two or three images were taken

from each side of NM using an Olympus FV-1000 Confo-

cal microscope with a $ 20 lens. The two fluorescent

channels were imaged sequentially to avoid bleed-

through between channels. Only neurons with an identifi-

able cell boundary and a well-defined nucleus were

included in the analyses. For each neuron, the integrated

optical density of the labeling within the cytoplasm was

measured for each channel in ImageJ. Once all neurons in

an image had been measured, the integrated optical den-

sity of each neuron was normalized to the median inte-

grated density of all measured NM neurons in the same

image and the same channel. The normalized integrated

density for p-eEF2 immunoreactivity was graphed in a

scatterplot as a function of the normalized integrated

density for Y10B immunoreactivity or as a function of the

normalized integrated density for Neurotrace labeling,

from neurons within individual sections or by combining

all neurons across sections and animals. Pearson’s corre-

lation analyses were performed to determine the signifi-

cance of the correlation between p-eEF2 and Y10B label-

ing or between p-eEF2 and Neurotrace labeling (Prism;

GraphPad Software, La Jolla, CA).
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Imaging
Digital images of selected sections were captured with

a Zeiss Axioplan microscope and collected in SlideBook

(Intelligent Imaging Innovations, Denver, CO) or by using

confocal microscopy (Fluoview 1000; Olympus, Center

Valley, PA). Image brightness and contrast adjustments

were performed in Adobe Photoshop (Adobe Systems,

Mountain View, CA).

RESULTS
Expression and phosphorylation of eEF2 in
normally innervated NM neurons

The expression and localization of eEF2 in normally in-

nervated NM neurons were examined using an antibody

recognizing eEF2 protein independent of its phosphoryla-

tion status. Most, if not all, NM neurons exhibit strong

eEF2 immunoreactivity in the cytoplasm, in contrast to

light labeling in the nucleus (Fig. 2A). To validate the use

of the left NM as an intra-animal control in evaluating

changes in eEF2 immunoreactivity in the right NM follow-

ing removal of the right cochlea, we quantified relative

z-scores of the optical density of eEF2 labeling in individ-

ual NM neurons in unmanipulated animals (see Materials

and Methods). Both the mean and the distribution of

z-scores are comparable between left and right NMs in

individual animals (Fig. 2E) as well as when neurons from

multiple animals are combined (Fig. 2G).

Because eEF2 activity is regulated mostly by its phos-

phorylation, in that eEF2 is inactivated once phosphoryl-

ated (Ryazanov et al., 1988), we further examined the

level and distribution of p-eEF2 in NM neurons using a

phosphospecific (Thr56) eEF2 antibody. As expected,

p-eEF2 is concentrated mostly in the cytoplasm of NM

neurons (Fig. 2B). Notably, the intensity of p-eEF2 immu-

noreactivity varies dramatically among individual neurons

from virtually background levels to prominent staining,

suggesting that individual NM neurons differ from each

other in their p-eEF2 level at any given moment under

physiological conditions. Although the neurons containing

levels of cytoplasmic p-eEF2 labeling as low as the back-

ground occur infrequently (2.4% of all measured neurons

in control animals), they often cluster (Fig. 2B, arrow-

heads) and are found in any part of the NM. We verified

that the cells containing little or no p-eEF2 labeling are

intact, healthy neurons by double labeling NM neurons

with both p-eEF2 and MAP2, a somatodendritic marker.

MAP2 labels every neuron in NM (Fig. 2C), whereas the

level of p-eEF2 in the same neurons varies largely (Fig.

2D). Both the mean and the distribution of z-scores of op-

tical density of p-eEF2 are comparable between the left

and the right NMs in individual animals (Fig. 2F) as well as

when neurons from multiple animals are combined (Fig.

2H).

Unchanged eEF2 protein level following
cochlea removal

To explore whether eEF2 protein level is altered in

afferent-deprived NM neurons, we examined changes in

total eEF2 immunoreactivity between 0.5 and 48 hours

following removal of the right cochlea. No notable differ-

ence in eEF2 immunoreactivity was detected at any of

these times between the left (intact) and the right

(deprived) NM neuronal populations (Fig. 3). The distribu-

tions of z-scores between the two NMs were largely com-

parable in individual animals (Fig. 3C,F,I) as well as when

neurons from multiple animals were combined, although

the dynamic range of z-scores in the deprived NM

appeared slightly larger than that in the intact NM at

some survival times, in particular at 0.5 hours (Fig. 4).

The percentages of deprived neurons having a z-score

below & 2, between 2 and & 2 (representing the 95% con-

fidence interval of the distribution), and above 2 were not

significantly different from these values in the intact NM

(Fig. 5A; n ¼ 4–6 animals for each group; Student’s

unpaired t-test was used for this and all following analy-

ses unless stated otherwise). The mean z-score of eEF2

immunoreactivity of deprived NM neurons was not signifi-

cantly different from the intact NM in any survival group

(Student’s paired t-test). In addition, the mean z-score of

eEF2 immunoreactivity averaged from all neurons in the

deprived NM was not significantly different between con-

trol and each survival group (Fig. 5C). We conclude that

afferent deprivation induced by cochlea removal does not

significantly alter eEF2 protein levels within 48 hours.

Reduced p-eEF2 level in NM neurons
following cochlea removal

Changes in the immunoreactivity for p-eEF2 were then

examined at the same time points following cochlea re-

moval. At 0.5 hours following the surgery, more neurons

in the deprived NM exhibited p-eEF2 immunoreactivity at

very low levels than neurons in the intact NM of the same

animal (Fig. 6A,B; n ¼ 6 animals). The distribution of z-

scores shifted toward negative in individual cases (Fig.

6C) as well as when neurons from all animals in the sur-

vival group are combined (Fig. 7A). An average of 23.6%

neurons had a z-score less than & 2 compared to 7.6% in

the control group, although this difference was not signifi-

cant (Fig. 5B). The mean z-score of deprived NM neurons

was not significantly different from the intact NM at this

time point (Student’s paired t-test). In addition, the mean

z-score averaged from all measured neurons in the

deprived NM was lower than that calculated from the
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Figure 2. Immunoreactivity for eEF2 and p-eEF2 in normally innervated NM neurons. A,B: Differential interference contrast (DIC) images

of NM neurons labeled by eEF2 (A) or p-eEF2 (B) immunoreactivity. Note high variability of p-eEF2 immunoreactivity across NM neurons.

Arrowheads indicate a cluster of very lightly labeled neurons. Image contrast, brightness, and gamma were adjusted in Adobe Photoshop

CS4 for optimal viewing in this and subsequent figures. Paired sections always had identical manipulations of these properties. C,D: Fluo-

rescent images of the same section through NM neurons double labeled for MAP2 (C) and p-eEF2 (D) immunoreactivity. Arrows indicate

neurons that exhibit high levels of both MAP2 and p-eEF2, and arrowheads indicate neurons that exhibit a high level of MAP2 and a low

level of p-eEF2 labeling. Dashed lines outline the border of two lightly labeled cells in D. E,F: Frequency histograms of z-scores of NM neu-

rons labeled for eEF2 (E) or p-eEF2 (F) from an individual animal. G,H: Grouped frequency histograms of z-scores of NM neurons labeled

for eEF2 (G) or p-eEF2 (H) complied from all control animals. Each neuron represents an individual data point in these histograms. For

both eEF2 and p-eEF2 immunoreactivities, the distribution of z-scores is comparable between the left (gray bars) and right (black bars)

NMs. Each bar represents the total number or percentage of neurons with a z-score within 60.5 of the assigned value of the bin, and this

applies to all histograms in this and subsequent figures. Scale bars ¼ 20 lm in A (applies to A,B); 10 lm in C (applies to C,D).
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unmanipulated animals, although this difference was not

statistically significant (Fig. 5C).

Changes first observed at 0.5 hours became more

prominent between 1 and 6 hours. On average, more neu-

rons in the deprived NM exhibited low levels of p-eEF2 im-

munoreactivity (Fig. 6E,H,K, arrowheads), with 25.6%,

32.4%, and 47.7% of neurons having a z-score less than

& 2 at 1 hour (n ¼ 8 animals), 3 hours (n ¼ 6 animals),

and 6 hours (n ¼ 6 animals), respectively, which were all

significantly greater percentages than in the control

(Fig. 5B). The mean z-score of deprived NM neurons was

significantly lower than that for the intact NM at each of

these time points (Student’s paired t-test). In addition,

the mean z-score averaged from all measured neurons in

the deprived NM was significantly lower than that of

unmanipulated animals at these time points (Fig. 5C).

At 12 hours, these changes seemed to be less dra-

matic: an average of 32.9% of neurons had a z-score less

than & 2 and this was not significantly different from the

control (Fig. 5A; n ¼ 6 animals). However, the mean

z-score of deprived NM neurons remained significantly

lower than that in the intact NM at this time point

(Student’s paired t-test). In addition, the mean z-score

averaged from all measured neurons in the deprived NM

at 12 hours was significantly lower than that of unmanipu-

lated animals (Fig. 5C). It is important to note that these

less dramatic changes probably resulted from undersam-

pling of neurons with very low levels of p-eEF2 immunore-

activity, instead of indicating a recovery from reduced p-

eEF2 immunoreactivity. Some of the neurons might not

have matched the criteria for being included in data anal-

yses because of poorly defined nuclear and cell

Figure 3. Time course of eEF2 immunoreactivity at 1 hour (A–C), 6 hours (D–F), and 48 hours (G–I) following unilateral cochlea removal.

Each row represents an individual animal from a survival group and is organized from left to right in the following order: an image of the

left (intact) NM (for example in the first row, A), an image of the right (deprived) NM (B), and individual frequency histograms of z-scores

in both NMs (C). Each neuron represents an individual data point in these histograms. No notable difference in eEF2 immunoreactivity

between the intact and the deprived NMs is detected at any time points. The distribution of z-scores is comparable between the two NMs

at all time points. Scale bar ¼ 20 lm.
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boundaries at this time. As described below, some ner-

uons with low levels of p-eEF2 eventually degrade and

die. Interestingly, there were significantly fewer neurons

with a z-score above 2 at 12 hours compared with the

control.

As expected, by 48 hours, the volume of the deprived

NM was smaller, and fewer neurons were visible with p-

eEF2 or Nissl staining than in the intact NM (data not

shown; see Born and Rubel, 1985). The distribution of stain-

ing intensities for p-eEF2 immunoreactivity of the survived

neurons in the deprived NM was within the normal range of

the immunoreactivity in the intact NM (Figs. 5B, 6P–R, 7F;

n ¼ 4 animals), and the mean z-score of deprived NM neu-

rons was not significantly different from that for the intact

NM at this time point (Student’s paired t-test). In addition,

the mean z-score averaged from all measured neurons in

the deprived NM was not significantly different from that of

unmanipulated animals (Fig. 5C).

We have documented in previous studies that, by

about 6 hours after removal of the cochlea, NM neurons

segregate into two distinctly different populations, those

that will undergo cell death and those that will recover

(Steward and Rubel, 1985; Garden et al., 1995b; Hart-

lage-Rübsamen and Rubel, 1996). The distribution pat-

tern of the z-score of p-eEF2 staining in the deprived NM

showed individual variation across animals at 0.5–12

hours following cochlea removal. In some animals, the z-

score distribution of the deprived NM appeared to display

two distinct peaks, one at near zero (the control level)

and the other more negative (Fig. 6C,F,I,L,O,R, arrows),

suggesting that there were two populations of neurons,

one with normal levels of p-eEF2 immunoreactivity and

the other with reduced p-eEF2 immunoreactivity. In other

animals, the distribution of p-eEF2 in the deprived NM

exhibited an overall shift from the normal distribution of

the intact NM. When z-scores from all animals were com-

bined, no clear bimodality was observed (Fig. 7).

In summary, cochlea removal does not lead to signifi-

cant changes in the intensity of eEF2 immunoreactivity

but does produce significant and rapid reductions in the

intensity of p-eEF2 immunoreactivity in NM neurons.

Therefore, the observed reductions in p-eEF2 are due to

changes in the phosphorylation status of existing eEF2

proteins rather than decreases in the total amount of

eEF2 protein.

Correlation of p-eEF2 immunoreactivity
with cell survival in NM

To explore the relationship of eEF2 phosphorylation

with cell survival or death in NM neurons, we examined

Figure 4. Grouped frequency histograms of z-scores of eEF2 immunoreactivity following unilateral cochlea removal at 0.5 hours (A), 1

hour (B), 3 hours (C), 6 hours (D), 12 hours (E), and 48 hours (F). Each neuron represents an individual data point in these histograms.

Neurons from all animals within an individual survival group are compiled separately for the intact (gray bars) and deprived (black bars)

sides. Consistent with individual histograms illustrated in Figure 3, the distribution of z-scores is comparable between the two NMs at all

time points.
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the correlation between p-eEF2 immunoreactivity and cell

death in NM induced by cochlea removal. Dying neurons

can be identified by a ghost-like appearance in Nissl-

stained sections as early as 12 hours following the sur-

gery, well before their final degradation at 24–48 hours

(Born and Rubel, 1985; Steward and Rubel, 1985). We

double labeled these NM neurons with p-eEF2 immunocy-

tochemistry and Neurotrace, a fluorescent Nissl marker

(Fig. 8). As expected, intensities of both p-eEF2 immuno-

reactivity and Neurotrace labeling varied greatly across

NM neurons, particularly in the deprived NM at 12 hours.

The level of cytoplasmic Neurotrace labeling was associ-

ated with the level of p-eEF2 immunoreactivity; neurons

with a lower level of p-eEF2 immunoreactivity tended to

have a lower level of Neurotrace labeling (Fig. 8A,B,D).

Correlation analyses revealed significant correlations of

normalized intensities of these two types of labeling at

the individual cell level in deprived NM (Fig. 8F; n ¼ 460

neurons; P < 0.0001). In particular, we observed ‘‘ghost’’

neurons with low cytoplasmic and high nuclear Neuro-

trace labeling (Fig. 8A,B; arrowheads in insets), indicating

a condensed nucleus and the onset of apoptosis. Most, if

not all, ghost neurons exhibited no reliable p-eEF2 immu-

noreactivity above the background level, although not

every neuron with low p-eEF2 levels was a ghost neuron

(Fig. 8A,B; asterisks in insets). We detected a similar and

significant correlation of p-eEF2 and Neurotrace labeling

in the intact NM of the same animals (Fig. 8C,E; n ¼ 403

neurons; P < 0.0001), but there was a significant group

of cells with low levels of both labels in the deprived

group that does not appear on the intact side (box in

Fig. 8D).

Correlation of p-eEF2 immunoreactivity with
overall protein synthesis in NM

A ghost-like appearance of afferent-deprived NM neu-

rons indicates the onset of apoptosis. To exclude the pos-

sibility that the absence of p-eEF2 immunoreactivity in

ghost neurons is purely a result of compromised cell in-

tegrity, we explored the correlation of p-eEF2 level with

cell survival at an earlier time point, before the onset of

irreversible apoptosis. To achieve this goal, we double la-

beled NM neurons with p-eEF2 and Y10B immunocyto-

chemistry at 6 hours following cochlea removal. Y10B is a

reliable marker for the overall rate of protein synthesis

and cell survival in NM neurons at 6 hours after cochlea

removal (Garden et al., 1994). More importantly, deprived

NM neurons can be rescued from death by restoring

afferent activity at 6 hours, which restores synthetic and

metabolic activities of deprived NM neurons (Born and

Rubel, 1988). Similar to what we found by double labeling

with p-eEF2 and Neurotrace, intensities of both p-eEF2

and Y10B immunoreactivity varied greatly across neurons

in deprived and intact NM (Fig. 9), and the level of cyto-

plasmic Y10B was highly correlated with the level of p-

eEF2 on both sides of the brain (Fig. 9; n ¼ 460 and 406,

respectively; Ps < 0.0001). Again, examining the raw

data from individual cases revealed a significant group of

neurons with abnormally low levels of both labels in the

deprived NM, which does not appear on the intact side.

Representative examples from individual case are shown

in Figure 9C,D.

Figure 5. Analyses of changes in eEF2 and p-eEF2 immunoreac-

tivity at the population level. Each animal represents an individual

data point in these analyses; means and SEMs are presented.

A,B: Percentage of neurons in deprived NM with z-scores below

& 2 (left), between & 2 and 2 (middle), and above 2 (right) for

eEF2 (A) and p-eEF2 (B) immunoreactivities for each survival

group. An asterisk above an individual group indicates that the

percentage of neurons within each z-score range at that survival

time is significantly different (P < 0.05) from the control group.

C: Average z-score of eEF2 (gray bars) and p-eEF2 (black bars)

immunoreactivity in deprived NM neurons. An asterisk above indi-

vidual groups indicates that the z-score of a survival group is sig-

nificantly different (P < 0.05) from the control group.
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Figure 6. Time course of p-eEF2 immunoreactivity at 0.5 hours (A–C), 1 hour (D–F), 3 hours (G–I), 6 hours (J–L), 12 hours (M–O), and 48

hours (P–R) following unilateral cochlea removal. Each row represents an individual animal from a survival group and is organized from left

to right in the following order: an image of the left (intact) NM (for example in the first row, A), an image of the right (deprived) NM (B),

and individual frequency histograms of z-scores in both NMs (C). Each neuron represents an individual data point in these histograms.

Arrows and arrowheads in the images indicate examples of darkly and lightly labeled neurons, respectively. Arrows in the histograms point

out two visually detectable peaks of the z-score distribution in the deprived NM (black bars). Note that not all animals exhibit two readily

detected peaks. At 48 hours, the distribution of the immunoreactivity is comparable between two NMs. Scale bar ¼ 20 lm.
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DISCUSSION
This study examines changes in eEF2 activity following

deprivation of excitatory afferent input and explores its

involvement in protein synthesis regulation and cell sur-

vival in the chicken NM. Our data demonstrate three

major conclusions. First, under normally innervated con-

ditions, individual NM neurons differ in p-eEF2 level at

any given biological moment. Second, afferent input dra-

matically regulates eEF2 activity posttranslationally in

NM neurons. Afferent deprivation causes rapid decreases

in the level of p-eEF2 but not total eEF2. Third, the level

of p-eEF2 in individual NM neurons is associated with the

overall rate of protein translation and cell survival at later

time points following afferent deprivation. Potential

mechanisms underlying afferent regulation of eEF2 phos-

phorylation as well as functional implications of eEF2

phosphorylation in protein translation and cell survival

are discussed below.

Afferent regulation of eEF2 activity
Afferent deprivation leads to posttranslational modifi-

cation of eEF2 in NM neurons, consistent with the notion

that eEF2 activity is regulated mostly by phosphorylation

and dephosphorylation (Kaul et al., 2011). Given that

eEF2 has a half-life of greater than 16 hours (Terada

et al., 1994), it is not surprising that no significant change

in the total level of eEF2 is detected in deprived NM neu-

rons within 12 hours despite a dramatic reduction in

global protein synthesis during this period (Steward and

Rubel, 1985; Born and Rubel, 1988). However, it is worth

noting that eEF2 protein level is subject to regulation of

intrinsic neuronal activity at the subcellular level. For

example, neuronal activity evoked by high potassium

regulates total eEF2 in nerve growth cones (Iizuka et al.,

2007).

We believe that the neurotransmission interruption

that is induced by cochlea removal is responsible for the

observed reduction in the level of p-eEF2 in NM neurons.

Cochlea removal leads to immediate cessation of action

potentials of the auditory nerve and NM neurons (Born

et al., 1991); death of ganglion cells does not occur for

24 hours or longer, and degenerating axons are not

detected in NM until 48–72 hours (Lurie and Rubel,

1994). In a number of neuronal types, eEF2 phosphoryla-

tion is strongly correlated with sensory stimulation

(Scheetz et al., 1997), glutamate application (Marin et al.,

1997; Lenz and Avruch, 2005), and activation of metabo-

tropic or ionotropic glutamate receptors (Marin et al.,

1997; Scheetz et al., 1997, 2000; Chotiner et al., 2003;

Figure 7. Grouped frequency histograms of z-scores of p-eEF2 immunoreactivity following unilateral cochlea removal at 0.5 hours (A),

1 hour (B), 3 hours (C), 6 hours (D), 12 hours (E), and 48 hours (F). Each neuron represents an individual data point in these histograms.

Neurons from all animals within an individual survival group are compiled separately for the intact (gray bars) and deprived (black bars)

sides. Consistent with individual histograms illustrated in Figure 6, reductions in p-eEF2 immunoreactivity start at 0.5 hours, become more

prominent between 1 and 6 hours, and disappear at 48 hours.
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Sutton et al., 2004, 2006, 2007; Cossenza et al., 2006;

Nosyreva and Kavalali, 2010; Autry et al., 2011). In addi-

tion, blocking action potential-mediated transmission rap-

idly regulates the level of p-eEF2 in cultured hippocampus

neurons (Piccoli et al., 2007; Sutton et al., 2007; Verpelli

et al., 2010). Verpelli et al. (2010) further reported that

Figure 8. Correlation of p-eEF2 immunoreactivity with Neurotrace staining in NM neurons at 12 hours following cochlea removal. A,B:

Images of p-eEF2 immunoreactivity (A) and Neurotrace labeling (B) in the same section in the deprived NM at 12 hours following cochlea

removal. Neurons with a lower intensity of p-eEF2 labeling tend to have a lower level of Neurotrace labeling. Arrowheads indicate ‘‘ghost

neurons’’ without reliable immunoreactivity for p-eEF2. Arrows indicate neurons with high intensities of both labels. Occasionally, neurons

with a low level of p-eEF2 have a high level of Neurotrace staining (stars). Dashed lines outline the border of two lightly labeled neurons.

White boxes indicate the locations of the insets. C,D: Scatterplots from a representative individual animal with unilateral cochlea removal

showing integrative p-eEF2 intensity as a function of integrative Neurotrace intensity in intact (C) and afferent-deprived (D) NM neurons

from the same section. Note a group of neurons (box in D) with abnormally low intensities for both labels present in the deprived, but not

the intact, NM. E,F: Scatterplots of normalized grouped data; p-eEF2 intensity as a function of normalized Neurotrace intensity in intact

(E) or afferent-deprived (F) NM neurons. All cells were combined from multiple sections and animals. Pearson’s correlation coefficient and

significance are indicated for each plot. Scale bar ¼ 25 lm in A (applies to A,B); 12.5 lm for insets.
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this regulation has differential effects on eEF2 phospho-

rylation in dendrites and the soma, which is consistent

with 5-hydroxytryptamine (5-HT) neurotransmission hav-

ing opposite effects on eEF2 phosphorylation in neurites

and the soma of Aplysia sensory neurons (Weatherill

et al., 2011). This subcellular specificity suggests that

Figure 9. Correlation of p-eEF2 immunoreactivity with Y10B immunoreactivity in NM neurons at 6 hours following cochlea removal. A,B:

Images of p-eEF2 immunoreactivity (A) and Y10B immunoreactivity (B) in the same section in the deprived NM at 6 hours following coch-

lea removal. Neurons with a lower intensity of p-eEF2 labeling tend to have a lower level of Y10B labeling. Arrows and arrowheads indicate

neurons with high and low intensities of both labels, respectively. Dashed areas in the insets outline the border of a lightly labeled neuron.

White boxes indicate the location of the inset. C,D: Scatterplots from a representative individual animal with unilateral cochlea removal

showing integrative p-eEF2 intensity as a function of integrative Y10B intensity in intact (C) and afferent-deprived (D) NM neurons from

the same section. Note a group of neurons (box in D) with abnormally low intensities for both labels present in the deprived, but not the

intact, NM. E,F: Scatterplots of normalized grouped data; p-eEF2 intensity as a function of normalized Y10B intensity in intact (E) or affer-

ent-deprived (F) NM neurons. All cells were combined from multiple sections and animals. Pearson’s correlation coefficient and signifi-

cance are indicated for each plot. Scale bar ¼ 25 lm in A (applies to A,B); 12.5 lm for insets.
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neurotransmission regulation of eEF2 activity is tightly

associated with its specific function on site. Chicken NM

neurons are mostly adendritic, providing a relatively sim-

ple model in which to explore cellular and molecular

events involved in rapid regulation of eEF2 phosphoryla-

tion by neurotransmission.

Multiple mechanisms may be involved in the reduction

in the level of p-eEF2 in afferent-deprived NM neurons.

Such a reduction can result from a combination of a

decrease in eEF2 phosphorylation and/or an active

increase in eEF2 dephosphorylation. eEF2 phosphoryla-

tion is controlled mostly by eEF2 kinase, a calcium/cal-

modulin-dependent kinase (Kaul et al., 2011). Calcium

elevation or influx increases eEF2 phosphorylation

through activation of eEF2 kinase (Marin et al., 1997;

Iizuka et al., 2007; Chen et al., 2009). Because the eEF2

phosphorylation system has a rapid turnover rate

(Gschwendt et al., 1988; Arora et al., 2005), the level of

p-eEF2 in a cell is largely controlled by the activity of

eEF2 kinase. In chick NM, afferent deprivation leads to a

rapid increase in the basal level of intracellular calcium

concentration (Zirpel et al., 1995a,b; Zirpel and Rubel,

1996), which presumably should activate eEF2 kinase

and thus enhance eEF2 phosphorylation, which is the

opposite of what we observed. This paradox implicates

additional regulatory pathways in controlling the level of

p-eEF2 in NM neurons, such as cAMP-dependent protein

kinase, which controls eEF2 kinase activity by phospho-

rylation (Mitsui et al., 1993; Redpath and Proud, 1993), or

protein phosphatase 2A, which dephosphorylates eEF2

(Gschwendt et al., 1989). This suggestion is supported by

a report that the induction of eEF2 phosphorylation by

alcohol is controlled by an increase in cAMP-activated

protein kinase, but not eEF2 kinase, and a decrease in

protein phosphatase 2A activity (Hong-Brown et al.,

2007).

We are unable to determine whether afferent depriva-

tion affects the level of p-eEF2 in all, or only a subpopula-

tion of, deprived NM neurons. It appears that in some ani-

mals a substantial percentage of deprived NM neurons

maintains normal levels of p-eEF2, suggesting that they

either start with a high level of p-eEF2 before the manipu-

lations or undergo no or relatively small reductions after

the manipulations. Dynamic approaches that are able to

monitor the same neurons before and after afferent depri-

vation will help to clarify this issue.

eEF2 phosphorylation and protein synthesis
It has been well documented that phosphorylation

inactivates eEF2, leading to decreased protein synthesis

(Ryazanov et al., 1988; Carlberg et al., 1990; Redpath

et al., 1993). In nonneuronal cell types, phosphorylation

of eEF2 correlates with decreased translation during mi-

tosis (Celis et al., 1990) and energy deprivation (Horman

et al., 2002). Consistently, insulin-stimulated eEF2 de-

phosphorylation leads to enhanced protein synthesis

(Redpath et al., 1996; Diggle et al., 1998; Wang et al.,

2000). In addition, in hippocampal neurons, activity-de-

pendent phosphorylation of eEF2 inhibits local protein

translation in dendrites, whereas dephosphorylation pro-

motes local translation (Sutton et al., 2007).

In the chicken NM, cochlea removal causes a dramatic

reduction in protein synthesis in all deprived NM neurons

at 0.5–3 hours (Steward and Rubel, 1985; Born and

Rubel, 1988). If this reduction results from changes in

eEF2 phosphorylation, we would expect to see increases

in eEF2 phosphorylation in all deprived NM neurons.

Unexpectedly, we observed dramatic decreases in eEF2

phosphorylation in a large number of deprived NM neu-

rons. This paradox raises the possibility that afferent-

regulated eEF2 phosphorylation does not account for the

initial reductions in protein synthesis.

Protein synthesis regulators other than eEF2 may be

responsible for the initial decrease in translation. Candi-

dates include other elongation factors such as eEF1

(Scheetz et al., 2000; Browne and Proud, 2002), whose

translation and phosphorylation are also regulated by glu-

tamate and neuronal activity (Antion et al., 2008; Grange

et al., 2009; Barrera et al., 2010). In addition, regulation

of protein synthesis may take place at the initiation step

of protein translation (Nakamoto, 2009; Sonenberg and

Hinnebusch, 2009; Hern!andez et al., 2010; Jackson et al.,

2010). It is interesting to note that regulation of the initia-

tion and elongation steps can take place simultaneously

but selectively alter different subcellular compartments

(Kanhema et al., 2006).

Although eEF2 dephosphorylation is unlikely to be re-

sponsible for the initial broad decrease in protein synthe-

sis, the current study demonstrates that the overall rate

of protein synthesis is correlated with the level of p-eEF2.

At later time points after cochlea removal (6 and 12

hours), neurons that are apparently unable to regain syn-

thetic activity are the ones with abnormally lower levels

of p-eEF2. This observation suggests that eEF2 phospho-

rylation is associated with signaling critical for the recov-

ery of protein synthesis. Identification of the inducer(s) of

protein suppression in NM neurons is required to elabo-

rate further the relationship between protein synthesis

and eEF2 phosphorylation.

It is interesting to know how eEF2 phosphorylation is

related to protein synthesis in the intact NM. The current

study demonstrates that p-eEF2 level is highly correlated

with Y10B intensity in intact NM; neurons with a higher

level of p-eEF2 tend to have a higher level of Y10B. If we

assume that the level of Y10B is correlated with the rate

of protein synthesis in intact NM similarly to the case in
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deprived NM, this observation would suggest that neu-

rons with a low level of p-eEF2 probably have a low rate

of protein synthesis. Hence, the overall protein synthesis

in intact NM neurons may not be regulated by phospho-

rylation of eEF2 in a way similar to that in other systems.

Alternatively, it is possible that the amount of active (un-

phosphorylated) eEF2 in both normally innervated and

deprived NM neurons is sufficient for protein synthesis,

whereas the level of p-eEF2 is associated with protein

synthesis and other cellular events through distinct

mechanisms. If a certain condition causes an increase in

phosphorylation of eEF2 to a level at which there is not

enough active eEF2 for overall protein synthesis, a corre-

lation of p-eEF2 with protein synthesis may be observed

in the expected manner; i.e., neurons with a lower level of

p-eEF2 tend to have a higher level of protein synthesis.

eEF2 phosphorylation and cell survival/death
eEF2 phosphorylation-mediated cell survival and apo-

ptosis have been documented in a number of systems. It

appears that this mediation acts through two distinct

mechanisms. The first mechanism is through eEF2 phos-

phorylation-induced suppression of overall protein trans-

lation. It is proposed that suppression of protein synthe-

sis first affects antiapoptotic proteins, because they are

disproportionately short lived relative to their proapop-

totic counterparts (for review see White-Gilbertson et al.,

2008). This proposal is supported by the requirement for

the presence and activity of antiapoptotic proteins and

active translational machinery for cell survival (Adams

and Cooper, 2007; Willis et al., 2007). eEF2 phosphoryla-

tion and the resulting suppression of protein translation

might also have protective effects against excitotoxicity-

induced neuronal death, although the exact processes

remain unknown (Marin et al., 1997). The second mecha-

nism of eEF2 phosphorylation-mediated cell survival is

associated with the function of p-eEF2 in promoting a

number of specific proteins. For example, eEF2 phospho-

rylation-mediated Bcl-xL synthesis is critical for the

growth and survival of cancer cells (Arora et al., 2003; Wu

et al., 2006; Nakamura et al., 2009; Zhang et al., 2011).

The data presented here and from several previous

studies suggest a novel pattern of eEF2 phosphorylation-

mediated cell survival and death. After afferent depriva-

tion, NM neurons with relatively high levels of p-eEF2

tend to have a healthier looking Nissl staining and ribo-

somal RNA (reported byY10B immunoreactivity) and pre-

sumably tend to survive. Consistently, dying neurons

always exhibit a low level of p-eEF2. Deprivation-induced

cell death probably results from persistent protein syn-

thesis suppression affecting the levels of apoptotic and

antiapoptotic proteins differentially. Cell survival follow-

ing the same manipulation likely is due to the recovery of

protein synthesis and/or other survival signals initiated

or upregulated by p-eEF2. Among identified proteins

whose synthesis is promoted by eEF2 phosphorylation,

brain-derived neurotrophic factor (Verpelli et al., 2010;

Autry et al., 2011), Arc/Arg3.1 (Park et al., 2008; Kuipers

et al., 2009), and Bcl-xL (Zhang et al., 2011) have been

associated with cell survival and apoptosis. Whether

these proteins are involved in eEF2 phosphorylation-

mediated cell protection and apoptosis following afferent

deprivation requires further investigation. It is interesting

to point out that Bcl-2, another Bcl-2 family member like

Bcl-xL, is expressed in NM and AVCN neurons. Overex-

pression or pharmacologically induced increases in the

level of Bcl-2 have been shown to prevent afferent depri-

vation-induced cell death in NM and AVCN neurons (Mos-

tafapour et al., 2002; Bush and Hyson, 2006). However,

whether Bcl-2 is involved in determining cell fate in this

type of cell death is less clear, because the time course

of changes in Bcl-2 protein level following cochlea re-

moval has not been determined, although Bcl-2 mRNA

level is altered at long-term survival times (Wilkinson

et al., 2002; Harris et al., 2008).

Finally, it must be pointed out that loss of p-eEF2 might

not necessarily indicate ensuing cell death. Some

deprived NM neurons exhibit no or little p-eEF2 but do

not have a ‘‘ghost’’-like appearance at 12 hours after

cochlea removal. One possibility is that a threshold level

of p-eEF2 is required for cell survival and that these neu-

rons lacking p-eEF2 may turn into ‘‘ghost cells’’ later and

subsequently die. Alternatively, these neurons may sur-

vive, a possibility that would suggest the involvement of

survival signaling initiated by cellular events beyond the

p-eEF2 mechanism.
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Abstract Programmed cell death (PCD) is an important
process in development and disease, as it allows the body

to rid itself of unwanted or damaged cells. However, PCD

pathways can also be activated in otherwise healthy cells.
One such case occurs in sensory hair cells of the inner ear

following exposure to ototoxic drugs, resulting in hearing

loss and/or balance disorders. The intracellular pathways
that determine if hair cells die or survive following this or

other ototoxic challenges are incompletely understood. We

use the larval zebrafish lateral line, an external hair cell-
bearing sensory system, as a platform for profiling cell

death pathways activated in response to ototoxic stimuli. In

this report the importance of each pathway was assessed by
screening a custom cell death inhibitor library for instances

when pathway inhibition protected hair cells from the

aminoglycosides neomycin or gentamicin, or the chemo-
therapy agent cisplatin. This screen revealed that each ot-

otoxin likely activated a distinct subset of possible cell

death pathways. For example, the proteasome inhibitor
Z-LLF-CHO protected hair cells from either aminoglyco-

side or from cisplatin, while D-methionine, an antioxidant,

protected hair cells from gentamicin or cisplatin but not
from neomycin toxicity. The calpain inhibitor leupeptin

primarily protected hair cells from neomycin, as did a Bax

channel blocker. Neither caspase inhibition nor protein
synthesis inhibition altered the progression of hair cell

death. Taken together, these results suggest that ototoxin-

treated hair cells die via multiple processes that form an
interactive network of cell death signaling cascades.

Keywords Hair cell ! Ototoxicity ! Neomycin !
Gentamicin ! Cisplatin

Introduction

The notion that cells can ‘‘deliberately’’ die via a series of

complex, ordered events is a core concept in cell biology
[1]. Classical programmed cell death, or apoptosis, is

characterized by chromatin condensation and activation of

caspases, a family of cysteine proteases [2–4]. Apoptotic
pathways are critical for normal development and are also

activated in many disease states, including neurodegener-

ative diseases [5, 6]. Furthermore, the dysfunction of
apoptosis is considered a hallmark of cancer [7].

Other forms of cell death such as necrosis were origi-

nally considered independent of cell signaling events [8, 9].
Recent studies have demonstrated that programmed cell

death (PCD) can occur in the absence of caspase activation,

leading to the idea that PCD encompasses a broad range of
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signaling pathways, all of which result in the orderly

demise of the cell [10–13]. However, our understanding of
what pathways are necessary for death due to a specific

toxin or class of related toxins is still incomplete.

One system where the features of multiple cell death
processes are apparent is in toxicity of sensory hair cells of

the inner ear. Aminoglycoside antibiotics, platinum-based

chemotherapy agents such as cisplatin, and numerous other
chemical, biological and environmental challenges can

cause sensory hair cell damage, often resulting in hearing
loss. Mounting evidence suggests that there are multiple

possible mechanisms by which hair cells may be killed,

complicating therapeutic intervention [14–19]. The pre-
dominant view of aminoglycoside-induced hair cell death

is that the build up of oxygen free radicals is a critical early

process that sets in motion a variety of other degradative
events [19, 20]. Studies in avian inner ear epithelia and

zebrafish lateral line show that mitochondrial swelling and

release of cytochrome c into the cytoplasm are early signs
of aminoglycoside ototoxicity [21–25]. Some researchers

have demonstrated that caspase inhibition can protect hair

cells from aminoglycoside or cisplatin ototoxicity, sug-
gesting that caspase activation occurs downstream of

mitochondrial responses [26–29]. However, in vivo studies

in mice suggest that caspase-independent cell death path-
ways may be necessary for kanamycin or cisplatin oto-

toxicity [15, 30].

Interpreting these studies is complicated by the many
different experimental conditions employed in ototoxicity

research, such as in vitro vs. in vivo conditions, choice of

specific aminoglycoside or other ototoxin, and dose-depen-
dent differences in cell death responses. We approach the

problem of cell death signaling in ototoxicity by using the

larval zebrafish (Danio rerio) lateral line, an in vivo model
where quantitative studies are possible across ototoxins and

concentration ranges. This system provides a platform for

screening multiple cell death pathway inhibitors in parallel to
assess pathway activation due to different ototoxic stimuli.

The lateral line is a sensory system comprising clusters of

neuromasts arrayed in stereotyped positions on the head and
body of the fish [31–33]. Each neuromast contains 10–20

mechanosensory hair cells and associated supporting cells.

Fish use this sensory system to detect near-field water
movement (within a few body lengths) associated with prey,

predators, and conspecifics as well as for orientation

behavior in flowing water [34–39].
Hair cells in the zebrafish lateral line are considered

homologous to sensory hair cells in the mammalian inner

ear and have structural and functional similarities, includ-
ing similar responses to ototoxic drugs [40–46]. We have

previously used the lateral line of larval zebrafish for

identifying novel protective compounds by screening
libraries of drugs or drug-like molecules [47–50]. These

screens have uncovered new small molecule protective

compounds as well as identifying potential off-label uses
for existing therapeutics. The current study uses a similar

chemical genetic approach, but here we used a library of

known cell death inhibitors in order to more fully under-
stand the variety of signaling pathways activated by known

ototoxins in this system.

We have recently shown that the closely related amino-
glycoside antibiotics neomycin and gentamicin appear to

elicit distinct, partially overlapping cell death responses in
the zebrafish lateral line [46]. Experiments with protective

mutants and drugs suggest that activation of an ‘‘acute’’ cell

death mechanism is shared by both neomycin and gentami-
cin, while a ‘‘slow’’ mechanism is specific to gentamicin-

induced damage [46, 51]. In contrast, cisplatin-induced hair

cell loss appears to be linear and cumulative in zebrafish. In
addition, pharmacologic and genetic research in zebrafish

and mice suggests that cisplatin and aminoglycosides may

activate different signaling pathways [44, 47, 50, 52], The
present study profiles pathway activation in ototoxin-treated

hair cells by screening a custom cell death inhibitor library.

We show that each toxin activates a distinct subset of the
possible pathway space, suggesting that a rich, intercon-

nected network of cell death signaling cascades contributes

to hair cell death from a single toxin.

Materials and methods

Animals

Wildtype *AB zebrafish were acquired through group

mating and raised at 28.5 "C in Petri dishes containing

embryo medium according to standard protocols [53]. All
experiments described here used 5–6 days post-fertilization

(dpf) larvae. All procedures were approved by the Uni-

versity of Washington Animal Care and Use Committee.

Reagents

Neomycin solution (10 mg/ml) and gentamicin solution

(50 mg/ml) were purchased from Sigma-Aldrich (St.

Louis, MO, USA). Cisplatin solution was acquired from
the University of Washington Medical Center pharmacy.

All inhibitors making up the custom library were purchased

from Calbiochem (now EMD Millipore, Billerica, MA,
USA). Other reagent sources are provided in the text

describing the use of each reagent.

Library composition and screening

A custom library of 61 pharmacological inhibitors was
assembled to encompass known cell death-associated

394 Apoptosis (2013) 18:393–408

123



molecular targets (e.g., caspases, Bax) as well as a variety

of molecules such as FUT-175 that were reported to
influence cell death in specific tissues or in response to

specific cytotoxic stimuli [54]. Table 1 contains a complete

list of library compounds used in the present study.
Compounds were purchased in powdered form and

dissolved in the appropriate solvent for each compound

based on the manufacturer’s recommendation (water,
DMSO [B1 %], or ethanol [B0.1 %]) as shown in Table 1.

Final concentrations of each compound were determined
based on published literature, and 10 lM was selected as

the screen concentration if the literature was highly vari-

able or if there was little published information for the
compound in question. Several compounds were lethal to

the fish at the initial concentrations tested. For these

compounds, additional toxicity testing was performed to
determine the highest concentration at which no morbidity

was detected, and this concentration was then used for

additional screening. Morbidity was defined as abnormal
swimming or righting behavior or abnormal morphology

such as body curvature. Table 1 shows final screen con-

centrations, with superscript ‘‘a’’ indicating concentrations
that were empirically determined based on toxicity testing.

All experiments were performed at 28.5 "C in defined

E2 embryo medium (EM) (1 mM MgSO4, 120 lM
KH2PO4, 74 lM Na2HPO4, 1 mM CaCl2, 500 lM KCl,

15 mM NaCl, and 500 lM NaHCO3 in dH2O) [53]. Larvae

(n = 7–12 per group) were placed in custom fish transfer
baskets (constructed from modified 50 ml conical tubes

with mesh inserts [40]) and pre-treated in a specific

inhibitor for 1 h. This pre-treatment period is consistent

with similar protective screens [47, 48]. Following inhibi-
tor pretreatment, fish were treated with either 200 lM

neomycin, 50 lM gentamicin, or 500 lM cisplatin. Fish

treated with neomycin were incubated in ototoxin for
30 min, followed by four rinses in fresh EM and a 60 min

recovery period. Fish treated with gentamicin or cisplatin

were incubated continuously in ototoxin for 6 h, followed
by two rinses in fresh EM and immediate hair cell

assessment. The inhibitor was present during the ototoxin
exposure period as well. Concentrations and treatment

lengths of ototoxins were previously determined to reduce

hair cell staining by 80 %, producing comparable degrees
of damage so that the magnitude of protection may be

directly compared among ototoxins [44–46, 51]. Negative

controls were handled identically, including addition of the
appropriate solvent (DMSO or ethanol), but no inhibitor or

ototoxin was present, while positive control animals

received only ototoxin but no inhibitor. Initial screening
was performed ‘‘blind’’ as compounds were numbered and

there were no a priori reasons to associate particular

numbers with hair cell protection.
Hair cell survival was assessed by the relative fluores-

cent intensity of staining with the mitochondrial potential

dye DASPEI (2-(4-(dimethylamino)styryl)-N-Ethylpyridi-
nium Iodide). Following acute or continuous treatment,

free-swimming larvae were immersed for 15 min in

0.005 % DASPEI (Life Technologies, Carlsbad, CA,
USA), rinsed twice in EM, and anesthetized with 0.001 %

MS-222 (Sigma-Aldrich). The same 10 head neuromasts in

Table 1 Cell death inhibitor library components

Compound name Inhibitor family Solvent Stock conc. Screen conc. CAS #

AEBSF, Hydrochloride Protease Water 10 mM 5 lM 30827-99-7

ALLN Calpain DMSO 10 mM 10 lM 110044-82-1

Apoptosis inhibitor Apoptosis DMSO 10 mM 10 lM 54135-60-3

Bax channel blocker Bcl2 proteins DMSO 10 mM 5 lM 54135-60-3

BAY 11-7082 NF-KB DMSO 10 mM 250 nMa 19542-67-7

Bongkrekic acid, triammunium salt Mitochondria Ethanol 1 mM 500 nM 1177154-51-6

Calpain inhibitor III Calpain DMSO 10 mM 10 lM 88191-84-8

17-DMAG Heat shock Water 1 mM 500 nM 467214-21-7

Chymostatin Protease DMSO 2 mg/ml 0.5 ug/ml 9076-44-2

Cyclohexamide Protein synthesis Ethanol 10 mM 5 lM 66-81-9

Cyclosporin A Mitochondria DMSO 10 mM 5 lM 59865-13-3

Dexamethasone Nitric oxide DMSO 10 mM 10 lM 50-02-2

JNK inhibitor II JNK kinase DMSO 10 mM 10 lM 129-56-6

Necrosis inhibitor, IM-54 Necrosis DMSO 10 mM 10 lM 861891-50-1

Necrostatin-1 Necrosis DMSO 10 mM 1 lM 4311-88-0

PARP inhibitor IV, IQD PARP DMSO 10 mM 10 lM 5154-02-9

PARP inhibitor XI, DR2313 PARP Water 10 mM 10 lM 284028-90-6

Pifithrin-alpha p53 DMSO 10 mM 10 lM 63208-82-2
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Table 1 continued

Compound name Inhibitor family Solvent Stock conc. Screen conc. CAS #

PPack, dihydrochloride Protease 10 mM HCl 10 mM 5 lM 142036-63-3

Sulfasalazine NF-KB DMSO 10 mM 10 lM 599-79-1

Antipain, dihydrochloride Protease DMSO 1 mM 10 lM 37682-72-7

Apoptosis inhibitor II, NS3694 Apoptosis DMSO 10 mM 25 lM 426834-38-0

Cathepsin inhibitor III Protease DMSO 1 mM 10 lM NA

Cathepsin G inhibitor I Protease DMSO 1 mM 10 lM 429676-93-7

E-64 protease inhibitor Protease Water 1 mM 10 lM 66701-25-5

Heat shock protein inhibitor I Heat shock DMSO 10 mM 10 lM 218924-25-5

Leupeptin, hemisulfate Protease Water 10 mM 100 lM 103476-89-7

Luteolin Oxidative stress DMSO 10 mM 10 lM 491-70-3

NEMO-binding domain peptide NF-KB DMSO 500 lM 10 lM NA

NF-kB activation inhibitor NF-KB DMSO 1 mM 50 nMa 545380-34-5

nNOS inhibitor I Nitric oxide Water 1 mM 10 lM NA

Omi/HtrA2 protease inhibitor, Ucf-101 Mitochondria DMSO 1 mM 500 nM 313649-08-0

Pepstatin A, synthetic Protease DMSO 5 mM 1 lM 26305-03-3

Proteasome inhibitor I Proteasome DMSO 1 mM 10 lM NA

Proteasome inhibitor II Proteasome DMSO 1 mM 10 lM NA

Ro106-9920 NF-KB DMSO 1 mM 1 lM 62645-28-7

Bax-inhibiting peptide, V5 Bcl2 proteins Water 1 mM 10 lM NA

Fas/FasL antagonist, Kp7-6 Apoptosis Water 500 lM 10 lM NA

FUT-175 Protease Water 5 mg/ml 18.5 lM 82956-11-4

Caspase inhibitor II, cell permeable Caspase DMSO 1 mM 10 lM NA

Caspase inhibitor III Caspase DMSO 1 mM 10 lM 634911-80-1

Ubiquitin aldehyde Proteasome DMSO 100 lM 1 lM NA

CGP-37157 Mitochondria DMSO 10 mM 1 lMa 75450-34-9

Ru360 Mitochondria Water 1 mM 10 lM NA

Protein kinase inhibitor, DMAP JNK kinase Water 10 mM 10 lM 938-55-6

MEG, hydrochloride Nitric oxide Water 10 mM 20 lM 19767-44-3

Granzyme B inhibitor III/caspase 8 II Granzyme DMSO 1 mM 10 lM NA

TNF-alpha inhibitor Inflammatory DMSO 10 mM 100 nMa 1049741-03-8

Rapamycin p70 S6 kinase DMSO 100 lM 100 nM 53123-88-9

Analog of Trichostatin A HDAC DMSO 2 mM 1 lM 58880-19-6

Roscovitine CDK DMSO 10 mM 10 lM 186692-46-6

PD98059 MEK DMSO 10 mM 10 lM 167869-21-8

Caspase1 inhibitor IV Caspase I DMSO 10 mM 10 lM 154674-81-4

Resveratrol Oxidative stress DMSO 20 mM 20 lM 501-36-0

D-methionineb Oxidative stress Water 250 mM 1 mM 348-67-4

Glutathioneb Oxidative stress Water 100 mM 500 lM 70-18-8

AG1478 EGF DMSO 10 mM 10 lM 175178-82-2

Thapsigargin ER calcium release DMSO 5 mM 500 nM 67526-95-8

Bcl-2 inhibitor Bcl2 proteins DMSO 5 mM 50 lM 383860-03-5

U0126 MEK DMSO 10 mM 500 nM 109511-58-2

3-MA Autophagy EM 20 mM 10 mM 5142-23-4

Additional information and original references for these compounds may be found at www.emdmillipore.com

NA not available
a Indicates compounds where the screen concentration was empirically determined based on toxicity assays. All other screen concentrations
were selected based on published literature, or set to 10 lM when insufficient published data were available
b Compound was purchased from Sigma-Aldrich
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each fish were examined in a single field of view using a

Leica MZFLIII fluorescent stereomicroscope and 509
magnification. Each neuromast was given a score of ‘‘2’’ if

the DASPEI label was bright, a ‘‘1’’ if the label was dim,

and a ‘‘0’’ if no label was detected. Zebrafish neuromasts
develop in highly stereotyped positions [33, 40], giving us

confidence that scores of ‘‘0’’ denote neuromasts damaged

due to treatment rather than those missing due to devel-
opmental events. Each fish therefore received a total score

of 0–20. Scores were normalized to controls such that
100 % represents the average score for control animals.

Our previous research demonstrates that this scoring

method is robust and allows quantitative assessment of hair
cell survival, and that DASPEI scores are highly correlated

with direct counts of individual hair cells in the same

neuromast [44, 51]. DASPEI assessment offers the addi-
tional advantage of speed, allowing an experienced

researcher to assay 20–30 fish every 15 min.

Inhibitor ‘‘hits’’ (compounds that protected hair cells
from one or more ototoxins) were then retested twice with

the same concentration of ototoxin and putative protective

compound in order to confirm the protective effect. Hits
were considered significant if the inhibitor-treated group

had at least twice the averaged total DASPEI score of the

group treated with ototoxin only.

Dose–response analyses

Dose–response testing was performed for all confirmed

hits. In these experiments we attempted to define what we

refer to as the ‘‘dose–response matrix’’ for each combina-
tion of ototoxin and putative inhibitor of toxicity. For

gentamicin, both acute and continuous treatment durations

were used as described above because damage caused by
gentamicin exposure is known to vary with treatment

length [46]. All other ototoxin incubation periods were as

described above. First, the concentration of the putative
inhibitor was varied by 1–2 orders of magnitude in order to

identify the optimal protective concentration. Larvae

(10–12 per treatment group) were pretreated for 1 h in one
of four test putative inhibitor concentrations, then co-

treated with inhibitor and either 200 lM neomycin (acute),

200 lM gentamicin (acute), 100 lM gentamicin (continu-
ous), or 500 lM cisplatin (continuous). Positive control

fish were again treated with ototoxin only. Treatment

paradigms and assessment with DASPEI were as described
above. Additional groups of fish were treated with the same

putative inhibitor concentrations alone to determine if the

putative inhibitor alone affected hair cell survival.
Initially, inhibitors were only used in combination with

the ototoxin(s) to which they had demonstrated protection

during the screen. Once the optimal protective concentra-
tion was determined (defined as the concentration that

provided maximum hair cell protection with minimal fish

toxicity), that concentration was used in a second set of
dose–response experiments. Here, a single inhibitor con-

centration was used and the ototoxin concentrations were

varied to encompass a wide range of hair cell damage. For
these second stage experiments, all of our ototoxins were

used at multiple concentrations (50–400 lM neomycin or

gentamicin, 250–1000 lM cisplatin). Again, both acute
and continuous treatment paradigms were used for genta-

micin experiments, while neomycin experiments were
performed only with the acute treatment paradigm, and

cisplatin experiments with the continuous exposure para-

digm. While these experiments were not performed
‘‘blind’’ with regards to inhibitor treatment, we have found

no difference in DASPEI scores in side-by-side compari-

sons of blinded versus unblinded experiments (Coffin,
unpublished data).

Hair cell counts

DASPEI intensity is dependent on mitochondrial membrane

potential and some of the inhibitors used in the present study
could possibly decouple mitochondrial membrane potential

from hair cell survival. To confirm that the DASPEI scoring

was accurately predicting hair cell survival, direct counts of
labeled hair cells were performed using immunofluores-

cence. Larvae (8–10 per group) were treated as described

above for dose–response analyses, but only a single combi-
nation of ototoxin and inhibitor was used. Hair cell counts

were performed for each inhibitor that appeared protective

based on the DASPEI scoring assays.
After treatment, fish were euthanized in an ice-water

bath and fixed in 4 % paraformaldehyde in phosphate-

buffer saline (PBS). Fish were rinsed twice in fresh PBS
and once in distilled H2O to improve antibody penetration,

then blocked in PBS containing 0.1 % Triton-X and 5 %

normal goat serum (both from Sigma-Aldrich). Hair cells
were labeled with mouse anti-parvalbumin (EMD Milli-

pore, diluted 1:500 in PBS with 1 % normal goat serum)

overnight at 4 "C, rinsed in fresh PBS, and visualized with
goat anti-mouse secondary antibody (Alexa Fluor 488 or

568, Life Technologies, diluted 1:500 in PBS). Lateral line

neuromasts were viewed on a Zeiss Axioplan 2ie epifluo-
rescent microscope with a 409 objective (NA = 0.75).

Hair cell counts were performed in seven neuromasts per

fish (SO1, SO2, IO1, IO2, IO3, OP1, and M2; [33]) and
counts were summed to arrive at one value per fish. These

neuromasts were selected because they are readily viewed

when the fish is positioned on bridged glass coverslips, and
because six of these neuromasts are also assessed for

DASPEI scoring. Previous reports suggest that different

neuromasts exhibit identical ototoxic responses at this age
[40]. Images were taken of representative neuromasts using
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Slidebook software v. 4 (Intelligent Imaging Innovations,

Denver, CO, USA), or on an Olympus FV1000 confocal
system with associated Fluoview software.

Gentamicin uptake assay

While each inhibitor in the library was selected because it

had a known mechanism of intracellular action, it is possible
that some inhibitors act on hair cells by attenuating ototoxin

uptake. To test this possibility we performed an uptake assay.
Fish were incubated for 1 h in the optimal inhibitor con-

centration, followed by a 10-minute co-incubation in inhib-

itor and 100 lM gentamicin tagged with the fluorophore
Texas red (GTTR; [55, 56]). Excess fluorophore was

removed with two rinses in fresh EM and fish were anes-

thetized with MS-222 and viewed using either an Olympus
Fluoview FV1000 confocal microscope or a Leica DMRB

fluorescent compound microscope. Neuromast GTTR

intensity was assessed qualitatively [51]. In some cases the
experimenter was blind to the inhibitor used in conjunction

with GTTR.

Caspase inhibition

Multiple caspase inhibitors were included in the initial
inhibitor library (see Table 1). We also conducted additional

experiments with the pan-caspase inhibitor Z-VAD-Fmk

(EMD Millipore). Fish were pre-treated for 1 h in 10–300 lM
Z-VAD, a concentration range shown to prevent caspase

inhibition in previous zebrafish studies [57, 58]. Fish were

then co-treated with Z-VAD and neomycin or gentamicin as
described above and hair cell survival was assessed with

DASPEI scoring.

Protein synthesis inhibition

PCD requires synthesis of new protein in some circum-
stances, although in others translational inhibition can

promote cell death [59–61]. To examine this issue in the

lateral line, we performed additional experiments with the
translation inhibitor cycloheximide (EMD Millipore). Fish

were pre-treated for 1 h in cycloheximide (1–100 lM),

then co-treated with cycloheximide and neomycin, genta-
micin, or cisplatin as described for dose–response analyses.

Hair cell survival was assessed with DASPEI scoring.

Data analysis

The results from dose–response experiments were analyzed
using 1-way or 2-way ANOVA in Prism (v. 5). Bonferroni-

corrected posthoc testing was performed if the ANOVA

was significant (p \ 0.05). All data are presented as
mean ± 1 SD.

Results

Screening of a custom cell death inhibitor library revealed

that different inhibitors protected hair cells from different

ototoxins, suggesting that each ototoxin activates a distinct
set of cell death pathways (Fig. 1). Figure 1a shows initial

screening results using neomycin as the example ototoxin,

with 20 compounds initially yielding hair cell protection
(bars above the red line). Comparison of initial screen ‘‘hits’’

for each of the three ototoxins is shown in Fig. 1b as a heat

map, demonstrating a distinct pattern of red ‘‘hits’’ for each
ototoxin. Upon re-screening and testing of the dose–response

matrix, seven compounds were shown to protect hair cells

from neomycin damage and six from continuous gentamicin
exposure (Fig. 1c; Table 2). Five compounds exhibited at

least partial protection from both aminoglycosides: the p53

inhibitor pifithrin-a (PFTa), the Omi/HtrA2 protease inhib-
itor Ucf-101, the serine protease inhibitor FUT-175, the

proteasome inhibitor Z-LLF-CHO, and the autophagy

inhibitor 3-MA (Table 2). FUT-175, Z-LLF-CHO, and
3-MA also protected hair cells from cisplatin toxicity. The

calpain and cathepsin inhibitor leupeptin significantly pro-

tected hair cells from neomycin damage, and to a lesser
degree cisplatin damage, but leupeptin was toxic to the

animals when combined with continuous gentamicin treat-

ment. D-methionine, an antioxidant, significantly protected
hair cells from gentamicin or cisplatin damage but not from

neomycin toxicity (Table 2). Bax inhibition protected hair
cells from neomycin damage and to a lesser degree from

acute gentamicin toxicity (Table 2). p53 inhibition robustly

protected hair cells from continuous gentamicin damage,
with more limited yet significant protection seen from acute

neomycin or acute gentamicin exposure. These ‘‘hits’’ sug-

gest a complex interplay of related pathways underlie hair
cell responses to ototoxic damage, with each ototoxin acti-

vating a distinct, yet partially overlapping, set of available

cell death pathways. Statistics for each compound/ototoxin
combination are presented in Table 2.

Inhibitors in the initial library were selected partially

because they had known intracellular targets. Nonetheless, it
is possible that protection was conferred by a compound

blocking ototoxin uptake rather than via inhibition of cell

signaling. We assayed uptake using GTTR, a fluorescently
conjugated form of gentamicin [55, 56]. While we did not

quantify GTTR fluorescence, qualitative assessments were

conducted on a minimum of four fish and five neuromasts per
fish for each inhibitor, and fluorescent intensity was qualita-

tively similar across neuromasts and animals. Of the eight

inhibitors that demonstrated confirmed protection, only FUT-
175 attenuated GTTR entry into hair cells, as shown in Fig. 2.

We focus here on examples of inhibitors with different

protection profiles to illustrate the patterns of pathway
activation. As shown in Fig. 3, the proteasome inhibitor
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Z-LLF-CHO offers partial protection against all ototoxins

tested. 10–50 lM Z-LLF-CHO significantly protected hair

cells from 200 lM acute neomycin with 25 lM exhibiting
the desired characteristics of optimal protection and mini-

mal toxicity when no ototoxin was present (Fig. 3a and

data not shown). Protection was also evident when par-
valbumin-labeled hair cells were assessed, demonstrating

that DASPEI scores with Z-LLF-CHO reflect hair cell

preservation (Fig. 3b). In additional dose–response exper-
iments, 25 lM Z-LLF-CHO robustly protected hair cells

from acute neomycin or acute gentamicin toxicity, even at

high ototoxin concentrations (Fig. 3c, d). Significant pro-
tection from continuous gentamicin was also observed,

although this protection was only evident for low concen-

trations of gentamicin (Fig. 3e). In contrast, modest pro-
tection from a relatively high concentration of cisplatin

(750 lM) was observed, with no protection seen at lower

cisplatin doses (Fig. 3f). Z-LLF-CHO appeared mildly
ototoxic during continuous exposure experiments (i.e.,

Fig. 3e, f, dashed line, 0 ototoxin points).
In contrast to the relatively broad protection offered by

Z-LLF-CHO, the antioxidant D-methionine exhibited a

more narrow protection profile. As shown in Fig. 4, 5 mM
D-methionine significantly protected hair cells from either

acute or continuous gentamicin exposure or from cisplatin

toxicity. However, this protection was limited, with

incomplete hair cell survival seen in all cases. No protec-

tion was observed when fish were treated with neomycin in
the presence of D-methionine.

The cell death inhibitor library contained multiple caspase

inhibitors, including Ac-VAD-CHO and Boc-D-Fmk. No
caspase inhibitor manifested as a ‘‘hit’’ during our screen.

While we did not follow up on the negative results for the

majority of library compounds, given the central importance
of caspases in classical PCD we chose to examine putative

caspase involvement more thoroughly. We conducted

additional experiments with variable concentrations of the
pan-caspase inhibitor Z-VAD-Fmk (Z-VAD). As shown in

Fig. 5, no concentration of Z-VAD significantly protected

hair cells from either aminoglycoside. Previous studies of
caspase inhibition by 300 lM Z-VAD report successful

prevention of caspase activation and of programmed cell

death in zebrafish embryos, including chemical toxicity of
neurons and radiation-induced damage [57, 58]. These data

suggest that Z-VAD would confer protection if caspase
activation were necessary for lateral line hair cell death.

We also found that inhibition of protein synthesis failed

to protect lateral line hair cells. As shown in Fig. 6, no
concentration of cycloheximide used here protected hair

cells from any of our selected ototoxins at any

Fig. 1 Screening a cell death inhibitor library for compounds that
modulate ototoxin-induced hair cell death in the zebrafish lateral line.
a Screen results for hair cells treated with inhibitor and neomycin.
Hair cell survival is represented as fold-change relative to neomycin
only, such that zerofold (the red line) denotes the degree of damage
caused by neomycin treatment without an inhibitor present. Inhibitors
that protected hair cells from neomycin toxicity are visible as bars
extending above the red line. Inhibitor identities are given in Table 1.
b Heat map of all screen data. Ototoxins are represented in rows,
inhibitors in columns. Each box denotes a single ototoxin/inhibitor

combination. Black boxes indicate no protection (no change relative
to ototoxin only), red boxes are inhibitors that protected hair cells
from an ototoxin. Gray boxes denote inhibitor/ototoxin combinations
that were toxic to the fish. c Venn diagram describing the number of
inhibitor ‘‘hits’’ that protected hair cells from damage due to each
ototoxin. Some inhibitors protected hair cells from damage due to
multiple ototoxins, as indicated in the overlapping regions. The
numbers represent confirmed hits that were verified in triplicate.
N = 7–12 animals per treatment, data in (a) are presented as
mean ? 1 SD (Color figure online)
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concentration. On the other hand, cycloheximide alone

([1 lM) was sufficient to cause hair cell loss (Fig. 6a).

Concentrations of 50–350 lM cycloheximide have been
previously shown to inhibit protein translation in larval

zebrafish [62, 63]. These results are consistent with the

interpretation that neither aminoglycoside- nor cisplatin-
induced hair cell death in the zebrafish lateral line is

dependent on new protein synthesis; it appears to be solely
controlled by post-translational cell death mechanisms.

Discussion

The pattern of protection seen in this cell death inhibitor
library screen indicates that there is considerable overlap in

the cell death pathways activated by the aminoglycoside

antibiotics neomycin and gentamicin and the anti-neoplastic
agent cisplatin in the zebrafish lateral line. Some inhibitors

such as leupeptin have multiple intracellular targets [64, 65],

so the precise identification of each cell death molecule is not
known in all cases. However, based on the magnitude of

protection seen with each inhibitor/ototoxin combination,

different pathways appear more important for cell death
responses to different ototoxins. For example, the Omi/

HtrA2 serine protease inhibitor Ucf-101 protected hair cells

from damage due to both aminoglycosides, but robust pro-
tection was only evident in combination with continuous

gentamicin exposure. On the other hand, the proteasome

inhibitor Z-LLF-CHO robustly protected hair cells from
acute neomycin or acute gentamicin toxicity, but limited

protection was seen using continuous gentamicin or cis-

platin. Translation inhibition with cycloheximide and cas-
pase inhibition failed to prevent hair cell death due to any

ototoxin examined, suggesting that lateral line hair cell death

is not dependent on these processes.

Cell death profiles in ototoxicity

These data suggest that a complex network of intercon-

nected pathways contributes to drug-induced hair cell death

in the lateral line system. Prominent among these are

protein degradation pathways. Inhibition of the mitochon-

drial-specific protease Omi/HtrA2 protected hair cells from
gentamicin toxicity, and, to a lesser extent neomycin

damage. Omi/HtrA2 has been linked to caspase-indepen-

dent cell death in culture, likely via its serine protease
activity [66]. Leupeptin, a calpain and cathepsin inhibitor,

significantly protected hair cells from neomycin toxicity
and offered slight but significant protection against cis-

platin damage. Aminoglycoside treatment increases calpain

activity in vivo and leupeptin has been previously shown to
protect hair cells from gentamicin toxicity in mammalian

inner ear explants [67–69], although no protection from

gentamicin was noted in the present in vivo study due to
the toxicity of continuous exposure to leupeptin and gen-

tamicin. Bcl2 proteins and p53 are both reported calpain

substrates. Inhibition of the Bcl2 family member Bax
protected hair cells from neomycin damage, suggesting that

calpains and Bax could potentially interact in neomycin-

treated hair cells. p53 inhibition conferred protection from
both aminoglycosides, and p53 can interact both trans-

criptionally and post-translationally with several Bcl2

proteins, including Bax [70–72]. Bcl2 proteins and p53
have previously been implicated in ototoxicity, although

specific roles for Bax and p53 in aminoglycoside-induced

hair cell death have not been reported [73–75]. The role of
Bcl2 proteins and p53 in aminoglycoside ototoxicity is an

area of ongoing research in our group.

In addition to targeted protein cleavage by specific
proteases, the ubiquitin–proteasome system coordinates

both ongoing protein degradation in healthy cells and

during cell death processes [76]. The proteasome inhibitor
Z-LLF-CHO offered robust protection from neomycin and

gentamicin toxicity, and slight protection from cisplatin

exposure. Proteasome inhibition is generally cytotoxic and
targeted proteasome inhibitors are under consideration as

chemotherapy drugs [76–78]. However, proteasome func-

tion promotes cell death in sympathetic neurons and the
proteasome may activate cell death pathways in some

cancer cells by degrading pro-survival Bcl2 family

Fig. 2 100 lM GTTR is readily taken up by a control hair cells, while b 10 lM FUT-175 attenuates GTTR uptake. c 5 mM 3-MA does not
block GTTR uptake. Scale bar in A is 5 lm and applies to all panels (Color figure online)
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members, suggesting that proteasome inhibition may pro-

mote cell survival in certain contexts [79–81].
Reactive oxygen species (ROS) production is correlated

with aminoglycoside and cisplatin ototoxicity and antiox-

idant therapies reduce hair cell death and the associated
hearing loss in animal models [82–86]. In the present

study, D-methionine offered slight but significant protection

from gentamicin or cisplatin damage but not from neo-

mycin toxicity. Ton and Parng [87] also noted a protective
effect of D-methionine on cisplatin-treated zebrafish hair

cells, as well as protection offered by other antioxidants.

Despite these findings, it is unclear whether ROS genera-
tion provides the main avenue for ototoxicity, is indicative

of cell signaling due to altered metabolism, or is a

Fig. 3 The proteasome inhibitor Z-LLF-CHO protects hair cells from
ototoxin exposure. a Z-LLF-CHO provides dose-dependent protection
from 200 lM acute neomycin (1-way ANOVA, F4,48 = 37.59,
p \ 0.001). 25 lM Z-LLF-CHO offered optimal protection without
any ototoxicity, and there was not a significant difference in
protection between 25 and 50 lM Z-LLF-CHO. b Direct counts of
parvalbumin-labeled hair cells confirm that Z-LLF-CHO treatment
protects hair cells from gentamicin toxicity (t test, p \ 0.001). Fish
were treated with 100 lM continuous gentamicin with or without

25 lM Z-LLF-CHO. Images in b show examples of labeled hair cells,
scale bar = 5 lm and applies to both panels. c–f 25 lM Z-LLF-CHO
robustly protects hair cells from c acute neomycin, d acute gentami-
cin, e continuous gentamicin, and f continuous cisplatin. Statistics for
the dose–response analyses shown in (c–f) are given in Table 2.
Significance values for individual comparisons in Bonferroni-cor-
rected posthoc tests are indicated on the figures, where ***p \ 0.001.
Data are presented as mean ± 1 SD (Color figure online)
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side-effect of mitochondrial or other organelle damage
[88–90]. It is also unclear why D-methionine was not pro-

tective against neomycin damage. Most aminoglycoside

antioxidant studies have employed gentamicin as the
damaging agent of choice, although a few studies report

that neomycin can also cause ROS formation [91–95]. The

full effect of antioxidant therapy as a treatment for neo-
mycin toxicity is therefore unknown, and our results sug-

gest that D-methionine is not sufficient to protect zebrafish

lateral line hair cells from neomycin. Other antioxidants

such as lipoic acid or salicylate may be more effective [96].
Conversely, neomycin may activate such a large number of

cell death pathways in parallel in the lateral line that

antioxidant treatment alone is insufficient to prevent hair
cell loss. Additional studies are needed to test amongst

these competing hypotheses.

Both the autophagy inhibitor 3-MA and the general
serine protease inhibitor FUT-175 protected hair cells from

all ototoxins surveyed here. Autophagy can promote either

cell survival or cell death depending on the context and

Fig. 4 a D-methionine significantly protects hair cells from contin-
uous gentamicin damage (1-way ANOVA, F4,55 = 7.74, p \ 0.001),
with 5 mM D-met providing optimal protection without overt
toxicity. b 5 mM D-met does not protect hair cells from neomycin
toxicity, while significant protection is offered across much of the
dose–response function for acute c and continuous d gentamicin.

Slight but significant protection is also seen from continuous cisplatin
exposure e. 2-way ANOVA statistics are given in Table 2, signifi-
cance values from Bonferroni-corrected posthoc analysis are indi-
cated on the figure; *p \ 0.05, **p \ 0.01, ***p \ 0.001. Data are
presented as mean ± 1 SD (Color figure online)
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autophagic pathways intersect with classical mitochondrial

cell death machinery [97–99]. Pro-survival Bcl2 proteins
can inhibit autophagic cell death by associating with

Beclin, an important regulator of autophagy [99, 100].

FUT-175 is of particular interest due to its broad protective
capacity and clinical use as a complement inhibitor,

anti-inflammatory, and anti-coagulant [101–103]. The

intracellular targets of FUT-175 are not well understood
and the mechanism by which this compound protects hair

cells is an area for future investigation. FUT-175 reduced
uptake of fluorescently-tagged gentamicin, suggesting that

protection may result from blocking ototoxin uptake rather

than from intracellular activity. Hair cell entry of amino-
glycosides and cisplatin is dependent on active mechano-

transduction, so FUT-175 may function as a transduction

blocker [55, 104–107]. Alternatively, FUT-175 may pro-
tect hair cells by a combination of extracellular and intra-

cellular mechanisms. One potential FUT-175 target is high

mobility group box 1 (HMGB1) protein, which is associ-
ated with inflammation [108]. HMGB1 can interact with

p53 to regulate both autophagy and cell death, suggesting a
possible connection between FUT-175, 3-MA, p53 and

Bcl2 proteins [109].

How do hair cells die?

Collectively our data are consistent with caspase-indepen-
dent cell death (CICD) via intrinsic mitochondrial path-

way(s). Like apoptosis, CICD is dependent on activation of

pro-cell death Bcl2 family proteins such as Bax and p53
mitochondrial activity [13, 110]. Calpains are reported to

act upstream of Bax activation in CICD and the calpain

inhibitor leupeptin protects hair cells from aminoglycoside-
induced hair cell death [13, 67, 69, present study]. Inhibi-

tion of calpains, Bax, or p53 protected hair cells from

neomycin damage in the present study, suggesting that
neomycin may activate this CICD pathway. In contrast,

gentamicin-induced hair cell death in the zebrafish lateral

line appears to require p53 and the mitochondrial protein
Omi/HtrA2 but not Bax. Collectively, these results impli-

cate intrinsic mitochondrial-associated cell death pathways,

consistent with prior studies [17, 25, 75]. One central
player in many caspase-independent cell death pathways is

apoptosis-inducing factor (AIF), and Bax activity may

promote AIF translocation from the mitochondria to the
nucleus [12, 13, 111]. AIF can also induce Bax-indepen-

dent cell death in cultured neurons, suggesting that mito-

chondrial release of AIF does not absolutely require Bax
[112]. As there is no established pharmacologic inhibitor of

AIF we did not test its function in our current study, but

consider it a prime target of interest for future research.
The possible requirement for caspases in hair cell death

is still unresolved. Previous research suggests that caspase

activation is necessary for aminoglycoside-induced hair
cell death both in vitro in mammalian inner ear cultures

and in vivo in chick [24, 26, 27, 113, 114]. Williams and

Holder showed that Z-VAD reduced hair cell death in the
zebrafish lateral line caused by neomycin treatment [115].

Williams and Holder employed a much lower concentra-

tion of neomycin than was used in the present study
(10 lM, vs. 50–400 lM used here) and they performed

their experiment in low-calcium conditions, which facili-

tates aminoglycoside uptake by hair cells [51, 105, 115].
However, pharmacologic caspase inhibition did not protect

Fig. 5 The general caspase inhibitor Z-VAD does not significantly
protect hair cells from 200 lM acute neomycin (1-way ANOVA,
F5,52 = 0.30, p = 0.91) or 100 lM continuous gentamicin (1-way
ANOVA, F5,56 = 0.20, p = 0.96). Data are presented as mean ± 1
SD (Color figure online)

Fig. 6 The protein synthesis inhibitor cycloheximide does not protect
hair cells from ototoxic damage. Significant hair cell toxicity is
evident following cycloheximide treatment alone (1-way ANOVA,
F3,42 = 104.7, p \ 0.001), and cycloheximide increased hair cell loss
due to cisplatin toxicity (1-way ANOVA, F3,31 = 14.0, p \ 0.001).
Cycloheximide treatment did not influence acute neomycin-induced
hair cell death (1-way ANOVA, F3,40 = 0.40, p = 0.75) nor hair cell
death due to continuous gentamicin exposure (1-way ANOVA,
F3,43 = 1.11, p = 0.35). Asterisks indicate significant pairwise
differences using Bonferroni-corrected posthoc testing (*p \ 0.05,
***p \ 0.001). Data are presented as mean ± SD (Color figure
online)
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hair cells from aminoglycoside damage in the present

study. It is therefore possible that differences in calcium
concentrations or other treatment conditions led to activa-

tion of different cell death pathways. Experimental dis-

crepancies, such as differences in concentrations or dosing
schedules, could similarly account for the variable caspase

dependence or independence reported in other aminogly-

coside-treated vertebrate ears [15, 27, 113]. Consistent with
this hypothesis are reports that caspase inhibition protects

hair cells from a limited dose of neomycin in vitro but that
protection is lost at higher concentrations [69]. Moreover,

some studies report morphological changes consistent with

multiple cell death mechanisms within a single aminogly-
coside-treated epithelium, suggesting activation of classical

apoptotic pathways as well as alternative death pathways

[15, 116, 117]. It is possible that caspase-dependent cell
death accounts for a small fraction of the total cell death

observed in our study and that more sensitive assessment

methods are necessary to detect this contribution.
It is important to note that the cell death profiling

approach used here has several caveats. Given the nature of

the screening process, false negatives are likely, as we
screened a single inhibitor concentration rather than a

range of doses. Given the large number of initial ‘‘hits’’ in

our screen with neomycin (approximately 1/3 of the
library, Fig. 1a), we think that our inhibitor concentration

choices were within the biologically active range for these

compounds. Compounds reported to be cell-permeable by
the manufacturer were selected whenever possible but it is

feasible that some compounds did not enter hair cells and

therefore could not access the appropriate intracellular
targets. In addition, while the library components were

selected to encompass a range of characterized cell death-

associated molecules, at 61 compounds this library is small
and potentially important death pathway molecules were

not included, such as compounds targeting apoptosis

inducing factor (AIF) or inhibitor of apoptosis (IAP). It is
therefore likely that we missed several molecular steps in

the cell death cascade initiated by each ototoxin. The

inhibitor library was carefully selected to include com-
pounds with well-characterized molecular targets. Still,

off-target interactions are possible, as are physical inter-

actions between inhibitor and ototoxin. Future experiments
will use a combination of pharmacology and genetic

manipulation to more thoroughly validate the pathway

profiles generated in the present study and to target the
‘‘missing links’’ in these profiles. Additionally, as this

screen employed an inhibitor approach, complementary

screens using cell death activation assays would offer
additional validation and target pathways not identified in

our study. Finally, additional experiments are required to

compare the pathways identified in the zebrafish lateral line
with those activated in the mammalian inner ear.
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Neurobiology of Disease

Disruption of Intracellular Calcium Regulation Is Integral to
Aminoglycoside-Induced Hair Cell Death

Robert Esterberg,1,2 Dale W. Hailey,1,3 Allison B. Coffin,1,2,4 David W. Raible,1,3* and Edwin W. Rubel1,2,5*
1Virginia Merrill Bloedel Hearing Research Center, University of Washington, Seattle, Washington 98195, 2Department of Otolaryngology, Head and Neck
Surgery, University of Washington, Seattle, Washington 98195, 3Department of Biological Structure, University of Washington, Seattle, Washington 98195,
4College of Arts and Sciences, Washington State University, Vancouver, Washington 98686, and 5Department of Physiology and Biophysics, University of
Washington, Seattle, Washington 98195

Intracellular Ca 2! is a key regulator of life or death decisions in cultured neurons and sensory cells. The role of Ca 2! in these processes
is less clear in vivo, as the location of these cells often impedes visualization of intracellular Ca 2! dynamics. We generated transgenic
zebrafish lines that express the genetically encoded Ca 2! indicator GCaMP in mechanosensory hair cells of the lateral line. These lines
allow us to monitor intracellular Ca 2! dynamics in real time during aminoglycoside-induced hair cell death. After exposure of live larvae
to aminoglycosides, dying hair cells undergo a transient increase in intracellular Ca 2! that occurs shortly after mitochondrial membrane
potential collapse. Inhibition of intracellular Ca 2! elevation through either caged chelators or pharmacological inhibitors of Ca 2!

effectors mitigates toxic effects of aminoglycoside exposure. Conversely, artificial elevation of intracellular Ca 2! by caged Ca 2! release
agents sensitizes hair cells to the toxic effects of aminoglycosides. These data suggest that alterations in intracellular Ca 2! homeostasis
play an essential role in aminoglycoside-induced hair cell death, and indicate several potential therapeutic targets to stem ototoxicity.

Introduction
Ca 2! is a ubiquitous, highly versatile second messenger, respon-
sible for a broad range of physiological responses. The diversity of
its roles is exemplified in the seemingly contradictory role of
intracellular Ca 2! ([Ca 2!]i) in response to cell stressors, where it
can act as an initiator and effector of both prosurvival and procell
death responses (Orrenius et al., 2003; Harr and Distelhorst,
2010). Ca 2! homeostasis in the cytosol is particularly critical,
where Ca 2! concentration ([Ca 2!]cyt) is orders of magnitude
lower than in the extracellular environment (Clapham, 2007).
Elevated [Ca 2!]cyt has been observed in vitro in a number of cell
types exposed to apoptogenic agents (Kaiser and Edelman, 1977;
Schanne et al., 1979; Orrenius et al., 2003), implicating [Ca 2!]cyt

overload in cell death processes.
Despite the breadth of in vitro studies on the topic, little is

known about [Ca 2!]i dynamics during cell death in vivo, partic-
ularly as they relate to cytotoxic side effects associated with clin-
ical therapeutics. Hair cells are ideal for studying in vivo [Ca 2!]i

dynamics because their function and survival depend on proper
titration of [Ca 2!]i during detection and transmission of acous-
tic information. Hair cells contain a number of mobile Ca 2!

buffers and extrusion mechanisms to deal with these demands
(Rabie et al., 1983; Baird et al., 1997; Steyger et al., 1997; Hackney
et al., 2003; Hackney et al., 2005). Disruption of [Ca 2!]i balance
impairs hair cell function (LeMasurier and Gillespie, 2005; Voll-
rath et al., 2007; Gillespie and Muller, 2009; Jaalouk and Lam-
merding, 2009), and is implicated in several types of familial
nonsyndromic hearing loss (Cryns et al., 2003; Osman et al.,
2003; Schultz et al., 2005; Amr et al., 2007; Eisen and Ryugo, 2007;
Giacomello et al., 2012). Elevated [Ca 2!]i has been observed in
chick and mouse cochlear explants after exposure to ototoxic
agents (Hirose et al., 1999; Matsui et al., 2004). Support cells also
release waves of extracellular Ca 2! after hair cell damage (Piazza
et al., 2007; Lahne and Gale, 2008; Mann et al., 2009; Lahne and
Gale, 2010), implicating Ca 2! signaling in clearing damaged hair
cells. However, the location of inner ear hair cells unfortunately
obscures study of [Ca 2!]i dynamics surrounding manipulations
in vivo.

We have taken advantage of the surface location of hair cells in
the zebrafish lateral line system to study [Ca 2!]i dynamics during
ototoxin exposure in vivo. Lateral line hair cells, like those in
mammalian inner ear, undergo dose-dependent degeneration
when exposed to aminoglycoside antibiotics (Harris et al., 2003;
Coffin et al., 2010). We generated transgenic zebrafish lines con-
taining the genetically encoded Ca 2! indicator GCaMP3.0 (Tian
et al., 2009) targeted to hair cells to quantitatively study [Ca 2!]i

dynamics in both surviving and dying hair cells in the same
neuromasts after aminoglycoside exposure. Dying hair cells dem-
onstrate dramatic elevation in [Ca 2!]i immediately after mito-
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chondrial membrane potential collapse.
[Ca 2!]i remains stable in surviving hair
cells. In addition, pharmacological mod-
ulation of [Ca 2!]i dynamics modifies
aminoglycoside-induced hair cell death in
a manner consistent with the conclusion
that the events leading to elevation of
[Ca 2!]i are necessary and sufficient for
aminoglycoside toxicity.

Materials and Methods
Fish. Adult Danio rerio (zebrafish) were main-
tained in the University of Washington ze-
brafish facility. Experiments were performed
on larvae of either sex raised to 5 d postfertil-
ization (dpf) in E3 embryo media (14.97 mM

NaCl, 500 !M KCl, 42 !M Na2HPO4, 150 !M

KH2PO4, 1 mM CaCl dehydrate, 1 mM MgSO4,
0.714 mM NaHCO3, pH 7.2) unless otherwise
indicated. All experiments were approved by
the University of Washington Institution Ani-
mal Care and Use Committee.

Transgenesis constructs. To establish the
Tg(myo6b:GCaMP3 )w78 transgenic line (here-
after cytoGCaMP), GCaMP3.0 was used as a
[Ca 2!]i sensor (Tian et al., 2009). Standard
Gateway (Invitrogen) cloning techniques were
used to generate transgenesis constructs under
the control of the hair cell-specific myosin6b
promoter (Obholzer et al., 2008). Briefly, em-
bryos were injected at the one cell stage with
"200 pg of transgenesis construct and 40 ng of
transposase mRNA. Embryos were screened
for GCaMP-positive hair cells at 3 dpf and were
grown to adulthood. Adults were screened for
germline incorporation through pairwise mat-
ings, and a founder line was chosen based on
fluorescence intensity. Offspring were subse-
quently generated through pairwise matings to
wild-type (*AB) adults.

Vital dyes. To monitor changes in mito-
chondrial membrane potential, larvae were
incubated in 20 nM tetramethylrhodamine
ethyl ester (TMRE; Invitrogen) in E3 for 20
min and were washed 3# in embryo media
before imaging. For hair cell survival
analyses, 2-[4-(dimethylamino)styryl]-N-
ethylpyridinium iodide (DASPEI) was used
to stain hair cells within neuromasts. Larvae
were incubated in embryo medium contain-
ing 0.005% DASPEI for 15 min. The ze-
brafish were then rinsed 3# in embryo
medium, anesthetized in MESAB (MS-222; ethyl-m-aminobenzoate
methanesulphonate), and analyzed under an epifluorescence dissect-
ing microscope equipped with a DASPEI filter set (excitation 450 –
490 nm and barrier 515 nm).

Drug treatment. Neomycin and gentamicin (Sigma-Aldrich) were used
at indicated concentrations in embryo media. For all experiments, larvae
were exposed to aminoglycoside for either 30 or 60 min.

Leupeptin (Calbiochem) and the CaM inhibitors A7 and W7 (Tocris
Bioscience) were dissolved in DMSO. Optimal concentrations were de-
termined by the concentrations found to confer maximal protection in
the presence of 200 !M neomycin (see Figs. 10A and 11A). These were as
follows: leupeptin, 500 !M; A7, 30 !M; W7, 20 !M. Controls were treated
identically with 0.5% DMSO.

Hair cell survival. Larvae were pretreated in Ca 2! modulators for 60
min, followed by coadministration with the specified concentration of
neomycin for either 30 or 60 min. They were then washed 3# in E3 and

allowed to recover for 30 min. Hair cell survival was assayed either with
DASPEI (Harris et al., 2003) or with anti-parvalbumin antisera (Steyger
et al., 1997). For DASPEI assessment, relative fluorescent intensity was
examined for 10 neuromasts per fish and 12 animals per treatment group
(Harris et al., 2003), whereas for anti-parvalbumin labeling the mean hair
cell counts across five neuromasts (IO4, M2, MI1, O1, and O2) (Raible
and Kruse, 2000) were calculated across at least five larvae. All survival
measures are reported as percentage survival after normalization to con-
trols. Controls for each experiment were treated identically, except for
the compound of interest.

Imaging. A total of 5 dpf larvae were immersed in E3-containing
0.2% MESAB (MS-222; ethyl-m-aminobenzoate methanesulpho-
nate) and stabilized using nylon mesh and a brain slice anchor harp
(Harvard Instruments) as a stabilizing weight so that neuromasts on
immobilized larvae had free access to surrounding media. Baseline
fluorescence readings were taken before aminoglycoside exposure in
30 s intervals for 5 min (a total of 10 readings). For images presented

Figure 1. Calibration of cytoGCaMP within lateral line hair cells. A, Change in fluorescence ($F/baseline) of living Tg(myo6b:
GCaMP3) lateral line hair cells during exposure to 5 !M ionomycin and 70 nM, 270 nM, or 610 nM extracellular Ca 2!. Baseline is
taken in 1 nM Ca 2!/5 mM EGTA and 5 !M ionomycin. Gray lines indicate data from individual cells, and red lines indicate the mean
response; n % 10 cells from one neuromast. B, Mean responses of living Tg(myo6b:GCaMP3) lateral line hair cells during exposure
to 5 !M ionomycin and varying levels of extracellular Ca 2!. Baseline is taken in 1 nM Ca 2!/5 mM EGTA and 5 !M ionomycin, and
values are expressed as SDs around baseline (signal-to-noise ratio [SNR]). C, Frequency of SDs around baseline (expressed as
maximum SNR) of the mean cytoGCaMP response after addition of indicated extracellular [Ca 2!] and EGTA in the presence of
ionomycin. D, Plot of maximal fluorescence [($F/baseline)max] and extracellular Ca 2!. Error bars indicate SEM; n % 7– 40 cells
from " 3 neuromasts. E, Hair cell survival after 30 min exposure to extracellular Ca 2!. Error bars indicate SEM; n & 7 neuromasts.
Dying cells were not used in data acquired in A to D.
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here, baseline readings were shortened to five readings. Aminoglyco-
side was added as a 4# concentrated stock to achieve the indicated
final concentration, and additional fluorescence intensity readings
were acquired in 30 s intervals for 60 min. Images were taken using a
Marianas spinning disk system (Intelligent Imaging Innovations)
equipped with an Evolve 10 MHz EMCCD camera (Photometrics)
and a C-Apochromat 63#/1.2 NA Water Objective (Carl Zeiss). Cam-
era intensification was set to keep exposure times ' 50 ms for GCaMP
and 250 ms for TMRE; pixel intensities were ' 25% of saturation.
Z-sections were taken at 2 !M intervals through the depth of the
neuromast, typically over a total of 12 !M. GCaMP fluorescence was
acquired with a 488 nm laser and 535/30 emission filter. TMRE
fluorescence was acquired with a 561 nm laser and 617/73 emission
filter.

cytoGCaMP calibration. Ca 2! responsiveness of GCaMP in cytoG-
CaMP transgenic animals was determined by first exposing larvae to
E3-containing 0 mM Ca 2! and 5 mM EGTA in the presence of 5 !M

ionomycin (in 0.1% DMSO; Sigma-Aldrich) for 30 min. This led to a
reduction in [Ca 2!]i and subsequent stabilization in GCaMP fluores-
cence, confirmed through imaging and analysis (data not shown). The
40, 70, 540, 610, 700, 1.1, and 1.2 !M Ca 2! was then added back (as 0.14,
0.22, 0.9, 1.76, 1.96, 2.2, 3.28, 3.6, 3.8, 3.95, 4.1, and 4.5 mM E3 stocks,
with 5 mM EGTA), and images were taken as described above for 30 min,
with baseline imaging for 5 frames (2.5 min) before extracellular Ca 2!

application. Additional neuromast imaging was performed for 1 h with 0
mM Ca 2!/EGTA in the presence of 5 !M ionomycin to confirm that
Ca 2!-free conditions were nontoxic to hair cells. After addition of Ca 2!,
hair cell number at the end of imaging was compared with hair cell
number present during baseline imaging. Dying cells were not used in
cytoGCaMP response analyses.

Fluorescence image analysis. Each neuromast was imaged for a total of
" 65 min. Images were collected at 30 s intervals. Unless otherwise indi-
cated, aminoglycoside (neomycin or gentamicin) was added after a base-
line imaging period of 5 min. This yielded 10 baseline images and " 120
images with the drug or drugs present.

The 4-D stacks were converted to projection images for analysis of
fluorescence intensity. Average and maximum intensity projections of
the same regions of interest were evaluated, both displaying similar
trends and a good linear fit between maximal fluorescence of projection
types when graphed against one another (r 2 % 0.94; data not shown). We
opted to analyze maximum intensity projections to minimize small (' 2
!m) variances in Z drift across neuromasts. The cytoplasm of each hair
cell contained "160 pixels within each Z plane, minimizing concerns of
possible undersampling with this projection method.

Each individual hair cell was categorized as living or dying based on its
survival or clearance from the neuromast during the 60 min aminogly-
coside exposure. Previous studies indicate that hair cell loss resulting
from neomycin exposure in the concentration range used here is com-
plete by this time (Owens et al., 2007). cytoGCaMP and TMRE fluores-

cence intensity were calculated relative to the mean baseline intensity of
each individual hair cell before aminoglycoside exposure. For each treat-
ment condition, at least three experiments were performed on different
days. Unless otherwise noted, fluorescence intensity of no more than
three cells per neuromast and two neuromasts per larvae from the IO4,
M2, MI1, O1, or O2 neuromasts were used in the analyses. Dying cells
were randomly chosen independent of their position, starting intensity,
or time of clearance.

Typically, there was ' 50 pixel (at 0.207 !m/pixel under our imag-
ing conditions) XY drift and ' 2 !m Z drift of image field in raw
time-lapse movies. Images with " 2 !m Z drift were discarded. Image
auto-alignment was performed with SlideBook software (Intelligent
Imaging Innovations). After alignment, there was typically ' 5 pixel
XY drift. ROIs outlining the cell of interest were drawn by hand,
enabling us to correct for individual cell movement when necessary.
In some cases, a sudden increase in pixel intensity confused the align-
ment algorithm, resulting in XY jitter. In these instances, ROIs were
redrawn frame-by-frame to encompass the same cell throughout the
interval of analysis.

Photolysis of caged diazo2 and EGTA. Embryos were injected at the one
cell stage with either "1 nl of 25 mM NP-EGTA (dissolved in 100 mM

KCl, 40 mM HEPES, pH 7.2) or "1 nl of 25 mM diazo-2 (dissolved in 100
mM KCl, 10 mM EGTA, 10 mM MOPS, pH 7.2) as previously described
(Leung et al., 2009). At 5 dpf, compounds were activated via photolysis.
For hair cell counts, larvae were exposed to UV light from a transillumi-
nator for 30 s, where they were then allowed to rest for 5 min and subse-
quently exposed to the indicated concentration of neomycin for 60 min.
To measure the effectiveness of uncaging, caged compounds were coin-
jected with cytoGCaMP transgenesis constructs. Larvae were mounted
for imaging, and baseline fluorescence readings were taken as described
above, after which they were exposed to a 1–3 ms pulse from a 405 nm
photoactivation laser. Although not directly comparable to our more
global method of uncaging via transilluminator, we were nonetheless
able to confirm the activity of our caged compounds in this manner (see
Fig. 8).

Hair cell position and initial cytoGCaMP intensity. Hair cell positions
were defined as central or peripheral based on the distance of their nuclei
from the center of the clustered hair cell stereocilia bundles. Central hair
cells were defined as containing nuclei within a 5 !m radius from the
center of the stereocilia bundle cluster, and peripheral hair cells contain-
ing nuclei 5–10 !m away. For comparison of initial intensities, mean
baseline intensities of the first 10 frames were compared either between
central and peripheral cells or living and dying cells. For this analysis, all
hair cells within a neuromast were included.

Statistics. Graphpad Prism Software (version 5.0) was used for the
statistical analyses indicated. Error bars indicate either SEM or SD, as
indicated.

Figure 2. Cytoplasmic Ca 2! transients precede cell death in lateral line hair cells exposed to aminoglycoside antibiotics. Heat-mapped, time-lapse image of a Tg(myo6b:GCaMP3) anterior lateral
line neuromast exposed to 50 !M neomycin. Time (min:sec) after neomycin administration is indicated. Cells that die and are extruded from the neuromast are highlighted with dashed lines. Note
that cytoGCaMP fluorescence in living cells remains largely static, whereas that of dying cells peaks shortly before clearance from the neuromast.
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Results
Elevated [Ca 2!]cyt occurs during aminoglycoside-induced
hair cell death
Previous studies of [Ca 2!]i regulation in hair cells in response to
aminoglycoside exposure have used inner ear sensory epithelium
explants. These studies were limited to cross-sectional analyses
(Hirose et al., 1999; Matsui et al., 2004). To determine whether
aminoglycoside-induced hair cell death triggers elevated [Ca 2!]i

in zebrafish hair cells in vivo, we generated a transgenic zebrafish
line driving GCaMP3.0 under the control of the hair cell-specific
myosin 6b (myo6b) promoter [Tg(myo6b:GCaMP3 ), hereafter re-
ferred to as cytoGCaMP] to monitor changes in [Ca 2!]cyt after
aminoglycoside exposure.

We initially attempted to translate the in vitro biophysical
characterization of GCaMP3 (Tian et al., 2009; Akerboom et al.,
2012) into a meaningful physiological context within hair cells.
We first depleted free Ca 2! within hair cells by exposing trans-
genic cytoGCaMP larvae to embryo medium containing 0 mM

Ca 2! and 5 mM EGTA in the presence of 5 !M ionomycin. Under
these conditions, cytoGCaMP fluorescence dropped significantly
below baseline levels and reached a steady state within 30 min
after exposure (data not shown). We then added extracellular
Ca 2! at increasing concentrations to determine the minimum
changes in [Ca 2!] that cytoGCaMP was capable of detecting un-
der our imaging conditions (Fig. 1). Representative and mean
changes in fluorescence after addition of 70 nM, 270 nM, and
610 nM Ca 2! are shown in Figure 1A. cytoGCaMP of most hair
cells within a neuromast responded quickly to addition of
[Ca 2!] & 40 nM, although the strength and timing of the initial
response depended on [Ca 2!] added. In all cases, fluorescence
increased and plateaued, reaching maximal fluorescence
[($F/background)max] within 3 min after Ca 2! addition. Av-
erage changes in fluorescence over time after 1–270 nM Ca 2!

addition, represented as the ratio to SD of control data, are
illustrated in Figure 1B, C. These measurements show the ap-
proximate threshold of detectable response to exogenous
Ca 2!: 40 nM Ca 2! elicited a slight cytoGCaMP response 2–3
SDs above baseline, whereas 70 nM Ca 2! elicited a more sub-
stantial response of 4 – 8 SDs above baseline (Fig. 1B, C). Over-
all, maximal cytoGCaMP fluorescence responded to 40 nM to
2.1 !M Ca 2! in a dose-dependent manner (r % 0.93, p '
0.001; Fig. 1D). At 540 nM Ca 2!, slightly above the 400 nM Kd

of GCaMP3 (Akerboom et al., 2012), we detected maximal
fluorescence of 0.5-fold above baseline levels. At 1.2 !M Ca 2!,
above the saturation point of purified GCaMP3 in vitro (Tian
et al., 2009), we detected maximal fluorescence of 0.8-fold
above baseline levels (Fig. 1D). Between 1.2 and 2.1 !M Ca 2!,
we observed the sharpest rise in maximal fluorescence to 3.3-
fold above baseline levels. Maximal fluorescence of fivefold
above baseline did not increase at concentrations & 2.5 !M

Ca 2!, indicating saturation of the sensor. Together, these data
indicate that we are capable of detecting [Ca 2!]cyt fluctuations
as low as 70 nM with cytoGCaMP and that the maximal fluo-
rescent GCaMP response of 6 is not achieved until saturation
occurs at & 2.1 !M extracellular Ca 2!.

Exposure to 0 mM Ca 2! in the presence of ionomycin was not
toxic to hair cells over the time assayed. Addition of [Ca 2!] & 70
nM induced hair cell death in "25% of hair cells within a neuro-
mast over the course of imaging (Fig. 1E). Dying cells were not
used in the evaluation of cytoGCaMP responsiveness. However,
these observations begin to implicate increased [Ca 2!]cyt and
altered [Ca 2!]i homeostasis in hair cell death.

To evaluate [Ca 2!]cyt within individual hair cells of a mixed
population of living and dying cells uniformly exposed to amino-
glycoside, we administered 50 !M neomycin, a concentration
that induces hair cell death in 20 – 40% of the lateral line hair cells
within a neuromast (Harris et al., 2003). Figure 2 shows a repre-
sentative example over the period where three hair cells that will
die and be extruded show a marked increase in [Ca 2!]cyt. We
found that all dying hair cells exposed to neomycin or gentamicin
exhibited sharp peaks in cytoGCaMP fluorescence shortly before
neuromast clearance. Typical fluorescence measurements of nine

Figure 3. Cytoplasmic Ca 2! dynamics in lateral line hair cells after aminoglycoside expo-
sure. A, B, E, F, Transformed ($F/baseline) fluorescence intensity data of individual dying (A, E)
or living (B, F ) Tg(myo6b:GCaMP3) hair cells exposed to 50 !M neomycin (A, B) or 50 !M

gentamicin (E, F ). Three cells each from three neuromasts are depicted; traces are color-coded
to illustrate neuromast of origin. Dying cells were chosen to highlight variability in the timing of
cell death. C, G, Mean intensity data of living (green) or dying (red) Tg(myo6b:GCaMP3) hair cells
exposed to 50 !M neomycin (C) or 50 !M gentamicin (G) aligned to the time point at which they
are cleared from the neuromast. Because living cells are not cleared, they are aligned to the end
of imaging (i.e., the last 60 min). D, H, Plot of the time at which half-maximal [($F/
baseline)half-max] Tg(myo6b:GCaMP3) intensity ratios or cell clearance occur in response to in-
creasing neomycin (D) or gentamicin (H ) concentrations. p value indicates significance of the
correlation coefficient. In all grouped data, error bars indicate SEM; n % 15 from & 5 neuro-
masts and experimental runs.
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dying hair cells from three neuromasts are shown in Figure 3A, E.
Note that sharp peaks in cytoGCaMP fluorescence 2- to 4-fold
above baseline are seen just before clearance. In contrast, the
typical behaviors of nine living cells from three neuromasts are
shown in Figure 3B, F; as illustrated here, cytoGCaMP fluores-
cence typically fluctuated ( 0.2-fold within hair cells that did not
die. Neither dying nor living cells from within the same neuro-
mast appeared to undergo coordinated [Ca 2!]i changes during
our imaging period.

To determine whether we could detect a response to amino-
glycoside exposure in surviving hair cells, we computed the fluo-
rescent intensity mean and SD during the 5 min baseline period
for each of 15 surviving hair cells that were exposed to 50 !M

neomycin and 10 control hair cells exposed to embryo medium
alone. For each hair cell, we then counted the number of times
fluorescence increased & 2 SD above baseline during the ensuing
60 min. We observed no significant differences in the number of
peaks oscillating & 2 SDs around baseline compared with hair
cells not exposed to aminoglycoside (23.5 ( 4.3 for controls vs
29.9 ( 5.4 for living cells, mean ( SEM).

As illustrated in Figure 3A, E, the death and extrusion of indi-
vidual hair cells in a neuromast happen quickly and are not syn-
chronized with other overt events. Aligning fluorescence
intensity data to the time point at which hair cells were cleared
from the neuromast allowed grouped comparisons of [Ca 2!]cyt

dynamics of dying hair cells within and across neuromasts ex-
posed to either neomycin or gentamicin. Grouped data (Fig.

3C,G) aligned in this way resembled traces
from individual cells, suggesting that
changes in [Ca 2!]cyt are stereotyped
among dying hair cells. Moreover, cyto-
GCaMP behaviors in hair cells exposed to
either neomycin or gentamicin are mark-
edly similar. The initial cytoGCaMP fluo-
rescence increase in dying hair cells
exposed to either aminoglycoside begins
"8 min before cell clearance. The half-
maximal change in cytoGCaMP fluores-
cence [($F/background)half-max] occurs
"4 min before cell clearance. Increasing
aminoglycoside concentration decreases
the latency at which half-maximal change
occurs after exposure but has little effect
on the behavior of the cytoplasmic peak or
its timing relative to cell clearance (Fig.
3D,H). This observation indicates that
aminoglycoside concentration directly af-
fects the timing of large-scale [Ca 2!]i dys-
regulation observed within dying cells.
That the peak occurs before clearance and
independent of aminoglycoside concen-
tration suggests that such dysregulation
may be instrumental in the cell death
process.

Early [Ca 2!]cyt is not predictive of
aminoglycoside susceptibility
The reasons for incomplete aminoglycoside
toxicity are poorly understood and perplex-
ing because all hair cells within a neuromast
are presumably exposed to nearly identical
aminoglycoside concentrations. We ana-
lyzed grouped data aligned at the onset of

imaging to determine whether aminoglycosides initiate early
[Ca2!]cyt responses that influence cell death or survival (Fig. 4). We
observed no significant difference in cytoGCaMP response between
cells that would eventually die and their living counterparts after
exposure to either 50 !M neomycin (Fig. 4A) or 50 !M gentamicin
(Fig. 4B). No differences were observed when cumulative $F/base-
line ratios were compared (Fig. 4C).

We next examined whether hair cell location or initial
[Ca 2!]cyt had any bearing on aminoglycoside susceptibility.
We divided hair cells within a neuromast into central or pe-
ripheral categories based on the distance of hair cell nuclei
from center of the stereocilia bundles. No significant relation-
ship between toxicity and hair cell location could be discerned
after exposure to 50 !M neomycin (Fig. 5A). Range of baseline
cytoGCaMP intensities between central and peripheral loca-
tion overlapped when all hair cells within a neuromast were
compared (Fig. 5B). Moreover, we were unable to detect a
difference in baseline cytoGCaMP intensity between dying
hair cells hair cells in neuromasts exposed to 50 !M neomycin
(Fig. 5C). We conclude that neither cytoGCaMP fluorescence
before or after initial aminoglycoside addition nor hair cell
position is predictive of whether a cell lives or dies.

[Ca 2!]cyt increases during hair cell death independent of
aminoglycoside concentration
We next sought to determine how [Ca 2!]i varies with the degree
of aminoglycoside exposure (Fig. 6). We first compared changes

Figure 4. Early cytoplasmic Ca 2! response is indistinguishable between cells that are resistant or susceptible to aminoglyco-
sides. A, B, Mean cytoGCaMP response of cells that are resistant (gray) or susceptible (black) for the initial 10 min after 50 !M

neomycin (A) or 50 !M gentamicin (B) exposure. C, Cumulative cytoGCaMP fluorescence (expressed as cumulative $F/baseline) of
aminoglycoside resistant (gray) or susceptible (black) cells. Error bars indicate SEM; n % 18 and 20 neomycin-treated resistant and
susceptible cells, respectively, from & 6 neuromasts, and 15 each of gentamicin-treated resistant or susceptible cells from 5
neuromasts.

Figure 5. Initial cytoplasmic Ca 2! levels are not indicative of cell position within a neuromast or aminoglycoside susceptibility.
A, Percentage of dying hair cells within a neuromast exposed to 50 !M neomycin. Central hair cells were defined as containing
nuclei within a 5 !m radius from the center of the stereocilia bundle cluster, and peripheral hair cells containing nuclei 5–10 !m
away. Error bars indicate SEM; n % 7 neuromasts. B, Mean (inner bar) and range (outer bars) of mean baseline intensity of all
centrally and peripherally located hair cells of 5 neuromasts. C, Mean (inner bar) and range (outer bars) of mean baseline intensity
of all dying and living hair cells of 5 neuromasts exposed to 50 !M neomycin.
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in cytoGCaMP fluorescence between hair cells from the same
neuromasts that were destined to live or die from exposure to
intermediate concentrations of either neomycin or gentamicin.
Maximum fluorescence of living cells exposed to either neomycin
or gentamicin was similar and not significantly different from
controls (Fig. 6A). As expected, dying cells exposed to either 50
!M neomycin or 50 !M gentamicin exhibited significant eleva-
tions in fluorescence intensity compared with living counterparts
or to controls (all p ' 0.0001; Fig. 6A). Maximal cytoGCaMP
intensities among dying cells were on average approximately
threefold above baseline, regardless of the concentration of neo-
mycin or gentamicin exposure (Fig. 6A). Maximal cytoGCaMP
values of dying hair cells did not show dose-dependent behavior
with respect to increasing concentrations of neomycin (r %
) 0.08; Fig. 6B). This is unlikely to be the result of saturation of
the Ca 2! sensor as we were able to achieve $F/baseline as high as
8 in other contexts (data not shown).

To address whether the microenvironment of dying cells
might influence GCaMP fluorescence regardless of Ca 2!, and
therefore complicate the interpretation of the GCaMP signal, we
engineered fluorophores that lack the Ca 2! binding domain of
GCaMP (cpGFP). Fluorescence of these targeted cpGFP con-
structs did not change in dying cells exposed to 50 !M neomycin
(Fig. 6A), demonstrating that cellular events that occur during
death (e.g., acidification, proteolysis, membrane permeabiliza-
tion) do not affect Ca 2! measurements by altering GCaMP flu-
orescence in a non-Ca 2!-dependent manner.

Elevated [Ca 2!]i occurs after mitochondrial
potential collapse
Aminoglycosides are capable of direct interaction with mito-
chondrial translation machinery (Wirmer and Westhof, 2006;
Hobbie et al., 2008). In addition, changes in mitochondrial pro-
ton gradient and morphology accompany aminoglycoside expo-
sure in zebrafish and mammalian hair cells (Dehne et al., 2002;
Owens et al., 2007; Tiede et al., 2009; Jensen-Smith et al., 2012),
supporting the hypothesis that such interactions may underlie
aminoglycoside toxicity in sensitive cells. To visualize changes in
Ca 2! compared with dynamic behaviors of mitochondria after
aminoglycoside exposure, we monitored cytoGCaMP fluores-
cence in hair cells colabeled with the potentiometric mitochon-
drial dye, TMRE. Increased TMRE loading is indicative of
increased mitochondrial membrane potential, whereas its redis-
tribution into cytoplasm indicates opening of mitochondrial
transition pore and loss of membrane potential (Pinton et al.,
2008; Giorgi et al., 2012).

We measured TMRE and [Ca 2!]i responses in hair cells after
exposure to 400 !M neomycin, a concentration that results in
death of all hair cells in neuromasts (Harris et al., 2003). After
neomycin exposure, mitochondrial TMRE labeling remained
stable for a brief time. Approximately 15 min before cell clear-
ance, labeling increased "0.5-fold to onefold above baseline.
TMRE label then redistributed to the cytoplasm before cell clear-
ance, and cytoGCaMP peaks were consistently observed after TMRE
redistribution (Fig. 7A,B). When group data were aligned to TMRE
redistribution [($F/background)half-min], half-maximal cyto-
GCaMP levels were reached "1 min later (Fig. 7C,D). Cell clear-
ance occurred "5 min after TMRE redistribution (Fig. 7C,D).
These data demonstrate that the increase in [Ca 2!]cyt directly
follows mitochondrial potential collapse.

Modulation of [Ca 2!]i alters aminoglycoside toxicity
We next sought to determine how directly modulating [Ca 2!]i

affects aminoglycoside-induced toxicity. To do so without dis-
rupting hair cell development or function, we injected caged
modulators of [Ca 2!]i. These modulators remain inactive until
exposed to UV light. Caged compounds were injected at the one
cell stage; at 5 dpf, we confirmed that they modulate [Ca 2!]i

within hair cells. Caged EGTA preloaded with Ca 2! was used as a
Ca 2! release agent (Ellis-Davies et al., 1996; Ellis-Davies and
Barsotti, 2006) to artificially elevate [Ca 2!]i within hair cells.
Conversely, the caged Ca 2! chelator diazo2 (Zucker, 1994) was
used to artificially depress [Ca 2!]i within hair cells. Ultraviolet
exposure of hair cells containing caged EGTA caused cyto-
GCaMP fluorescence to increase "30% above baseline within 1
min (Fig. 8A,B). Introduction of inactive caged compound or
exposure to UV light alone had no effect on cytoGCaMP fluores-
cence (Fig. 8A) or susceptibility to neomycin (Fig. 9A). Activa-
tion of caged EGTA had two important results, also shown in
Figure 9A. First, as expected, elevation of [Ca 2!]i, even in the

Figure 6. Dose-independent response of cytoplasmic Ca 2! within dying lateral line hair
cells to aminoglycoside exposure. A, Maximal intensity ratios of Tg(myo6b:GCaMP3) compared
between living and dying cells exposed to increasing concentrations of neomycin and gentami-
cin. Corresponding signal-to-noise ratios (SNR) are indicated on the right axis. Data are mean(
SEM indicated for each group. Cells expressing cpGFP die after exposure to 50 !M neomycin.
Note that there is little variability in [Ca 2!]i response in hair cells that live (or in cpGFP-
expressing cells that die) regardless of condition, whereas the variability of the GCaMP3.0 re-
sponse is much greater, although the level of the response does not depend on neomycin
concentration. ***p ' 0.0001 (one-way ANOVA, Dunnett post-test). B, Linear regression anal-
ysis of maximal intensity ratios in response to increasing neomycin concentrations. Error bars
indicate SEM; n % 15 from & 5 experimental runs.
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absence of neomycin, was moderately toxic to hair cells, resulting
in the death of "25% of the hair cells in each neuromast. Second,
activation of caged EGTA before neomycin treatment resulted in
"30% increased hair cell death across all neomycin concentra-
tions assayed (p ' 0.0001; two-way ANOVA). These data indi-
cate that relatively moderate increases in [Ca 2!]i can be toxic to
hair cells and that elevated [Ca 2!]i sensitizes hair cells to the toxic
effects of aminoglycoside exposure.

In contrast, artificially depressing [Ca 2!]i protected hair cells
from damage by aminoglycosides. Exposure of hair cells with
caged diazo2 to UV light decreased cytoGCaMP fluorescence 0.3-
fold below baseline within 1 min after UV exposure (Fig. 8B),
confirming that activation chelates Ca 2!. Activation of caged
diazo2 before neomycin exposure reduced neomycin-induced
hair cell death across all concentrations assayed (Fig. 9B,C). The
most robust protection occurred at neomycin concentrations
& 100 !M (p ' 0.0001; two-way ANOVA). Neither UV light
alone nor caged (inactive) compound had an effect on cytoG-
CaMP fluorescence (Fig. 8B) or hair cell number, either alone or
in the presence of neomycin (Fig. 9B,C). Although we cannot
directly compare cytoGCaMP fluorescence after uncaging with

hair cell survival, they confirm that these caged modulators are
capable of altering [Ca 2!]i after UV exposure.

Ca2! proteins promote aminoglycoside-induced hair
cell death
Initiation of Ca 2!-dependent responses frequently relies upon
the activation of Ca 2! effectors within a cell. Of these, calmodu-
lin is perhaps the most common and well characterized. Because
it can mount both pro-survival and pro-cell death responses dur-
ing Ca 2!-induced cytotoxicity (Clapham, 2007), we sought to
determine whether calmodulin inhibition influenced aminogly-
coside toxicity in a manner consistent with that seen by diazo2
activation. Coadministration of neomycin with A-7 or W-7, spe-
cific pharmacological inhibitors of calmodulin (Hidaka and
Tanaka, 1983; Itoh and Hidaka, 1984), reduced hair cell death
across all concentrations of neomycin exposure (p ' 0.0001;
two-way ANOVA; Fig. 10B). A-7 and W-7 afforded the most
protection against hair cell death at neomycin concentrations
& 100 !M, where hair cell numbers were "60% greater than in
the presence of neomycin alone. Together, these data suggest that
calmodulin does not activate pro-cell survival responses in re-

Figure 7. Timing of cytoplasmic Ca 2! peaks relative to loss of mitochondrial membrane potential. A, Heat-mapped, time-lapse image of Tg(myo6b:GCaMP3) anterior lateral line neuromasts
colabeled with the potentiometric vital dye TMRE and exposed to 400 !M neomycin. Time indicates seconds relative to TMREhalf-min of the outlined cell, corresponding with TMRE redistribution from
mitochondria into cytoplasm. Note that TMRE redistribution occurs before elevated cytoGCaMP fluorescence. B, Transformed ($F/baseline) fluorescence intensity data of individual dying Tg(myo6b:
GCaMP3) hair cells (solid lines) labeled with TMRE (dashed lines) and exposed to 400 !M neomycin. Cells were chosen to highlight variability in both TMRE response and cell death. Note the reduction
in TMRE fluorescence, corresponding with cytoplasmic TMRE redistribution, before cytoGCaMP peaks. C, Mean fluorescent intensity data of Tg(myo6b:GCaMP3) in dying anterior lateral line hair cells
colabeled with TMRE and exposed to 400 !M neomycin. Data are aligned to TMREhalf-min, corresponding with TMRE redistribution from mitochondria into cytoplasm. D, Comparison of the timing
at which cytoGCaMP reaches half-maximal intensity relative to TMREhalf-min as they occur within the same cells. Error bars indicate SEM; n % 10 from & 3 experimental runs.
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sponse to elevated [Ca 2!]i; instead, they are consistent with a
pro-cell death role of [Ca 2!]i during aminoglycoside-induced
hair cell death.

In its role as an orchestrator of cell death, Ca 2! also activates
a number of proteins involved in cellular degradation. These in-
clude calpains, a family of cysteine proteases that are nonlyso-
somal in origin (Goll et al., 2003). The rise in [Ca 2!]i observed
during hair cell death raised the possibility that aminoglycoside
exposure promotes the activity of Ca 2!-activated proteases. To
evaluate this possibility, we examined aminoglycoside toxicity in
the presence of leupeptin, a broad-spectrum cysteine protease
inhibitor (Wang, 1990). Coadministration of neomycin with leu-
peptin abrogated hair cell death by "40% across multiple con-
centrations of neomycin (p ' 0.0001; two-way ANOVA; Fig. 11),
resembling the protection observed in mammalian hair cells in
vitro with gentamicin treatment (Ding et al., 2002; Shimizu et al.,
2003; Momiyama et al., 2006). Together, these results suggest that
Ca 2! effectors act downstream of the [Ca 2!]i elevation we ob-

served in dying hair cells exposed to aminoglycosides to promote
cell death progression.

Discussion
Ca 2!regulation is a key process in the life and death of a cell.
Mechanisms involved in the control of [Ca 2!]i homeostasis have
been extensively studied, but longstanding challenges persist,
particularly in validating in vitro studies in in vivo systems. Al-
though transient changes in [Ca 2!]cyt have been observed when
in vitro cochlear hair cell preparations are exposed to aminogly-
cosides (Hirose et al., 1999; Matsui et al., 2004), technical limita-
tions have prevented the precise establishment of the roles for
[Ca 2!]i in hair cell death. We generated transgenic zebrafish lines
expressing hair cell-specific Ca 2! indicators that enable us to
visualize [Ca 2!]cyt dynamics during aminoglycoside-induced
hair cell death in vivo. The highly reliable nature of the dose–
response relationship between aminoglycoside exposure and de-
gree of cell death in larval zebrafish neuromasts has allowed direct
comparisons of [Ca 2!]i homeostasis in cells destined to live and
those destined to die within the same neuromast. Cytoplasmic
GCaMP fluorescence in these conditions increases approxi-
mately threefold above baseline levels in dying cells. The activa-
tion of caged Ca 2! modulators within hair cells alters both
[Ca 2!]cyt and susceptibility to aminoglycoside toxicity, and we
conclude that [Ca 2!]i is important for both the initiation and
progression of hair cell death induced by aminoglycosides.

Although our evidence appears to establish a role of [Ca 2!]i in
the death process, [Ca 2!]cyt involvement in hair cell survival is
far less clear. Low-level [Ca 2!]cyt oscillations, such as the ones
described here, are capable of encoding survival responses in
other contexts (Rong and Distelhorst, 2008) and raise the possi-
bility that a similar mechanism is instrumental here. Under the
appropriate conditions, [Ca 2!]cyt oscillations can initiate tran-
scriptional activation of stress response genes (Miyawaki et al.,
1996; Oukka et al., 1998; Randriamampita et al., 2003; White et
al., 2005; Zhong et al., 2006), inhibition of membrane channels
(Umemiya et al., 2001; Reidl et al., 2006), and inhibit Ca 2! move-
ment within the cell (Politi et al., 2006; Matsu-ura et al., 2006). All
of these responses seem a plausible strategy for mounting ami-
noglycoside resistance within hair cells. However, the oscilla-
tions we describe here were not distinguishable in frequency
or magnitude from those in untreated hair cells, which pre-
vents us from attributing protective effects to low-level
[Ca 2!]cyt fluctuations. Although we were capable of detecting
[Ca 2!]cyt as low as 70 nM, more sensitive genetically encoded
Ca 2! indicators may be necessary to delve further into this
issue. It is possible that future members of the GCaMP family
will prove useful in this regard.

Analysis of GCaMP fluorescence in hair cells treated with
ionomycin demonstrates that cytoGCaMP in vivo is responsive in
range from "100 nM to 2 !M extracellular [Ca 2!] after initial
ionomycin exposure in 1 nM extracellular Ca 2!/EGTA. Sensitiv-
ity ranges presented here differ from those observed with purified
GCaMP3, with detection limits at "160 nM and saturation at 1
!M free Ca 2! (Tian et al., 2009). Similarly, maximal fluorescence
changes of cytoGCaMP were half those of purified GCaMP3
(Tian et al., 2009). Such differences may be attributable to those
inherent in an intact biological organism. Multiple factors are
likely to alter the intracellular exposure of cytoGCaMP within
hair cells to our calibration media, including the gelatinous cup-
ula on the apical surface of lateral line hair cells that is thought to
regulate external [Ca 2!] (Russell and Sellick, 1976). For these
reasons, we are cautious about estimating the absolute levels of

Figure 8. Effectiveness of caged Ca 2! modulators at altering intracellular Ca 2! within
lateral line hair cells. A, $F/baseline of Tg(myo6b:GCaMP3) 1 min after exposure to UV light.
Where indicated, larvae were injected with caged diazo2 or caged EGTA at the one cell stage,
and then uncaged at 5 dpf. ***p ' 0.0001 between uncaged cells and controls (one-way
ANOVA, Bonferroni post-tests). UV/diazo-2 cells are also as expected significantly different from
UV/EGTA cells ( p ' 0.0001). Error bars indicate SEM. B, Heat-mapped, time-lapse images of
the lateral line neuromast of a Tg(myo6b:GCaMP3) larvae injected with caged EGTA at one cell
stage and exposed at 5 dpf to UV light. cytoGCaMP fluorescence increases after UV exposure
(uncaging). Time indicates seconds elapsed in relation to UV exposure.
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[Ca 2!]i changes after ionomycin treatment as we do not know
the actual extracellular [Ca 2!] to which hair cells are exposed.
Similarly, we are not able to accurately estimate the absolute lev-
els of [Ca 2!]i changes after aminoglycoside exposure.

Contribution of extracellular Ca 2! during hair cell death
Ca2!-mediated signal transduction is a common means of initiating
cellular processes in response to stimuli. This has been observed in

many systems, where transient extracellular and intercellular Ca2!

waves spread quickly over a short distance to surrounding cells
(Hofer and Lefkimmiatis, 2007; Decrock et al., 2011). Both mechan-
ical and drug-induced stimuli elicit intercellular Ca2! waves from
cochlear support cells in vitro and activate stress pathways in a man-
ner dependent upon stimulus amplitude and [Ca2!]i handling ca-
pabilities of the insulted cell (Piazza et al., 2007; Lahne and Gale,
2008; Mann et al., 2009; Lahne and Gale, 2010).

Figure 9. Ca 2! modulation alters toxicity of aminoglycoside antibiotics. A, B, Lateral line hair cell survival after injection and activation of caged EGTA preloaded with Ca 2! (A) or the caged Ca 2!

chelator diazo2 (B) after exposure to increasing concentrations of neomycin. Hair cell counts are of parvalbumin-positive hair cells. Error bars indicate SD; n % 6 neuromasts from each of five treated
larvae. *p ' 0.05 (two-way ANOVA, Tukey post-test). ***p ' 0.0001 (two-way ANOVA, Tukey post-test). C, Hair cells of 5 dpf zebrafish larvae stained with antisera against parvalbumin after UV
activation of the caged Ca 2! chelator diazo-2 and exposure to 200 !M neomycin. Lateral views of the zebrafish lateral line system under low magnification (10# magnification). Red clusters (such
as the one labeled in the box) label anterior lateral line neuromasts. The anterior of the zebrafish larvae faces left. High-magnification (63# magnification) views are of boxed neuromasts. Lateral
and apical views are indicated. Experimental treatments are as indicated.
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Although there exists no direct evidence of extracellular Ca 2!

release by support cells, one intriguing possibility to explain the
Ca 2! spikes we observe during hair cell death is that they origi-
nate within support cells and enter hair cells upon channel acti-
vation. Voltage-gated Ca 2! channels are primarily responsible
for Ca 2! influx across the plasma membrane. Because of their
slow inactivation kinetics and [Ca 2!]i regulation during neuro-
nal excitotoxicity, L-type (Cav1) voltage-gated Ca 2! channels are
often regarded as the best candidates for regulating Ca 2! influx
during aminoglycoside-induced hair cell death (Lipscombe et al.,
2004; Ali et al., 2011). Inhibition of Ca 2! influx/efflux machinery
brings with it an additional level of complexity. L-type Ca 2!

channel blockers, such as nifedipine and verapamil, also inhibit
mechanotransduction (Jorgensen, 1983; Baumann and Roth,
1986; Jorgensen and Kroese, 1995) and therefore aminoglyco-
side uptake and toxicity (Alharazneh et al., 2011), making it dif-
ficult to efficiently separate Ca 2! entry in this manner from
aminoglycoside-induced hair cell death.

In the kidney, another aminoglycoside-sensitive tissue, phar-
macological inhibitors of L-type Ca 2! channels have yielded
mixed results in protection against aminoglycoside exposure.
Modest protection against nephrotoxicity is afforded in the pres-
ence of some blockers, whereas others potentiate toxicity (Li et
al., 2009). The protective effects of these drugs have largely been
attributed to antioxidant properties unrelated to their role in
Ca 2! regulation (Berkels et al., 2005; Ali et al., 2011). The con-

tribution of extracellular Ca 2! to cell death after aminoglycoside
exposure remains unclear.

Disruption of [Ca 2!]cyt homeostasis during hair cell death
There is ample evidence linking disruptions in [Ca 2!]i homeo-
stasis with hair cell death. For example, the plasma membrane
Ca 2! ATPase isoform 2 (PMCA2) is defective is some cases of
human or murine sensorineural hearing loss (Street et al., 1998;
Penheiter et al., 2001; McCullough and Tempel, 2004; Schultz et
al., 2005; Carafoli, 2011; Giacomello et al., 2011; Mammano,
2011; Giacomello et al., 2012). Extensive hair cell death is ob-
served in mice carrying mutant alleles of PMCA2, which lack the
ability to efficiently extrude Ca 2! from the cytoplasm of hair cells
(Dumont et al., 2001; Penheiter et al., 2001; Spiden et al., 2008;
Bortolozzi et al., 2010). These data are consistent with our obser-
vations that elevated [Ca 2!]i alone is sufficient to induce hair cell
death.

Dysregulation of [Ca 2!]i homeostasis has been implicated in
cell death in a large number of neural conditions, including neu-
rotrophin withdrawal (Franklin and Johnson, 1992; De Bernardi
et al., 1996; Soler et al., 1998; Perez-Garcia et al., 2004; Perez-
Garcia et al., 2008), excitotoxicity (Bading et al., 1993; Lerea and
McNamara, 1993; Sattler et al., 1998; Szydlowska and Tymianski,
2010), and afferent deprivation during development (Zirpel et
al., 1995, 1998; Zirpel and Rubel, 1996). The occurrence of a
short, high intensity peak of [Ca 2!]cyt in dying hair cells is also
observed in neurons shortly after mitochondrial potential col-
lapse (Nicholls et al., 1999; Nicholls and Budd, 2000). This sub-
cellular Ca 2! increase is termed delayed Ca 2! deregulation
(Nicholls and Budd, 2000), and such [Ca 2!]cyt changes are capa-
ble of activating serine proteases, such as calpain (Moldoveanu et
al., 2002), resulting in the degredation of dying cells. Calpains can
be activated through other means, and some of these, such as
phospholipid binding (Leloup et al., 2010), are also known tar-
gets of aminoglycoside interaction (Orsulakova et al., 1976;
Schacht et al., 1977; Wang et al., 1984a, 1984b; Goodyear et al.,
2008). Elevated [Ca 2!]cyt within dying cells would, however, ar-
gue that delayed Ca 2! deregulation is at least a partial mechanism
for their activation.

Despite the reduction of aminoglycoside-induced hair cell
toxicity when [Ca 2!]i is artificially reduced or Ca 2! effectors are
compromised, such protection is incomplete. Although the dis-
ruption of [Ca 2!]cyt appears to be one causative factor underly-
ing aminoglycoside cytotoxicity, there are undoubtedly other
subcellular events occurring during hair cell death that contrib-
ute to this process. Other events that promote cell death, such as
ROS production, have been observed in inner ear hair cell ex-
plants after aminoglycoside exposure (Conlon and Smith, 1998;
Hirose et al., 1999; Wei et al., 2005). It is tempting to speculate
that ROS and elevated [Ca 2!]cyt are combinatorial in nature and
converge upon a common mechanism of cell death progression.
If so, such events would lend in vivo support to the two-hit model
of [Ca 2!]i-induced cell death originally proposed by Hajnoczky
and colleagues (Szalai et al., 1999), whereby elevated [Ca 2!]i

sensitizes the cell to other damaging events that, when combined,
trigger death.

Ototoxicity is a side effect associated with many therapeutic
agents (Ou et al., 2010; Warchol, 2010; Cianfrone et al., 2011;
Audo and Warchol, 2012; Ou et al., 2012). It will be interesting to
determine whether [Ca 2!]i responses to these ototoxic agents are
conserved. Understanding the details of [Ca 2!]i regulation and
mobilization may help in the design of drugs that avoid the oto-
toxicity seen in clinical uses of therapeutics.

Figure 10. Pharmacological inhibitors of calmodulin protect lateral line hair cells from
aminoglycoside-induced hair cell death. A, Optimal doses of A7 and W7 were determined by
pretreatment of inhibitor followed by coadministration with 200 !M neomycin. B, Lateral line
hair cell survival after pretreatment of the calmodulin inhibitors A7 (30 !M) and W7 (20 !M)
and subsequent coadministration with increasing doses of neomycin. Hair cell counts are of
parvalbumin-positive hair cells. Error bars indicate SD; n % 6 neuromasts from each of 5 treated
larvae. ***p ' 0.0001 (two-way ANOVA, Tukey post-test).

Figure 11. Pharmacological inhibitors of Ca 2!-activated serine proteases protect lateral
line hair cells from aminoglycoside-induced hair cell death. A, Optimal doses of leupeptin de-
termined by pretreatment of inhibitor followed by coadministration with 200 !M neomycin. B,
Lateral line hair cell survival after pretreatment of leupeptin (500 !M) and subsequent coad-
ministration with increasing doses of neomycin. Hair cell survival was assessed with DASPEI
scoring (Harris et al., 2003). Error bars indicate SD; n % 10 neuromasts from each of 12 treated
larvae. ***p ' 0.0001 (two-way ANOVA, Tukey post-test).
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Pre-Target Axon Sorting in the Avian
Auditory Brainstem
Daniel T. Kashima, Edwin W Rubel, and Armin H. Seidl*
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University of Washington, Seattle, Washington 98195-7923

ABSTRACT
Topographic organization of neurons is a hallmark of

brain structure. The establishment of the connections

between topographically organized brain regions has

attracted much experimental attention, and it is widely

accepted that molecular cues guide outgrowing axons

to their targets in order to construct topographic maps.

In a number of systems afferent axons are organized

topographically along their trajectory as well, and it has

been suggested that this pre-target sorting contributes

to map formation. Neurons in auditory regions of the

brain are arranged according to their best frequency

(BF), the sound frequency they respond to optimally.

This BF changes predictably with position along the

so-called tonotopic axis. In the avian auditory brain-

stem, the tonotopic organization of the second- and

third-order auditory neurons in nucleus magnocellularis

(NM) and nucleus laminaris (NL) has been well

described. In this study we examine whether the decus-

sating NM axons forming the crossed dorsal cochlear

tract (XDCT) and innervating the contralateral NL are

arranged in a systematic manner. We electroporated

dye into cells in different frequency regions of NM to

anterogradely label their axons in XDCT. The placement

of dye in NM was compared to the location of labeled

axons in XDCT. Our results show that NM axons in

XDCT are organized in a precise tonotopic manner

along the rostrocaudal axis, spanning the entire rostro-

caudal extent of both the origin and target nuclei. We

propose that in the avian auditory brainstem, this pre-

target axon sorting contributes to tonotopic map forma-

tion in NL. J. Comp. Neurol. 521:2310–2320, 2013.

VC 2012 Wiley Periodicals, Inc.

INDEXING TERMS: axon topography; pre-target axon sorting; auditory system; tonotopic organization; sound localization

Topographic organization of neurons and their connec-

tions is a fundamental characteristic of the nervous

system. Sensory modalities such as the retinotopic sys-

tem and the somatotopic system depend on the presence

of precise spatial organization of connections established

and maintained from sensory receptors to higher order

processing regions. In the same way, auditory centers in

the brain are arranged topographically: the auditory

sensory epithelium within the cochlea is arranged along a

frequency gradient serving to separate sound into fre-

quency components (Yates et al., 1992). In the auditory

system of both birds and mammals, successive stages

along ascending pathways from the cochlea maintain the

neighbor relationships of the acoustic sensory epithelium

(Schweitzer and Cant, 1984; Young and Rubel, 1986;

Angulo et al., 1990; Snyder and Leake, 1997; for review,

see Rubel and Fritzsch, 2002; Kandler et al., 2009). Spe-

cifically, the sound frequencies to which neurons in these

cell groups respond best (best frequency [BF]) progres-

sively and predictably shift with their anatomical position.

Thus, these neurons are arranged along a gradient of fre-

quency selectivity—or tonotopy. This organization differs

from other sensory systems in that tonotopy is not pres-

ent in nature; it is introduced by the cochlea.

The avian auditory brainstem is illustrated in a sche-

matic depicting a coronal cross section of the neural

circuit responsible for low-frequency sound localization

(Fig. 1A). Excitatory activity from each ear is conveyed

via the auditory nerves to the ipsilateral nucleus

D.T. Kashima’s current address is Vanderbilt School of Medicine, Box
44, 215 Light Hall, Nashville, TN 37232.

Grant sponsors: the University of Washington Howard Hughes Medical
Institute Integrative Research Internship Program (grant to D.T.K.); the
University of Washington Mary Gates Research Scholarship (to D.T.K.); the
University of Washington Levinson Emerging Scholars Program (grant to
D.T.K.); National Institutes of Health; Grant number: DC011343, DC03829
and DC04661.

*CORRESPONDENCE TO: Armin H. Seidl, Virginia Merrill Bloedel Hearing
Research Center, University of Washington, Box 357923, Seattle, WA
98195-7923. E-mail: armins@uw.edu

VC 2012 Wiley Periodicals, Inc.

Received June 8, 2012; Revised December 4, 2012; Accepted December
11, 2012

DOI 10.1002/cne.23287

Published online December 14, 2012 in Wiley Online Library
(wileyonlinelibrary.com)

2310 The Journal of Comparative Neurology | Research in Systems Neuroscience 521:2310–2320 (2013)

RESEARCH ARTICLE



magnocellularis (NM), the first relay point for auditory sig-

nals in the avian brain (Boord and Rasmussen, 1963;

Rubel and Parks, 1975; Parks and Rubel, 1978; Hackett

et al., 1982; Jhaveri and Morest, 1982a; Carr and Konishi,

1990). Axons from NM neurons project bilaterally to nu-

cleus laminaris (NL) (Parks and Rubel, 1975; Hackett

et al., 1982; Young and Rubel, 1983; Carr and Konishi,

1990). Each NL neuron receives excitatory input from

the ipsilateral and the contralateral NM, thereby receiv-

ing acoustic information from both ears. The axons

from both NMs cross the midline, forming the crossed

dorsal cochlear tract (XDCT) (Fig. 1A). Contralateral

NM axons constitute a delay line onto the ventral side

of NL (Fig. 1A) (Young and Rubel, 1983, 1986; Carr and

Konishi, 1990; Joseph and Hyson, 1993). This circuit is

considered to embody a modified Jeffress model for

sound localization (Jeffress, 1948; Overholt et al.,

1992; Seidl et al., 2010).

The neurons in both NM and NL are arranged in a precise

tonotopic manner (Rubel and Parks, 1975). In both NM and

NL, neurons with relatively high BFs are located in the ros-

tromedial region, whereas neurons with progressively lower

BFs are located in the progressively caudolateral region

(Rubel and Parks, 1975; Lippe and Rubel, 1985; Fukui and

Ohmori, 2004) (Fig. 1B). In addition to tonotopy of this cir-

cuit, cell morphology (Smith and Rubel, 1979; Jhaveri and

Morest, 1982a,b), axonal arborizations (Young and Rubel,

1986; Seidl et al., 2010), and physiological properties

(Fukui and Ohmori, 2004; Kuba et al., 2005) have been the

subject of extensive research. Remarkably, these and

many other properties display systematic spatial organiza-

tions correlating with the tonotopic map (Rubel and Parks,

1988; Nishino and Ohmori, 2009).

The purpose of this study was to examine the topo-

graphic organization of the NM axons in XDCT as they

cross the midline. Previous studies in a variety of sensory

and motor systems have shown an organization within

axon tracts, but final refinement of projections is

assumed to be dependent on molecular cues at the target

region (reviewed by Flanagan, 2006; Feldheim and

O’Leary, 2010). Because NM and NL are organized along

a rostromedial–caudolateral tonotopy, we hypothesized

that the organization of XDCT might follow a rostrocaudal

tonotopic axis. We further hypothesized that this organi-

zation would not be precise; it would show examples of

overlap and aberrant organization, consistent with the

need for precise sorting at the target site, NL. We found

that the position of labeled axons in XDCT was highly cor-

related with the position of the injection site along the

tonotopic axis in NM, but without ‘‘mistakes’’ that we

could identify. This supports our hypothesis that these

axonal trajectories are tonotopically arranged, providing a

highly accurate scaffold for the assembly of topographic

connections, but does not support the assumption of a

need for additional sorting to maintain tonotopy at the

target.

Figure 1. Schematic of avian sound localization circuit. A: Coronal

view of circuit. Auditory signals are relayed via the 8th nerve to nu-

cleus magnocellularis (NM). NM in turn sends out bifurcating axons

terminating on the ipsi- and contralateral nucleus laminaris (NL).

The projections crossing the midline form the crossed dorsal coch-

lear tract (XDCT). IV, 4th ventricle. Dorsal is up. B: Horizontal sche-

matic illustrating the measurement parameters, tonotopy in NM

and NL, and electroporation sites in different parts of NM along the

tonotopic axis. For both structures, cells in the most rostromedial

portions respond best to high-frequency (HF) sounds whereas more

caudolateral areas respond best to progressively lower frequencies

(LF). Fluorescence measurements of the injection sites were taken

along a 1,200-lm rectangle encompassing the boundaries of NM

beginning at the wall of the 4the ventricle and at a 48.2! angle rela-

tive to the midline. Measurements of filled XCDT axons were made

along the midline beginning where the wall of the 4th ventricle

begins to curve and ending 1,200 lm caudal from this point. Ros-

tral is up, and dorsal faces the reader. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Auditory brainstem axon topography

The Journal of Comparative Neurology | Research in Systems Neuroscience 2311



MATERIALS AND METHODS
Whole-brainstem preparations of late-stage chicken

embryos were explanted, and fluorescent dextrans of

different colors were used to label small regions of NM

at different regions along its tonotopic axis. Following

the anterograde transport of the dyes along XDCT, the

brainstem explants were fixed, cleared, and imaged. The

rostrocaudal position of labeled axons in XDCT was

quantified and compared with the location of the injec-

tion site.

Animals
A total of 92 white leghorn chicken (Gallus gallus

domesticus) embryos of embryonic day 20 and E21 (E20,

E21) were used, of which 19 were successfully labeled

and subsequently analyzed for this study. Hearing onset

in chickens is at E14–15 (Jackson and Rubel, 1978).

Chickens hatch on E21, by which time the brainstem

auditory responses to low frequencies mirror that of the

adult bird (Saunders et al., 1973).

All procedures were approved by the University of

Washington Institutional Animal Care and Use Committee

and conformed to NIH guidelines.

Multicell electroporation
The embryo was removed from the egg and rapidly

decapitated. The brain was extracted from the skull, the

cerebellum was removed, and the whole-brain prepara-

tion containing the auditory brainstem was blocked and

placed in a perfusion chamber with ice-cold oxygenated

(95% O2, 5% CO2) artificial cerebral spinal fluid (ACSF; in

mM: 130 NaCl, 3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 1

MgCl2, 2 CaCl2, and 10 glucose in filtered [18 MX] dH2O)

for 45 minutes (see Sanchez et al., 2011 for detailed

description of procedure).

The electroporation method has been described in

detail previously (Haas et al., 2001; Burger et al., 2005;

Sorensen and Rubel, 2006; Seidl et al., 2010). Briefly,

glass pipettes with a tip diameter of 0.5 lm were made

with a vertical pipette puller (model 700B, David Kopf

Instruments, Tujunga, CA). Tip shape and diameter were

confirmed under a light microscope. The pipette was filled

with a fluorescent dextran dye (Dextran, Alexa Fluor 488

or 568, D22910 or D22912, Molecular Probes, Grand

Island, NY; 10 kDa MW; 20 mM in 0.9% NaCl solution)

and connected to a Grass SD9 stimulator (Grass Technol-

ogies, West Warwick, RI) stimulator. Following a 45-

minute period in cold ACSF, the brainstem was placed

dorsal side up in petri dishes and partially covered with

ACSF. Following visual identification of the location of

NM, the dye-filled glass pipette was lowered into either

the rostromedial region (high frequency [HF]) or a more

caudolateral region (low frequency [LF]) of the left NM.

The ground electrode was placed in the ACSF surround-

ing the brain. Dye was electroporated under visual control

by passing 1-ms square voltage pulses (variable, set to

cause a 1–3-lA current through the pipette tip) at 200 Hz

through the glass pipette to deposit dye within NM cell

bodies. For cases in which two dyes were injected, the

process was repeated with a different colored dye, at a

distinct tonotopic position in NM different from the first.

Following electroporation, the brainstem was

incubated in oxygenated ACSF at room temperature (RT)

for 3–4 hours in the dark to allow for anterograde dye

transport along XDCT. Next, the brain was fixed in 4%

paraformaldehyde for 15–30 minutes at RT, rinsed 3X 10

minutes in phosphate-buffered saline, and placed in 70%

ethanol overnight at 4!C.

The fixed whole-brainstem preparation was then dehy-

drated by a series of ethanol steps and stored in a clear-

ing solution (Spalteholz solution, 3:5 mixture of benzyl

benzoate and methyl salicylate; adapted from MacDonald

and Rubel, 2008; Seidl et al., 2010) at 4!C for at least 12

hours prior to imaging. This clearing technique allowed us

to optically resolve filled axons deep into the tissue. No

further physical sectioning occurred.

Imaging
In preparations in which injection site(s) and labeled

NM axons along XDCT were identifiable, the whole-brain-

stem preparation was imaged from its dorsal side (same

side the injection was made) by using an inverted FV-

1000 confocal microscope (Olympus, Center Valley, PA).

3D image stacks from the whole brainstem were acquired

Data analysis and quantification
Measurements were conducted on maximum intensity

projections made from the image stacks. Images were

false colored and contrast enhanced by using Adobe Pho-

toshop (San Jose, CA).

From a dorsal view, intensity measurements of dyes

injected into NM were made along a 1,200-lm-long

rectangular area from the wall of the 4th ventricle angled

at a 48.2! angle from the midline (Fig. 1B). This is the

angle at which the tonotopic axis of NM is located relative

to the brainstem midline (Rubel and Parks, 1975; Lippe

and Rubel, 1985). Fluorescent signal intensity was

measured beginning at the edge of the 4th ventricle (cor-

responding to 0 lm) and was sampled every 3.11 lm

caudolaterally for a total distance of 1,200 lm. This

length of measurement was set to incorporate the extent

of injection site(s). The width of the measured rectangular

space was adjusted to incorporate the visible boundaries

of NM.

Kashima et al.
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The intensity values recorded along the tonotopic axis

of each NM on the side of the injection(s) were normal-

ized to span a range from 0 to 1. The center point of dye

electroporation was defined as the absolute maximum in

each intensity plot. Injection sizes were measured by

examining the rostromedial to caudolateral distance for

which the signal intensity surpassed the normalized value

of 0.5. The percentage of overlap between the two

injected dyes was determined by measuring the total dis-

tance along the NM tonotopic axis for which both dyes’

signal intensity surpassed 0.5 and overlapped.

Fluorescence labeling intensity in XDCT was also

sampled every 3.11 lm along a 1,200-lm length at the

midline. These measurements began at the most anterior

site where XDCT axons cross the midline, as determined

from pilot studies labeling the most rostral pole of NM.

This point is where the wall of the 4th ventricle begins to

curve caudally (Fig. 1B). Signal maxima were verified by

visually identifying corresponding labeled axons and

measuring their location along the rostrocaudal dimen-

sion. The mean location of labeled axons along the rostro-

caudal axis was calculated for each case in which two

different colored dyes were electroporated. For all cases,

these verified locations of single axons were recorded

and compared with the corresponding center of NM injec-

tion location. For the correlation in Figure 6, we excluded

datasets with an injection site that exceeded 25% of the

length of the tonotopic axis in NM.

To analyze the correlation of single cell bodies and

their contralateral axons (Fig. 7), we determined the

relative distances between filled cell bodies along the

tonotopic axis in NM (see above, Fig. 1B) and correlated

them with the relative distance of their corresponding

axons in XDCT along the rostrocaudal axis.

All statistical analyses were done with Prism 5 software

(GraphPad Software, La Jolla, CA). Tests for statistical sig-

nificance for data presented in Figure 5 were made by an

unpaired t-test, and all error bars shown in figures repre-

sent the standard deviation (SD). We also performed a

linear regression analysis and computed Pearson

Product Moment correlations for the data presented in

Figures 5–7.

RESULTS
NM axons project along distinct locations in
XDCT

We compared the location of the NM injection site

along the tonotopic axis with the distribution of labeled

NM axons in XDCT along the rostrocaudal axis in an in

vitro brainstem preparation. Figure 2 shows a maximum-

intensity projection of a dorsal view from a representative

example of a brainstem labeled with two different dyes.

Green dye was introduced into a rostromedial (HF)

portion of NM and labeled the corresponding XDCT axons

(Fig. 2A); red dye was injected into a more caudolateral

region that encodes a lower frequency (LF; Fig. 2B). The

color-merged image and labeled axon traces are shown in

Figure 2C and D, respectively. The outlines of NM are

illustrated in Figure 2D. The dye injected into the rostro-

medial region of NM labeled a distinct set of XDCT axons

decussating at a more rostral part of the midline com-

pared to axon labeling resulting from the dye injected

more caudolaterally within NM. Note that although the

two injection sites are close to one another, there is a

complete separation between the locations of axons la-

beled red or green (Fig. 2C,D).

Fluorescence intensity measurements were taken

along the direction of the tonotopic axis in NM and along

the rostrocaudal axis of XDCT (see Materials and Meth-

ods). Intensity measurements of dye injection locations

along the NM tonotopy for eight cases are shown in Fig-

ure 3 (A,C,E,G,I,K,M,O). The x-axis represents the dis-

tance from the wall of the 4th ventricle along the NM

tonotopic axis (Fig. 1B). The y-axis denotes the signal in-

tensity normalized to span a range of 0 to 1. The corre-

sponding intensity measurements of XDCT axon labeling

along the rostrocaudal axis are shown in Figure 3

(B,D,F,H,J,L,N,P). Here, the x-axis represents the rostro-

caudal distance along the midline of labeled XDCT axons

(Fig. 1B), whereas the y-axis denotes the normalized

signal intensity. The green dashed lines represent

rostromedial (HF) dye injections, and caudolateral (LF)

Figure 2. Two-dye electroporation into nucleus magnocellularis

(NM). A: Maximum intensity projection of the green channel

showing electroporation location into HF region of NM and filled

axons. B: Maximum intensity projection of the red channel show-

ing dye electroporation location into LF region of NM and filled

axons. C: Color-merge image. D: Schematic of C outlining NM,

injection sites, and filled axons. Horizontal view; rostral is up.

Scale bar ¼ 500 lm in C (applies to A–C).

Auditory brainstem axon topography

The Journal of Comparative Neurology | Research in Systems Neuroscience 2313



injections are shown as red solid lines. Figure 3A shows

the measurements taken from the case shown in Figure 2.

Note how separated injection centers along the NM

tonotopic axis (peaks in left column) correlate with each

dye labeling separate bundles of axons along the mid-

line’s rostrocaudal axis (peaks in right column). The

observation that dye injections made into rostromedial

and caudolateral regions of NM filled axons more rostral

and caudal along the midline, respectively, was

repeated with brainstems in which only one dye was

injected (Fig. 4).

To quantify the relationship between the location of

labeled axons along the midline rostrocaudal axis and the

tonotopic position of the dye injection, we calculated the

rostrocaudal distance of filled XDCT axons for each dye in

the eight preparations in which two dyes were injected.

Each plot in Figure 5A–H represents a single brainstem,

and each point denotes the rostrocaudal location of a

single labeled axon compared to the injection center in

NM. Among the eight brainstems that successfully took

up both dyes, all but one (Fig. 3C) had significantly

different mean rostrocaudal XDCT distances for fibers

filled with each dye (unpaired t-tests, P < 0.05). Compari-

son of NM dye injection sizes/locations revealed that all

Figure 3. Normalized fluorescent intensity measurements of elec-

troporation and filled axon locations. A,C,E,G,I,K,M,O: Plots of elec-

troporation location in NM represented by normalized signal

intensities versus distance from the wall of the 4th ventricle. Injec-

tion center for sample ‘‘A’’ is represented by the peak value (box).

Injection size for sample ‘‘A’’ is measured through the range of values

over which the intensity surpasses the value of 0.5 and is denoted

by arrows. B,D,F,H,J,L,N,P: Plots of fluorescence intensities from

filled axons along XDCT. The normalized signal intensities were

measured as a function of the distance beginning where the wall of

the 4th ventricle begins to curve along XDCT. Circles in B identify ex-

emplary signal peaks corresponding to visually confirmed filled

axons. Note the lack of overlap in fluorescent peaks between the

two channels. For all plots, dashed green lines represent HF injection

locations, and solid magenta lines represent LF injection locations. A

separate letter denotes each brainstem. Sample A/B is the brain-

stem shown in Figure 2. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 4. One-dye electroporation into NM. A,B: Maximum inten-

sity projection from two cases showing the dye electroporation

location and filled axons in XDCT. Horizontal view; rostral is up.

C,D: Fluorescence intensity measurements along the NM tono-

topy for A and B, respectively. E,F: Corresponding plots of fluo-

rescence intensities from filled axons along XDCT. Scale bar ¼
500 lm in A (applies to A,B).
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samples except one (Figs. 3C, 5C) had 0% overlap in HF

and LF dye electroporation. Moreover, the distance

between the injection sites correlated with the difference

between the means of the corresponding labeled axons

in XDCT (Fig. 5I, r2 ¼ 0.69, P < 0.02).

We correlated the center of NM injection sites with the

rostrocaudal location of axons labeled in XDCT for all

cases (one or two dye injections, Fig. 6). These data com-

prise 22 NM injection sites yielding 149 labeled axons in

XDCT at the midline (mean CV ¼ 18.61%). Data obtained

from brainstems filled with one dye are shown as black

circles. Data from brainstems filled with two dyes are

each shown as circles of varying colors. Each data point

(circle) represents a single filled axon. The x-axis repre-

sents the normalized location of the injection site center

along the NM tonotopic axis, and the y-axis shows the

rostrocaudal distance along the midline where the corre-

sponding labeled axons were identified. The data show a

correlation between the dye electroporation location

along the NM tonotopic axis and the individual locations

of corresponding labeled NM axons in XDCT along the

rostrocaudal axis (r2 ¼ 0.77, P < 0.0001).

Figure 6. Correlation of injection sites and labeled axon location of

all cases studied. Each circle represents the location of a single filled

axon in XDCT along the rostrocaudal axis and is correlated with its

corresponding injection site center along the nucleus magnocellula-

ris (NM) tonotopic axis (n ¼ 15 brainstems; 149 labeled axons). All

brainstems electroporated with one dye are shown as black circles.

Each brainstem electroporated with two dyes is represented as

circles of a single, unique color. Crosses indicate the mean value for

each dataset. The dashed line represents a linear regression of the

individual axon locations and has a significant non-zero slope (r2 ¼
0.77, P < 0.0001; r2 of regression through means of axon locations:

0.80, P < 0.0001). Some of the data represent duplicates of the in-

formation from Figure 5.

Figure 5. Rostrocaudal distance of filled XDCT axons in samples

with two different-colored dyes injected into NM. A–H: Each graph

is a separate brainstem with labels corresponding to the intensity

plots shown in Figure 3. The x-axis lists the injection center loca-

tion along the NM tonotopy, and the y-axis denotes the rostrocau-

dal midline distance where filled axons were found. For seven of

the eight cases (C is the exception), the mean distances of filled

axons were statistically different (unpaired t-test, * P < 0.05; ** P

< 0.005; *** P < 0.0001), I: The distance between injection sites

along the tonotopic axis in NM when two dyes were introduced is

correlated with the difference between the means of correspond-

ing labeled NM axons in XDCT (linear regression analysis, r2 ¼
0.69, P < 0.02). Regression line, black line; unity line, gray dashed

line. Each data point represents data from one brain.
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Multicellular injections and the corresponding axons

give a clear indication of topographic relationships

between soma position and axon position in XDCT. But

this approach does not resolve the correlation with the

same precision as can be obtained with reconstructions

of single cells. We performed small injections in whole-

brainstem preparations to label single NM neurons and

their axons (Fig. 7, n ¼ 3). Single NM cell bodies could be

identified along the tonotopic axis of NM (Fig. 7A). In 3D

image stacks, their contralateral axons were traced and

located at the midline. The relative location of cell bodies

and corresponding axons showed a linear relationship

and surprisingly high correlations (Fig. 7B–D, r2 > 0.95

and P < 0.05 for all three cases).

DISCUSSION
Axons in the auditory brainstem of the chicken

projecting from nucleus magnocellularis (NM) to the

contralateral nucleus laminaris (NL) are ordered in a

topographic manner. It appears that the axons from

neighboring NM cell bodies maintain a neighboring rela-

tionship as they cross the midline, thereby preserving the

tonotopic organization of the nucleus from which they

originated. This finding is not without precedence, as

axons in fiber tracts of the visual and olfactory systems

are arranged in a systematic manner as well. In contrast,

we believe that the quantification of our results reveals a

level of precision that was unexpected.

Technical considerations
We obtained our axon labeling results from E20 and

E21 chicken embryos, 1 day before and day of hatching.

Whether the organization of XDCT changes after hatching

is unknown. However, prior studies suggest that the

chicken auditory system, particularly the brain regions

encoding LF sound, is developed and functional before

Figure 7. Correlation of single-labeled nucleus magnocellularis (NM) cells and their axons in XDCT. A: Montage of maximum intensity projection

images showing an example whole-brainstem preparation in which several single NM neurons and their corresponding contralateral axons were

labeled. View from dorsal; rostral is up. B–D: Correlation diagrams of the relative location of filled NM cells and the relative location of their con-

tralateral axons in XDCT. The linear relationship indicates that the topography in NM is mirrored in the topographic arrangement of axons in

XDCT. B shows the correlation of example shown in A. r2 values depict goodness of fit of a linear regression analysis. All P < 0.05. Scale bar ¼
200 lm in A.
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this age. Cochlear nuclei can exhibit sound-evoked activ-

ity beginning at E11–12, and the auditory brainstem

response (ABR) thresholds to all but the highest frequen-

cies mimic those recorded from mature birds by E20

(Saunders et al., 1973). By E19, the tonotopic map of the

cochlea is essentially identical to post-hatch birds for all

but the HF regions (Lippe, 1987; Jones and Jones, 1995a),

and frequency tuning curves taken from the cochlear gan-

glion are comparable with those of mature animals (Jones

and Jones, 1995b). Given this precocious nature of the

chicken auditory system, we believe our results are indica-

tive of the organization of XDCT in post-hatch birds.

Given the proximity of NM or the nearby region inter-

medius (RI) to NL, one methodological concern might be

the accidental labeling of cells other than NM. Axons

from NL project to the contralateral nucleus mesence-

phalicus lateralis, pars dorsalis (MLd), coursing rostrally

along the lateral lemniscus following decussation along

the ventral edge of the brainstem (Conlee and Parks,

1986). Axons originating from RI course rostrally and

bifurcate to project to bilateral MLd (Wang and Karten,

2010). None of the brainstem preparations included in

our analysis contained axons following either of these

paths. This assertion was further supported through dye

electroporation into the midline exclusively filling cell

bodies within NM (data not shown).

Topographic axon tracts
Topographic organization of axons has been demon-

strated throughout the nervous system. Examples of

topographic pathways include: axon groups spanning the

corpus callosum (Hofer and Frahm, 2006), functionally

and anatomically differentiated components in the spino-

thalamic tract (Craig, 2006), and the somatotopic sciatic

nerve in rats, with muscular fascicles maintaining the

same relative position along the entire nerve (Badia et al.,

2010). One axon pathway whose topography has been

extensively studied is the retinotectal tract, comprised of

the optic nerve axons that will terminate in the superior

colliculus or optic tectum (Brouwer and Zeeman, 1926;

Hoyt and Luis, 1962; Easter et al., 1981; Aebersold et al.,

1981; Torrealba et al., 1982; Bunt and Horder, 1983; Reh

et al., 1983; Voigt et al., 1983; Springer and Mednick,

1985; Naito, 1986, 1989; Fraley and Sharma, 1986;

Reese and Baker, 1993; reviewed in Chelvanayagam

et al., 1998). Within the optic nerve, axons exiting the ret-

ina from dorsal and ventral locations appear to maintain

this spatial dimension more than axons originating from

the nasal and temporal part (Simon and O’Leary, 1991;

Chan and Guillery, 1994). A particularly distinct ordering

of ventral versus dorsal axons was presented by Dunlop

and colleagues in two species of marsupials (Chelvanaya-

gam et al., 1998; Dunlop et al., 2000). Here, dorsal and

ventral axons of the optic nerve remain organized in

separate partitions throughout the whole fiber tract. A

quantitative analysis of the retino-collicular axons in the

mouse produced similar results (Plas et al., 2005).

Another, more recently described example of axons

organized into partitions can be found in the olfactory

system. In mice, axons arising from olfactory sensory

neurons get sorted before they reach their target (Imai

et al., 2009). The underlying axon–axon interaction caus-

ing this sorting is mediated by the axon guidance receptor

Neuropilin-1 and its repulsive ligand Semaphorin-3A.

In contrast to the data noted above, axons in XDCT are

not organized as a round bundle, but as a layer of fibers

spanning a distance of about 1 mm along the entire ros-

trocaudal distance of both their origin and their target

nuclei (Puelles et al., 2007; Seidl et al., 2010).

Pre-target axon sorting
Ram!on y Cajal first proposed that chemical cues might

serve as a prerequisite to topographic formation of

neuronal connectivity (Ram!on y Cajal, 1892; de Castro

et al., 2007), and numerous studies have demonstrated

molecular guidance of axons. Most studies addressing this

issue focus on molecular cues or gradients in the origin

and target regions. However, pre-target axon sorting

seems to play an important role in establishing and/or

maintaining topographic organization of axons. It has been

speculated that the preordering of the dorsal and ventral

axons in the optic nerve might deliver axons to their appro-

priate region of the target nucleus (Dunlop et al., 2000).

Imai and colleagues (2009) showed that normal map for-

mation fails when axons did not undergo pre-target axon

sorting. Their study demonstrated that olfactory map for-

mation was not only supported by, but also depended on,

the proper sorting of olfactory sensory neuron axons along

the trajectory from the sensory epithelium to the olfactory

bulb.

Our results suggest a surprisingly high degree of topo-

graphic precision of NM axons at the midline as they

course to the contralateral NL and form XDCT. The loca-

tion of the injection site in NM and the location of the cor-

responding labeled fibers are highly correlated, and the

distances between injection sites and resulting labeled

axons also yielded a high correlation. In contrast, careful

analysis of Figures 5 and 6 reveals that 31 and 23%,

respectively, of the variance cannot be accounted for by

a linear fit to the data, and a nonlinear analysis does not

appear to be warranted. Whether this is experimental

error introduced by combining data across subjects or is

due to the size of the injection site, or represents inherent

disorganization in the fiber plexus is impossible to deter-

mine from our dataset or from smaller injections alone.

Perhaps individual NM neuron fills in nearly adjacent cells

Auditory brainstem axon topography
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could be done, but that is beyond the scope of this study,

and additional experiments will be needed to examine

whether the systematic arrangement of axons in XDCT is

a necessary or sufficient prerequisite for the establish-

ment of a tonotopic map in NL. Nevertheless, the precise

and systematic ordering of axons along the midline

makes it tempting to propose that no additional sorting is

needed at the target in order to ensure the tonotopic con-

nections in NL

Development of XDCT
Developing NM axons reach the brainstem midline as

early as E4 (Cramer et al., 2006) and may be in the vicinity

of the contralateral target region as early as E6 (Young and

Rubel, 1986). Young and Rubel (1986) also showed that as

early as E9, NM axon terminals are in the appropriate tono-

topic locations in both the ipsilateral and the contralateral

NL. It is unknown whether outgrowth of NM axons follows a

particular spatial–temporal pattern related to their tono-

topic location. It is hard to imagine that NM axons would ini-

tially cross the midline as an unorganized bundle and only

later become arranged in a systematic manner. The axons

would have to undergo substantial untangling to achieve

this. Based on our findings, we can speculate that axons in

XDCT are guided along their trajectory across the midline in

order to maintain this arrangement.

Eph receptors and ephrins are expressed along the mid-

line of the chicken auditory brainstem (Cramer et al.,

2002), and their mis-expression in the brainstem causes

aberrant wiring (Cramer et al., 2006; Huffman and Cramer,

2007). In addition, the presence of Eph/ephrin gradients

was confirmed along the tonotopic axis of axon terminals

onto NL (Person et al., 2004). Thus, Eph receptors and

ephrins are attractive candidates for forming or maintain-

ing the tonotopy in XDCT. A possible gradient of Eph/eph-

rin expression along the midline’s rostrocaudal axis might

guide decussating NM axons in chicken embryos between

E4 and E6. Future studies will be needed to determine

whether the midline expression of Ephs/ephrins in birds

plays a role in establishing XDCT tonotopy.

Although Ephs/ephrins are possible factors for organ-

izing XDCT tonotopy, other molecules may also play a

role. Additional factors found to play a role in axon guid-

ance within the developing chick include: Sonic hedgehog

(Bourikas et al., 2005), Netrin-1 (MacLennan et al.,

1997), Semaphorin-3A (Kubilus and Linsenmayer, 2010),

Slit2 (Kubilus and Linsenmayer, 2010), and Engrailed

transcription factors (Wizenmann et al., 2009).
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INTRODUCTION
Zebrafish, Danio rerio (Hamilton 1822), have become a valuable
model for investigating the development and molecular genetics of
the vertebrate inner ear (Whitfield, 2002; Nicolson, 2005). The early
development of the zebrafish inner ear is similar to that of other
vertebrates (Bang et al., 2001; Whitfield et al., 2002; Riley and
Phillips, 2003) and its sensory hair cells are homologous to those
found in mammals (Coffin et al., 2004). Over 50 genes are known
to impact the zebrafish auditory inner ear and/or vestibular system
(Granato et al., 1996; Whitfield et al., 1996; Whitfield et al., 2002;
Riley and Phillips, 2003; Starr et al., 2004; Nicolson, 2005) and
many of these genes are conserved and affect the inner ear
development and function in other vertebrates, including humans
(Nicolson et al., 1998; Moorman et al., 1999; Riley and Moorman,
2000; Busch-Nentwich et al., 2004; Kappler et al., 2004; Kozlowski
et al., 2005). However, unlike mammals, zebrafish develop from
eggs ex utero and are transparent during the first few weeks of life.
These characteristics coupled with the animal’s rapid generation
time, ease of maintenance and accessibility of the inner ear make
this animal an attractive genetic model to investigate inner ear
development and hearing.

Despite the enormous potential of the zebrafish model to
investigate the functional effects of genes on hearing, few behavioral
hearing assays have been developed for zebrafish. The most
commonly used behavioral measure of auditory function in larval
zebrafish is the startle response (Bang et al., 2000; Bang et al., 2002).
It is an innate, reliable and robust behavior elicited by fast, high
intensity stimuli. The startle response is mediated by Mauthner cells
(M-cells), which are large reticulospinal neurons that receive
information from ipsilateral sensory afferents and synapse to
contralateral spinal motor neurons (Eaton et al., 2001; Weiss et al.,
2006). When activated, all of the motor neurons fire synchronously,
causing the fish to bend into a characteristic ‘C’ shape away from
the stimulus direction, which is easy to detect and differentiate from
normal swimming motion. However, the use of the startle response
only tests the grossest aspects of hearing and cannot be used to
characterize differences in frequency selectivity or other auditory
capabilities. Comparison of startle response thresholds with auditory-
evoked potential (AEP) thresholds reveals a large difference in
detection sensitivity between these two measures, which likely
indicates that the startle response assay has a high rate of Type II
error; i.e. the auditory stimulus is detected but is too weak to elicit
a startle response. The development of acoustically evoked

SUMMARY
Zebrafish (Danio rerio) have become a valuable model for investigating the molecular genetics and development of the inner ear
in vertebrates. In this study, we employed a prepulse inhibition (PPI) paradigm to assess hearing in larval wild-type (AB) zebrafish
during early development at 5–6�days post-fertilization (d.p.f.). We measured the PPI of the acoustic startle response in zebrafish
using a 1-dimensional shaker that simulated the particle motion component of sound along the fish’s dorsoventral axis. The
thresholds to startle-inducing stimuli were determined in 5–6�d.p.f. zebrafish, and their hearing sensitivity was then characterized
using the thresholds of prepulse tone stimuli (90–1200�Hz) that inhibited the acoustic startle response to a reliable startle stimulus
(820�Hz at 20�dB re. 1�m�s–2). Hearing thresholds were defined as the minimum prepulse tone level required to significantly reduce
the startle response probability compared with the baseline (no-prepulse) condition. Larval zebrafish showed greatest auditory
sensitivity from 90 to 310�Hz with corresponding mean thresholds of −19 to −10�dB re. 1�m�s–2, respectively. Hearing thresholds of
prepulse tones were considerably lower than previously predicted by startle response assays. The PPI assay was also used to
investigate the relative contribution of the lateral line to the detection of acoustic stimuli. After aminoglycoside-induced neuromast
hair-cell ablation, we found no difference in PPI thresholds between treated and control fish. We propose that this PPI assay can
be used to screen for novel zebrafish hearing mutants and to investigate the ontogeny of hearing in zebrafish and other fishes.

Key words: hearing, sensorimotor, startle response, lateral line.
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3505Auditory sensitivity of larval zebrafish

behavioral responses to pure tones in zebrafish has also been studied
from 5�d.p.f. to adults (Zeddies and Fay, 2005) and a positive
reinforcement conditioning assay has been developed recently for
the assessment of hearing in adult zebrafish (Cervi et al., 2012).

The focus of this study was to develop a prepulse inhibition (PPI)
paradigm to assess hearing in wild-type (AB) zebrafish during early
larval development at 5–6�d.p.f. PPI is a well-studied phenomenon
whereby a startle reflex elicited by a strong stimulus is inhibited by
the prior presentation of a weaker stimulus (Hoffman and Ison,
1980). PPI and other behavioral suppression techniques have been
used to investigate responses to acoustic stimuli since Yerkes
(Yerkes, 1905), who showed that a pairing of tactile and acoustic
stimuli elicited a greater response than a tactile stimulus alone; by
systematically decreasing the intensity of acoustic stimuli and
measuring response intensity, a behavioral hearing range could be
constructed. Reflex inhibition and suppression methods have since
been used to determine auditory sensitivity in rodents (Ison, 1982;
Young and Fechter, 1983; Willott et al., 1994), chickens (Gray and
Rubel, 1985) and humans (Ison and Pinckney, 1983). A PPI
paradigm is advantageous over other behavioral techniques because
it takes advantage of an innate response that does not need to be
learned or conditioned, and the degree of inhibition has been shown
to be proportional to the stimulus intensity (Young and Fechter,
1983; Neumeister et al., 2008).

Sound can be quantified in descriptive terms including pressure
and particle motion. Most terrestrial ears respond to pressure, which
is a scalar measure of sound that contains no directional information.
In most cases, sound pressure can be readily measured using
microphones or hydrophones. In contrast, particle motion is a vector
measure of sound that includes directional cues and can be measured
with accelerometers (or calculated from pressure gradient
measurements). The inner ears of teleost fishes consist of one or
more otolithic end organs that respond directly to particle motion
and essentially function as accelerometers (Fay, 1984; Hawkins,
1993). Some fish, including adult zebrafish, have specialized
adaptations that also allow them to sense the pressure component
of sound; however, developmental studies have shown that 5�d.p.f.
larval zebrafish lack these adaptations and would therefore only be
sensitive to acoustic particle motion at this developmental stage
(Higgs et al., 2003; Kimmel et al., 1995).

In this study, we assessed the acoustic (particle-motion) sensitivity
of the inner ear in 5–6�d.p.f. larval, wild-type (AB) zebrafish using
a PPI assay not previously used with fish. The M-cell-mediated
startle response of zebrafish to an acoustic stimulus is modified by
the prior presentation of a lower level acoustic stimulus. We show
that the PPI assay is a more sensitive measure of the zebrafish
auditory capability than the standard acoustic startle response assay.
We also used the PPI assay to investigate the relative contribution
of the lateral line to acoustic stimulus detection in 5–6�d.p.f. larval
wild-type (AB) zebrafish and show that the lateral line is not
involved in encoding the acoustic stimuli at the tested frequencies.

MATERIALS AND METHODS
Animals

Wild-type (AB) 5–6�d.p.f. zebrafish larvae (D. rerio) were obtained
from an adult zebrafish colony housed at the University of
Washington. Mating and egg collection were performed according
to Westerfield (Westerfield, 2000). Fertilized eggs from mated adults
were staged as detailed elsewhere (Kimmel et al., 1995) and raised
in Petri dishes (density ≤50 larvae per dish) housed in incubators
at 28.5°C. After 4�d.p.f., zebrafish larvae were fed live rotifers and
then transferred to fresh embryo medium. At 4–6�d.p.f., larvae were

transported to the testing facility in an insulated container, and were
then tested the same day. All fish were transferred between
containers and to the experimental apparatus using wide-bore
pipettes in order to minimize damage of the lateral line neuromasts.
Larvae were allowed to acclimate to the experimental lighting and
temperature (27±1°C) conditions for 30�min before the experiments
were conducted. Animal rearing and experimental procedures were
approved by the University of Washington Animal Care and Use
Committee.

Experimental setup
Sound produced by conventional speakers contains both acoustic
pressure and particle motion. The use of a shaker allows for the
fine stimulus control of acoustic particle motion in a single direction.
The experimental apparatus consisted of a 96 square-well plate
(containing 3.2�mm diameter wells) secured to a 0.635�cm thick
acrylic platform that was mounted on to a vertically oriented Bruel-
Kjaer Type 4810 shaker (Bruel and Kjaer, Naerum, Denmark). The
apparatus was similar to that described elsewhere (Zeddies and Fay,
2005). Although the plate contained 96 wells, only a maximum of
36 central wells that formed a 6×6 array were used during the
experiments because of the optical limitations of the high-speed
camera. Individual fish with ~400�μl embryo medium were placed
in each of the central test wells. The experimental apparatus was
housed inside a sound attenuation chamber (Industrial Acoustics,
New York, NY, USA) on a vibration-isolation air table, in order to
minimize external vibratory noise. A TDT System III (Tucker Davis
Technologies, Alachua, FL, USA) and a PC computer running a
custom-written MATLAB stimulus generation program (The
MathWorks, Natick, MA, USA) were used to relay the stimulus
signal to a Bruel and Kjaer Type 2710 amplifier that drove the shaker
and produced controlled vibratory stimuli along the dorsoventral
axis of the fish within the well. An accelerometer (model 355B04,
PCB Piezotronics., Depew, NY, USA) was mounted onto the acrylic
platform in order to measure the acoustic particle acceleration of
the fish in the plate wells. The output of the accelerometer was
amplified (Model 482A PCB amplifier) and then relayed to the A–D
input of the TDT System III. Stimulus generation, capture and TDT
System III were controlled using Matlab and ActiveX software
(Microsoft Corp., Redmond, WA, USA).

The zebrafish behavioral responses were recorded using a Photron
Fastcam 1024PCI (Photron USA, San Diego, CA, USA) at
1000�frames�s–1 (512×512 pixel resolution) synchronized to the
vibratory stimulus via a transistor–transistor logic (TTL) pulse. TTL
pulses from the camera were recorded at each frame capture using
the System III and were later synchronized to the stimulus onset
for analysis. All trials were illuminated from above using an LED
array.

Acoustic stimuli
Acoustic stimuli were 24�ms cosine-squared gated 100�ms tones.
Tonal stimuli of 90, 210, 310, 410, 540, 820, 1070 and 1200�Hz
were created using MATLAB 2009b and sampled at 100�kHz. These
frequencies were empirically determined during set up and initial
testing to minimize distortion and motion in the non-vertical axes
(i.e. x and y). The particle motion component of sound was
measured using an accelerometer attached to the platform of the
shaker system as a means to characterize acceleration in the
experimental wells. During set up and initial testing, acceleration
along the x-, y- and z-axes was measured using a PCB model 034K20
3-dimensional accelerometer, amplified using a Model 482A6
signal conditioner and then relayed to the System III. The
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accelerometer output was calibrated to the 355B04 accelerometer
output prior to testing. Frequencies greater than 1200�Hz were not
tested because of voltage and current input limitations of the shaker
(Zeddies and Fay, 2005).

Before each experiment, acoustic stimuli were calibrated for
frequency and amplitude. The 6×6 array of central wells were filled
with ~400�μl embryo medium. The root mean square accelerometer
voltage output was acquired for each input amplitude. These outputs
were checked for linearity and, as expected, the doubling of the
stimulus levels resulted in a doubling of the measured acceleration
(i.e. the slopes of plots are 6�dB per stimulus level doubling) at all
the frequencies tested (Fig.�1). The sensitivity of the accelerometer,
calibrated by the manufacturer, was 1�V output�1�g–1 (9.8�m�s–2)
acceleration and the particle acceleration levels were determined
using the formula:

Samples of acoustic stimuli at the highest levels used to
characterize the acoustic startle response were recorded. The
rise–fall times of the acoustic stimuli were empirically determined
and chosen as the shortest time that preserved the stimulus envelope.
Fig.�2 shows the time waveform of the particle motion stimuli (see
insets) and the fast-Fourier transform (FFT) of the stimuli for 90,
410 and 1070�Hz. The stimuli used contained little harmonic
distortion. In all cases, the largest harmonic was attenuated at least
50�dB (re. 1�m�s–2) relative to the fundamental frequency tested. At
the highest levels used to characterize the acoustic startle response,
significant particle motion was measured in the orthogonal (x- and
y-) axes. However, this artifact of orthogonal motion in x and y
during vertical (z-) axis stimulation was not observed at or near
levels used to characterize the thresholds for the PPI of acoustic
startle responses, as most of the x and y acceleration was at or below
the measurable limit of the system (~–36�dB re. 1�m�s–2).

Acoustic startle response characterization
A characterization of the acoustic startle response was performed
in order to differentiate the M-cell-mediated C-start response from
other non-startle behaviors reported for zebrafish. There exist a large
number of behaviorally interesting non-startle behaviors, such as
the burst swim, J-bend turn, and routine locomotion [see table�1 in
Wolman and Granato (Wolman and Granato, 2012)], but these
behaviors are not associated with a positive C-start response.
Previous studies have shown two different startle responses based
on different latencies: a M-cell-mediated (short-latency) startle
response occurs at a latency of approximately 5–7�ms while a long-
latency startle occurs at >16�ms (Burgess and Granato, 2007;
Kohashi and Oda, 2008). For all experiments, only the short-latency
startle response was used to define a positive response.

For acoustic startle characterization, individual larvae (N=9; 3×3
array) were presented with either 90�Hz at 14�dB (re. 1�m�s–2) or 90�Hz
at 8�dB pure-tone stimuli with a 15�ms cosine gated ramp and the
behavioral responses were filmed for the first 100�ms after
presentation of the stimulus. The video was then analyzed using a
motion-tracking MATLAB script developed by Hedrick (Hedrick,
2008). Four points on the fish (the two eyes, the caudal edge of the
swim bladder, and the caudal fin) were tracked for the duration of
the response (Fig.�3B). These points were used to calculate two
metrics: Euclidean length or distance between the head (defined as
the midpoint between the two eyes) and tail, and the body angle
(defined as the angle between the head, midpoint and tail). These
two metrics were used to quantify C-start responses, non-startle

dB 20 log RMS accelerometer output
1 V

. (1)= ×
⎛
⎝⎜

⎞
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responses and other behavioral responses. Positive startle responses
were defined as responses that displayed a mean reduction in the
Euclidean distance between the head and tail greater than 50% during
the time period from the fish’s initial movement to the apex of the
C-bend of the fish’s body, and reached maximum C-bend within
8�ms of onset of the startle response. The duration of the startle
response was defined as the time of the initial movement of the fish
to maximum flexion of the body C-bend. The latency of the startle
response was defined as the time between the stimulus onset and
initial movement of the fish; the stimulus onset was defined as the
end point of the cosine gated ramp of the acoustic stimulus. Because
latency was variable, only startle responses that occurred within
<50�ms of stimulus onset were considered as part of the criteria for
positive acoustic startle responses. These characterizations were
tested on >20 previously untested responses to validate the accuracy
and efficacy of the characterization parameters and then used to
differentiate startle responses from non-startle responses in
subsequent experiments.

Acoustic startle and PPI experiments
For the acoustic startle threshold experiments, each replicate
(defined as one plate containing 24 fish arranged in a 6×4 array)
consisted of stimuli at the frequencies mentioned above, and at
intensities from −6 to −30�dB re. 1�m�s–2 (varied in steps of 6�dB).
That is, each replicate was presented with 45 stimuli presented in
a repeated measures design. These trials were separated by a
randomized inter-trial interval of 70±10�s based on preliminary data
in order to reduce habituation. The behavioral responses were
measured for the duration of the stimulus (100�ms). The C-start
occurred at ~18�ms after stimulus onset while the long-latency startle
was not characterized in this study. The videos were then analyzed
using the criteria determined previously (above). For each trial,
responses were coded binomially (1 for response, 0 for non-
response). Plates that exhibited no responses were coded as having
a threshold of 0�dB, one step (6�dB) above the highest presented
stimulus level. After precise determination of the startle thresholds,
prepulse experiments were conducted.
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Fig.�1. Log-linear representation of the root mean square acceleration
output of the shaker system (dB re. 1�m�s�–2) as a function of input voltage
(V) by frequency with a 6×6 array of wells in a 96 well plate filled with
400�μl water. Each line indicates a separate frequency tested. Note that a
doubling of the input voltage resulted in a doubling of the measured
acceleration (6�dB increase).
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The experimental procedure for the PPI experiments was similar
to that for the startle response experiments except that a frequency
of 820�Hz at 20�dB re. 1�m�s–2 was used as a universal startle stimulus.
Each replicate consisted of 32 trials with four sound levels for each
frequency presented in random order. These sound levels were
empirically determined as the four largest sub-startle threshold
levels. That is, these four levels were the highest levels presented
that did not elicit a startle response. Additionally, three sound levels
at or below the noise floor were tested to confirm the reliability of

the response and to ensure that PPI did not extend to sound levels
below the detection level of our system. A PPI trial consisted of a
50�ms randomized prepulse stimulus with a 24�ms ramp time
followed by the startle stimulus. The inter-pulse interval, or the time
between the end of the prepulse tone and the beginning of the startle
tone, was 70�ms, which was empirically determined in preliminary
experiments. Each PPI startle stimulus presentation (trial) was
preceded by a no prepulse ‘catch’ trial in order to determine baseline
startle response probability (Fig.�4). The catch trial also controlled
for possible habituation to the stimuli. The PPI effect was calculated
as the difference between the percentage response to the prepulse
trial (Tn) and the mean response probability of the catch trials
immediately preceding (Tn–1) and following the prepulse trial (Tn+1)
using the formula:

For all prepulse experiments, replicates were presented with no
more than 16 total (prepulse and catch) stimuli in order to minimize
habituation. After 16 presentations, fish were replaced with naive
fish from the same cohort. Thus, for each dataset a total of 96 fish
were used.

Lateral line ablation experiments
In order to assess the relative contribution of the lateral line in
acoustic detection, the lateral line was ablated by aminoglycoside
exposure. Larvae at 5�d.p.f. were exposed to 400�μmol�l−1 neomycin
in embryo medium for 1�h and then immediately rinsed four times
in fresh embryo medium (Harris et al., 2003; Murakami et al., 2003;
Owens et al., 2009; Namdaran et al., 2012). Neomycin exposure at
concentrations greater than 100�μmol�l−1 is known to significantly
reduce swimming speed in larval zebrafish (Buck et al., 2012).
Startle percentage to catch stimuli was measured after neomycin
exposure and responses returned to baseline ~3–4�h post-exposure.
To account for any additional effects, larvae were allowed to recover
in fresh embryo medium for 6–12 hours before experimentation.
This recovery period is not long enough for hair cell regeneration
to occur (Ma et al., 2008). After recovery, the fish were tested as
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Fig.�2. Representative power spectrum of a subset (90, 410 and 1070�Hz)
of sound stimuli used for pure-tone startle stimuli and prepulse stimuli
measured at the highest level used (14�dB re. 1�m�s–2). Data are normalized
to a relative value of 0�dB assigned to the maximum sound level for the
fundamental frequency tested. Insets, time course of pure-tone stimuli used
for the startle response assay at 14�dB (re. 1�m�s–2).

Fig.�3. (A)�Diagram of time course of the acoustic startle response of
5–6�d.p.f. zebrafish, digitized from a representative positive response fish.
The response is characterized by a fast, coordinated contraction on one
side of the body, forming a distinctive C-shape (frame 4). Successive
frames are 4�ms apart. (B)�Diagrammatic representation of the four points
marked throughout startle characterization: two eyes (green), caudal edge
of the swimbladder (blue) and caudal fin (red). Point tracking was used to
measure head–tail Euclidean length and head–midpoint–tail angle
throughout responses.
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described above for the prepulse experiments. Five larvae from each
cohort of aminoglycoside exposure were used to assess the efficiency
of the aminoglycoside treatment.

To assess the efficiency of aminoglycoside ablation, lateral line
superficial hair-cell neuromasts were labeled with the fluorescent
vital dye DASPEI {2-[4-(dimethylamino)styryl]-N-ethylpyridinium
iodide; 0.005% final concentration in embryo medium} for 15�min.
Larvae were then rinsed twice in fresh embryo medium and
anesthetized in 10�μg�ml–1 MS222 (tricaine methanesulfonate, Sigma,
St Louis, MO, USA). Larvae were visualized using an
epifluorescence dissecting microscope with 450–490�nm laser. Ten
neuromasts were evaluated per fish: supraorbital (SO1, SO2),
infraorbital (IO1–4), mandibular (M2), middle (MI1, MI2) and otic
(O2) (Raible and Kruse, 2000). Each neuromast was assigned a score
of 0–2: 0 (little/no staining), 1 (reduced staining) and 2 (normal
staining) for a combined score of between 0 and 20 per fish.

Data analysis
The binomial response data collected from each plate were analyzed
using a curve-fitting procedure. For each frequency, responses at each
stimulus level were converted to a response percentage. Assuming
that the response percentage for a set of fish was a good measure of
the probability of eliciting a response from any given fish, the
thresholds for each frequency were determined by fitting the response
percentages with a Weibull cumulative distribution curve using a
maximum likelihood method (Wichmann and Hill, 2001; Treutwein,
1995). These curves show the best fit model to the data and are most
accurate for the sound levels tested (Fig.�5); note that extrapolation
of the curve’s upper limits beyond the highest levels tested may not
accurately reflect the expected startle response probabilities. Because
we did not observe a response in the absence of stimuli, the startle
response threshold was conservatively defined as the stimulus level
at which the startle response could be reliably elicited >5% of the
time. A startle response probability of 5% represents the 95%
‘confidence limit’ of the baseline no-response condition.

In the PPI experiments, a similar curve-fitting method was used
to determine the threshold for the inhibition of the startle response.
The binomial response data were converted into a response
percentage, as in the case of the startle experiments. However, this
response percentage was subtracted from the mean of the paired
no-prepulse catch trials before and after stimulus presentation. This
yielded a difference in startle probability from the expected value.
This difference was then fitted to a cumulative Weibull distribution.
The threshold for the inhibition of the startle response was
determined for each prepulse frequency tested and was defined as
the stimulus level that elicited a 5% reduction of the probability of
startle response between PPI trials and the paired catch trials.

A one-way ANOVA was used to test for differences in startle
duration between sound stimuli. Startle response data were
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heteroscedastic (Bartlett’s test, P<0.01 for all frequencies), and
therefore non-parametric methods were used to analyze all startle
and PPI response data. Differences between thresholds as determined
by the startle response paradigm and PPI paradigm were analyzed
using a Friedman test (non-parametric equivalent of a repeated
measures two-way ANOVA) (Zar, 1999), and frequency-specific
differences between the two paradigms were analyzed using a post
hoc pairwise Mann–Whitney U-test, as described by Siegel and
Castellan (Siegel and Castellan, 1988). To assess differences in the
lateral line ablation experiments, a Friedman test between treatment
and frequency was conducted. All statistical analyses were
conducted using MATLAB 2009b.

RESULTS
Acoustic startle response characterization

Acoustic startle responses to pure-tone stimuli were observed in
5�d.p.f. or older zebrafish and not in fish younger than 5�d.p.f. (data
not shown) at the stimulus levels and frequencies tested in this study.
Startle responses consisted of an initial quick C-bend of the body,
followed by the refractory bends of the tail and head in alternating
directions (Fig.�3A). Analysis of the high-speed kinematic data of
the evoked startle behavior revealed a highly stereotyped and reliable
acoustic startle response. Fig.�6 shows representative examples of
the kinematic data for both startle and non-startle responses. Positive
startle responses consisted of a mean (±s.d.) reduction in the
Euclidean distance between the head and tail by 72±8% (N=18),
which occurs during the time from the fish’s initial movement to
the apex of the C-bend of the fish’s body. During this initial phase
of the startle response, the head–midpoint–tail angle also decreased
from 180�deg (initial) to a mean (±s.d.) angle of 45±5�deg. Changes
in the Euclidean distance between head and tail and the
head–midpoint–tail angle were highly correlated (r=0.83, N=18
responses) for the initial bend during stage I of startle (Foreman
and Eaton, 1993). In contrast, changes in the Euclidean distance
between head and tail (<40%) and the head–midpoint–tail angle
(<60%) from the initial position for non-startle responses were much
smaller.

The mean latency of the short-latency startle response, defined
as the time between the stimulus onset (end of the cosine gated
ramp) and initial movement of the fish that met the startle response
criteria, was 3.9±2.8�ms (mean ± s.d., N=15 responses). The mean
(±s.d.) duration of the startle response from the initial movement
of the fish to maximum flexion of the body C-bend was
7.1±0.74�ms (N=18 responses) and was not different at the sound
levels tested (ANOVA, F1,35=0.05, P=0.82), indicating that the
duration of the startle response was not dependent on stimulus
level. The latency and duration of non-startle responses were much
longer (>50�ms) and more variable in duration, and were not
quantified.

Trial 1: no prepulse Trial 2: prepulse Trial 3: no prepulse Trial 16: prepulse

Inter-trial interval: ~70 s

50 ms 70 ms 100 ms Fig.�4. Diagram of the prepulse inhibition (PPI) protocol.
Prepulse trials and no prepulse catch trials are interleaved,
with an inter-trial interval of ~70�s for a total of 16 trials per
group. Prepulse frequency and level are randomized
between trials, but all trials contain the same catch
stimulus. Inset, example of a prepulse trial. A 50�ms
prepulse stimulus is separated from the 100�ms catch
stimulus by an empirically determined 70�ms inter-stimulus
interval.

4(%�*/52.!,�/&�%80%2)-%.4!,�")/,/'9



3509Auditory sensitivity of larval zebrafish

Acoustic startle thresholds
The percentage of startle responses between the lowest and highest
stimulus intensity increased at each frequency. Fig.�7 shows the startle
response thresholds for acceleration as a function of frequency. Startle
response thresholds were lowest at the lowest frequency tested, 90�Hz
[median=–4�dB, interquartile range (IQR): −10 to 2�dB re. 1�m�s–2]
and 210�Hz (4�dB, IQR: −3 to 8�dB re. 1�m�s–2). Startle thresholds above
210�Hz gradually increased, plateaued between 310 and 410�Hz
(8�dB, IQR: 6 to 10�dB re. 1�m�s–2), decreased slightly between 540�Hz
(5�dB, IQR: 0 to 11�dB re. 1�m�s–2) and 820�Hz (4�dB, IQR: −3 to 7�dB
re. 1�m�s–2), and then increased rapidly from 1070�Hz (15�dB, IQR: 13
to 17�dB re. 1�m�s–2) to 1200�Hz (20�dB re. 1�m�s–2). In general, startle
sensitivity decreased with increasing frequency from 90 to 1200�Hz
with the exception of a slight increase between 540 and 820�Hz. At
the highest frequency tested, 1200�Hz, only five positive responses
were observed at any stimulus level.

PPI thresholds of the startle response
PPI thresholds were defined as the intensity of the prepulse
stimulus at each frequency that resulted in a >5% reduction in the
probability of a startle response to the standardized startle stimulus
(820�Hz at 20�dB re. 1�m�s–2). As with the startle response data, the
PPI response data from 10 plates of 24 fish were fitted with a
Weibull distribution. The resulting PPI response profiles at each
prepulse frequency are shown in Fig.�8. Fig.�7 compares the
median PPI thresholds and startle response thresholds in terms of
acceleration as a function of prepulse frequency. In general, the
PPI audiogram showed a steep increase in thresholds from 90�Hz
(−20�dB, IQR: −23 to −16�dB re. 1�m�s–2) to 210�Hz (−16�dB, IQR:
−16 to −12�dB re. 1�m�s–2), followed by a gradual threshold
increase up to 820�Hz (−3�dB, IQR: −7 to 1�dB re. 1�m�s–2), and
then a rapid increase in thresholds up to 1200�Hz (20�dB, IQR: 9
to 20�dB re. 1�m�s–2).

The PPI response is similar in shape to the startle response except
that the PPI thresholds were significantly lower than the startle

response thresholds (Friedman χ2
1=72, P<0.001). Post hoc

Mann–Whitney U-tests showed that these differences were
frequency dependent (Fig.�7). PPI thresholds were significantly lower
than startle thresholds at 90–1070�Hz (P<0.01 for all frequencies),
but differences between prepulse and startle response thresholds at
the highest frequencies tested (1200�Hz) were not significant (P=0.2).
The greatest threshold difference was at 310�Hz for which the PPI
threshold was ~21�dB lower than the startle threshold. PPI thresholds
differed more from startle thresholds at lower frequencies
(approximately 11 to 21�dB from 90 to 540�Hz, respectively) than
at higher frequencies (approximately –7 to 0�dB from 820 to
1200�Hz, respectively).

The degree of habituation was measured by 25 repeated
presentations of a no-prepulse catch stimulus (820�Hz at 20�dB re.
1�m�s–2) with a 70�s inter-stimulus interval. Response percentages
followed a biphasic linear decrease, with the inflection point
occurring around the 12th to 15th stimulus presentation. The mean
(±s.e.m.) difference in response between the first presentation and
the 15th presentation was 19±3% (N=5 plates), whereas the mean
(±s.e.m.) difference in response between the first and 17th
presentation was 33±4%. However, between the 17th presentation
and the 25th presentation, the mean (±s.e.m.) difference in response
percentage was only 3±4%.

Effect of lateral line ablation on PPI thresholds
In order to determine the relative contribution of the lateral line
to acoustic stimulus detection, 5–6�d.p.f. zebrafish were exposed
to 400�mmol�l–1 neomycin for 30�min. Neomycin exposure resulted
in a high incidence of hair cell death in the superficial neuromasts
(DASPEI score: 1.2±0.19, mean ± s.e.m., N=8) compared with
control fish, which showed DASPEI scores of 16±0.9. The PPI
assay was conducted at a subset of frequencies (90, 210 and
820�Hz) used to construct the PPI audiogram. The PPI thresholds
for neomycin-exposed fish did not differ from those of the control
fish at any of the tested frequencies (Friedman test interaction,
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χ2
2=0.12, P=0.25, N=10; Fig.�9). Thus, these results indicate that

the mechanosensory superficial neuromasts do not contribute to
auditory detection at the tested frequencies during this stage of
development. Interestingly, the response probability for the no-
prepulse catch trials was greatly decreased after neomycin
exposure (81±3% for controls, 65±5% for neomycin-exposed fish,
means ± s.d.), which suggests a potential negative effect of
neomycin on the locomotor behavior of larval zebrafish (Buck et
al., 2012) that persists 6–12�h after exposure.

DISCUSSION
To our knowledge, this study is the first to provide a behavioral
audiogram for wild-type (AB) zebrafish during early larval
development at 5–6�d.p.f. Our goal was to determine the acoustic
sensitivity of larval wild-type zebrafish using the behavioral PPI
assay, which quantifies the hearing thresholds of larval zebrafish to
prepulse tones (90–1200�Hz) that inhibit the innate acoustic startle
response to a reliable acoustic startle stimulus (820�Hz at 20�dB re.
1�m�s–2). Our results demonstrate that larval zebrafish are most
sensitive to low frequency acoustic stimuli from 90�Hz (lowest
frequency tested) to 310�Hz and that the hearing thresholds
established from the PPI audiograms were considerably lower than
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those previously obtained from startle audiograms. In addition, we
provide evidence that the lateral line mechanosensory superficial
neuromasts do not contribute to the detection of acoustic stimuli
from 90 to 820�Hz during early development.

We found fast, C-start responses were reliably evoked by pure-
tone acoustic stimuli in 5–6�d.p.f. wild-type (AB) zebrafish, whereas
this behavior was absent in fish <5�d.p.f. (i.e. 4�d.p.f. zebrafish) over
the range tested (up to 14�dB re. 1�m�s–2 for frequencies of
90–1200�Hz). The variability in latency between the responses and
the discrepancy between our measurement of latency and previously
published accounts of startle latency (Burgess and Granato, 2007;
Kohashi and Oda, 2008) were attributed to the ramped stimulus. In
fact, some startle responses were observed to begin before the end
of the ramp. Zeddies and Fay (Zeddies and Fay, 2005) found a
similar timing of onset of the expression of acoustically evoked
behavioral responses to pure tones in 5�d.p.f. zebrafish but could
not characterize the startle response type because of equipment
limitations. Earlier work by Eaton and colleagues (Eaton et al., 1977)
suggests that the development of the startle response (M-cell-
initiated C-start response) occurs very early in development. This
fast startle behavior can be evoked by tactile stimulation as early
as 44�h post-fertilization (h.p.f.) (Eaton et al., 1977) and by visual
stimuli 68–79�h.p.f. (Easter and Nicola, 1996). Although Burgess
and Granato (Burgess and Granato, 2007) reported occasional startle
responses to uncalibrated broadband acoustic stimuli at 3�d.p.f., the
reliable onset of acoustically evoked startle responses to pure-tone
stimuli appears to occur at 5�d.p.f. This discrepancy in startle
response onset may be due to the nature of the stimulus; the use of
uncalibrated stimuli might contain low frequency elements that
activate both the inner ear and the lateral line, leading to a higher
activation of the M-cell at an earlier observed stage.

Acceleration thresholds from the pure-tone startle audiogram
(Fig.�7) indicate that 5–6�d.p.f. zebrafish are most sensitive to low
frequencies <310�Hz and that startle responses occur up to
1200�Hz (the highest frequency tested). The 820�Hz tone at 20�dB
(re. 1�m�s–2) had the highest response rate and was subsequently
used as the startle-inducing stimulus for the PPI experiments. The
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gated acoustic stimuli used here contained little distortion arguing
that the fish were responding specifically to the nominal stimulus
frequencies.

Habituation to the startle-inducing catch stimulus was negligible
in terms of its influence on the PPI response. Even though there
was a small drop in the response percentage from the first
presentation to the 16th presentation, as the PPI effect was measured
relative to the response percentage of the catch trial, the effects of
habituation were ameliorated. Habituation to the catch stimulus was
also short lived and in agreement with previous studies (Roberts et
al., 2011). Retesting fish greater than 6�h after initial habituation
experiments showed no long-term effects of the stimulus
presentations, and fish responded to catch stimuli at the same
percentages as naive fish. In rodents, PPI assays for auditory
sensitivity are conducted over multiple days to protect against
habituation effects (Young and Fechter, 1983). A similar protocol
may need to be developed for future comparative studies using the
PPI assay with other fish species.

Response thresholds measured using the PPI experimental
paradigm for 5–6�d.p.f. zebrafish were lower than startle response
thresholds. These PPI thresholds represent the lowest sound levels
for the prepulse test tones that are required to effectively inhibit or
modify the M-cell-mediated startle response to a loud acoustic
stimulus. Between 90 and 540�Hz the PPI thresholds were ~11–21�dB
lower than the startle thresholds, and between 820 and 1200�Hz the
PPI thresholds were <7�dB lower than startle thresholds (Fig.�7). The
lowest PPI threshold was −20�dB re. 1�m�s–1 at 90�Hz, which is similar
to particle motion thresholds for single unit saccular afferent
recordings in other fishes, such as toadfish [Opsanus tau; range:
−90 to −37�dB re. 1�m�s–2 at 100�Hz (Fay et al., 1994)], sturgeon
[Acipenser fulvescens; −90 to −33�dB re. 1�m�s–2 at 100�Hz (Meyer
et al., 2010)] and goldfish [Carassius auratus; −90 to −8�dB re.
1�m�s–2 at 140�Hz (Fay, 1984)].

Auditory thresholds derived from the PPI assay are known to be
similar to those derived from electrophysiological methods. Young
and Fechter (Young and Fechter, 1983) found PPI thresholds in rats
to be similar to auditory brainstem-evoked potential (ABR)
thresholds, while Walter and colleagues (Walter et al., 2012) found
PPI thresholds were 10–15�dB SPL more sensitive than ABR
thresholds in Mongolian gerbils. Our findings indicate that larval
zebrafish have significant auditory capacity below levels that cause
startle responses and the hearing threshold levels determined using
the PPI paradigm are similar to AEP thresholds previously
characterized for another otophysan fish, the goldfish (Radford et
al., 2012). These findings suggest that the auditory system of 5�d.p.f.
larval zebrafish is relatively sensitive and functional during early
development and that the PPI procedure described here provides a
good measure of hearing threshold levels in larval zebrafish.
Because of the non-invasiveness of this technique, the auditory
sensitivity of larval or juvenile fish (and their cohorts) can be tracked
throughout their development, and in future studies should allow
researchers to compare auditory thresholds as measured by PPI and
other electrophysiological methods (e.g. AEPs or auditory single
unit recordings) within a species.

Responses measured using the PPI assays were most likely
mediated by the saccule. The fish inner ear consists of three otolithic
end organs: the saccule, utricle and lagena (Popper and Fay, 1993).
The upper frequency range (820–1200�Hz) suggests that PPI
response is via the saccule because it is the only inner-ear end organ
known to respond at these frequencies in otophysan fishes (Fay,
1981). The findings by Bang and colleagues (Bang et al., 2002) are
also consistent with saccule-mediated sound detection in that most
mutations found to affect the startle response (to a 400�Hz tone) had
morphological defects associated with the saccular auditory pathway.
The lagena of wild-type zebrafish does not develop until 12�d.p.f.
(Riley and Moorman, 2000) and is thus non-functional in fish
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5–6�d.p.f. While the utricle may serve an auditory role in adult sleeper
gobies (Dormitator latifrons), its sensitivity is ~30�dB less than that
of the saccule (Lu et al., 2004). However, studies on adult goldfish
have shown that the utricular and saccular afferents are equally
sensitive to particle motion stimuli (Fay, 1984; Fay and Olsho, 1979).
Future studies that investigate the functional role of the three
different end organs (saccule, lagena and utricle) in 5�d.p.f. zebrafish
would be instrumental in determining whether each end organ
differentially detects and encodes acoustic particle motion and
pressure.

Indirect stimulation of the zebrafish inner ear by sound pressure
can occur via gas-filled bladders in close proximity to the end organs
and/or by means of skeletal adaptations such as the Weberian
ossicles in zebrafish and other otophysan fishes that link the swim
bladder to the inner ear (Higgs et al., 2003; Popper and Fay, 2011).
However, in zebrafish the Weberian ossicles are not fully formed
or ossified until ~36–37�mm total length (TL) or ~56�d.p.f. (Grande
and Young, 2004). Higgs and colleagues (Higgs et al., 2003) showed,
using AEP, no difference in sound pressure sensitivity of zebrafish
during development from 10 to 45�mm TL. However, these authors
showed that detectable frequencies >2000�Hz coincided with
increases in body size (at ~17–20�mm TL), swim bladder size and
connectivity of the Weberian elements, which is consistent with the
hypothesis that the Weberian apparatus and swim bladder are
responsible for transmitting higher frequency information to the
inner ear (Von Frisch, 1938; Fay and Popper, 1974). Although the
swim bladder is inflated and clearly visible in 5�d.p.f. zebrafish
(~3.5�mm TL), the deflation of the swim bladder at this
developmental stage does not affect the acoustically evoked
behavioral response thresholds (Zeddies and Fay, 2005). These
results suggest that 5–6�d.p.f. zebrafish do not respond to sound
pressure, but instead respond exclusively to particle motion and
direct acceleration of the inner ear otolithic organs. As a result, it
is not surprising that at this early stage of development, the
audiogram resembles that of fish that do not have specialized
adaptations for detecting pressure.

Ablation of the mechanosensory superficial neuromasts using
aminoglycosides had no effect on the hearing sensitivity of larval
zebrafish at frequencies of 90, 210 and 820�Hz, which is consistent
with AEP studies from adult goldfish (Higgs and Radford, 2013).
At this stage of development, 5–6�d.p.f. zebrafish are only known
to have superficial neuromasts capable of detecting vibrational
stimuli up to 50�Hz (Liao et al., 2012). Lateral line canal neuromasts,
which are capable of encoding frequencies up to 200�Hz (Kalmijn,
1988; Montgomery et al., 1995), do not develop until ~32�d.p.f.
(~10�mm TL) (Webb and Shirey, 2003). Future studies are needed
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to determine whether there is multimodal overlap between the
mechanosensory superficial neuromasts and the inner ear in
5–6�d.p.f. zebrafish at frequencies <50�Hz.

The PPI assay described here could be used as a valuable tool
to screen for novel compounds that protect inner ear hair cells from
noise-induced damage and investigate the molecular genetic basis
of hearing in larval zebrafish. Molecular genetic studies on zebrafish
hearing have thus far focused on unresponsive/deaf mutants with
mutations affecting inner ear anatomical development (and/or its
associated structures) or a loss of hair cell mechanotransduction
(Nicolson, 2005). A PPI assay could be developed to screen for
hearing phenotypes, such as those with reduced auditory sensitivity
or frequency selectivity, and ultimately used to investigate the
genetic basis of auditory processing during early zebrafish
development.

LIST OF ABBREVIATIONS
ABR auditory brainstem response
AEP auditory-evoked potential
d.p.f. days post-fertilization
h.p.f. hours post-fertilization
M-cell Mauthner cell
PPI prepulse inhibition
TL total length
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ABSTRACT

Sensorineural hearing loss is a normal consequence of
aging and results from a variety of extrinsic challenges
such as excessive noise exposure and certain therapeu-
tic drugs, including the aminoglycoside antibiotics. The
proximal cause of hearing loss is often death of inner
ear hair cells. The signaling pathways necessary for hair
cell death are not fully understood and may be specific
for each type of insult. In the lateral line, the closely
related aminoglycoside antibiotics neomycin and genta-
micin appear to kill hair cells by activating a partially
overlapping suite of cell death pathways. The lateral line
is a system of hair cell-containing sense organs found on
the head and body of aquatic vertebrates. In the present
study, we use a combination of pharmacologic and
geneticmanipulations to assess the contributions of p53,
Bax, and Bcl2 in the death of zebrafish lateral line hair
cells. Bax inhibition significantly protects hair cells from
neomycin but not from gentamicin toxicity. Conversely,
transgenic overexpression of Bcl2 attenuates hair cell
death due to gentamicin but not neomycin, suggesting a
complex interplay of pro-death and pro-survival pro-
teins in drug-treated hair cells. p53 inhibition protects
hair cells from damage due to either aminoglycoside,
with more robust protection seen against gentamicin.
Further experiments evaluating p53 suggest that inhibi-
tion of mitochondrial-specific p53 activity confers

significant hair cell protection from either aminoglyco-
side. These results suggest a role for mitochondrial p53
activity in promoting hair cell death due to aminoglyco-
sides, likely upstream of Bax and Bcl2.

Keywords: aminoglycoside, ototoxicity, neuromast,
hearing loss, Danio rerio

INTRODUCTION

Aminoglycosides are a class of potent antibiotics with
broad spectrum activity against gram-negative bacteria.
Aminoglycoside use in developed countries is wide-
spread in cystic fibrosis patients and premature infants;
worldwide, these drugs aremore widely used due to their
low cost and high efficacy against a variety of severe or
recalcitrant bacterial infections, including drug-resistant
tuberculosis (Rizzi and Hirose 2007; Durante-Mangoni
et al. 2009). Aminoglycoside ototoxicity, resulting in
hearing loss and balance disorders, is a serious clinical
issue for up to 20 % of patients who received these life-
sustaining antibiotics (reviewed in Rizzi andHirose 2007;
Xie et al. 2011). Despite early recognition of the ototoxic
side effects of aminoglycoside treatment, the cellular
pathways underlying aminoglycoside-induced sensori-
neural hearing loss and balance disorders are not fully
understood (Cheng et al. 2005; Schacht and Hawkins
2006; Warchol 2010).

Aminoglycoside ototoxicity likely involves activation
of several cell death pathways, as morphological features

Correspondence to: Allison B. Coffin & Department of Integrative
Physiology and Neuroscience & Washington State University & Vancouver,
WA 98686, USA. Telephone: +1-360-5469748; fax: +1-360-5469038;
e-mail: Allison.coffin@wsu.edu

JARO 14: 645–659 (2013)
DOI: 10.1007/s10162-013-0404-1
D 2013 Association for Research in Otolaryngology

645

JARO
Journal of the Association for Research in Otolaryngology



of both apoptotic-like and non-apoptotic modes of cell
death are visible in a single sensory organ (Li et al. 1995;
Forge and Li 2000; Owens et al. 2007; Taylor et al. 2008).
Caspase inhibition protects hair cells from neomycin
toxicity in the mouse utricle in vitro and from gentami-
cin otoxicity in chick in vivo, suggesting that activation of
classical apoptotic-like pathways may lead to hair cell
death in some tissues or species (Cheng et al. 2002;
Cunningham et al. 2002; Matsui et al. 2003; Kaiser et al.
2008). In vivo experiments in rats and zebrafish (Danio
rerio), however, reveal evidence for caspase-independent
hair cell death (Jiang et al. 2006; Coffin et al. 2013),
suggesting that alternative cell death pathways may be
involved.

Previous reports by our group and others suggest that
different aminoglycosides appear to activate distinct sets
of cell death pathways (Coffin et al. 2009, 2013; Owens
et al. 2009; Mazurek et al. 2012; Vlasits et al. 2012). In the
lateral line of larval zebrafish, neomycin induces rapid
hair cell death in a dose-dependent manner, while
gentamicin activates both rapid and slower cell death
responses (Coffin et al. 2009; Owens et al. 2009). Studies
with cell death inhibitors suggest that the rapid phase of
death induced by neomycin or gentamicin represents a
set of shared cell signaling pathways, while the slower
phase activated only by gentamicin represents a distinct
set of pathways (Vlasits et al. 2012; Coffin et al. 2013).
These data suggest that comparing mechanisms of hair
cell death activated by different aminoglycosides in a
single system is warranted in order to develop informed
interventions for patients receiving antibiotic treatment.

The zebrafish lateral line system has been established
as a useful preparation for studies of hair cell death
(e.g., Williams and Holder 2000; Harris et al. 2003; Ton
and Parng 2005; Coffin et al. 2010). Lateral line hair
cells cluster in sensory organs called neuromasts that are
externally located on the head and body of the animal
(Metcalf et al. 1985; Coombs et al. 1989; Raible and
Kruse 2000). This sensory system is used to detect near-
field water movement and mediates a number of
important behaviors including predator avoidance, prey
capture, and orientation to flow (Dijkgraaf 1963;
Montgomery and MacDonald 1987; Montgomery et al.
1997; Coombs et al. 2001; New et al. 2001; Suli et al.
2012). Lateral line hair cells and mammalian inner ear
hair cells exhibit similar responses to ototoxic drugs,
making the lateral line a suitable preparation for
ototoxicity studies (Harris et al. 2003; Ou et al. 2007;
Owens et al. 2007; Hirose et al. 2011). In larval zebrafish,
hair cells in the lateral line are relatively mature by
5 days post-fertilization (dpf) and they respond robustly
to aminoglycoside exposure (Murakami et al. 2003;
Santos et al. 2006). Given the small size, ease of hair cell
labeling and assessment, and the large number of larvae
that can be quickly generated by this fecund species, the
zebrafish lateral line system provides a robust platform

for quantitative assessment of ototoxin-induced hair cell
death.

The present study examines the roles of the
mitochondrial-associated cell death proteins Bax and
Bcl2 and the tumor suppressor protein p53 in
neomycin- and gentamicin-induced hair cell toxicity.
The roles for these proteins were initially identified in
a screen of a custom cell death inhibitor library for
modulators of aminoglycoside-induced hair cell death
(Coffin et al. 2013). Bax is a member of the Bcl2
family that acts by forming channels in the mitochon-
drial outer membrane, facilitating cytoplasmic trans-
location of mitochondrial proteins such as
cytochrome c and activation of downstream cell death
signaling (Putcha et al. 1999; Wei et al. 2001; Scorrano
and Korsemeyer 2003). Through this route, Bax is
closely associated with caspase activation and classical
apoptosis (reviewed in van Delft and Huang 2006;
Tait and Green 2010). However, Bax is also necessary
for mitochondrial changes and activation of down-
stream cell death pathways in a caspase-independent
manner (Middleton et al. 2000; Besirli et al. 2003;
Cheung et al. 2005). Bcl2 family members have been
linked to aminoglycoside ototoxicity in rodent models
and noise-induced hearing loss (Cunningham et al.
2004; Vicente-Torres and Schacht 2006; Yamashita et
al. 2008; Pfannenstiel et al. 2009).

p53 is best recognized as a transcription factor with
hundreds of downstream targets, playing a central role
in DNA repair, cell cycle regulation, and cell death
(reviewed in Pietsch et al. 2008; Levine and Oren 2009).
However, transcription-independent p53 activity is also
important inmany cell death processes by its association
with cytoplasmic or mitochondrial proteins, including
members of the Bcl2 family (Moll et al. 2005; Chipuk
and Green 2006; Green and Kroemer 2009). p53 is
implicated in cisplatin ototoxicity (Zhang et al. 2003),
but a potential role in aminoglycoside-induced hair cell
death has not been explored. The current study uses a
combination of genetic and pharmacologic modulation
of p53, Bcl2, and Bax to demonstrate a differential
contribution of these three molecules in hair cell death
following neomycin or gentamicin exposure in the
zebrafish lateral line.

METHODS

Animals

Larval zebrafish (*AB strain) were acquired through
paired or group mating and raised at 28.5 °C in Petri
dishes containing embryo medium (see Westerfield
2000). Animals were raised in either the University of
Washington or Washington State University Vancouver
zebrafish facilities. As hair cells in zebrafish younger
than 5 dpf are relatively resistant to aminoglycoside
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toxicity (Murakami et al. 2003; Santos et al. 2006), all
experiments used 5–6 dpf larvae. All procedures were
approved by the University of Washington and
Washington State University Animal Care and Use
Committees.

Drug treatments

Neomycin and gentamicin solutions (10 and 50 mg/ml,
respectively) were acquired from Sigma-Aldrich (St. Louis,
MO, USA) and diluted in E2 embryo medium (EM)
containing 1 mM MgSO4, 120 μM KH2PO4, 74 μM
Na2HPO4, 1 mM CaCl2, 500 μM KCl, 15 mM NaCl, and
500 μM NaHCO3 in dH2O (Westerfield 2000). All drug
treatments were performed by adding the compound(s)
to EM and allowing the fish to swim freely during
treatment. Fish were treated with one of two aminoglyco-
side exposure paradigms, definedhere as either “acute” or
“continuous.” Acute exposure consisted of a 30-min
incubation in 0–400 μM aminoglycoside followed by four
rinses in fresh EM and a 60-min recovery period in EM
with no drug present. Continuous exposure was
performed by incubating the larvae in 0–400 μM amino-
glycoside for 6 h. These exposure times were selected
based on the time course of hair cell death described
previously (Owens et al. 2009). Experiments where
treatment times deviated from this two paradigm system
(e.g., washout experiments) are indicated in the text.

We used the following compounds to modulate
aminoglycoside-induced hair cell death: the Bax
channel blocker (±)-1-(3,6-dibromocarbazol-9-yl)-3-
piperazin-1-yl-propan-2-ol, bis TFA (Bombrun et al.
2003), the p53 inhibitors pifithrin-α (PFTα) (Komarov
et al. 1999; Endo et al. 2006) and pifithrin-μ (PFTμ)
(Strom et al. 2006), and the Mdm2 inhibitor nutlin-3a
(Vassilev et al. 2004). All inhibitors were purchased
from EMD Millipore (Darmstadt, Germany) and
dissolved in DMSO. Fish were treated with inhibitor
for 1 h, then cotreated with inhibitor and aminogly-
coside using either the acute or continuous exposure
paradigm described above. Control animals were
treated with 0.1–1 % DMSO (to match the DMSO
concentration in the inhibitor treatment) in combi-
nation with the appropriate aminoglycoside.
Inhibitors were initially used within a 0–100-μM range
in order to determine the concentration that optimal-
ly affected hair cell death without causing hair cell or
fish morbidity. Once an optimal concentration was
determined for each inhibitor, it was used in subse-
quent experiments.

Hair cell assessment

Hair cell survival was either assessed by vital dye
labeling in living larvae or by immunocytochemistry in
fixed fish. For vital dye labeling, fish were incubated

for 15 min in 0.005 % 2-(4-(dimethylamino)styryl)-N-
ethylpyridinium iodide (DASPEI) (Life Technologies,
Grand Island, NY, USA), a mitochondrial dye that is
specific for lateral line hair cells using our incubation
protocol (Harris et al. 2003; Owens et al. 2007). Excess
DASPEI was removed with two rinses in fresh EM and
the fish were then anesthetized with 0.001 % MS-222
(Sigma-Aldrich). Fish were viewed with a Leica
MZFLIII fluorescent stereomicroscope and ×50 mag-
nification. We quantified hair cell survival using a
scoring system based on the relative fluorescent
intensity of DASPEI labeling for each of 10 head
neuromasts per fish (Harris et al. 2003). A neuromast
with intense labeling was scored “2,” one with dim
labeling was scored “1,” and one with no labeling was
scored “0,” yielding a score of 0–20 for each fish. We
assessed the same 10 neuromasts for each fish, which
have highly stereotyped positioning in 5–6 dpf
zebrafish (Metcalf et al. 1985; Raible and Kruse
2000). DASPEI assessment was performed for 7–14
fish per treatment combination.

Immunocytochemical analysis of hair cells was
performed using the optimal concentration of each
inhibitor (as determined by DASPEI assessment) with
a single concentration of either neomycin (acute
exposure) or gentamicin (acute or continuous expo-
sure). Fish were euthanized by cold-water bath and
fixed in 4 % paraformaldehyde in 0.1 M phosphate-
buffered saline (PBS, pH 7.4) for either 1 h at room
temperature or overnight at 4 °C. Fish were then
rinsed in PBS, blocked in PBS supplemented with
0.1 % Triton-X and 5 % normal goat serum (both
from Sigma-Aldrich), and incubated at 4 °C overnight
in antiparvalbumin antibody (mouse monoclonal
antibody from EMD Millipore). Primary antibody was
diluted 1:500 in PBS with 0.1 % Triton-X and 1 % goat
serum. Fish were then rinsed in PBS+0.1 % Triton-X
and incubated in Alexa 488 or 568 goat antimouse
secondary antibody (Life Technologies). Following
additional rinses in PBS+0.1 % Triton-X and PBS,
fish were stored in 1:1 PBS/glycerol at 4 °C.

Fish with labeled hair cells were mounted on
bridged coverslips and viewed with a Zeiss Axioplan
2ie epifluorescent microscope with a ×40 objective.
Hair cell counts were performed in seven neuromasts
per fish (SO1, SO2, IO1, IO2, IO3, OP1, and M2; see
Raible and Kruse 2000 for neuromast nomenclature),
and counts were summed to arrive at one value per
fish. Hair cell counts were performed for 8–10 fish per
treatment.

Genetic manipulation of cell death pathways

The p53zdf1 line contains a point mutation that results
in an amino acid change (M214K) in the DNA
binding domain of p53 and a loss of transcriptional
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activity, as measured by a p53 transactivation assay
(Berghmans et al. 2005). Homozygous p53zdf1 fish
were obtained through the Zebrafish International
Resource Center and bred for these experiments. In
order to confirm identity, fish were genotyped by PCR
using the protocol described in Berghmans et al.
(2005). Briefly, genomic DNA was extracted from tail
fin clips of breeders or entire larvae (posttreatment)
and PCR-amplified using the following primer pair:
forward ACA TGA AAT TGC CAG AGT ATG TGT C;
reverse TCG GAT AGC CTA GTG CGA GC. PCR
products were digested with MboII, which specifically
cleaves a restriction site in p53zdf1 mutants. DNA from
a subset of fish was also sequenced to confirm
genotyping results. Dose–response experiments with
p53zdf1 fish were conducted as described above for
neomycin or gentamicin treatment. The p53zdf1 fish
are maintained as a homozygous line, so wild-type
siblings were not available as controls. As this muta-
tion occurs on an AB background, age-matched wild-
type *AB fish, which are genetically similar to AB fish,
were used as controls. Similar sensitivity to aminogly-
coside-induced hair cell death has been demonstrated
in multiple fish strains, providing confidence that
small genetic differences between wild-type lines will
not confound our results (e.g., Williams and Holder
2000; Harris et al. 2003).

In order to determine the effect of overexpressing
the cell survival protein Bcl2 on hair cell toxicity, we
created a transgenic line using the Tol2 system and Life
Technologies’ Gateway cloning architecture. The
zebrafish Bcl2 coding sequence, fused to the 3′ end of
EGFP, was kindly provided by Dr. A. T. Look (Langenau
et al. 2005). This fusion gene was PCR-amplified with
primers containing the appropriate attB sites for
cloning into the Gateway middle entry vector (see
Kwan et al. 2007). PCR was performed with Phusion
DNA polymerase (New England BioLabs, Ipswich, MA,
USA) using forward primer GGGGACAAGTTTGTAC
AAAAAAGCAGGCTGCGCCACCATGGTGAGCAAGG
GCGAGG and reverse primer GGGGACCACTTTGT
ACAAGAAAGCTGGGTTCACTTCTGAGCAAAAAAG
GCTCC. The resulting PCR product was cloned into
pME-MCS. The final vector was constructed by Gateway
cloning the zebrafishmyo6b promoter (Kindt et al. 2012;
kindly provided by the Drs. Kindt and Nicolson), pME-
EGFP-Bcl2, and a 3′ polyadenylation signal into the
destination vector pDestTol2CG2, which contains the
cmlc2:EGFP transgenesis marker. This construct, along
with transposase mRNA, was injected into *AB zebrafish
embryos at the one-cell stage. Transgene-expressing
offspring were raised to adulthood and crossed to
generate a stable line. Animals used in the present
experiments are from the F2 generation. Tg(myo6b:EGFP-
bcl2) larvae were treated with aminoglycosides as de-
scribed above to assess the effect of Bcl2 overexpression

on hair cell survival. As the GFP interferes with assess-
ment of DASPEI fluorescence intensity, all experiments
in transgenic animals were conducted using counts of
antiparvalbumin-labeled hair cells.

Data analysis

Data were analyzed with GraphPad Prism (V. 5.0) using
either one- or two-way ANOVA as appropriate followed
by Bonferroni-corrected post hoc analysis. For graphical
presentation, data were normalized to untreated controls
such that 100 % represents hair cell survival in control
animals. All data are presented as mean±1 SD.

RESULTS

Bax inhibition protects hair cells from neomycin
toxicity

Our previous screen of a cell death inhibitor library
suggested that a Bax channel blocker conferred protec-
tion from aminoglycoside toxicity (Coffin et al. 2013).
Here, we fully characterize this protective effect. As seen
in Figure 1, Bax inhibition robustly protects hair cells
from neomycin toxicity. Protection is apparent using
DASPEI scoring or with direct counts of antiparvalbumin-
labeled hair cells, as seen by the confocal images in
Figure 1B. Bax inhibition protects hair cells from damage
with acute or continuous neomycin with no apparent
differences due to exposure time. In contrast, Bax
inhibition appears to only provide modest protection
from acute gentamicin damage and no hair cell protec-
tion during continuous gentamicin exposure. These
results support our hypothesis that neomycin and acute
gentamicin exposure may activate related suites of cell
death pathways but that additional pathways are activated
during continuous gentamicin treatment. Therefore,
the remainder of this paper compares acute neomycin
damage with both acute and continuous gentamicin
treatments. We do not show additional experiments
with continuous neomycin because our previous
experiments suggest that there are no differences in
cell death pathway activation between acute and
continuous neomycin exposures (Fig. 1, Owens et al.
2009; Coffin et al. 2013).

p53 inhibition protects hair cells from neomycin-
or gentamicin-induced damage

Bax can participate in many cell death signaling
pathways, including those driven by p53 (Chipuk et al.
2004; Geng et al. 2010). p53 can transcriptionally
regulate Bax, and p53 can also interact directly with
Bax protein and other Bcl2 family members in the
cytosol or mitochondria (Mihara et al. 2003; Moll et al.
2005; Chipuk and Green 2006). In a previous screen of a
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FIG. 1. Bax inhibition protects hair cells from neomycin-induced
hair cell death. (A) The Bax channel blocker confers dose-dependent
protection from 200 μM neomycin, with 5 μM Bax blocker providing
significant protection (one-way ANOVA, DASPEI scoring: F(4, 53)=
55.02, PG0.001; HC count: F(4, 32)=12.89, PG0.001) without any
overt toxicity to hair cells or fish health. Quantification of hair cell
survival using DASPEI scoring (black bars) closely matches direct
counts of labeled hair cells (gray bars). (B) Confocal images of
antiparvalbumin-labeled hair cells demonstrate that protected hair
cells have normal morphology. The scale bar in the left panel applies
to both images. (C–F) 5 μM Bax channel blocker robustly protects

hair cells from neomycin damage using either acute (C) or
continuous (E) exposure paradigms. Limited protection is observed
from (D) acute gentamicin while no protection was noted with (F)
continuous gentamicin exposure. Two-way ANOVA analyses are as
follows: acute neomycin F(1, 09)=247.5, PG0.001; acute gentamicin
F(1, 116)=6.29, P=0.01; continuous neomycin F(1, 111)=227.3,
PG0.001; continuous gentamicin F(1, 112)=1.08, P=0.30. Asterisks
indicate significant differences from neomycin-only controls (A) or
significant pairwise differences (C–F) using Bonferroni-corrected post
hoc testing (*PG0.05, **PG0.01, ***PG0.001). N=10–14 animals per
treatment, data are presented as mean±1 SD.
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cell death inhibitor library, we demonstrated that p53
inhibition protects hair cells from gentamicin damage
(Coffin et al. 2013). Here we show that the p53 inhibitor
pifithrin-α (PFTα) confers dose-dependent protection
from gentamicin toxicity (Fig. 2A). Although maximum
protection was observed with 100 μM PFTα, this
inhibitor concentration caused larval morbidity, so
we performed our remaining experiments with
50 μM PFTα, a dose that was well-tolerated by the
animals. Dose–response testing showed that p53
inhibition significantly protected hair cells from
neomycin or gentamicin damage (Fig. 2). However,
PFTα confers only modest protection against acute
neomycin or gentamicin toxicity, while more sub-
stantial protection is observed following continuous
gentamicin exposure. These findings are further
supported by direct counts of antiparvalbumin-
labeled hair cells (Fig. 2B).

p53 is a multifunctional molecule, with noncanonical
cytoplasmic and mitochondrial activity in addition to its
well-described transcriptional activity (Vaseva and Moll
2009; Vousden and Prives 2009). Aminoglycosides are
reported to induce changes in mitochondrial morphol-
ogy and function in hair cells, suggesting a central
importance for mitochondria in hair cell death signal-
ing (Owens et al. 2007; Jensen-Smith et al. 2012). We
therefore examined the necessity for mitochondrial p53
activity using the specific inhibitor PFTμ (Strom et al.
2006); 25 μM PFTμ provided statistically significant but
modest protection from acute neomycin or acute
gentamicin exposure (Fig. 3), with the magnitude of
protection virtually identical to that seen with PFTα.
Higher concentrations of PFTμ were toxic to hair cells
(data not shown). These results suggest that mitochon-
drial p53 activity is a contributor to, but not essential for,
the acute phase of aminoglycoside damage. In contrast

FIG. 2. The p53 inhibitor pifithrin-α (PFTα) protects hair cells from
neomycin or gentamicin damage. A PFTα protects hair cells from
continuous 50 μM gentamicin exposure (one-way ANOVA, F(4, 45)=
26.66, PG0.001); 100 μM PFTα provides maximum protection but is
detrimental to fish health, so 50 μM PFTα was used for the remaining
experiments. The images in A show DASPEI-labeled larvae treated
with 50 μM continuous gentamicin (top) or gentamicin+PFTα
(bottom). B Protection conferred by PFTα was validated with counts
of antiparvalbumin-labeled hair cells. Fish treated continuously with
50 μM gentamicin and 50 μM PFTα had significantly more hair cells
than fish treated with gentamicin only (two-tailed t test, PG0.001). C–

E Dose–response curves using 50 μM PFTα and variable concentra-
tions of neomycin (C) and gentamicin (D, E). PFTα confers modest
protection from acute neomycin (two-way ANOVA, F(1, 110)=4.99, PG
0.001) and acute gentamicin (two-way ANOVA, F(1, 113)=6.98, PG
0.001) and robust protection from continuous gentamicin exposure
(two-way ANOVA, F(1, 107)=22.55, PG0.001). Asterisks indicate signif-
icant pairwise differences using Bonferroni-corrected post hoc testing
(**PG0.01, ***PG0.001). The lack of significant pairwise differences in
some comparisons (e.g., C 200 μM neomycin) stems from our selection
of the conservation Bonferroni correction for post hoc analysis.N=7–13
animals per treatment, data are presented as mean±1 SD.
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to the substantial protection seen with PFTα during
exposure to continuous gentamicin, PFTμ provided
only modest protection from continuous gentamicin
exposure, suggesting an additional requirement for p53
during continuous gentamicin damage that is indepen-
dent of p53 mitochondrial activity.

p53 inhibition protects hair cells from gentamicin
toxicity post-exposure

We next conducted a washout experiment to examine
the role of p53 during the prolonged phase of gentami-
cin toxicity. In the zebrafish lateral line system, hair cell
death due to gentamicin exposure continues after
gentamicin removal, allowing us to assess the specific
role for p53 in the slower phase of hair cell death (Owens
et al. 2009). As shown in Figure 4, PFTα protected hair
cells from gentamicin toxicity when the inhibitor was
added after gentamicin removal, consistent with our
hypothesis that p53 contributes to the slow phase of
gentamicin-induced hair cell death. In contrast, the
mitochondrial-specific p53 inhibitor PFTμ did not atten-
uate the slow phase of gentamicin-induced damage,

providing further evidence that p53 mitochondrial
activity is involved in the acute phase of damage. No
protection was seen if a similar washout experiment was
performed with PFTα and neomycin, consistent with
previous evidence that neomycin only induces hair cell
death by activating acute damage pathways (Owens et al.
2009; data not shown).

Mdm2 inhibition sensitizes hair cells to gentamicin

We next asked if stabilizing p53 promoted hair cell
death by treating fish with nutlin-3a, which inhibits the
endogenous p53 antagonist Mdm2 and prevents p53
degradation (Vassilev et al. 2004). Figure 5A shows that
nutlin-3a treatment sensitized hair cells to toxicity
resulting from continuous exposure to a moderate
gentamicin concentration, but not to acute neomy-
cin or gentamicin toxicity. To rule out that this
sensitization was simply the result of longer expo-
sure to an inhibitor, we also examined the effect of
nutlin-3a treatment in a continuous neomycin
exposure paradigm. Nutlin-3a did not alter the
effect of 6 h of neomycin exposure (data not shown),

FIG. 3. The mitochondrial-specific p53 inhibitor PFTμ protects hair
cells from neomycin or gentamicin toxicity. A Moderate concentra-
tions of PFTμ provide protection from 200 μM neomycin (two-way
ANOVA, F(3, 41)=14.96, PG0.001), although higher concentrations of
PFTμ are toxic to hair cells; 25 μM PFTμ provides incomplete but
significant protection from A acute neomycin (two-way ANOVA, F(1,

102)=15.57, PG0.001), B acute gentamicin (two-way ANOVA, F(1,
109)=83.45, PG0.001), and C continuous gentamicin toxicity (two-
way ANOVA, F(1, 102)=16.38, PG0.001). Asterisks indicate significant
pairwise differences using Bonferroni-corrected post hoc testing (*PG
0.05, **PG0.01, ***PG0.001). N=10–13 animals per treatment, data are
presented as mean±1 SD.
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suggesting that Mdm2 inhibition specifically promotes
gentamicin-induced hair cell death during the slow
phase of damage.

If p53 contributes to hair cell death due to
gentamicin exposure, it stands to reason that we can
pharmacologically titrate the relative concentration of

p53 and manipulate hair cell survival. We tested this
hypothesis by cotreating fish with 50 μM PFTα and
variable concentrations of nutlin-3a (Fig. 5B).
While PFTα conferred significant protection
against continuous gentamicin exposure, this pro-
tection was attenuated by exposure to increasing
concentrations of nutlin-3a. In all cases, however,
hair cell survival was greater when gentamicin-
exposed fish were cotreated with nutlin-3a and
PFTα as compared to fish treated with nutlin-3a
alone. These data suggest that the relative level of p53 is

FIG. 4. The general p53 inhibitor PFTα protected hair cells from
the slow phase of damage after gentamicin treatment. Fish were
treated with 100 μM gentamicin for 30, 60, or 90 min and then either
assessed immediately, or the gentamicin was washed out and the fish
were allowed to recover for either 4.5, 5, or 5.5 h for a total
experimental time of 6 h. Recovery took place in either embryo
medium, 50 μM PFTα (A), or PFTμ (B). A There is an overall effect of
recovery on hair cell survival (two-way ANOVA, F(2, 86)=70.08, PG
0.001). Some hair cell loss was evident immediately after treatment
but additional loss occurred during the recovery period (comparing
black and gray bars). Addition of PFTα after gentamicin exposure
significantly protected hair cells, with effects again visible at all time
points (comparing dark and light gray bars, two-way ANOVA, F(1, 58)
=76.54, PG0.001). B Again, there is an overall effect of recovery on
hair cell survival (F(2, 95)=76.87, PG0.001). In this case, however,
addition of the mitochondrial p53 inhibitor PFTμ did not protect hair
cells from damage due to gentamicin washout (comparing dark and
light gray bars, two-way ANOVA, F(1, 63)=0.03, P=0.87). Asterisks
indicate treatments that are significantly different from the “recovery
in EM” group (**PG0.01, ***PG0.001). N=9–13 fish per treatment,
data are presented as mean+1 SD.

FIG. 5. Inhibition of the p53 antagonist mdm2 facilitates gentami-
cin-induced hair cell death. A The Mdm2 inhibitor nutlin-3a
sensitizes hair cells to damage caused by a 6-h continuous
gentamicin exposure (one-way ANOVA, F(2, 29)=12.90, PG0.001),
but not to damage from acute neomycin or gentamicin treatment
(one-way ANOVAs, neomycin: F(2, 28)=2.71, P=0.08; gentamicin:
F(2, 32)=3.03, P=0.06). Nutlin-3a alone was not toxic to hair cells
during the 7-h treatment period (one-way ANOVA, F(2, 30)=0.49, P=
0.61). B Nutlin-3a attenuates the protection provided by PFTα. Fish
were cotreated with nutlin-3a and 25 μM gentamicin with or without
PFTα. Hair cell survival was greater in all PFTα groups relative to
those without PFTα (two-way ANOVA, F(1, 50)=105.8, PG0.001), but
survival decreased with increasing concentrations of nutlin-3a in the
presence of PFTα (one-way ANOVA, F(2, 23)=4.81, P=0.02). Asterisks
indicate significant differences between treatment pairs with vs.
without PFTα (***PG0.001). N=5–11 animals per treatment, data are
presented as mean±1 SD.
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an important regulator of death or survival in gentami-
cin-treated hair cells.

Disrupted p53 DNA binding activity does not
protect hair cells from aminoglycoside damage

The p53zdf1 allele bears a point mutation in the DNA
binding domain of p53, eliminating its transcriptional
activity (Berghmans et al. 2005). The effects of this
mutation on transcription-independent p53 activity are
unknown, but it is likely that some p53 functionality
remains. We found that hair cells in p53zdf1 homozygotes
were not resistant to either neomycin or gentamicin
damage using either acute or continuous exposure
paradigms (Fig. 6). Furthermore, nutlin-3a treatment
facilitated hair cell loss in the p53zdf1 line to the same
degree as in wild-type fish (data not shown). These results
suggest that p53 transcriptional activity is not required for
aminoglycoside toxicity in the lateral line system.

Bcl2 overexpression protects hair cells
from gentamicin toxicity

p53 is thought to compete with Bax for Bcl2 family pro-
survival proteins (Jiang and Milner 2003; Chipuk and
Green 2006). PFTμ is hypothesized to inhibit p53
mitochondrial activity by disrupting binding of p53 to
Bcl2 or Bcl-xL, which then allows them to bind and
inhibit Bax and thereby promote cell survival (Strom et
al. 2006; Morita et al. 2010). We therefore asked if
overexpressing Bcl2 would protect hair cells from
aminoglycoside damage. Bcl2 overexpression robustly
protected hair cells from either acute or continuous
gentamicin damage but not from acute neomycin
toxicity, as shown in Figure 7. We also examined Bcl2
overexpressing fish 1 day after gentamicin treatment to
assess whether Bcl2 overexpression prevented hair cell
death, as opposed to delaying it. As seen in Figure 8, hair
cells in transgenic larvae were still significantly protected
from gentamicin toxicity. However, the protection
conferred by Bcl2 overexpression was attenuated by
18 h posttreatment when compared to fish assessed
immediately after gentamicin exposure (Fig. 8B). This
result suggests that some hair cell loss occurs in the
presence of excess Bcl2, perhaps via activation of distinct
cell death pathways. PFTα treatment during this 18-h
recovery period did not prevent the loss of hair cells that
occurred in either wild-type or transgenic animals (data
not shown). These data indicate that the moderate hair
cell death observed in transgenic fish after continuous
gentamicin exposure is not dependent on p53.

As hair cell death due to neomycin exposure
begins very quickly, we also asked if Bcl2
overexpressing hair cells was protected from neomy-
cin damage if assessed early in neomycin exposure.
There were no differences in the number of surviving
hair cells in transgenic vs. wild-type fish after 15 min

of neomycin treatment (data not shown), further
evidence that Bcl2 promotes hair cell survival from

FIG. 6. p53 transcriptional activity is not required for amino-
glycoside-induced hair cell death. Hair cells in the zdf1 mutant
line are not protected from A acute neomycin, B acute
gentamicin, or C continuous gentamicin-induced damage, as
compared to *AB wild-type fish. Analysis was conduced by two-
way ANOVA, acute neomycin F(1, 107)=0.40, P=0.53; acute
gentamicin F(1, 100)=1.33, P=0.25; continuous gentamicin F(1, 105)=
2.64, P=0.11. N=7–13 animals per group, data are presented as
mean±1 SD.
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continuous gentamicin toxicity but not acute neomy-
cin damage.

DISCUSSION

Our pharmacologic and genetic manipulations suggest
differential involvement of Bax, Bcl2, and p53 proteins
in aminoglycoside-induced hair cell death in the
zebrafish lateral line. Bax channel inhibition robustly
protected hair cells from acute neomycin exposure, but
not from 6 h of gentamicin exposure, while Bcl2
overexpression showed the reverse pattern, conferring
protection from acute or continuous gentamicin dam-
age but not from neomycin toxicity. p53 inhibition
attenuated hair cell death induced by either ototoxin,
although protection from neomycin damage appears
quite modest, and in this context, p53 appears to play a
distinct mitochondrial role. Hair cell toxicity due to
either neomycin or gentamicin appears to be indepen-

dent of p53 transcriptional activity, suggesting multiple
posttranslational roles for p53 in hair cell death
processes. These results support our previous findings
that there are distinct mechanisms underlying damage
from acute or continuous exposure to neomycin and
gentamicin (Owens et al. 2009; Coffin et al. 2013).

Two caveats might be considered in interpreting
these data. First, the majority of the data we present are
based on assessment of DASPEI-labeled hair cells. On
the other hand, all pharmacologic or genetic manipula-
tions were also assessed by direct counts of fixed,
antibody-labeled hair cells in order to ensure that our
data reflected hair cell survival and are not limited to
changes in mitochondrial membrane potential. Second,
it is difficult to directly compare drug dosages or the time
course of hair cell death in the lateral line to studies in
mammals because of dilution with systemic application
as used in most mammalian studies. In terms of access of
experimental drugs to hair cells, the lateral line more
closely resembles an in vitro model than a mammalian

FIG. 7. Excess Bcl2 protects hair cells from gentamicin damage.
Overexpression of hair cell-specific Bcl2 does not protect hair cells from
A acute neomycin (two-way ANOVA, F(1, 100)=0.65, P=0.42). Signifi-
cant protection is seen from B acute gentamicin toxicity (two-way
ANOVA, F(1, 73)=113.5, PG0.001) orC continuous gentamicin exposure
(two-way ANOVA, F(1, 90)=181.60, PG0.001). Data represent counts of
antiparvalbumin-labeled hair cells from seven neuromasts per fish, N=
7–19 fish per group, data are presented as mean±1 SD. Asterisks

represent significant pairwise differences using Bonferroni-corrected
post hoc testing (**PG0.01, ***PG0.001). D Confocal images (z-series
projections) of *AB (left column) and Tg(myo6b:EGFP-bcl2) (right
column) neuromasts labeled with antiparvalbumin (red) and anti-GFP
(green). Images are shown of control neuromasts (top row) and those
treated with 100 μM gentamicin for 6 h (bottom row), demonstrating
robust hair cell survival in gentamicin-treated transgenic hair cells. The
scale bar in the upper left panel is 5 μM and applies to all panels.
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inner ear tested in vivo. It is worth noting, however, that
gentamicin exposure is reported to induce hair cell loss
within 6 h in utricular cultures and within 18–24 h
following intratympanic application in vivo (Forge and
Li 2000; Suzuki et al. 2008). In addition, preliminary
studies in guinea pigs demonstrate that cochlear perfu-
sion of neomycin leads to rapid hair cell loss (60–90min;
Wang et al. 2009). These studies suggest that aminogly-
cosides may activate cell death pathways in mammalian
hair cells quite rapidly, as in the lateral line system, when
direct access is possible. On the other hand, it is yet to be
determined if distinct cell death pathways are activated at
different times in mammalian inner ear in vivo, as
indicated by our zebrafish data.

p53 and aminoglycoside ototoxicity

The tumor suppressor protein p53 is a key regulator
of many processes, including cell proliferation, senes-
cence, and death (Pietsch et al. 2008; Vousden and
Prives 2009). p53 is best known in its canonical role as
a transcription factor, but p53 can function in
cytoplasmic and mitochondrial roles in cell death
independent of transcriptional activity (Caelles et al.
1994; Chipuk and Green 2006). The broadly acting
p53 inhibitor PFTα significantly protected hair cells
from neomycin or gentamicin damage, suggesting
that p53 activity is important for aminoglycoside-
induced hair cell death. Given that transcriptional
and translational activity does not appear essential for
aminoglycoside-induced hair cell death in the
zebrafish lateral line system, a noncanonical p53
mechanism appears to be the necessary function
(Coffin et al. 2013). PFTμ, a specific inhibitor of
mitochondrial p53 activity, also protected hair cells
from neomycin or gentamicin damage, albeit to a
lesser extent than PFTα, while the Mdm2 inhibitor
nutlin-3a sensitized hair cells to gentamicin toxicity
and attenuated the protective effect of PFTα.

Collectively, these data suggest that p53 may have
multiple modes of action in regulating aminoglyco-
side toxicity, one in the acute damage phase and a
second, distinct role during the prolonged damage
phase caused by continuous gentamicin exposure. A
temporally biphasic role for p53 was previously
demonstrated in γ-irradiated mice (Erster et al.
2004). However, this response was due to sequential
activation of mitochondrial and transcriptional p53
activity, whereas our data suggest that both acute and
continuous hair cell death mechanisms are indepen-
dent of p53 transcriptional activity. There is a previous
report of PFTα conferring protection against genta-
micin damage in neonatal rat cochlear cultures
(Zhang and Cramer 2006), but the role for p53 in
aminoglycoside ototoxicity in mammals has not been
explored in detail. A surprising result in our studies is
that Mdm2 inhibition via nutlin-3a facilitates hair cell
death due to gentamicin but not neomycin. Nutlin-3a
can induce p53-mediated apoptosis in tumor cells in
both a transcription-dependent and transcription-
independent manner, suggesting that Mdm2 may
modulate p53 activity in multiple ways (Chipuk et al.
2004; Kojima et al. 2006; Vaseva et al. 2009). It is
possible that the action of nutlin-3a-mediated Mdm2
antagonism depends on the intracellular location and
relative access of p53 to protein–protein interactions.
Localization studies are needed to further understand
these roles for p53.

We must also note that many of the pharmacologic
inhibitors used in this study have known off-target
effects, making it possible that p53 is not the central
actor in these cell death processes, or that additional

FIG. 8. Bcl2 overexpressing hair cells are protected from the slow
phase of damage that occurs after gentamicin washout. A Significant
protection is seen vs. wild-type fish when fish are treated with
gentamicin for 6 h and allowed to recover in EM for 18 h prior to hair
cell assessment (two-way ANOVA, F(1, 86)=60.90, PG0.001). Post
hoc analysis shows significant protection at each gentamicin
concentration (**PG0.01, ***PG0.001). B However, some additional
loss of hair cells occurs in either wild-type or Bcl2 transgenic fish
following 6 h of exposure to 200 μM gentamicin and 18 h of
recovery as compared to immediately after gentamicin treatment
(within-genotype two-tailed t test, PG0.001). Data represent summed
counts of antiparvalbumin-labeled hair cells in seven neuromasts per
fish, N=9–10 fish per group, data are presented as mean±1 SD.
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molecules are also inhibited by our treatments. For
example, PFTα can inhibit zebrafish p73 in vivo and
mammalian cyclin D1 in vitro, while PFTμ inhibits
hsp70 and can interfere with autophagy (Davidson et
al. 2008; Leu et al. 2009; Sohn et al. 2009; Pimkina
and Murphy 2011). Hsp70 activation inhibits amino-
glycoside-induced hair cell loss in mammalian models,
making it unlikely that inhibiting hsp70 would exert a
protective effect in zebrafish hair cells (Taleb et al.
2008, 2009). However, blocking autophagy does
provide a modest protective effect from aminoglyco-
side damage in zebrafish (Coffin et al. 2013), so we
cannot rule out this off-target effect of PFTμ in our
present study, nor can we be certain that PFTα or
PFTμ are not exerting an influence on additional
targets. Further genetic studies are necessary to
validate the involvement of p53 in lateral line hair
cell death.

Bcl2 proteins and aminoglycoside ototoxicity

We have shown that treating hair cells with an
inhibitor of the pro-cell death protein, Bax, signifi-
cantly protects them from neomycin and acute
gentamicin damage, but not from damage due to
continuous gentamicin exposure. This finding is
consistent with our previous hypothesis that neomycin
and acute gentamicin activate similar cell death
pathway(s) but that additional pathways are uniquely
activated by continuous gentamicin exposure (Owens et
al. 2009; Coffin et al. 2013). Recent evidence suggests
that gentamicin and neomycin may activate distinct
pathways in rat cochlear explants, indicating that
differential pathway contributions may not be restricted
to zebrafish (Mazurek et al. 2012).

In other cell types, cell death stimuli trigger Bax
translocation to the mitochondrial outer membrane,
where Bax forms channels that permeabilize mito-
chondria and allow mitochondrial proteins to leak
into the cytosol (Antonsson 2001). Neomycin induces
changes in mitochondrial membrane potential in the
zebrafish lateral line system and Bax inhibition pro-
tects mitochondrial cytochrome c localization, consis-
tent with Bax-induced mitochondrial membrane
permeability (Owens et al. 2007; A. Coffin,
unpublished data). Other pro-cell death Bcl2 proteins
including Bak and Bad have been implicated in noise-
induced hair cell damage, suggesting that Bcl2 pro-
teins are required for responses to a variety of
ototoxic stimuli (Vicente-Torres and Schacht 2006;
Yamashita et al. 2008). It is possible that the Bax
channel inhibitor used in the present study may bind
additional targets with unrecognized effects, con-
founding our results. There is a high degree of
functional conservation between mammalian and
zebrafish Bcl2 family proteins, suggesting that the

Bax channel blocker used here likely interacts with
zebrafish Bax (Kratz et al. 2006; Jette et al. 2008).
However, future experiments with genetic Bax
manipulation are necessary, particularly since there
are two Bax paralogs in zebrafish (Kratz et al.
2006).

In contrast to treatment with the Bax inhibitor,
overexpressing Bcl2 protected lateral line hair cells
from gentamicin damage but not from neomycin
exposure. Bcl2 overexpression has been previously
shown to confer protection against neomycin toxicity
in cultured mature mouse utricles (Cunningham et al.
2004). These results suggest that Bcl2 family proteins
may be involved in aminoglycoside toxicity. At the
present time, it is unclear if the difference between
the mouse utricle experiment and our present study is
due to species differences or differences in hair cell
responses in vivo vs. in vitro. Cunningham et al.
(2004) used a neomycin treatment paradigm similar
to our “continuous” exposure in the present study,
although over a much longer treatment duration.

Why does Bcl2 overexpression not attenuate neo-
mycin toxicity in the lateral line? While the ratio of
Bcl2 to Bax is considered a rheostat of cell life or
death, the Bcl2 family includes multiple pro-survival
proteins, including Bcl2 and Bcl-xL, either of which
can associate with Bax either directly or via BH3-only
proteins (Korsmeyer et al. 1993; Finucane et al. 1999;
Cheng et al. 2001; van Delft and Huang 2006).
Similarly, both Bax and related pro-cell death family
members such as Bak can induce mitochondrial
membrane permeabilization and subsequent activa-
tion of downstream cell death pathways (Wei et al.
2001; van Delft and Huang 2006). It is therefore
possible that a Bax association with an unidentified
pro-survival protein is necessary for neomycin ototox-
icity, while Bcl2 interacts with Bak or another pro-
death protein in gentamicin-induced damage path-
ways. Additional BH3-only proteins may be important
in neomycin-induced toxicity, perhaps by preventing
binding of Bcl2 to Bax, which could explain the lack
of protection seen in the Bcl2 overexpression fish.
This conjecture requires further exploration of BH3-
only proteins such as Bim and Noxa that modulate Bcl2
interactions with other protein targets (Antonsson 2001;
Han et al. 2010).

Neuronal cell death in response to DNA damage in
vitro or prion expression in vivo can occur in a fast
Bax-dependent or slow Bax-independent manner,
paralleling our findings with neomycin- and gentami-
cin-induced hair cell death (Besirli et al. 2003; Li et al.
2007). Importantly, the slow form of Bax-independent
death induced by DNA damage involved p53 activity
(Besirli et al. 2003). p53 can also interact directly with
pro-survival and pro-cell death Blc2 family members
to activate mitochondrial-associated cell death path-
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ways (Mihara et al. 2003; Chipuk et al. 2004; Moll et al.
2005; Han et al. 2010). Protein binding and
colocalization experiments are necessary to further
dissect the relative contributions of these proteins to
aminoglycoside ototoxicity.
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Abstract

Objective. The goal of this study was to determine whether
osteopontin, a molecule with a variety of biologic effects
including cell death inhibition, plays an important role in
protection of the inner ear and kidney from the toxic effects
of the chemotherapeutic drug cisplatin.

Study Design. In vivo study using a model system of cisplatin
toxicity in adult mice.

Setting. Virginia Merrill Bloedel Hearing Research Center,
University of Washington.

Subjects and Methods. Osteopontin1/1 and Osteopontin–/–
adult mice were treated with intraperitoneal cisplatin (20 mg/
kg) or saline (control). Osteopontin levels were investigated
by immunohistochemistry. Auditory brainstem response
thresholds and cochlear histology were used to assess oto-
toxicity, while serum creatinine and renal histology were used
to assess nephrotoxicity. For quantitative experiments, 8 to
18 animals were included in each treatment group.

Results. At 72 hours after cisplatin treatment, there was a
slight increase in osteopontin levels within the kidney but
not in the inner ear. There was no difference in auditory
brainstem response threshold shifts, outer hair cell death,
or serum creatinine between Osteopontin1/1 and
Osteopontin–/– mice. Cochlear and renal histologic damage
following cisplatin appeared to be similar in Osteopontin1/1
and Osteopontin–/– mice.

Conclusion. Osteopontin is not required for development of
normal auditory or renal function. Osteopontin is unlikely
to play a role in protection of the inner ear or kidney from
acute cisplatin toxicity. Slight increases in renal osteopontin
72 hours after cisplatin injury may be important for regen-
eration of proximal tubule cells.

Keywords

ototoxicity, nephrotoxicity, cisplatin, hearing loss,
chemotherapy
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Introduction
Cisplatin is a chemotherapeutic drug in wide use for head
and neck, lung, ovarian, bladder, testicular, and other can-
cers. Its use is limited by adverse effects, including ototoxi-
city and nephrototoxicity. Cisplatin frequently causes high-
frequency hearing loss, and animal studies show damage to
outer hair cells, spiral ganglion cells, and the lateral wall of
the cochlea.1 In the kidney, cisplatin induces acute tubular
necrosis primarily via damage of proximal tubule cells.2

The mechanisms by which cisplatin damages these normal
cell types are poorly understood but may include oxidative
stress, apoptotic signaling cascades, and pro-inflammatory
cytokines.1,2

Osteopontin (OPN) is a secreted phosphoprotein with a
wide range of cellular functions. It acts as a cytokine/chemo-
kine and a cell adhesion molecule through its interactions with
integrins and CD44.3 While highly expressed in bone, it is
also found in the kidney, the nervous system, the inner ear,
cells of innate and adaptive immunity, and a variety of epithe-
lial tissues.3,4 OPN has been found to play important roles in
inflammation, cell adhesion, chemotaxis, wound healing, cell
survival, bone remodeling, and immune responses.3

Osteopontin has received increasing attention due to its
apparent role in malignancy. OPN can enhance cell survival
by inhibiting apoptotic signaling cascades. OPN has been
implicated in tumorigenesis and progression of a variety of
malignancies.3,5 Increased expression of OPN by tumor
cells and increased serum levels of OPN in cancer patients
may correlate with advanced cancer stage and poor sur-
vival.5 The role of OPN as an adhesion molecule may pro-
mote invasion, and high OPN levels in several different
tumor types have been found to correlate with metastasis.5,6

Based on its role in survival of some cancer cells, OPN
is a potential therapeutic target for cancer therapy. In a
recent study, small cell lung cancer cell lines transfected
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with OPN were found to be resistant to cisplatin.7 Thus, tar-
geting OPN in combination with cisplatin is a potentially
attractive strategy for cancer treatment. However, preclinical
studies have not been done to determine how inhibition of
OPN might alter the known toxicities of cisplatin. We
hypothesized that cisplatin treatment would result in a pro-
tective increase in OPN levels within normal cells of the
inner ear and kidney and that absence of OPN would
increase cisplatin ototoxicity and nephrotoxicity. Adult
OPN1/1 and OPN–/– mice were used to investigate these
hypotheses.

Methods

Animals
Wildtype and Osteopontin-null C57BL6/J mice were
obtained from Jackson Laboratories (Bar Harbor, Maine),
then crossed in our laboratory for at least 2 generations. All
experiments were performed in OPN1/1 and OPN–/– lit-
termates at 6 to 8 weeks of age. Males and females were
divided evenly across experimental groups. Genotyping was
performed by sending tail clippings to Transnetyx (Cordova,
Tennessee). The accuracy of the genotyping was verified by
sending control samples to Transnetyx from animals of
known genotype obtained directly from the vendor. All
animal protocols were approved by the University of
Washington Institutional Animal Care and Use Committee.

Reagents
Cisplatin (1 mg/ml in saline) was manufactured by Bedford
Laboratories (Bedford, Ohio). Goat anti-osteopontin primary
antibody (diluted 1:200) was from Novus Biologicals
(Littleton, Colorado). Rabbit anti-myosin VIIa primary anti-
body (diluted 1:300) was from Proteus BioSciences
(Ramona, California). Hoechst 33258 (diluted to 2 mm) and
mouse anti-neurofilament primary antibody (diluted 1:500)
were from Sigma (St Louis, Missouri). Donkey anti-goat
488, donkey anti-rabbit 568, goat anti-rabbit 488, and goat
anti-mouse 568 secondary antibodies (diluted 1:500) and
568 phalloidin (diluted 1:40) were from Life Technologies
(Grand Island, New York).

In Vivo Experiments
Following measurement of baseline auditory thresholds
where applicable, animals were allowed to recover from
anesthesia for 48 to 72 hours prior to cisplatin or saline
injection. All animals received an intraperitoneal bolus of
saline (20 ml/kg) for prehydration, followed 90 minutes
later by an intraperitoneal injection of cisplatin (20 mg/kg)
or an equal volume of saline (controls). At 24, 48, or 72
hours following cisplatin or saline injection, animals were
euthanized by CO2 inhalation followed by serum and
tissue collection. For hearing loss experiments, auditory
brainstem response (ABR) thresholds were remeasured
under anesthesia at 72 hours posttreatment. For measure-
ment of serum creatinine, blood was collected via cardiac
puncture following CO2 inhalation. Serum was then

brought to the University of Washington Medical Center
laboratory for creatinine assay.

A sample size estimate was done using standard devia-
tions from prior experiments using the same cisplatin treat-
ment protocol in C57BL6/J mice. Since hearing thresholds
had the largest variability of all measured parameters,
thresholds were used in the sample size estimate. A sample
size of 9 to 10 mice was required for 80% power to detect
10 decibel threshold shifts for clicks and high frequencies;
thus, at least 9 to 10 mice were included in all cisplatin
treatment groups and at least 8 for each control group, not
including animals that expired due to severe toxicity.

Auditory Brainstem Response Threshold
Measurements
For ABR measurements, mice were anesthetized with keta-
mine (130 mg/kg) and xylazine (8.8 mg/kg), then placed in
the sound booth. Temperature was monitored and main-
tained at 37oC. Electrodes were applied at the forehead, left
mastoid, and hip (ground), and free-field ABRs were mea-
sured in response to click stimuli and tone pulse from 4 to
40 kilohertz (kHz). Rise/fall times were 1 millisecond, tone
duration was 3 milliseconds, and repetition period was 75
milliseconds. The waveforms were averaged over 350 to
500 repetitions for each trial. For each stimulus, testing
began with an intensity of 100 dB SPL and was reduced in
steps of 20 dB SPL until a response was no longer detected.
The intensity was then increased in steps of 5 dB SPL until
reaching a reproducible (n ! 3) threshold, which was
defined as presence of wave I. Acoustic calibrations were
made at the position of the mouse head at the beginning and
end of each recording session.

Histology
Immediately following euthanasia and blood collection, car-
diac perfusion was performed, first with phosphate buffered
saline (PBS) followed by 4% paraformaldehyde (PFA).
Cochleae were then immediately dissected and perfused via
the oval and round windows with PBS followed by 4%
PFA, then stored for 2 hours in PFA at 4"C. Kidneys were
bisected and stored overnight in 4% PFA at 4"C. Following
fixation, all tissues were rinsed in PBS. Fixed cochleae
were decalcified for 15 minutes in RDO Rapid Decalcifier
(Apex Engineering Products Corporation, Aurora, Illinois),
then rinsed in PBS.

For OPN immunohistochemistry studies, cochlear and
renal cryosections were made. Cochleae and kidneys were
immersed in 30% sucrose overnight, followed by a 1:1 mix-
ture of 30% sucrose and OCT overnight, followed by pure
OCT overnight, all at 4"C. Tissues were mounted in OCT
and cut into 10 mm sections, which were mounted onto
slides and stored at –20"C. For immunohistochemistry,
slides were rinsed 3 times in PBS and blocked for 30 min-
utes at room temperature, then placed in primary antibody
for 16 hours at 4"C, using blocking solutions as previously
described.8 Slides were then rinsed 3 times in PBS and incu-
bated in secondary antibody and Hoechst (2 mM) for 2
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hours; kidney sections were simultaneously incubated with
568 phalloidin. Slides were then rinsed 3 times and mounted
in Fluoromount G (Electron Microscopy Sciences, Hatfield,
Pennsylvania). Slides were examined with an Olympus
FluoView-1000 confocal microscope. Photomicrographs of
representative areas were taken with identical microscopy
settings across all experimental and control tissue samples
for the channel used to detect OPN.

For cochlear whole mounts, bone and stria vascularis were
trimmed from fixed and decalcified cochleae using microscis-
sors and a dissecting microscope. Immunohistochemistry was
then performed using antibodies against myosin VIIa and
neurofilament to label hair cells and nerve fibers, respec-
tively, with blocking solutions and time points as described
previously. Cochlear turns were then whole-mounted on
slides in Fluoromount G as described previously. Confocal Z-
stacks and brightest point projections of representative
regions of the midbasal turn from each animal were obtained.

For renal histology 72 hours after cisplatin or saline
treatment, fixed and rinsed kidneys were cleared with
xylene and embedded in paraffin. Paraffin sections (10 mm)
were then stained with hematoxylin and eosin.
Photomicrographs were then taken using a Zeiss Axioplan
2ie microscope.

Hair Cell Counts
Each whole-mounted basal turn of the cochlea was visua-
lized at 203 magnification with a Zeiss Axioplan 2ie fluor-
escence microscope. A straight line 1000 mm in length was
drawn from the tip of the hook region to the middle of the
basal turn. This area typically showed moderate, but not
complete, outer hair cell loss in cisplatin-treated animals
and was thus selected as the ideal area for comparison. Z-
stacks of the organ of Corti were then taken with the micro-
scope field centered on this area. Using ImageJ software, a
100 mm box was centered within each Z-stack, and outer
hair cells were counted as present if they had a Hoechst-
labeled nucleus and myosin VIIa-labeled cell body both
within the box. This yielded a density measurement that
was converted to the number of outer hair cells per 100 mm.

Statistical Analysis
Two-way analysis of variance was used for statistical analy-
sis in most situations. Post hoc Bonferroni testing was used
where appropriate. For comparison of baseline hearing
between OPN1/1 and OPN–/– mice, t-test was used for
each stimulus. GraphPad Prism Software (San Diego,
California) was used for all statistical analyses. Results
were considered significant for P values \.05.

Results

Osteopontin Is Not Critical for Normal Auditory or
Renal Function
Prior to exposing OPN1/1 and OPN–/– mice to cisplatin,
baseline hearing thresholds were evaluated. OPN1/1 and
OPN–/– littermates were found to have no significant

differences in their baseline auditory brainstem response
thresholds (Figure 1). OPN1/1 and OPN–/– mice also had
similar baseline serum creatinine (not shown), suggesting
that OPN–/– mice have normal renal function.

Osteopontin Protein Levels Increased Slightly in the
Kidney, but Not the Inner Ear, Following Cisplatin
Treatment
Wildtype mice were prehydrated with an intraperitoneal
bolus of saline, followed by a single intraperitoneal dose of
cisplatin or saline. OPN–/– mice treated with cisplatin were
included as a negative control. Cochleae and kidneys were
collected at 24, 48, and 72 hours posttreatment. Cryosections
of the cochlea and renal cortex were then labeled with an
antibody against OPN. A ribbon-like pattern of OPN labeling
was noted in the bone of the cochlea but was not seen in
other areas such as the organ of Corti, spiral ganglion, or lat-
eral wall (Figure 2). OPN labeling was not enhanced in the
cochleae from cisplatin-treated wildtype animals and was not
seen in sections from OPN–/– mice (negative control).

In the kidney, OPN labeling was not seen in sections
from control animals but was noted within the lumen of
some tubules of the renal cortex from wildtype mice at 72
hours following cisplatin (Figure 3). OPN labeling was not
seen at earlier time points (not shown) or in sections from
the OPN–/– mice (negative control).

Given the lack of a dramatic rise in OPN protein levels
in the inner ear or kidney following cisplatin treatment and
the lack of a difference according to genotype, further
experiments on OPN levels using quantitative techniques
were not performed.
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Cisplatin Induced Equivalent Ototoxicity in
OPN1/1 and OPN–/– Mice
After measurement of baseline ABR thresholds, OPN1/1 and
OPN–/– mice were treated with cisplatin or saline (control) as
described previously, followed by repeated ABR threshold
measurements 72 hours later. Of note, 24% of the cisplatin-
treated animals expired prior to the 72-hour time point (31%
of OPN1/1 and 15% of OPN–/– mice) due to severe toxicity.
At 72 hours posttreatment, cisplatin-treated animals demon-
strated significant threshold shifts in response to clicks and
high-frequency (32 and 40 kHz) puretones (P \ .01, P \ .01,
and P \ .05, respectively; Figure 4). There were no signifi-
cant differences in threshold shifts according to genotype. In
the midbasal turn of the cochlea, cisplatin treatment resulted in
a decrease in outer hair cell density of just over 20% that was
statistically significant (P \ .001), with no difference between
OPN1/1 and OPN–/– mice (Figures 5, 6).

Cisplatin Induced Equivalent Nephrotoxicity in
OPN1/1 and OPN–/– Mice
At 72 hours following cisplatin treatment, serum creatinine
was significantly increased (P \ .001) (Figure 7).
Histology of the renal cortex showed typical signs of acute
tubular necrosis (Figure 8). There were no differences in
the degree of renal dysfunction or histologic damage
between OPN1/1 and OPN–/– mice.

Discussion
Osteopontin has been implicated in enhanced survival of sev-
eral cell types exposed to a variety of cellular injuries.3-7

Given the presence of OPN in the inner ear and kidney and
its propensity to promote survival, we speculated that OPN

Figure 2. Cochleae from OPN1/1 and OPN–/– mice 72 hours following treatment with cisplatin/saline were labeled for osteopontin
(green) and myosin VIIa (hair cells = red); then stained with Hoechst (nuclei = blue). Anti-OPN labeling was noted in cochleae from wild-
type mice (arrows) but was not enhanced by cisplatin treatment. Representative results from at least 3 experiments. Scale bar = 50 mm.

Figure 3. Kidneys from OPN1/1 and OPN–/– mice 72 hours following treatment with cisplatin/saline were labeled for OPN (green), then
stained with phalloidin (red) and Hoechst (blue). The renal cortex of wildtype mice treated with cisplatin demonstrated OPN labeling
within the lumen of some tubules (arrows). Representative results from at least 3 experiments. Scale bar = 50 mm.
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might play a role in protection of renal proximal tubule cells
and inner ear mechanosensory hair cells from cisplatin-
induced injury. On the contrary, results of the present study

suggest that OPN does not play a critical role in the patho-
genesis of acute cisplatin ototoxicity or nephrotoxicity.

A few prior studies have evaluated OPN in the inner ear.
Lopez et al9 noted high OPN protein levels in the cochlear
bone of rat, mouse, and guinea pig by immunohistochemistry,

Figure 5. Cochleae from OPN1/1 and OPN–/– mice 72 hours following treatment with cisplatin/saline were labeled with antibodies against
myosin VIIa (hair cells = green) and against neurofilament (nerve fibers = red), then stained with Hoechst. Basal turns from cisplatin-treated
animals showed missing/damaged outer hair cells (OHCs). Representative results from at least 3 experiments. Scale bar = 10 mm.
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consistent with our results. That study also found OPN
immunolabeling in the auditory and vestibular ganglion cells,
spiral limbus, spiral ligament, and marginal cells of the stria
vascularis. The authors detected OPN within the cochlear
fluid by Western blot, suggesting that OPN is produced and
secreted into the cochlear fluids by the marginal cells. In rat
and mouse ears, Sakagami10 detected OPN mRNA by in situ
hybridization in the marginal cells of the stria vascularis,
spiral ganglion cells, vestibular hair cells, and vestibular dark
cells; by immunohistochemistry, OPN was only detected in
the vestibular otoconia. The discrepancies among these stud-
ies and the present study in OPN detection by immunohisto-
chemistry are likely related to different antibodies
recognizing different epitopes of OPN, which is subjected to
proteolysis and several other post-translational modifications
following synthesis of the full-length protein.4 It seems plau-
sible that OPN is secreted into the cochlear fluids following
modification in the stria vascularis, where it would not have
been labeled by the antibody used in this study to detect the
full-length protein.

Based on the presence of OPN within vestibular otoconia
and the role of OPN in regulating calcification and crystalli-
zation in bone, Zhao et al11 hypothesized that OPN might be
important for otoconia formation. However, the authors
found that OPN–/– mice had normal otoconia and normal
vestibular function. The auditory phenotype of these OPN–/–
mice has not been previously described. We show that these
mice have normal ABR thresholds compared with wildtype
littermates. Thus, OPN does not seem to be critical for

development of normal auditory or vestibular function. The
finding that OPN–/– mice are not more susceptible to cispla-
tin ototoxicity suggests that OPN is not critical for injury of
the inner ear, though it is unclear whether this finding can be
extrapolated to other forms of injury such as exposure to ami-
noglycoside antibiotics or noise. Lopez et al9 speculated that
OPN may be important for calcium regulation or other
homeostatic functions of the inner ear, but presently the role
of OPN in the inner ear remains unknown.

Within the renal cortex, OPN was not detected in control
animals but was noted at low levels within the tubules at 72
hours following cisplatin treatment. In a rat model of cispla-
tin nephrototoxicity where a single injection caused proxi-
mal tubular necrosis by day 6, OPN was found in the
injured tubules at day 6 and in regenerating tubules up to
day 28.12 These results suggest that OPN may be important
both for prevention of renal injury and for regeneration
afterward. However, our finding that OPN–/– mice are not
more susceptible to cisplatin nephrototoxicity argues that
OPN does not protect the kidney at the acute stage of
cisplatin-induced injury. Investigations of the importance of
OPN in other types of renal injury have shown mixed
results.13 However, a rat study of gentamicin nephrotoxicity
also showed high OPN levels in regenerating tubules,14 fur-
ther supporting the idea that OPN is important for recovery/
regeneration following tubular injury.

There are limitations to this study based on the cisplatin
treatment protocol. In the clinical situation, cisplatin is usu-
ally given in 3 or more doses, often with several weeks

Figure 8. Kidneys from OPN1/1 and OPN–/– mice 72 hours following treatment with cisplatin/saline were stained with hematoxylin and
eosin. Cisplatin resulted in tubular necrosis (black arrows) and eosinophilic protein casts (white arrowheads) in the renal cortex of
OPN1/1 and OPN–/– mice. Representative results from at least 3 experiments. Scale bar = 50 mm.
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between doses. Most animal studies have used a single high
dose of cisplatin followed by toxicity assessment a few days
later.1,15 It has proven difficult to develop a more clinically
relevant protocol in laboratory animals, as high doses pro-
duce high mortality within a few days (24% in this study)
and lower doses often do not reliably induce toxicity. This
predicament has been especially challenging in mice, but
the availability of genetically modified animals and reagents
make the adult mouse a particularly attractive model
system.16 Qureshy et al17 found that a maximal (17 dB) loss
can be induced in mice by a single dose at 3 months, but at
3 months age-related hearing loss becomes a confounding
factor, especially in C57BL/6 mice. A moderate-term, reli-
able, clinically relevant cisplatin treatment protocol for
adult mice is needed but is currently not well established in
the literature. In the meantime, results of this study may
only be relevant to the acute phase of cisplatin toxicity.

For the treatment of cancer, cisplatin is frequently com-
bined with other targeted therapies. However, preclinical
studies to examine the potential effects of these targeted
therapies on the known adverse effects of cisplatin are
rarely performed prior to clinical trials. The results of our
experiments in OPN–/– mice suggest that targeting OPN in
combination with cisplatin is unlikely to exacerbate acute
cisplatin-induced ototoxicity or nephrotoxicity. However,
further study using a longer treatment protocol would be
necessary to determine whether targeting of OPN might pre-
vent full regeneration of renal tubules following cisplatin-
induced injury.

In summary, the present study suggests that osteopontin
is not critical for normal auditory function, normal renal
function, or protection from acute cisplatin toxicity in the
inner ear and kidney. These results have potential clinical
implications for the treatment of cancer with osteopontin-
targeted therapies in combination with cisplatin.
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ABSTRACT
Loss of cochlear hair cells in mammals is currently believed to be
permanent, resulting in hearing impairment that affects more than
10% of the population. Here, we developed two genetic strategies to
ablate neonatal mouse cochlear hair cells in vivo. Both Pou4f3DTR/+

and Atoh1-CreERTM; ROSA26DTA/+ alleles allowed selective and
inducible hair cell ablation. After hair cell loss was induced at birth,
we observed spontaneous regeneration of hair cells. Fate-mapping
experiments demonstrated that neighboring supporting cells acquired
a hair cell fate, which increased in a basal to apical gradient,
averaging over 120 regenerated hair cells per cochlea. The normally
mitotically quiescent supporting cells proliferated after hair cell
ablation. Concurrent fate mapping and labeling with mitotic tracers
showed that regenerated hair cells were derived by both mitotic
regeneration and direct transdifferentiation. Over time, regenerated
hair cells followed a similar pattern of maturation to normal hair cell
development, including the expression of prestin, a terminal
differentiation marker of outer hair cells, although many new hair cells
eventually died. Hair cell regeneration did not occur when ablation
was induced at one week of age. Our findings demonstrate that the
neonatal mouse cochlea is capable of spontaneous hair cell
regeneration after damage in vivo. Thus, future studies on the
neonatal cochlea might shed light on the competence of supporting
cells to regenerate hair cells and on the factors that promote the
survival of newly regenerated hair cells.

KEY WORDS: Lgr5, Direct transdifferentiation, Mitotic
regeneration, Diphtheria toxin, Atoh1, Fate mapping

INTRODUCTION
Hair cells (HCs) regenerate in both the auditory and vestibular
systems of non-mammalian vertebrates, leading to restoration of
hearing and balance (Balak et al., 1990; Corwin and Cotanche,
1988; Lombarte et al., 1993; Ryals and Rubel, 1988). This process
occurs by two mechanisms: direct transdifferentiation and mitotic
regeneration. Direct transdifferentiation refers to a cell fate change
when neighboring supporting cells (SCs) convert into HCs without
cell division. Mitotic regeneration occurs when a SC first divides
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and, subsequently, one or both daughter cells becomes a HC (Adler
and Raphael, 1996; Baird et al., 1996; Corwin and Cotanche, 1988;
Jones and Corwin, 1996; Ryals and Rubel, 1988; Warchol and
Corwin, 1996).

In mammals, limited HC regeneration occurs in the vestibular
system (Burns et al., 2012; Forge et al., 1993; Golub et al., 2012;
Kawamoto et al., 2009; Warchol et al., 1993), yet no spontaneous
regeneration has been observed in the mature auditory system
(Bohne et al., 1976; Hawkins et al., 1976; Oesterle et al., 2008).
Recent studies demonstrate that SCs isolated from the neonatal
cochlea are competent to form new HCs in culture (Chai et al.,
2012; Doetzlhofer et al., 2006; Oshima et al., 2007; Savary et al.,
2007; Shi et al., 2012; Sinkkonen et al., 2011; White et al., 2006).
In addition, neonatal SCs can be induced to generate supernumerary
HCs upon inhibition of the Notch pathway (Doetzlhofer et al., 2009;
Yamamoto et al., 2006), ectopic expression of Atoh1 (Kelly et al.,
2012; Liu et al., 2012a; Zheng and Gao, 2000) or overexpression of
β-catenin (Shi et al., 2013). Similar manipulations failed to coerce a
HC fate in the undamaged, adult cochlea, suggesting that the
neonatal cochlea is a more permissive environment for the formation
of new HCs.

To investigate possible HC regeneration in the embryonic cochlea,
Kelley and colleagues laser ablated HCs in cultured explants and
found rare regenerated HCs (Kelley et al., 1995). Whether the
postnatal cochlea can regenerate lost HCs and the source of potential
regenerated cells have not been clearly defined, in part because HCs
in the neonatal cochlea are insensitive to damage in vivo.
Aminoglycoside antibiotics are widely used to damage HCs in vitro
but preferentially inflict damage in the basal turn and are ineffective
in vivo.

Here, we present two strategies to kill neonatal HCs in vivo using
mouse genetics. After HC death was induced at birth, fate-mapping
studies showed that SCs acquire a HC fate. We also observed
mitotic regeneration, with regenerated cells expressing five markers
of HCs and exhibiting immature stereocilia bundles, although most
new HCs failed to survive. In addition, we defined the time period
when HC regeneration can occur, finding it to be limited to the first
postnatal week. Together, these findings demonstrate that neonatal
SCs have the intrinsic capacity to regenerate HCs after damage.

RESULTS
Hair cell ablation in the neonatal cochlea
The neonatal cochlea is resistant to HC damage caused by exposure
to noise or ototoxic drugs in vivo. To circumvent this limitation, we
developed two genetic methods to damage neonatal HCs in vivo.
First, we used a knock-in mouse in which expression of the human
diphtheria toxin receptor (DTR) is driven by the Pou4f3 promoter
(Pou4f3DTR/+) (Golub et al., 2012; Mahrt et al., 2013; Tong et al.,
2011) and selective HC death is induced by injection of diphtheria
toxin (DT), as Pou4f3 is exclusively expressed by HCs in the inner
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ear (Erkman et al., 1996; Xiang et al., 1998). Progressive HC death
was observed in Pou4f3DTR/+ mice after DT injection at P1 (Fig. 1),
consistent with previous reports (Golub et al., 2012; Mahrt et al.,
2013; Tong et al., 2011).

Second, we used a HC-specific inducible Cre line, Atoh1-
CreERTM, to drive expression of diphtheria toxin fragment A (DTA).
When tamoxifen was administrated at postnatal day (P) 0 and P1,
Cre recombinase was activated in ~80-90% of HCs (Chow et al.,
2006; Weber et al., 2008). In other organ systems, Cre-mediated
excision of the floxed stop sequence in the ROSA26-loxP-stop-loxP-
DTA (ROSA26DTA) allele causes cell-autonomous ablation of Cre+

cells (Abrahamsen et al., 2008; Ivanova et al., 2005). Beginning 2
days after tamoxifen administration, Atoh1-CreERTM; ROSA26DTA/+

(Atoh1DTA) mice show rapid and reproducible loss of both inner
and outer HCs (Fig. 2A-O). There is also considerable
disorganization in the organ of Corti, with Sox2+ nuclei detected in
the HC layer (Fig. 2P,Q).

Supporting cells acquire a hair cell fate
To determine how SCs respond to HC damage induced at birth and
whether they could acquire a HC fate, we generated Pou4f3DTR/+;
Lgr5CreER/+; ROSA26CAG-tdTomato/+ transgenic mice. This strategy was
designed to fate map SCs using the Lgr5-EGFP-IRES-CreERT2 allele
(Lgr5CreER) (Barker et al., 2007) and the ROSA26CAG-tdTomato reporter
line (Madisen et al., 2010) after HC ablation. Lgr5 is expressed in a
subset of SCs, so when control animals (Pou4f3+/+; Lgr5CreER/+;
ROSA26CAG-tdTomato/+ mice) were given tamoxifen at P1, tdTomato
expression was detected at P7 in several SC subtypes, including cells
in the greater epithelial ridge (GER). Specifically, tdTomato
expression was detected in Deiters’ cells (first row, 4.0±1.8%; second
row, 5.0±0.3%; third row, 98.3±0.4%), pillar cells (outer pillar,
3.7±2.0%; inner pillar, 67.0±1.6%) and inner phalangeal/border cells
(87.3±0.8%) (n=3). Also, we detected occasional tdTomato+/Myosin
VIIa+ (Myo7a+)  cells at P7 (apex, 12±1.5; middle, 2±0.7; base,

0.5±0.3; n=4; Fig. 3A,H-J; supplementary material Table S2A). These
results are consistent with the previous report (Chai et al., 2012). Lgr5
expression decreased and remained limited to SCs in Pou4f3DTR/+;
Lgr5CreER/+ mice 8, 24 and 48 hours after DT injection at P1
(supplementary material Fig. S1).

In Pou4f3DTR/+; Lgr5CreER/+; ROSA26CAG-tdTomato/+ mice, tamoxifen
was given at P1 to label Lgr5+ SCs and DT ~8 hours later to kill
HCs. At P7, we found a significant increase of tdTomato+/Myo7a+

cells in all three cochlear turns, with a nearly 10-fold increase in the
apical and middle turns and a 5-fold increase in the basal turn (apex,
99.0±4.6; middle, 22.8±6.5; base, 2.3±0.9; n=4; Fig. 3B,H-J;
supplementary material Table S2A) compared with undamaged
controls lacking the Pou4f3DTR/+ allele (P<0.001 for apical and
middle turns and P<0.05 for base). In this experiment, we also
stained for Sox2, which is transiently expressed in nascent HCs in
the embryonic cochlea (Dabdoub et al., 2008; Hume et al., 2007;
Kiernan et al., 2005; Mak et al., 2009) and becomes restricted to
SCs after P1 (Hume et al., 2007; Oesterle et al., 2008). In addition,
Myo7a+ cells that formed from isolated SCs in vitro expressed Sox2
(Sinkkonen et al., 2011). Therefore, Sox2 and Myo7a co-expression
can be viewed as a marker of immature HCs. After HC ablation, we
found many Myo7a+/Sox2+ cells and Myo7a+/Sox2+/tdTomato+ cells
in the apical and middle turns of Pou4f3DTR/+; Lgr5CreER/+;
ROSA26CAG-tdTomato/+ mice at P7 (Fig. 3C-J; supplementary material
Table S2A), whereas neither were observed in control samples
lacking the Pou4f3DTR/+ allele (n=4). In summary, these findings
demonstrate that newly regenerated Myo7a+ cells are derived from
adjacent SCs after HC ablation in the neonatal mouse cochlea. This
regenerative capacity was most robust in the apex and decreased
towards the base.

Similarly, we performed fate-mapping studies of SCs in the
Atoh1DTA model. Although fate mapping is primarily performed
using the Cre/loxP system, we were already using this system to kill
HCs and thus needed another mouse genetic tool to trace SCs (Stern

Fig. 1. Progressive HC death in the
Pou4f3DTR/+ model. Projection images
of Myo7a immunofluorescence in
cochlear whole-mounts of control wild-
type mice at P2 (A-C) and Pou4f3DTR/+

mice at P2 (D-F), P5 (G-I) and P7 (J-L)
after diphtheria toxin (DT) injection at
P1. Repopulation of HCs was most
robust in the apical turn at P7 (J). OHC,
outer hair cells; IHC, inner hair cells.
Scale bar: 50 μm.
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and Fraser, 2001). Since Hes5 is expressed in SCs of the postnatal
cochlea (Hartman et al., 2009; Lanford et al., 2000; Li et al., 2008;
Zine et al., 2001), we characterized a recently generated Hes5-
nlsLacZ knock-in allele (Imayoshi et al., 2010). lacZ was strongly
expressed throughout the P1 cochlea (Fig. 4A,B) and robustly
labeled Deiters’ cells and outer pillar cells, with mosaic weak
labeling of inner phalangeal cells/border cells (Fig. 4C-H). lacZ
expression was not detected in inner pillar cells or HCs. For fate
mapping, we generated Atoh1DTA; Hes5-nlsLacZ+/− mice. After
tamoxifen injection at P0/P1, we first observed Myo7a+/lacZ+ cells
at P2 (Fig. 4I-L) in an apical-basal gradient (apex, 58.3±30.2;
middle, 9.3±7.9; base, 1.3±1.3; n=3), whereas no lacZ+ HCs were
found in control samples that were lacking either the Cre or DTA
allele (Fig. 4M; supplementary material Table S1B) (n=3) or at P1
in experimental or control cochleae (n=3). This finding is consistent
with the fate-mapping experiments performed in the Pou4f3DTR/+

model indicating that SCs have changed cell fate and differentiated
into Myo7a+ cells in vivo.

Hair cell damage stimulates proliferation
Since mitotic HC regeneration has been described in non-
mammalian vertebrates, we investigated whether cell division can
occur after HC damage in the neonatal mouse cochlea. When the
mitotic tracer 5-ethynyl-2′-deoxyuridine (EdU) was administered
once per day from P3-P5 to control mice lacking the Pou4f3DTR/+

allele (and DT given at P1), no EdU+ cells were observed in the
organ of Corti at P7 (n=4), confirming previous findings that
postnatal HCs and SCs are mitotically quiescent (Lee et al., 2006;
Ruben, 1967). In Pou4f3DTR/+ mice identically treated with DT and
EdU, EdU+/Sox2+ cells were observed in the P7 organ of Corti
(apex, 13.2±3.7 cells per 225 μm cochlear length; middle, 5.8±1.6;
base, 3.5±1.5; n=6; Fig. 5A-C; supplementary material Table S2C).
We also observed EdU+/Myo7a+ cells restricted to the apical turn,
averaging 11.0±1.8 in this whole region (n=6) and suggesting
mitotic HC regeneration (Fig. 5D-F; supplementary material Table
S2C). Moreover, some cells that were double positive for EdU and
Myo7a also had Sox2+ nuclei (4.7±1.3, n=6; Fig. 5G-I;

Fig. 2. Progressive HC death in the
Atoh1DTA model. (A-O) Projection images
of Myo7a immunofluorescence in cochlear
whole-mounts from control mice (lacking
either the Cre or DTA allele) at P2 (A-C)
and Atoh1DTA mice at P2 (D-F), P4 (G-I),
P7 (J-L) and P15 (M-O). Repopulation of
HCs was most robust in the apical turn at
P4 (G). (P,Q) 3D reconstruction of confocal
z-stack images with SC nuclei labeled by
Sox2 (green) and HCs labeled by Myo7a
(magenta) in the middle turn of control (P)
and Atoh1DTA (Q) cochleae at P7. Scale
bar: 50 μm. 
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supplementary material Table S2C), suggesting that they were
immature, regenerated HCs.

In parallel, we probed for proliferative cells after HC loss in
Atoh1DTA mice by injecting EdU once at ages ranging from P2 to
P5. Cochlear tissues were analyzed 24 hours after each injection
when one round of cell division was presumably complete. Similar
to the results obtained with Pou4f3DTR/+ mice, this regimen also
yielded no EdU+ cells in the organ of Corti from control mice that
lacked either the Cre or DTA allele (n=3). By contrast, EdU+/Sox2+

cells were found at the SC nuclear level in the damaged organ of
Corti in all three turns between P2 and P5 (Fig, 5J,K; supplementary
material Table S2D). In addition, we observed EdU+/Myo7a+ cells
in the apical turn only from P2-P5 (P2, 2.0±2.0; P3, 3.3±0.9; P4,
3.7±2.3; P5, 1.0±0.6; Fig. 5L,M; supplementary material Table S2D;
n=3). EdU+/Myo7a+ cells were found at the lumenal surface of the
sensory epithelium where HCs normally reside (Fig. 5N,O). As in
the Pou4f3DTR/+ model, we also detected EdU+/Myo7a+/Sox2+ cells

(Fig. 5P-R). These data show that HC ablation results in
proliferation in the normally mitotically quiescent organ of Corti in
both the Pou4f3DTR/+ and Atoh1DTA models. The majority of
proliferation and all EdU+/Myo7a+ cells were observed in the apical
turn, where the progression of cell cycle arrest first occurs (Lee et
al., 2006; Ruben, 1967) and where HC differentiation is last
observed during development (Lumpkin et al., 2003; Montcouquiol
and Kelley, 2003).

Mitotic hair cell regeneration
To determine whether SCs can proliferate and differentiate into HCs,
we next treated Pou4f3DTR/+; Lgr5CreER/+; ROSA26CAG-tdTomato/+ mice
with tamoxifen and DT at P1, followed by the mitotic tracer EdU at
P3-P5. At P7, we observed 6.7±0.6 EdU+/Myo7a+/tdTomato+ cells in
the whole apical turn and none in the middle and basal turns (Fig. 6A-
G; supplementary material Table S2E; n=3). In the same organs, there
were also EdU–/Myo7a+/tdTomato+ cells (apex, 106.3±14.8; middle,

Fig. 3. Fate mapping of SCs in the Pou4f3DTR/+ model. Confocal images of tdTomato+ (magenta) HCs (Myo7a, green) in the apical cochlear turn of control
(Lgr5CreER/+; ROSA26CAG-tdTomato/+) (A) and Pou4f3DTR/+; Lgr5CreER/+; ROSA26CAG-tdTomato/+ (B) mice at P7. (C) Confocal image of tdTomato+/Myo7a+ HCs that also
express Sox2 (blue) in the apical turn of Pou4f3DTR/+; Lgr5CreER/+; ROSA26CAG-tdTomato/+ mice at P7. (D-G) Cross-section focused on the tdTomato+/Sox2+ HC
indicated by the arrow in C. Note that GFP expression from the Lgr5CreER/+ allele is much weaker than Sox2 labeling. Number of double (Myo7a+/tdTomato+ or
Myo7a+/Sox2+) or triple (Myo7a+/Sox2+/tdTomato+) labeled cells in the apical (H), middle (I) and basal (J) turns of Pou4f3DTR/+; Lgr5CreER/+; ROSA26CAG-tdTomato/+

mice and control littermates. Data are expressed as mean ± s.e.m., n=3. *P<0.05, ***P<0.001 compared with control number of the corresponding turn as
determined by a two-way ANOVA followed by a Student’s t-test with a Bonferroni correction. Scale bars: A,B, 20 μm; C-G, 10 μm.
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25.7±5.5; base, 2.7±1.5; Fig. 6H-J). Control animals (Pou4f3+/+;
Lgr5CreER/+; ROSA26CAG-tdTomato/+) receiving the same drug regimen
did not exhibit any EdU+ cells and significantly fewer
EdU–/Myo7a+/tdTomato+ cells than in damaged organs (apex,
9.8±2.1; middle, 1.3±0.5; base, 0.3±0.5; n=6; supplementary material
Table S2E), which is similar to the number of Myo7a+/tdTomato+

cells found in controls without EdU injection (Fig. 3A,H-J;
supplementary material Table S2A). The finding of
EdU+/Myo7a+/tdTomato+ cells likely indicate that Lgr5+ SCs
proliferated prior to acquiring a HC fate, consistent with mitotic HC
regeneration described previously in non-mammalian species (Baird
et al., 1996; Corwin and Cotanche, 1988; Jones and Corwin, 1996;
Ryals and Rubel, 1988; Warchol and Corwin, 1996). Although

substantially more EdU+/Sox2+ cells were found in all three cochlear
turns (supplementary material Table S2C), mitotic HC regeneration
(EdU+/Myo7a+/tdTomato+ cells) appears limited to the apical turn and
represents 5.9% of total fate-mapped, regenerated HCs in this region.

We next sought to investigate whether original, differentiated HCs
could also contribute to the observed EdU+/Myo7a+ cells. Based on
reporter assays using the ROSA26lacZ allele, ~80-90% of HCs in
Atoh1-CreERTM mice were lacZ+ at P6 after tamoxifen injection at
P0/P1 (Chow et al., 2006; Weber et al., 2008). Since the ROSA26DTA

allele uses the same promoter as the ROSA26lacZ allele, ~80-90% of
HCs in our model probably expressed DTA and thus ~10-20% of
original, differentiated HCs might remain. To explore the possibility
that these surviving HCs serve as a source of EdU+/Myo7a+ cells in

Fig. 4. Fate mapping of SCs in the Atoh1DTA
model. (A,B) X-Gal staining (blue) in Hes5-nlsLacZ
cochlea at P1. Cochlear turns are labeled as apical
(A), middle (M) and basal (B). (C-H) Confocal images
of the apical turn of Hes5-nlsLacZ mice at P1. lacZ
expression is detected with anti-β-gal antibody
(green) and is specific to SCs. HCs are labeled by
parvalbumin (PVALB; magenta). No β-gal+ cells were
detected in control samples lacking the Hes5-nlsLacZ
allele. Deiters’ cells (DC), outer pillar cells (OPC) and
inner pillar cells (IPC) are labeled by Prox1 (blue). (I-
K) Confocal images of β-gal+ (green) HCs (Myo7a,
magenta) in the apical turn of Atoh1DTA; Hes5-
nlsLacZ+/− mice at P2. (L) Cross-section focused on
the β-gal+ HC labeled by the arrow in I-K.
(M) Transverse section of a littermate control (lacking
either the Cre or DTA allele) at P2, in which all β-gal+

cells are in the SC nuclear layer. Scale bars: 200 μm
in A,B; 10 μm in C-M.
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the Atoh1DTA cochleae, we traced HCs using the ROSA26CAG-tdTomato

allele, which labels 99.5±0.2% of HCs at P6 in Atoh1-CreERTM mice
after tamoxifen injection at P0/P1 (Fig. 7A,B). We injected
tamoxifen at P0/P1 and then EdU at P3 or P4 in Atoh1-CreERTM;
ROSA26DTA/CAG-tdTomato mice and analyzed the cochlea 24 hours later.
All EdU+/Myo7a+ cells (12 cells from six mice) were tdTomato–

(Fig. 7C-E), suggesting that EdU+/Myo7a+ cells are likely to be
derivatives of surrounding SCs and not surviving HCs, since they
were not present when tamoxifen was injected at P0/P1 to turn on
the tdTomato reporter.

During development, mitosis of HC precursors terminates by
E14.5 (Lee et al., 2006; Ruben, 1967), and HC differentiation and

maturation is a dynamic process that occurs over 3 perinatal weeks
in mice. Based on our findings that HC loss stimulates SC
proliferation, we investigated whether newly generated Myo7a+ cells
could also be active in the cell cycle. We analyzed cochleae just
4 hours after EdU injection at P4 in Atoh1DTA mice, as the
mammalian cell cycle usually takes ~24 hours to complete (Alberts
et al., 2002). We found 2±0.5 EdU+/Myo7a+ cells (n=4) in the apical
turn (Fig. 8A-D). Moreover, we observed several Myosin VI+
(Myo6+) cells that were co-labeled with the M-phase marker
phospho-histone H3 (pH3) (Fig. 8E-H) and an EdU+/calbindin+ cell
with mitotic figures (Fig. 8I-M), providing further evidence that rare
Myo7a+ cells can be active in the cell cycle. Likewise, in the

Fig. 5. Mitotic HC regeneration in the
neonatal mouse cochlea. Confocal
images of EdU (blue) incorporation in
Sox2+ SCs (green, A-C) and Myo7a+

cells (magenta, D-F) in the apical turn of
Pou4f3DTR/+ mice at P7 after EdU
injections at P3-P5. Some EdU+ HCs
(Myo7a+) were also co-labeled with
Sox2 (G-I). EdU+ SCs (Sox2, J,K) and
EdU+/Myo7a+ cells (L,M) were also
observed in the apical turn of Atoh1DTA
mice 24 hours after EdU injection at P5.
(N-O) Cross-section focused on the
EdU+ nucleus of the cells indicated by
the arrowhead and arrow in M. (P-
R) Confocal images of EdU+ (blue) HCs
(Myo7a, magenta) co-labeled with Sox2
(green) in the apical turn of Atoh1DTA
mice 24 hours after EdU injection at P4.
Scale bars: 20 μm in A-F; 10 μm in G-O.
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Pou4f3DTR/+ model, we observed rare pH3+/Myo7a+ cells
(Fig. 8N,O). pH3 labeling only marks cells that are active in M
phase [which lasts ~1 hour (Alberts et al., 2002)] at the time of
tissue collection, and therefore most likely underestimates the total
number of dividing cells over the several days following HC
ablation. To exclude the possibility that EdU+/Myo7a+ cells are in
the process of dying, we performed terminal dUTP nick end labeling
(TUNEL) staining in the Atoh1DTA model and failed to detect
degenerating cells (Kuan et al., 2004) in any of the nine
EdU+/Myo7a+ cells from seven mice (data not shown).

Taken together, these findings from the Atoh1DTA and
Pou4f3DTR/+ models suggest that it is possible for SCs acquiring a
HC fate to be active in the cell cycle. Considering that the frequency
of EdU labeling was higher in Sox2+ cells than in Myo7a+ cells, it
is plausible that the proliferative capacity of SCs gradually
diminishes as they convert to a HC fate.

Maturation of regenerated hair cells
To elucidate whether regenerated HCs can survive and mature, we
used EdU to trace newly generated Myo7a+ cells at longer recovery
time points in the Atoh1DTA model. EdU+/Myo7a+ cells expressed
other markers of HCs, including calbindin (Fig. 9A-C), parvalbumin
(Fig. 9D-F) and prestin (Slc26a5 – Mouse Genome Informatics)
(Fig. 9G-I). As precursor cells acquire a HC fate these markers are
expressed in a stepwise fashion, with Myo7a and calbindin among
the first proteins to be expressed (Dechesne and Thomasset, 1988;
Montcouquiol and Kelley, 2003), followed by parvalbumin (Zheng
and Gao, 1997) and finally prestin, a marker of terminal
differentiation of outer HCs (Belyantseva et al., 2000; Legendre et
al., 2008; Zheng et al., 2000). Myo7a and calbindin were detected
as early as 4 hours after EdU injection, whereas cells double positive
for EdU and parvalbumin were not found until 2 days after EdU
injection. At 6 days post EdU injection, 46.7±13.3% of

EdU+/Myo7a+ cells also expressed prestin. We did not detect the
inner HC marker VGlut3 (Slc17a8 – Mouse Genome Informatics)
in any EdU+/Myo7a+ cells at P10 or P15 (supplementary material
Fig. S2), suggesting that regenerated HCs preferentially feature an
outer HC phenotype. Under scanning electron microscopy, all
stereocilia bundles in the apical turn of P15 Atoh1DTA cochleae
appeared short and tightly packed and thus immature (Fig. 9M-O).
Some bundles contained a kinocilium (Fig. 9O), which normally
regresses by P10 (Sobkowicz et al., 1995). We confirmed that newly
formed HCs have stereocilia bundles using EdU as a tracer and
detected EdU+/Myo7a+ cells with espin+ stereocilia bundles at P15
(Fig. 9J-L). Together, these data support the notion that
EdU+/Myo7a+ cells are regenerated HCs that acquire features of
endogenous HCs. Furthermore, the timing of expression for these
HC markers in EdU+ cells closely follows that of developing HCs,
supporting the notion that regenerated HCs mature in a similar
pattern to that seen in development.

Some regenerated HCs survived for more than a week, as
EdU+/Myo7a+ cells were still found at P10 and P15 after EdU
injection at P4 (Fig. 9P-R). However, the majority of regenerated
HCs died progressively, with only a small number remaining at P15
(Fig. 2M-O).

We investigated potential factors that might be linked to the death
of regenerated HCs. Pou4f3 is crucial for HC survival. In mice with
germline deletion of Pou4f3, HCs initially form but die 1-2 weeks
later (Erkman et al., 1996; Xiang et al., 1998). In the apical turn of
P6 Atoh1DTA mice, out of 81.3±4.5 Myo7a+ HCs (per 200 μm
region), only 11.0±1.8 expressed Pou4f3 (13.9±4.4%), whereas all
104.0±8.3 HCs in control mice (lacking either the Cre or DTA allele)
were Myo7a+/Pou4f3+ (100%) (supplementary material Fig. S3;
n=3). Since the Atoh1DTA model targets ~80-90% of HCs, our data
suggest that the majority of regenerated HCs lack a key intrinsic
survival factor.

Fig. 6. Both mitotic regeneration and direct
transdifferentiation occur in the neonatal
mouse cochlea. (A-C) Confocal images of
tdTomato+ (magenta) HCs (Myo7a, green) that 
are labeled by EdU (blue) in the apical turn of
Pou4f3DTR/+; Lgr5CreER/+; ROSA26CAG-tdTomato/+

mice at P7 after EdU injections at P3-P5. 
(D-G) Cross-section focused on the
tdTomato+/EdU+ HC indicated by the arrow in A.
Note that GFP expression from the Lgr5CreER/+

allele is much weaker than EdU labeling. In the
apical turn of the same organs, there were also
EdU–/Myo7a+/tdTomato+ cells (H-J). (I,J) Higher
magnification of the boxed region in H. Scale bars:
20 μm.
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Because a mosaic loss of SCs (<40% loss) also leads to HC death
(Mellado Lagarde et al., 2013), we quantified fate-mapped SCs after
HC ablation in Pou4f3DTR/+ mice to determine whether SC loss also
occurs. After tamoxifen and DT were administrated to P1
Pou4f3DTR/+; Lgr5CreER/+; ROSA26CAG-tdTomato/+ mice, we noted at P7
significantly fewer tdTomato-labeled Sox2+ SCs in the organ of Corti
in comparison with undamaged controls (Pou4f3+/+; Lgr5CreER/+;
ROSA26CAG-tdTomato/+ mice) (supplementary material Table S2F;
P<0.01). There were ~28-35% fewer SCs in all three cochlear turns
and also a net loss of total traced organ of Corti cells (supplementary
material Table S2F; P<0.05 in apex and P<0.01 in middle and base).
As an additional control, we compared tdTomato+ cell counts in the
GER, a region more remote from HC ablation, and did not observe
any significant change (supplementary material Table S2F).

Last, we made auditory measurements of P30 Atoh1DTA mice
and found them to exhibit elevated thresholds for auditory brainstem
response across all frequencies tested (supplementary material Fig.
S4). Prior work on HC ablation (at P2) using the Pou4f3DTR/+ allele
similarly found elevated auditory thresholds in adult animals (Mahrt
et al., 2013). In summary, the absence of Pou4f3 in HCs and/or the
degeneration of surrounding SCs might have contributed to the poor
survival of regenerating HCs and, consequently, to hearing loss.

Spontaneous hair cell regeneration can no longer occur
after hair cell damage at 1 week
To determine when the neonatal cochlea loses the ability to
spontaneously regenerate HCs, we ablated HCs and performed fate
mapping of SCs using Pou4f3DTR/+; Lgr5CreER/+; ROSA26CAG-tdTomato/+

mice that were given tamoxifen at P1 and DT at P6, and found no

significant difference in the number of Myo7a+/tdTomato+ cells at P9
(apex, 15.3±0.9; middle, 0.3±0.3; base, 0±0; n=3) compared with
control that lacked the Pou4f3DTR/+ allele (apex, 13.8±0.9; middle,
0.3±0.3; base, 0±0; n=4) (Fig. 10A-K).

In parallel, we induced DTA expression in HCs at P6. Since
Atoh1 is rapidly downregulated after birth (Lumpkin et al., 2003),
we instead used Prestin-CreERT2 mice (Fang et al., 2012). When
injected with tamoxifen (once daily from P6-8), all outer HCs in
Prestin-CreERT2; ROSA26CAG-ZsGreen/+ mice expressed the reporter
ZsGreen (Fig. 11A-C). When tamoxifen was administered in the
same fashion, Prestin-CreERT2; ROSA26DTA/+ (PrestinDTA) mice
had progressive outer HC loss, whereas inner HCs remained intact
(Fig. 11D-L). We also gave one EdU injection to PrestinDTA mice
at ages ranging from P7 to P11 and analyzed the cochlea 24 hours
after each injection (n=3). No EdU+ SCs or EdU+/Myo7a+ cells were
observed in the organ of Corti in any cochlear turn. Together, these
data support the notion that proliferation and HC regeneration after
HC loss only take place within a limited time window in the
neonatal mouse cochlea.

DISCUSSION
Previous studies in mice have reported that isolated, postmitotic SCs
can divide and generate HCs in vitro (Chai et al., 2012; Doetzlhofer
et al., 2006; Savary et al., 2007; Shi et al., 2012; Sinkkonen et al.,
2011; White et al., 2006) and that HC regeneration occurs in
embryonic cochlear explants in vitro after laser ablation of HCs,
with regeneration ending ~48 hours after HC fate commitment
(Kelley et al., 1995). In other studies, HCs were damaged in the
neonatal rat cochlea using antibiotic treatment in vivo and in vitro

Fig. 7. Regenerated HCs are not derived from
original, differentiated HCs. (A,B) Confocal
images of tdTomato+ (magenta) HCs (Myo7a,
green) in the apical turn of Atoh1-CreERTM;
ROSA26CAG-tdTomato mice at P6 after tamoxifen
injection at P0/P1. Nuclei are labeled by Hoechst
(blue). Inset is a high- magnification image of
tdTomato-labeled HCs. (C-E) Confocal images 
of EdU (blue) incorporation in Myo7a+ cells 
in the apical turn of Atoh1-CreERTM; 
ROSA26DTA/CAG-tdTomato mice 24 hours after EdU
injection at P4. DTA– HCs were traced with
tdTomato (magenta). All EdU+/Myo7a+ cells were
tdTomato–. Scale bars: 100 μm in A,B, 50 μm in
inset; 10 μm in C-E.
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and transient ‘atypical cells’ were found that resembled immature
HCs, with tufts of microvilli in the damaged regions (Daudet et al.,
1998; Lenoir and Vago, 1997; Parietti et al., 1998; Romand et al.,
1996; Zine and de Ribaupierre, 1998). However, it is unclear
whether these cells expressed HC markers or if mitotic regeneration
occurred. Moreover, the ototoxic antibiotic treatments were unable
to damage HCs in the apical turn of the cochlea and most analyses
were undertaken many days after HC damage. In our experiments
using an effective method to eliminate neonatal HCs throughout the
cochlea, we observed spontaneous HC regeneration during the first
postnatal week. Fate-mapping experiments using a SC-specific
CreER line and the Hes5-nlsLacZ allele reveal SCs as the source of
newly regenerated HCs.

In experiments in which the Hes5-nlsLacZ allele was used to fate
map SCs, the lacZ+/Myo7a+ cells observed are most likely to be
regenerated HCs derived from Hes5-expressing SCs, particularly
when interpreted in conjunction with the fate-mapping results

obtained using the Cre-loxP system in the Pou4f3DTR model. It is
possible, but unlikely, that Myo7a+ cells de-differentiated and
upregulated Hes5, considering the antagonistic effect of Hes5 on the
HC differentiation factor Atoh1 (Doetzlhofer et al., 2009; Kelley,
2006).

HC regeneration in non-mammalian vertebrates occurs by two
mechanisms: mitotic regeneration and direct transdifferentiation.
During mitotic regeneration, a SC first divides and then several days
later one or both daughter cells changes fate to become a HC (Adler
and Raphael, 1996; Baird et al., 1996; Corwin and Cotanche, 1988;
Jones and Corwin, 1996; Ryals and Rubel, 1988; Warchol and
Corwin, 1996). Fate mapping of SCs in our models revealed traced
Myo7a+ cells; thus, HC loss led SCs towards a HC fate in all turns
of the cochlea, albeit predominantly in the apex. By applying mitotic
tracers, we detected EdU+ SCs and fate-mapped EdU+/Myo7a+ cells,
indicating that the neonatal mouse cochlea can, to a limited extent,
proliferate in response to HC loss and that some of these

Fig. 8. Myo7a+ cells are active in the cell
cycle. (A-D) Confocal image of EdU
incorporation (green) in Myo7a+ cells (magenta)
in the Atoh1DTA model 4 hours after EdU
injection at P4. (E-H) A pH3+ (green) HC (Myo6,
magenta) was observed at P4 in the Atoh1DTA
model. (G-H) Cross-section focused on the pH3+

HC indicated by the arrow in E. Note that Myo6
expression of this cell is less robust than in
adjacent cells. (I-K) An EdU+ (green) HC
(calbindin, magenta) with mitotic figures
(Hoechst, grayscale) was observed in the
Atoh1DTA model 24 hours after EdU injection at
P4. (L,M) Control tissue (lacking either the Cre or
DTA allele) shows expression of calbindin
(magenta) in HC nuclei in tissues that were
processed for EdU staining. (N,O) A pH3+

(green) HC (Myo7a, magenta) was observed at
P7 in the Pou4f3DTR/+ model. Scale bars: 10 μm.
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proliferating SCs can acquire a HC fate. Interestingly, we observed
the expression of the mitotic markers EdU and pH3 in Myo7a+ and
Myo7a+/Sox2+ cells, which likely represent a differentiating SC or
an immature HC. We postulate that the processes of cell cycle entry
and that of differentiation towards a HC fate might overlap. Future
studies using time-lapse imaging would be useful in investigating
these steps further.

The other reported mechanism for HC regeneration is direct
transdifferentiation, in which a SC directly acquires a HC phenotype
without mitotic division (Adler and Raphael, 1996; Baird et al.,
1996; Jones and Corwin, 1996). The experiments reported here did
not directly address this mechanism because of the limited labeling
efficiency of the mitotic tracers used. However, the number of
EdU–/Myo7a+/tdTomato+ cells observed in Pou4f3DTR/+; Lgr5CreER/+;
ROSA26CAG-tdTomato/+ mice was ~15-fold greater than the number of
EdU+/Myo7a+/tdTomato+ cells detected, which suggests that some
of these cells were derived from direct transdifferentiation. The
avian auditory epithelium regenerates via direct transdifferentiation
1-2 days after ototoxic antibiotic exposure (Cafaro et al., 2007;
Roberson et al., 2004), and this mechanism has been reported to be
the primary mode of HC regeneration in the adult mouse utricle
(Forge et al., 1993; Forge et al., 1998; Golub et al., 2012; Kawamoto
et al., 2009). In addition, Lgr5+ SCs can generate HCs via both
mechanisms in vitro (Chai et al., 2012). Of note, both methods of
fate mapping might underestimate the total number of regenerated
HCs resulting from direct transdifferentiation because of the
incomplete labeling with the Cre-loxP system or Hes5-nlsLacZ
allele and the possibility of other progenitor cell types.

The vast majority of regenerated HCs were observed in the apical
turn of the cochlea. Our results are in agreement with previous
findings that in vitro HC regeneration after laser ablation of embryonic
HCs decreased in a basal-apical gradient (Kelley et al., 1995). Both
HCs and SCs continue to mature during the first postnatal weeks, with
cytoskeletal, morphological and functional changes detected in cells
from the basal turn 2-3 days before cells in the apex (Hallworth et al.,
2000; Jensen-Smith et al., 2003; Legendre et al., 2008; Lelli et al.,
2009; Szarama et al., 2012). Thus, cells in the apical turn are less
mature, which might provide a permissive environment for HC
regeneration. Alternatively, the presence of two different HC
regeneration mechanisms working in concert in the apex might
indicate the presence of undifferentiated progenitor cells. It is worth
noting that the apical turn of the cochlea is the first to exit the cell
cycle and the last to acquire a HC or SC fate during embryonic
development (Lee et al., 2006; Lumpkin et al., 2003; Montcouquiol
and Kelley, 2003; Ruben, 1967).

Previous studies characterized an age-dependent decrease in
stem/progenitor cells isolated from the cochlea (Oshima et al., 2007;
White et al., 2006). This decline correlates well with our finding that
the ability of the cochlea to spontaneously regenerate HCs
diminished 1 week after birth, suggesting the loss of either
progenitor cell competence or a corresponding niche. In support of
this theory, there is an age-dependent decline in the ability of the
cochlea to respond to Atoh1-mediated conversion of SCs into HCs
(Kelly et al., 2012; Liu et al., 2012a) and Sox2/p27Kip1 control of SC
proliferation (Liu et al., 2012b). Such an age-dependent decline in
the ability to self-repair has been observed in other organ systems:
hearts from P1 mice can regenerate after damage and this
regenerative capacity is lost in P7 mice (Porrello et al., 2011).
Interestingly, heart regeneration correlated with the endogenous
proliferative capacity of cardiac tissue, whereas we found
regeneration capacity in the cochlea more than a week after the cells
in the organ of Corti had become quiescent.

Fig. 9. Regenerated HCs are similar to endogenous HCs. Confocal
images of EdU+ (green) cells co-labeled with HC markers in the apical turn
of Atoh1DTA mice. (A-C) Four hours after EdU injection at P5, EdU+ cells
also express calbindin (magenta). (D-F) Two days after EdU injection at P4
(at P6), EdU+ cells express parvalbumin (PVALB; magenta). (G-I) Six days
after EdU injection at P4 (at P10), EdU+ cells express prestin (magenta).
Note that prestin is expressed in the cytoplasm of the EdU+ HC indicated
by the arrowhead, which is characteristic of a young HC (Mahendrasingam
et al., 2010). (J-L) Eleven days after EdU injection at P4 (at P15), EdU+

cells (blue) have espin+ (green) stereocilia bundles. (L) Cross-section
focused on the EdU+ HCs indicated by the arrow in J and K. 
(M-O) Scanning electron micrographs of the apical turn in Atoh1DTA mice
at P15. (N) High-magnification image of M, showing an immature
stereocilia bundle. The immature bundle in O still has a kinocilium. (P-
R) Confocal images of EdU+ (green) HCs (Myo7a, magenta) in the apical
turn of Atoh1DTA mice at P10 after EdU injection at P4. Scale bars: 10 μm
in A-L,P-R; 1 μm in M-O. D
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Based on the timing of expression for various HC markers, we
conclude that regenerated HCs follow a similar pattern of maturation
to normal HC development. Interestingly, the Atoh1DTA model
retains conditions favorable for the expression of prestin, a terminal
outer HC marker that is not expressed in SC-derived HCs generated
from ectopic expression of Atoh1 (Liu et al., 2012a). Unfortunately,
regenerated HCs only contributed to a modest and transient degree
of repopulation of the organ of Corti, and most regenerated HCs
died by P15. The inability of regenerated HCs to survive could be
caused by the lack of the survival factor Pou4f3 and/or loss of SCs,
which normally provide structural and trophic support. In the
described HC damage models, 80-90% of HCs degenerate and more
than 100 SCs per cochlea change fate to become HCs, with a small
amount of proliferation that is evidently insufficient to compensate
for the overall cell loss. As a result, the regenerating organ of Corti
is not only disarrayed, but contains an abnormal composition of HCs
and SCs, which might affect the survival of regenerated HCs. In
addition, the endocochlear potential normally develops between P11
and P17 (Rybak et al., 1992) and might play a role in the death of
regenerated HCs by causing excitotoxicity. It is probable that these
factors, individually or in combination, contribute to the demise of
regenerated HCs. Identification of factors capable of promoting the
survival and functional maturation of regenerated HCs could have
significant therapeutic benefits.

Finally, regenerated HCs in our models come from unmanipulated
SCs; thus, the regeneration process we observed is their natural
response to HC death. The Atoh1DTA and Pou4f3DTR/+ models likely
induce HC death by reactive oxygen species-induced apoptosis
(Abrahamsen et al., 2008; Ivanova et al., 2005), which is similar to

the major cell death pathway implicated in noise- or drug-induced
HC death (Clerici et al., 1996; Henderson et al., 2006). Thus, our
observations are likely to have implications for HC regeneration in
response to various insults.

In summary, our data demonstrate that the postnatal mammalian
cochlea has the intrinsic capacity to spontaneously regenerate HCs
after damage, which was believed to occur only in non-mammalian
vertebrates. These models are applicable to the further study of the
molecular mechanisms of mammalian HC regeneration, which
could lead to the identification of drug targets for the treatment of
hearing loss in humans and improve our understanding of factors
that promote the survival of regenerated HCs and factors that limit
HC regeneration in the maturing cochlea.

MATERIALS AND METHODS
Mouse models and treatments
ROSA26DTA (Ivanova et al., 2005), Lgr5CreER/+ (Barker et al., 2007),
ROSA26CAG-tdTomato/+ (Madisen et al., 2010) and ROSA26CAG-ZsGreen/+ (Madisen
et al., 2010) mice were purchased from The Jackson Laboratory (Bar Harbor,
ME, USA). Atoh1-CreERTM (Chow et al., 2006), Pou4f3DTR/+ (Golub et al.,
2012; Tong et al., 2011) and Hes5-nlsLacZ (Imayoshi et al., 2010) mice were
kind gifts from S. Baker (St. Jude Children’s Research Hospital, Memphis,
TN, USA), E. Rubel, L. Tong and R. Palmiter (University of Washington,
Seattle, WA, USA) and R. Kageyama at (Kyoto University, Kyoto, Japan).
Prestin-CreERT2 mice were generated in our lab (Fang et al., 2012).
Genotyping for Lgr5CreER/+, ROSA26CAG-tdTomato/+, ROSA26CAG-ZsGreen/+, Atoh1-
CreERTM and Prestin-CreERT2 mice was described previously (Barker et al.,
2007; Chow et al., 2006; Fang et al., 2012; Madisen et al., 2010). Genotyping
for ROSA26DTA mice, Hes5-nlsLacZ mice and Pou4f3DTR/+ mice is described
in supplementary material Table S1. Tamoxifen [3 mg/40 g body weight,

Fig. 10. No signs of HC regeneration when
HC loss occurs 1 week after birth in the
Pou4f3DTR/+ model. Projection images of Myo7a
immunofluorescence in cochlear whole-mounts
of control wild-type mice at P9 (A-C) and
Pou4f3DTR/+ mice at P9 (D-F) and P11 (G-I) after
DT injection at P6. Confocal images of
tdTomato+ (magenta) HCs (Myo7a, green) in 
the apical turn of control (Lgr5CreER/+;
ROSA26CAG-tdTomato/+) (J) and Pou4f3DTR/+;
Lgr5CreER/+; ROSA26CAG-tdTomato/+ (K) mice that
were given tamoxifen at P1, DT at P6, and
analyzed at P9. Scale bars: 50 μm in A-I; 20 μm
in J,K.
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intraperitoneal injection (IP); Sigma] was injected once at P0 and P1 for
Atoh1-CreERTM mice and once at P6, P7 and P8 for Prestin-CreERT2 mice.
Tamoxifen (0.75 mg/g) was given by gavage to Lgr5CreER/+ mice. DT (6.25
ng/g, IP, List Biological Laboratories) was injected at either P1 or P6 into
Pou4f3DTR/+ mice. EdU (Click-iT EdU Imaging Kit, Invitrogen) was injected
(50 μg/g, IP) once daily at P3-P5 into Pou4f3DTR/+ and Atoh1DTA mice; EdU
was injected (10 μg/g, IP) once at the designated ages. Mice of both genders
were used in this study. The n value throughout the paper reflects the number
of animals analyzed per experiment. All animal work was approved by the
Institutional Animal Care and Use Committees at St. Jude Children’s Research
Hospital and Stanford University.

Immunostaining
Cochlear samples were fixed in 4% paraformaldehyde overnight and standard
immunohistochemistry was performed (Mellado Lagarde et al., 2013). For
Sox2 staining, 0.02% sodium azide was added during the blocking and
antibody incubation steps. TUNEL staining was performed using the In Situ
Cell Death Detection Kit, TMR Red (Roche Applied Science) following the
manufacturer’s instructions, except for increasing the sodium citrate
concentration in the permeabilization step to 1%. The following primary
antibodies were used: anti-β-gal (1:500, AB9361 Abcam), anti-calbindin
(1:500, AB1778 Millipore), anti-espin (1:5000, a gift from Dr S. Heller,
Stanford University, Palo Alto, CA, USA), anti-Myo6 conjugated to Alexa
647 (1:40, specific request Proteus BioSciences), anti-Myo7a (1:200, 25-6790
Proteus BioSciences), anti-pH3 conjugated to Alexa 555 (1:50, 3475 Cell
Signaling), anti-Prox1 (1:500, AB5475 Millipore), anti-parvalbumin (1:1000,
P3088 Sigma), anti-VGlut3 (1:500, 135203 Synaptic Systems, Goettingen,
Germany), anti-prestin (1:200, sc-22692 Santa Cruz Biotechnology), anti-
Sox2 (1:1000, sc-17320 Santa Cruz Biotechnology) and anti-Pou4f3 (1:500,
sc-81980 Santa Cruz Biotechnology). Nuclear staining employed Hoechst

33342 (1:2000, Invitrogen). EdU staining was performed using the Click-iT
EdU Imaging Kit (Invitrogen) following the manufacturer’s instructions. All
secondary antibodies were Alexa conjugated (Invitrogen) and were used at
1:500 or 1:1000. Images were taken using a Zeiss LSM 700 confocal
microscope and 3D reconstruction was performed using Imaris 7.1 software
(Bitplane).

Cell counts
For counts of traced HCs in the Pou4f3DTR/+; Lgr5CreER/+; ROSA26CAG-tdTomato/+

and Atoh1DTA; Hes5-nlsLacZ samples, we imaged the entire cochlea using a
40× objective and counted Myo7a+ or Sox2+/Myo7a– cells that co-expressed
lacZ or tdTomato. The same procedure was used to quantify EdU+/Myo7a+

cells, while EdU+ or traced SC counts were obtained from counting 225 μm
regions of each turn. For Pou4f3+ HC counts, two 200 μm regions of the apical
turn were analyzed.

Scanning electron microscopy
Samples were prepared as previously described (Steigelman et al., 2011) and
were imaged using a JEOL 7000 field emission gun scanning electron
microscope (University of Alabama, Tuscaloosa, AL, USA).

Auditory brainstem response
Animals were anesthetized with Avertin (0.6 mg/g, IP) and frequency-
specific auditory responses were measured using the Tucker-Davis
Technology System III System (Alachua, FL, USA) as previously described
(Mellado Lagarde et al., 2013).

Statistical analysis
All data are presented as mean ± s.e.m. Statistical analyses were conducted
using GraphPad Prism 5.0 software.

Fig. 11. No signs of HC regeneration when
HC loss occurs 1 week after birth in the
PrestinDTA model. (A-C) Prestin-CreERT2;
ROSA26CAG-ZsGreen/+ mice induced with
tamoxifen from P6-P8 and analyzed at P15
have robust Cre activity in all outer HCs. HCs
are labeled with Myo7a (magenta). Projection
images of Myo7a immunofluorescence in
cochlear whole-mounts of control mice
(lacking the Cre or DTA allele) at P8 (D-F) and
PrestinDTA mice at P8 (G-I) and P11 (J-L)
given tamoxifen from P6-P8. Scale bars: 50
μm. 
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Systems/Circuits

Differential Conduction Velocity Regulation in Ipsilateral
and Contralateral Collaterals Innervating Brainstem
Coincidence Detector Neurons

Armin H. Seidl,1,2 Edwin W Rubel,1,2,3 and Andrés Barría1,3

1Virginia Merrill Bloedel Hearing Research Center, and Departments of 2Otolaryngology—Head and Neck Surgery, and 3Physiology and Biophysics,
University of Washington, Seattle, Washington 98195

Information processing in the brain relies on precise timing of signal propagation. The highly conserved neuronal network for computing
spatial representations of acoustic signals resolves microsecond timing of sounds processed by the two ears. As such, it provides an
excellent model for understanding how precise temporal regulation of neuronal signals is achieved and maintained. The well described
avian and mammalian brainstem circuit for computation of interaural time differences is composed of monaural cells in the cochlear
nucleus (CN; nucleus magnocellularis in birds) projecting to binaurally innervated coincidence detection neurons in the medial superior
olivary nucleus (MSO) in mammals or nucleus laminaris (NL) in birds. Individual axons from CN neurons issue a single axon that
bifurcates into an ipsilateral branch and a contralateral branch that innervate segregated dendritic regions of the MSO/NL coincidence
detector neurons. We measured conduction velocities of the ipsilateral and contralateral branches of these bifurcating axon collaterals in
the chicken by antidromic stimulation of two sites along each branch and whole-cell recordings in the parent neurons. At the end of each
experiment, the individual CN neuron and its axon collaterals were filled with dye. We show that the two collaterals of a single axon adjust
the conduction velocities individually to achieve the specific conduction velocities essential for precise temporal integration of informa-
tion from the two ears, as required for sound localization. More generally, these results suggest that individual axonal segments in the CNS
interact locally with surrounding neural structures to determine conduction velocity.

Key words: conduction velocity regulation; myelin plasticity; sound localization

Introduction
Binaural processing, using the information from both ears, is
essential for the segregation of sounds and the ability to isolate
signals in noisy environments, called the “cocktail party effect.”
The cellular basis of this ability is a circuit of neurons, conserved
from reptiles to humans (Ashida and Carr, 2011; Wang et al.,
2013), that encodes microsecond time differences in sounds reach-
ing the two ears, interaural time differences (ITDs), and computes
the locations of sound. In addition to being important in its own
right, this system serves as a useful model for understanding how
precise timing of electrical signals is achieved in the CNS.

Excitatory projections from monaurally innervated neurons
in the cochlear nucleus on each side of the brain project to an
array of binaurally innervated coincidence detector neurons.

Temporal precision of acoustically evoked signals from both ears
must be precisely guaranteed, as ITDs from sound sources along
the azimuth may differ by only a few microseconds (Goldberg
and Brown, 1969; Carr and Konishi, 1990; Yin and Chan, 1990;
Köppl and Carr, 2008). In the avian auditory brainstem, neurons
in nucleus magnocellularis (NM) receive sound information
from the ipsilateral ear and project myelinated excitatory axons
to an array of coincidence detector neurons in nucleus laminaris
(NL) on both sides of the brain (Parks and Rubel, 1975; Rubel
and Parks, 1975; Carr and Konishi, 1990). Soon after exiting the
soma, the NM axon branches to form two major collaterals;
hence, a single NM axon provides both ipsilateral and contralat-
eral excitatory inputs to NL neurons (Fig. 1A). A “delay line,”
contributed by the contralateral collateral, provides the temporal
delays to NL neurons required for a bilateral map of sound–
source locations (Fig. 1A; Jeffress, 1948; Young and Rubel, 1983;
Carr and Konishi, 1990; Overholt et al., 1992; Köppl and Carr,
2008). Sounds originating from straight ahead (0° azimuth) elicit
action potentials (APs) simultaneously in neurons of both NMs.
These signals must be conveyed to a medial location in the NL
map within a microsecond time window to encode this 0 !s ITD
position (Fig. 1A, yellow neuron; Young and Rubel, 1983; Over-
holt et al., 1992).

Recent length measurements of individual axon collaterals
from NM neurons to NL on each side of the brain revealed large
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differences in the actual lengths of the ipsilateral versus contralat-
eral collaterals (Seidl et al., 2010). Hence, at naturally occurring
ITDs, axon length alone cannot be a sufficient substrate for coin-
cident arrival of inputs at any of the NL neurons. Our results
present evidence for differential regulation of conduction veloc-

ities in the primary branches of the NM axon collaterals. This
achieves isochronous signal propagation in axonal branches of
different length, allowing coincidence detection as required for
sound segregation.

Materials and Methods
Animals. Fertilized eggs of White Leghorn chickens (Gallus domesticus)
were incubated at 37°C for 21 d. All procedures were approved by the
University of Washington Institutional Animal Care and Use Committee
and conformed to National Institutes of Health guidelines.

Slice preparation. Acute brainstem slices were prepared from chickens
of either sex at embryonic day 21 (E21) before hatching, as previously
described (Sanchez et al., 2011). Slices were cut in the coronal plane at
300 !m on a Microslicer DTK-Zero1 vibratome (Ted Pella).

Slices were stored in a holding chamber and allowed to equilibrate for
30 min at 35°C in oxygenated ACSF. Slices were allowed to cool to room
temperature (RT) for at least 15 min before being transferred from the
holding chamber to a 0.5 ml recording chamber, mounted on an Olym-
pus BX51W1 microscope for electrophysiological experiments.

Physiology and stimulation. Before recording, two bipolar stimulating
electrodes (custom made; tip size: inner pole, 12.5 ! 100 !m; outer pole
diameter, 125 !m; FHC) were placed along the trajectory of NM axons
on either the ipsilateral loop (Fig. 1A), or ipsilateral and contralateral of
the midline to stimulate the contralaterally projecting axon collateral
(Fig. 1B). The tips of the electrodes were coated with DiO (Biotium) to
visualize the stimulation site. The center of the DiO labeling was defined
as the stimulation site.

Whole-cell electrophysiology current-clamp experiments were per-
formed using an Axon Multiclamp 700B amplifier (Molecular Devices)
at room temperature (21.5–22.8°C) unless noted otherwise. Patch pi-
pettes were pulled to a tip diameter of 1–2 !m and had resistances rang-
ing from 3 to 6 M". Pipettes were filled with a standard potassium-based
internal solution (Sanchez et al., 2012). Additionally, the internal solu-
tion contained 0.5% biocytin (Sigma-Aldrich) to label the axon collater-
als from which conduction velocity data were obtained. All experiments
were conducted in the presence of the GABAA receptor antagonist picro-
toxin (100 !M), the NMDAR antagonist DL-APV (100 !M) and the
AMPAR antagonist NBQX (20 !M). Square electric pulses, 5 !s in dura-
tion, were delivered through an ISO-Flex flexible stimulus isolator
(A.M.P.I.) and interval generator (S88, Grass Technologies). Stimulus
intensity was gradually adjusted until responses were reliably elicited.

As our experiments were conducted at room temperature, it was im-
portant to estimate the actual conduction velocities of the NM collaterals
under physiological conditions. Toward that end, we determined the
temperature coefficient (Q10) for NM axons. We stimulated the con-
tralateral NM axon ipsilateral of the midline with a single bipolar elec-
trode, as described above, and recorded antidromic APs (aAPs) at
temperatures ranging from 24 to 32°C. We normalized the relative con-
duction velocity to 1 for the lowest temperature measured. The value for
Q10 along NM axons was determined using the standard equation shown
as follows:

Q10 " !R2

R1
"!

10
T2-T1

"
,

where R is conduction velocity and T is temperature.
Axon visualization. After a successful recording, which usually lasted

25–30 min, the slice was incubated in oxygenated ACSF at RT for another
30 min and then fixed in 4% paraformaldehyde in PBS at 4°C for 12 h.
Slices were rinsed in PBS and subsequently exposed to 1:1000 Alexa Fluor
594 streptavidin (Invitrogen) in 0.3% Triton X-100 (Sigma) for at least
24 h. Slices were rinsed in PBS again, coverslipped using Glycergel
(Dako), and imaged using a confocal microscope (Fluoview 1000, Olym-
pus). Using the resulting three-dimensional (3-D) images, labeled axons
were reconstructed with Neurolucida (MBF Bioscience), and the dis-
tance between stimulation sites along the axon was measured.

Data analysis. Recording protocols were written and run using Clam-
pex acquisition and Clampfit analysis software (version 10.1; Molecular

Figure 1. Schematic of circuit and recording. A, B, NM neurons on each side of the brain
receive inputs from the ipsilateral ear. Each NM neuron projects both to the ipsilateral NL and to
the contralateral NL. The inputs from NM to the ipsilateral NL are similar in length and display
similar conduction times. The inputs to the contralateral NL establish a delay line on the ventral
side of the NL cell bodies. This circuit embodies a modified Jeffress model of sound localization
with a delay line on one side of the coincidence detector array. Antidromic action potentials
were elicited either along the ipsilateral axon segment (A, magenta, stimulating points Ai and
Bi) or along the contralateral segment (B, green, stimulating points Ac and Bc) and recorded in
NM neurons. C, Sample traces of antidromic action potentials elicited by two different stimu-
lating electrodes placed as indicated in B and recorded in the same neuron. The average trace is
shown in color. The time difference between the peaks of these two aAPs was measured and
used to calculate conduction velocity. Experiments were performed at RT (21.5–22.8°C) unless
otherwise indicated.
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Devices). AP traces were averaged using the Clampfit algorithm. The
average traces were fitted by a Gaussian fit (three terms) in Clampfit.

Maxima derived by fitting were used to compare the relative time
delays of paired groups of APs. Statistical analyses and illustrations of
graphs were performed using Prism (GraphPad). Differences between
groups were tested with an unpaired t test. All in-text and graphic repre-
sentations of data illustrate the mean # SD. We also performed a linear
regression analysis and computed Pearson product moment correlations
for the data presented in Figure 3B.

Results
Here we show that conduction velocity differs dramatically and
systematically in the two major axon collaterals of single NM
axons to achieve submillisecond temporal accuracy of binaural
activity onto the coincidence-detector NL neurons. Our anatom-
ical measurements of axon diameter and nodes of Ranvier spac-
ing (Seidl et al., 2010) suggest that individual axon segments
interact with oligodendrocytes to adjust conduction velocity as
needed for circuit function. In this report, we show that conduc-
tion velocities of the ipsilateral and contralateral collaterals of
single NM axons differ systematically to compensate for anatom-
ical restrictions imposed by axon lengths and developmental
changes in head size, providing the microsecond precision nec-
essary for binaural hearing.

We recorded aAPs elicited in individual NM neurons by stim-
ulating electrodes placed at two different locations on the ipsilat-
eral branch or on the contralateral branch of single NM axons
[Fig. 1A,B, Ai and Bi (ipsilateral stimulation points), Ac and Bc
(contralateral stimulation points)].

The NM neurons and their axons were labeled with biocytin
to provide the material for a 3-D reconstruction of each stimu-
lated axon. Stimulating electrodes were coated with DiO to de-
termine their position along the axonal pathway and measure the
distances between the stimulation sites. The time difference be-
tween the peaks of the aAPs (Fig. 1C) and the distance between
the stimulation sites on individual axon collaterals were used to
calculate the conduction velocity in the segment flanked by the
stimulation electrodes.

By the time of hatching (E21), the chicken sound localization
circuit is mature in anatomical and physiological properties
(Reyes et al., 1994; Zhang and Trussell, 1994). Figure 1C shows
antidromic voltage responses of a representative NM neuron
whose contralateral axon was stimulated at two different loca-
tions (Fig. 1C). On the left, 31 aAPs elicited by a stimulation
electrode that was placed ipsilateral (Fig. 1B,C, position Ac, or-
ange) are shown. The group of traces on the right shows 32 over-
laid aAPs elicited by an electrode (Fig. 1B,C, position Bc, blue)
contralateral to the midline on the same axon. The colored traces
depict the respective average values of the two populations. No-
tice the low variability observed from trace to trace at the peak of
the aAPs. In this example, the group of aAPs elicited by the more
distal electrode arrived 475 !s later than the group of aAPs elic-
ited by the electrode closer to the cell body. 3-D measurements
along this axon revealed that the stimulation sites were 1594 !m
apart.

Figure 2A shows a segment of a labeled axon (purple) and
the position of the stimulating electrode (green). Figure 2, B
and C, shows representative examples of 3-D reconstructions of
axons and NM neurons indicating the placement of stimulating
electrodes.

Based on the time difference between aAPs and the distance
along the axon between stimulation points, we calculated the
velocity of signal propagation for the ipsilateral and the contralat-
eral axons at room temperature. The average (#SD) conduction

velocity was 1.59 # 0.34 m/s (n $ 5) in the ipsilateral axon branch
and 3.69 # 0.68 m/s (n $ 6) in the contralateral axon branch
(p $ 0.0002; Fig. 3A). Thus, the velocity of the action potential in
the longer contralateral axon branch is on average more than
twice the velocity found in the ipsilateral branch of the same cell.

Figure 2. Distances between stimulation sites. A, Projection image of a visualized axon
(magenta) originating in the contralateral NM close to the target NL. The position of the stim-
ulation electrode is identified by residual DiO (green). The outline of the stimulation electrode is
indicated to scale. Tip diameter is 12.5 !m. B, C, 3-D reconstructions of stimulated ipsilateral
NM axon (B) and contralateral NM axon (C) with stimulation sites indicated.
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It is important to establish the velocity of conduction at phys-
iological temperatures to determine timing properties in behav-
iorally relevant conditions. To this end, we determined the Q10
for NM axons to assess conduction velocities at chicken body
temperature. We measured conduction velocities of single axons
while the preparation was held at different temperatures (Fig. 3B;
n $ 8). The correlation between temperature and conduction
velocity measurements for each neuron was highly linear (r 2 $
0.96 # 0.05; n $ 7). Q10 values ranged between 1.17 and 1.89
(mean, 1.53 # 0.23), similar to what had been determined previ-
ously in the same axons (Overholt et al., 1992) and comparable to
values determined by others in CNS axons of mammals (Swad-
low et al., 1981). Using this Q10 value, we calculated the conduc-
tion velocities at physiological temperature for birds (40°C)
(Aschoff et al., 1973; Aronov and Fee, 2012). Conduction velocity
at normal physiological temperature was estimated to be 3.36 #
0.70 m/s for ipsilateral NM axon collaterals and 8.02 # 1.51 m/s
for contralateral axon collaterals. This extrapolation may overes-
timate the actual conduction velocity because high brain temper-
atures in birds could introduce nonlinear effects in the dynamics
of the circuit (Hodgkin and Katz, 1949; Aronov and Fee, 2012).
However, Overholt et al. (1992) showed a highly linear depen-
dency of temperature up to 41°C.

The conduction velocities at physiological temperatures com-
bined with previously determined branch length measurements
of NM axons (Seidl et al., 2010) allowed us to derive the absolute
conduction times of the following axonal segments: (1) soma to
the ipsilateral terminals innervating NL; and (2) soma to the most
medial terminals innervating the contralateral NL (Fig. 1A,B).
Using this information, the average conduction time from NM to
the ipsilateral NL is 457 # 98 !s, and from NM to the medial
region of the contralateral NL, 399 # 64 !s (Fig. 3C). The differ-
ence between these values does not approach statistical signifi-
cance (p $ 0.26). Hence, differential regulation in conduction
velocity counterbalances the difference in axon length and equal-
izes the conduction times of the main axon branches connecting
individual NM neurons to the ipsilateral NL and the medial po-
sition of the contralateral NL (Fig. 3D).

Discussion
In individual segments of a single NM axon, conduction velocity
is regulated systematically to achieve an equalization of conduc-
tion times to the ipsilateral NL and to the most medial NL neuron
on the contralateral side of the brain. The resolution of this tim-
ing is in the microsecond range. In other words, anatomical re-
strictions imposed by axonal length are overcome by variations in
axon diameter and internode distance, allowing isochronic in-
puts at NL and enabling the function of the delay line formed by
the contralateral axon according to the model proposed by Jef-
fress (1948), and supported by numerous anatomical and physi-
ological studies (Young and Rubel, 1983, 1986; Overholt et al.,
1992; Köppl and Carr, 2008; Seidl et al., 2010). This equalization
is required to achieve an array of coincident inputs whose func-
tion is to calculate ITDs that vary systematically as a function of
the azimuthal position of a sound source, an essential step for
sound segregation.

The relationships among axon caliber, myelination proper-
ties, and conduction velocity are well studied, and have been
thoroughly documented over the past century. It is well known
that axonal bifurcations usually result in a reduction in the caliber
of each collateral and associated changes in conduction velocity
(Rall, 1962; Waxman, 1975, 1980; Waxman and Swadlow, 1977).
Previous studies in mammals have reported different conduction

Figure 3. Differential regulation of conduction velocity in NM axon leads to equalization of con-
duction times. A, Different conduction velocities exist for ipsilateral (n$ 5) and contralateral (n$ 6)
axonal branches. Error bars indicate SD; p$ 0.0002. B, Conduction velocities as a function of temper-
ature. Conduction velocity was measured in a given neuron at two to four different temperatures.
Different colors depict different cells. Q10 values correlate to the steepness of the regression line, and
ranged between 1.17 and 1.89 (mean, 1.53 # 0.23). The relationship between temperature and
conduction velocity for each cell was highly linear (mean r 2 $ 0.96 # 0.05). Datapoints are nudged
to prevent overlap. Inset, Example traces of aAP measured at different temperatures in the same
neuron. C, Conduction times of the ipsilateral and the contralateral axonal branches from NM soma to
terminals innervating NL are not statistically different. Mean values for calculated conduction times
are 457 # 98 !s from the NM cell body to the ipsilateral NL and 399 # 64 !s from cell body to the
most medial contralateral terminal. Error bars indicate SD. D, The ipsilateral and contralateral axon
branches of the NM axon display widely different conduction velocities, compensating for a length
difference %1600 !m. Ipsilateral (ti) and contralateral (tc) conduction times achieve isochronicity
(ti $ tc) in the microsecond range using variations in internode distance and axon diameter. In the
shorter axon branch, internode distance and axon diameter are reduced relative to the longer axon
branch. Magenta, Ipsilateral axon branch; green, contralateral axon branch.
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velocities in different branches of a peripheral sensory nerve
(Wall, 1994; Durbaba et al., 2007) and in callosal axons in the
CNS (Swadlow et al., 1980). In these cases, the functional inter-
pretation is not clear, and the relationships among individual
axons having different conduction velocities and their associated
myelinating glia have not been studied. Our results take this con-
cept one step further by demonstrating consistent and dramatic
differences in conduction velocity between the two major projec-
tion collaterals of the same parent axon in the CNS. This result
suggests local interactions of axon segments with oligodendro-
cytes to establish the appropriated conduction velocity. Of fur-
ther significance, these differences are biologically meaningful in
that they provide a mechanism for the establishment of iso-
chronicity of signal propagation required for binaural processing
of low-frequency acoustic signals.

Our results may help to understand the mammalian ITD de-
tection circuit, consisting of neurons in the medial superior olive
(MSO) and its binaural excitatory and inhibitory inputs. The
exact mechanisms for understanding how this circuitry achieves
the computation of azimuth is still a matter of debate (Joris and
Yin, 2007; Grothe et al., 2010; Portfors and von Gersdorff, 2013),
in particular the role of inhibition (Pecka et al., 2008; Roberts et
al., 2013). However, recent in vivo whole-cell recordings from
MSO neurons elegantly show that ITD tuning is determined by
the timing of excitatory inputs (van der Heijden et al., 2013). Fine
tuning of the conduction time of the axons providing these inputs
by varying their diameter and internode distance may provide a
mechanism to achieve this timing precision (Seidl et al., 2010).

Of more general interest is what our observations reveal about
the interactions between neurons and glia cells. It remains un-
clear how specific internode distances and axonal diameters, both
controlled by myelinating glia (de Waegh et al., 1992; Garcia et
al., 2003; Court et al., 2004; Susuki and Rasband, 2008), are es-
tablished or modulated during development. Recent evidence
shows that myelination may be more dynamic than previously
envisioned (Liu et al., 2012; Powers et al., 2013). In the chicken,
myelination occurs around hearing onset (E14; Jackson and
Rubel, 1978; Hartman et al., 1979; Macklin and Weill, 1985; Korn
and Cramer, 2008) and at a time when synaptic activity is already
present (E11; Jackson et al., 1982). Possible mechanisms for sig-
naling between neurons and glia include electrical signaling. Elec-
trical activity of CNS axons has been shown to affect the
proliferation and differentiation of myelinating glia (Barres and
Raff, 1993; Demerens et al., 1996; Stevens et al., 2002; Ishibashi et
al., 2006; Káradóttir and Attwell, 2007; Wake et al., 2011). In the
barn owl, myelination of NM axons occurs at a time when ITD
tuning becomes stable, suggesting a role of myelin in fine-tuning
the timing of the circuitry when binaural acoustic activity is pres-
ent (Cheng and Carr, 2007). Interestingly, intracellular differ-
ences exist in oligodendrocytes as well. Ultrastructural studies
show that myelin sheaths produced by different branches of the
same oligodendrocyte differ across individual axons in the mam-
malian CNS (Waxman and Sims, 1984).

While variations of conduction velocity along axons are uni-
versally seen (Kimura and Itami, 2009; Seidl, 2013), the molecu-
lar signals regulating internode distance are still a mystery. Future
experiments are needed to examine the developmental course of
conduction times, what factors regulate the differential establish-
ment of parameters determining signal propagation speed, and
the molecular signals underlying the communication between
axons and surrounding non-neuronal players. We have pre-
sented a biologically relevant example of precise differential reg-
ulation of conduction velocity in two major collaterals of a single

neuron. We suggest that this system may be useful for further
exploration of these cellular and molecular interactions.
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ABSTRACT
Neuronal dendrites are structurally and functionally

dynamic in response to changes in afferent activity. The

fragile X mental retardation protein (FMRP) is an mRNA

binding protein that regulates activity-dependent protein

synthesis and morphological dynamics of dendrites.

Loss and abnormal expression of FMRP occur in fragile

X syndrome (FXS) and some forms of autism spectrum

disorders. To provide further understanding of how

FMRP signaling regulates dendritic dynamics, we exam-

ined dendritic expression and localization of FMRP in

the reptilian and avian nucleus laminaris (NL) and its

mammalian analogue, the medial superior olive (MSO),

in rodents and humans. NL/MSO neurons are special-

ized for temporal processing of low-frequency sounds

for binaural hearing, which is impaired in FXS. Protein

BLAST analyses first demonstrate that the FMRP amino

acid sequences in the alligator and chicken are highly

similar to human FMRP with identical mRNA-binding

and phosphorylation sites, suggesting that FMRP func-

tions similarly across vertebrates. Immunocytochemistry

further reveals that NL/MSO neurons have very high

levels of dendritic FMRP in low-frequency hearing verte-

brates including alligator, chicken, gerbil, and human.

Remarkably, dendritic FMRP in NL/MSO neurons often

accumulates at branch points and enlarged distal tips,

loci known to be critical for branch-specific dendritic

arbor dynamics. These observations support an impor-

tant role for FMRP in regulating dendritic properties of

binaural neurons that are essential for low-frequency

sound localization and auditory scene segregation, and

support the relevance of studying this regulation in non-

human vertebrates that use low frequencies in order to

further understand human auditory processing disor-

ders. J. Comp. Neurol. 522:2107–2128, 2014.
VC 2013 Wiley Periodicals, Inc.

INDEXING TERMS: fragile X syndrome; dendritic regulation; nucleus laminaris; medial superior olive; low-frequency

temporal processing; brain evolution

Dendritic morphology and intrinsic properties shape

firing patterns of a neuron. Dendritic defects are among

the strongest pathological correlates with cognitive dis-

ability (Kaufmann and Moser, 2000) and are associated

with numerous neurodevelopmental disorders as well as

with neurodegeneration (McGlashan and Hoffman,

2000; Kamiya et al., 2005; Burke and Barnes, 2006;

Hayashi-Takagi et al., 2010).

Dramatic manifestation of dendritic defects associ-

ated with severe behavioral consequences is observed
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in fragile X syndrome (FXS), the leading known genetic

cause of autism spectrum disorder (reviewed in Santoro

et al., 2012). FXS patients exhibit intellectual disability

as well as sensory and motor dysfunction. FXS

is caused by trinucleotide repeat expansions of an

X-linked gene, FMR1, which results in the transcrip-

tional silencing and loss of the FMR1 protein product,

the fragile X mental retardation protein (FMRP;

reviewed in Penagarikano et al., 2007; Bagni et al.,

2012). Brains of FXS patients and FMR1 knockout mice

show abnormal morphology of dendritic spines (Rudelli

et al., 1985; Hinton et al., 1991; Comery et al., 1997;

Irwin et al., 2001, 2002; McKinney et al., 2005; Lev-

enga et al., 2011) and dendritic arborizations (Braun

and Segal, 2000; Galvez et al., 2003, 2005; Castr!en

et al., 2005; Restivo et al., 2005; Zarnescu et al., 2005;

Thomas et al., 2008; Qin et al., 2011; Scotto-

Lomassese et al., 2011; Till et al., 2012).

In the normal brain, FMRP is associated with ribo-

somes. Its apparent roles are to reversibly suppress

translation of specific mRNAs and to release mRNAs for

translation upon changes in a variety of conditions,

including changes in neural activity (Darnell et al., 2011).

Possible roles of FMRP in dendritic spines have been

extensively studied in the cortex and have been linked

to spine pruning during normal development (Comery

et al., 1997; Portera-Cailliau, 2012) and activity-

dependent synaptic plasticity via mGluR signaling (Bear

et al., 2004; Santoro et al., 2012). Abnormal spine devel-

opment and reduced synaptic plasticity in FXS brains

have been implicated in the intellectual impairments

observed in FXS individuals (reviewed in Bear et al.,

2004; Santoro et al., 2012). However, relatively little is

known about how FMRP regulates global dendritic arbori-

zation in vertebrates, and how this regulation relates to

the behavioral deficits observed in FXS individuals.

The binaural circuit specialized for low-frequency

temporal processing in the auditory brainstem provides

a functionally relevant model to address these ques-

tions. Across vertebrate species with low-frequency

hearing, from reptiles and birds to mammals including

humans, the general organization of this circuit is highly

conserved (Moore, 2000; Carr and Soares, 2002; Carr

et al., 2009; reviewed in Burger and Rubel, 2008;

Fig. 1). The nucleus magnocellularis (NM) and nucleus

laminaris (NL) in reptiles and birds, the key excitatory

nuclei of the binaural circuit, are structurally and func-

tionally similar to the mammalian ventral cochlear

nucleus (VCN) and medial superior olive (MSO), respec-

tively. NM/VCN neurons receive temporally locked exci-

tatory signals elicited by low-frequency sounds from the

auditory nerve and, in turn, send bilaterally segregated

signals to NL/MSO. Dendrites of NL and MSO neurons

segregate into two domains; each domain receives exci-

tatory input from the ipsilateral or contralateral NM/

VCN. This anatomic segregation, along with specialized

synaptic and intrinsic physiology, enable NL/MSO neu-

rons to compute interaural time differences (ITDs), i.e.,

time disparities in the arrival of signals between the

two ears, a critical binaural cue for sound localization

and segregation.

Detailed psychophysical and behavioral studies in

patients with FXS have identified impaired temporal

processing as a specific form of visual and auditory

dysfunction and have attributed such impairment to

abnormal information processing at both the cortical

and subcortical levels (Kogan et al., 2004; Hall et al.,

2009; Tobia and Woodruff-Pak, 2009; Farzin et al.,

2011; Roy et al., 2011). Remarkably, FMRP level is also

tightly associated with visual temporal performance

Figure 1. Schematic drawings of the organization of the binaural

circuit in the reptilian, avian, and mammalian auditory brainstem.

The reptilian and avian NM and NL are structurally and function-

ally similar to the mammalian VCN and MSO, respectively. The

two dendritic domains of individual bipolar neurons in NL and

MSO receive segregated excitatory inputs from the two ears.

More specifically, cochlear ganglion cells provide excitatory input

to the ipsilateral VCN in mammals and NM in reptiles and birds.

Individual VCN and NM neurons project bilaterally to the segre-

gated MSO and NL dendrites, respectively. In mammals, one col-

lateral ends on the lateral dendrites and the cell body of the

ipsilateral MSO neurons with the other collateral projecting to the

medial dendrite and the cell body of the contralateral MSO. In

birds and presumably in reptiles, this pattern is preserved, with

NM neurons projecting to the dorsal dendritic domain of the ipsi-

lateral NL and the ventral domain of the contralateral NL. Dashed

lines indicate the midline. Dorsal is up. NM, nucleus magnocellu-

laris; NL, nucleus laminaris; VCN, ventral cochlear nucleus; MSO,

medial superior olive.
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among healthy individuals (K!eri and Benedek, 2011). At

the cellular level, FMRP is required for proper dynamics

of potassium channels and rapid neuronal firing with

high temporal accuracy in the auditory brainstem

(Brown et al., 2010; Strumbos et al., 2010; reviewed in

Brown and Kaczmarek, 2011). In addition, several lines

of evidence have established VCN and MSO and their

function as prominent targets in autistic patients,

although whether these patients specifically have FXS

is mostly unknown. These lines of evidence include

abnormal organization of the superior olivary complex,

in particular the MSO (Kulesza and Mangunay, 2008;

Kulesza et al., 2011), delayed cortical responses to low-

frequency tones (Roberts et al., 2010), and difficulty of

detecting speech in noise and localizing sounds (Alc!an-

tara et al., 2004, 2012; Teder-S€alej€arvi et al., 2005).

Thus, a logical hypothesis is that FMRP regulates den-

dritic structure and intrinsic electrical properties of the

brainstem binaural neurons.

To begin to examine this hypothesis and to establish

an animal model for basic research, the current study pro-

vides genetic and anatomic evidence in support of an

important role for FMRP in regulating NL/MSO dendrites

and demonstrates the conservation of this regulation

across vertebrates. We compare the amino acid sequence

of FMRP and its subcellular dendritic localization in NL

and MSO neurons across four vertebrate species: alliga-

tor, chicken, gerbil, and human. These species are known

to have a well-developed NL or MSO, use ITDs as primary

binaural cues, and specialize in low-frequency hearing

(Moore, 2000; Higgs et al., 2002; Seidl and Grothe, 2005;

Burger and Rubel, 2008; Carr et al., 2009).

MATERIALS AND METHODS
Animals

The brainstem tissue from three juvenile American

alligators (Alligator mississippiensis) was used for immu-

nocytochemistry. These animals were obtained from the

Rockefeller Wildlife Refuge (Grand Chenier, LA). One

brainstem block was fixed and generously provided by

Drs. Michael B. Pritz (Indiana University), Duncan B.

Leitch (Vanderbilt University), and Kenneth C. Catania

(Vanderbilt University), while the other two were pro-

vided by Dr. Catherine E. Carr (University of Maryland).

Snap-frozen tissue from the brainstem of an additional

juvenile American alligator, generously provided by

Dr. Catherine E. Carr, was used for western blot.

Seven white leghorn chicken hatchlings (Gallus gallus

domesticus; 2–10 days old) of either sex were used for

immunocytochemistry (n 5 5) and western blot (n 5 2).

Eggs were obtained from Featherland Farms (Eugene,

OR) and incubated and hatched at a University of

Washington vivarium.

Six female Mongolian gerbils (Meriones unguiculatus)

were purchased from the Charles River Laboratories

(Wilmington, MA). Two adults and two 25-day-old ger-

bils were used for immunocytochemistry. No difference

was detected in the staining pattern in MSO between

the two age groups. Two additional 25-day-old gerbils

were used for western blot. In addition, one male albino

Sprague-Dawley rat (Rattus norvegicus; 6 weeks old)

was purchased from the Harlan Laboratories (Indianapo-

lis, IN) and used for western blot.

All procedures were approved by the University of

Washington Institutional Animal Care and Use Commit-

tee and carried out in accordance with the National

Institutes of Health Guide for the Care and Use of Labo-

ratory Animals.

Human tissues
We investigated MSO in four human brainstems from

individuals ranging in age from 57 to 84 years of age

(average 75 6 6.17; 3 female and 1 male). Specimens

were obtained from donated cadavers and the Institu-

tional Review Board (IRB) granted exempt status for all

procedures. These brainstems match the following four

criteria: 1) the cause of death was not neurological or

metastatic cancer affecting the brainstem; 2) there

were no signs of degenerative disease; 3) there were

no signs of brainstem pathology, trauma, or vascular

compromise; and 4) the brainstems were preserved

within 24 hours of death.

Antibody characterization
Three primary antibodies were used for western blot

and immunocytochemistry. The optimal primary anti-

body concentration was obtained by running a series of

concentration tests to avoid floor or ceiling truncation,

including a negative control by omitting primary anti-

body. Immunogen, host species, clone type, manufac-

turer’s information, as well as dilution used for each

antibody in each species are listed in Table 1.

Rabbit polyclonal anti-FMRP was raised against syn-

thetic peptide conjugated to KLH derived from within

residues 550 to the C-terminal of human FMRP. The

amino acid sequence of the exact antigen is highly simi-

lar between the alligator, chicken, and human FMRP.

The specificity of the antibody was verified by western

blot on a number of rat and human cell lines (manufac-

turer’s data sheet), as well as on mouse brain tissue

(Darnell et al., 2011). The antibody specificity was fur-

ther tested by western blot in the current study on

brain tissues collected from the alligator, chicken, and

FMRP localization in NL/MSO dendrites
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gerbil, using mouse and rat brain tissue as positive con-

trols (see Results).

Mouse monoclonal anti-microtubule associated pro-

tein 2 (MAP2) detects endogenous levels of MAP2a and

MAP2b protein, a neuronal marker that associates with

microtubules, neurofilaments, and actin filaments.

According to the manufacturer’s data sheet, anti-MAP2

recognizes rat, mouse, and chicken MAP2 as 200–300

kDa bands on western blots. This antibody has been

used as a somatodendritic marker in the chicken brain

(Wang et al., 2009; McBride et al., 2013). The staining

pattern in the current study is comparable to that

reported in these studies.

Rabbit polyclonal anti-b-actin was used as a loading

control in western blot analysis. The immunogen is syn-

thetic peptide derived from within residues 1–100 of

human b-actin. The specificity of the antibody was

tested by western blot on human cells and mouse brain

(manufacturer’s data sheet) and on alligator, chicken,

and gerbil brains in the current study.

Western blot
Protein samples were harvested from the brainstem

of the alligator, chicken, and gerbil, as well as from the

olfactory bulb of the mouse and the cortex of the rat.

All samples were sonicated in Tris buffer (20 mM Tris,

pH 7.5, 150 mM NaCl, and 2 mM EDTA) with protease

inhibitor (Sigma, St. Louis, MO) and centrifuged at

2,300 xg for 10 minutes. The supernatant was collected

and sampled for Bradford protein assay (Bio-Rad, Her-

cules, CA). Each sample (10 lg or 30 lg protein) was

diluted in 63 Laemli buffer (300 mM Tris, pH 6.8, 600

mM DTT, 12% SDS, 0.6% bromophenol blue, and 60%

glycerol), incubated at 65!C for 1 hour, subjected to

sodium dodecyl sulfate-polyacrylamide gel electrophore-

sis (SDS-PAGE) on 10% gel, and transferred to PVDF

membrane. Membranes were incubated in 5% milk in

phosphate-buffered saline (PBS) with 0.1% Tween for 1

hour, primary antibody solution (anti-FMRP, 1:2,000;

anti-b-actin, 1:1,000) for 2 hours, and secondary anti-

body solution (horseradish peroxidase [HRP]-conjugated

donkey-anti-rabbit, 1:200,000; Jackson ImmunoRe-

search Laboratories, West Grove, PA) with 2% milk for 1

hour. The blots were then developed with Immobilon

chemiluminescent HRP substrate (Millipore, Billerica,

MA) and x-ray film. Blots were stripped with Restore

buffer (Bio-Rad) between different primary antibody

stains.

Immunocytochemistry on nonhuman
brainstems

Chickens and gerbils were transcardially perfused

with 0.9% saline followed by 4% paraformaldehyde in

0.1 M phosphate buffer (PB). The brains were removed

from the skull, postfixed overnight in the same fixative,

and transferred to 30% sucrose in 0.1 M PB with 0.02%

sodium azide. For the alligator, following perfusion with

4% paraformaldehyde, the brainstem was blocked, post-

fixed, embedded in gelatin, and stored in a mixture of

30% sucrose and 4% paraformaldehyde in 0.01 M PBS.

All brains and brainstem blocks were then sectioned

in the coronal plane at 30 lm on a freezing sliding

microtome. Each section was collected in PBS with

0.02% sodium azide. Alternate serial sections were

stained for Nissl substance or immunocytochemically

for FMRP and MAP2 (used as a somatodendritic

marker) as described previously (Wang et al., 2009).

Briefly, free-floating sections were incubated with pri-

mary antibody solutions diluted in PBS with 0.3% Triton

X-100 overnight at 4!C, followed by biotinylated anti-

IgG antibodies (1:200; Vector Laboratories, Burlingame,

CA) or AlexaFluor secondary antibodies (1:200; Molecu-

lar Probes, Eugene, OR) for 2 hours at room tempera-

ture. For peroxidase staining of single antibody,

sections were incubated in avidin-biotin-peroxidase

complex solution (ABC Elite kit; Vector Laboratories)

diluted 1:100 in PBS with 0.3% Triton X-100 for 1 hour

at room temperature. Sections were incubated for 3–7

TABLE 1.

Primary Antibodies and Their Dilutions Used on Brainstem Tissue of the Alligator (a), Chicken (c), Gerbil (g),
Rat (r), and Human (h)

Antigen

Host, monoclonal or

polyclonal, dilution

Manufacturer,

catalog number

FMRP Synthetic peptide conjugated to KLH derived from
within residues 550 to the c-terminus of human
FMRP. Contact Abcam for the immunogen
sequence.

Rabbit, polyclonal, 1:300 (a), 1:500
(g, r), 1:750 (h), 1:1,000 (c)

Abcam (Cambridge, MA),
ab17722

MAP2 Bovine brain MAP2 (aa 997–1332) Mouse, monoclonal, 1:1,000 (all
species)

EMD Millipore (Billerica,
MA), MAB3418

b-actin Synthetic peptide derived from within residues
1–100 of human b-actin

Rabbit, polyclonal, 1:1,000 (all
species)

Abcam, ab8227

Y. Wang et al.

2110 The Journal of Comparative Neurology |Research in Systems Neuroscience



minutes in 0.015% 3-30-diaminobenzidine (Sigma) with

0.03% hydrogen peroxide, 125 mM sodium acetate, 10

mM imidazole, and 100 mM nickel ammonium sulfate.

Sections were mounted on gelatin-coated slides and

then dehydrated, cleared, and coverslipped with DPX

mounting medium (EMS, Hatfield, PA). For double fluo-

rescent staining, sections were mounted following the

secondary antibody incubation and coverslipped with

Fluoromount-G (SouthernBiotech, Birmingham, AL).

Immunocytochemistry on human brainstems
Human brainstems were dissected from the skull

within 24 hours of death and postfixed for at least two

weeks in 4% paraformaldehyde in 0.1 M PB. Brainstems

were then placed in a solution of 30% sucrose and 4%

paraformaldehyde in 0.1 M PB until they were saturated

(about 2 weeks). Brainstems were sectioned in the hori-

zontal plane on a freezing microtome at 40 lm and col-

lected free-floating in PB. Every tissue section was

collected beginning from the pontobulbar body and

extending rostrally to the exit of the trigeminal nerve.

Alternating series of sections were stained for Nissl

(Giemsa; I~niguez et al., 1985; see Kulesza, 2007) or for

immunocytochemistry.

For FMRP immunocytochemistry, endogenous peroxi-

dase activity was quenched by 1.5% hydrogen peroxide

in PB and cells were permeabilized in 0.5% Triton X-

100. Sections were blocked for 45–60 minutes in 1%

normal donkey serum and then incubated for at least

20 hours at room temperature with primary antibody

solutions diluted in 1% normal donkey serum in PB.

Sections were then rinsed and incubated for at least 2

hours in biotinylated secondary antibody (1:100; Vector

Laboratories) followed by an incubation in avidin-biotin

complex solution for 2 hours. The chromagen reaction

was developed in a solution of 0.05% diaminobenzidine

and 0.01% hydrogen peroxide with heavy metal intensi-

fication (Adams, 1981). Finally, sections were mounted

on glass slides, counterstained with Neutral Red, and

sealed under coverslips with Permount (Fisher Scien-

tific, Pittsburgh, PA).

Cell filling in fixed sections
Individual NL neurons in the chicken were dye-filled as

described previously (Wang and Rubel, 2012). Briefly, 50-

lm-thick sections containing NL neurons were prepared

from a fixed chicken brainstem. Individual neurons in NL

were filled with AlexaFluor 488 dextran (Invitrogen,

Eugene, OR) using electroporation. Fluorescent immuno-

cytochemistry for FMRP was then performed as

described above on sections containing dye-filled neu-

rons. Filled neurons and FMRP immunoreactivity were

imaged using confocal microscopy (Fluoview 1000; Olym-

pus, Center Valley, PA). Following deconvolution of the

image stacks, neuronal morphology and FMRP immuno-

reactivity were surface rendered and visualized using

Huygens Professional software (Scientific Volume Imag-

ing, Hilversum, North Holland, Netherlands).

Quantitative analyses
Two quantitative analyses were conducted in the alli-

gator (n 5 1), chicken (n 5 4), and gerbil (n 5 3). All

measurements were made from sections with fluores-

cent double labeling for FMRP and MAP2 immunoreac-

tivities. The two channels were imaged sequentially

using an Olympus FV-1000 confocal microscope to

avoid bleed-through between channels.

Regional comparison
This analysis is to compare the level of FMRP staining

between the dendritic layers of NL/MSO and the sur-

rounding dendrite-rich regions in the brainstem, the lat-

ter referred to as the "reference region" here. This

reference region is the adjacent ventral brainstem area

in the alligator (see box in Fig. 4A as an example) and

chicken (see box c in Fig. 8A) and the brainstem

regions just dorsal to the superior olivary complex in

the gerbil (see box c in Fig. 12A). In all cases, compari-

sons were made within the same tissue section to

avoid possible inconsistencies caused by variations in

immunostaining. MAP2 staining was used in this analy-

sis as an approximate indicator of the density of dendri-

tic branches in a given region.

For each animal, NL or MSO was divided into three

portions along its rostrocaudal axis. One section was

chosen from each portion. For each section, three

areas in the NL/MSO dendritic layers and three addi-

tion areas in the reference regions were chosen.

Images of both FMRP and MAP2 channels were taken

from these six areas at a total magnification of 8003.

For each image, the average optical density of labeling

was measured for each channel in the ImageJ software

(v. 1.38X; National Institutes of Health, Bethesda, MD).

The ratio of the optical density of FMRP to MAP2 chan-

nels was calculated for each area and used as individ-

ual data points for comparison between the NL/MSO

dendritic layers and the adjacent reference regions

using a two-tailed Student’s t-test (see Fig. 6A;

P< 0.05 was considered statistically significant). In

addition, the mean of the ratio was calculated across

all three areas of the reference region in the same sec-

tion and used as the standard to which the ratio of the

optical density in NL/MSO dendritic layers of the same

section was normalized. This calculation is described by

the following formula with OD representing optical

density:

FMRP localization in NL/MSO dendrites
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relative FMRP=MAP2 intensity ratio 5ðFMRP OD NL=

MAP2 OD NL=mean FMRP OD reference=MAP2 OD reference Þ

Each relative FMRP/MAP2 intensity ratio was used

as a single data point and compiled across all imaged

NL regions from all animals for each species. A value

greater or smaller than 1 means the FMRP/MAP2 ratio

in NL/MSO is greater or smaller than that in surround-

ing areas, and thus indicates a higher or lower concen-

tration of FMRP per dendritic branch in NL/MSO than

in the surrounding areas.

FMRP localization index
The purpose of this analysis is to quantify the degree of

FMRP accumulation at branch points and enlarged distal

tips relative to FMRP localization along dendritic shafts.

MAP2 staining was used to identify individual branch

points and enlarged distal tips that are a continuation of

a portion of the proximal dendritic shaft within the same

tissue section. The total number of samples analyzed was

32–45 for each species, with the sampling sizes for each

structure (branch points or enlarged distal tips) indicated

in Figure 6B,C. For each isolated dendritic structure, the

average optical density of FMRP labeling was measured

in ImageJ software within a round window placed within

the branch point, within the enlarged portion of the distal

tips or along the proximal dendritic shaft. The size of the

window is 0.5–4.9 lm in diameter, depending on the

diameter of the dendritic branch and the size of the

branch point or enlarged distal tips. Following the sub-

traction of the background optical density measured from

a dendrite-free region in the same section, these optical

intensities were used as individual data points for com-

parison between the branch points (or enlarged distal

tips) and the proximal dendrites of the same branches

using a two-tailed Student’s t-test (P< 0.05 was consid-

ered statistically significant). In addition, localization index

was calculated as the difference in the optical intensity

between a branch point (or enlarged distal tips) and its

proximal shaft normalized to the sum of the two inten-

sities. This calculation is described by the following for-

mula with OD representing optical density:

localization index 5 ðOD BP or TE – OD shaft=

OD BP or TE 1 OD shaft Þ

BP and TE in the formula indicate branch point and

enlarged distal tips, respectively. The localization index

was averaged and graphed using a box-and-whisker

plot for each structural type and species.

Imaging
Digital images of selected sections were captured

with a Zeiss Axioplan microscope and collected in Slide-

Book (Intelligent Imaging Innovations, Denver, CO) or by

using confocal microscopy (Fluoview 1000; Olympus).

Image brightness, gamma, and contrast adjustments, as

well as photomontages, were performed in Adobe Pho-

toshop (Adobe Systems, Mountain View, CA). All adjust-

ments were applied equally to each entire tissue

section.

RESULTS
Comparison of FMRP amino acid sequence

Amino acid sequences of the chicken and human

FMRP were obtained from the NCBI-UniGene website

(http://www.ncbi.nlm.nih.gov/unigene). The raw sequence

file of the alligator (Alligator mississippiensis) genome was

provided by the International Crocodilian Genomes Work-

ing Group (St John et al., 2012; downloaded from ftp://

ftp.crocgenomes.org/pub/alligator.current/). The alligator

FMRP was first assembled from the alligator genome by

BLAST analysis using the chicken FMRP sequence (Gator-

a in Fig. 2). Similar to humans, chickens and alligators

have two paralogs, FMR1 and FMR2, and three FMR1-like

genes, including the FMR1 ortholog and two FXR (fragile X

mental retardation syndrome-related protein) genes.

Deduced amino acid sequences of FMRP in the alligator

and chicken are very similar to the human sequence,

except for the lack of sequences corresponding to human

FMR1 exons 11 or 12 (magenta line in Fig. 2). The puta-

tive phosphorylation sites in human FMRP are completely

conserved in alligators and chickens. In addition, the RGG

box and KH domains, known mRNA-binding sites of the

human FMRP, are nearly identical in alligators and

chickens.

To detect potential exons of the alligator FMR1 that

are not present in the chicken sequence, we used the

Genscan Web Server at the Massachusetts Institute of

Technology (MIT) as an additional method to predict

the alligator FMRP. Genscan predicts that the alligator

FMRP has a long extension at the amino-terminus,

and/or a longer sequence in the middle of the protein

(Gator-b in Fig. 2). Both possibilities seem reasonable,

as some human FMRP transcripts include an additional

50 exon encoding an amino-terminal extension, and a

variably spliced exon corresponding to the location

where the long additional alligator exon is predicted in

different species, based on ESTs (Expressed Sequence

Tags) in the GenBank database (http://www.ncbi.nlm.

nih.gov/genbank).

Based on the ESTs available, we further compared

splice variants between chicken and human FMRP. Sim-

ilar to the human, deletion of the first part of exon 17

is common in chicken. Both chicken and human FMRPs

have splice variants that eliminate the phosphorylation

Y. Wang et al.
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sites in exon 15 and splice variants that incorporate an

exon encoding only four amino acids followed by a stop

codon which produces a protein that is truncated

immediately after the first KH domain. Chicken FMRP

sometimes lacks exon 4, which is not reported in

humans. On the other hand, we have not found a

chicken transcript that deletes the nuclear export signal

encoded by exon 14, as found in variants detected in

humans and mice (Brackett et al., 2013).

Western blot analyses
Western blot immunoassay verifies the specificity of

the anti-FMRP antibody used in the current study in the

alligator, chicken, gerbil, mouse, and rat. The results

shown in Figure 3 illustrate a common band ($ 80 kDa)

recognized in mouse, rat, and gerbil, corresponding to

the FMRP previously identified in the mouse using the

same antibody (Darnell et al., 2011). The rat and gerbil

FMRPs show an additional band at a slightly lower

molecular weight ($ 70 kDa). A 70-kDa band is the

major band recognized in the chicken, probably reflect-

ing the lack of sequence corresponding to the mamma-

lian exons 11 and 12 (of predicted molecular weight:

7.4 kDa). The alligator FMRP exhibits two detectable

bands, a weak band at 70 kDa and a strong band at a

higher molecular weight ($ 90 kDa). The 90 kDa band

Figure 2. Amino acid alignment of the alligator, chicken, and human FMRP. Identical and different amino acids across sequences are high-

lighted in yellow and cyan, respectively. Gator-a is the alligator sequence assembled by screening the alligator genome with the chicken

sequence. Gator-b is the alligator sequence predicted by Genscan. Compared to Gator-a, Gator-b contains a long extension at the amino-

terminus and a large sequence in the middle of the protein (amino acids in red). The 66-amino-acid gap in the chicken and Gator-a

sequences, indicated by a magenta line, corresponds to exon 11 and 12 of the human sequence. KH domain and RGG box are designated

by boxes, while phosphorylation sites are highlighted in gray. The GxxG motifs within the KH domain are indicated in bold.

FMRP localization in NL/MSO dendrites

The Journal of Comparative Neurology | Research in Systems Neuroscience 2113



may result from the long amino-terminus extension (of

predicted molecular weight: 20.0 kDa) or additional

exon (of predicted molecular weight: 16.3 kDa) of the

alligator FMRP as predicted by Genscan.

In addition to these bands within the predicted

molecular weight range, bands around 30 kDa or 180

kDa were also detected, in particular on the mammalian

tissues. Some of these extra bands have been reported

on human Hela cells and mouse brain (manufacturer’s

data sheet), but their identities are unknown.

FMRP immunoreactivity in the alligator NL
As observed in the low-power image (Fig. 4A), the

alligator NM and NL show very high levels of FMRP

immunoreactivity, distinct from the majority of other

regions in the brainstem. NM and NL contain darkly

labeled cell bodies and neuropil regions. In contrast,

the more ventrally located brainstem regions contain

mostly lightly stained cell bodies and neuropil, although

these regions are rich in dendrites as indicated by

MAP2 staining (Fig. 4B,C).

Within NL, neurons are arranged in a laminar pattern

with multiple layers of cell bodies in the caudolateral

NL (Fig. 5G) and a single layer of cell bodies in the

more rostral and medial portions of the nucleus (Fig.

5H). Dendrites of NL neurons are segregated into dor-

sal and ventral layers, separated by the cell bodies (Fig.

5A–C). The thickness of the dendritic layers decreases

gradually from caudolateral to rostromedial. Within the

Figure 3. Western blot assay of anti-FMRP on brain tissues from

the mouse, rat, gerbil, chicken, and alligator. Molecular weight

standards (left) were used to determine relative sizes of labeled

protein bands. Arrows point to the bands of FMRP within pre-

dicted molecular weight range. The membrane was stripped and

reblotted for b-actin to assess loading. Approximate amount of

total protein loaded is 10 lg for the mouse, rat, and gerbil lanes

and 30 lg for the chicken and alligator lanes.

Figure 4. High intensity of FMRP immunoreactivity in the alligator NL. A: Low-power image of FMRP immunoreactivity in the caudodorsal

brainstem of the alligator. Dorsal is up and medial is right. NM and NL contain dramatically higher levels of FMRP immunoreactivity compared

to the majority of other regions in the brainstem. The box indicates the approximate brainstem region used for the quantitative analysis in

Figure 6A. B,C: Higher-power images of FMRP (B) and MAP2 (C) staining. B and C were taken from a double-labeled section that is adjacent

to the section illustrated in A. The intensity of FMRP immunoreactivity in NL is notably higher than that in the adjacent ventral brainstem

(v. brainstem) that contains a high level of MAP2-stained dendritic branches. Dashed lines outline the boundary of NL in A and the borders

between NL and the ventral brainstem in B,C. See Figure 5 for closer views. Scale bars 5 500 lm in A; 200 lm in B (applies to B,C).
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dendritic layers, the density of MAP2-stained dendritic

branches exhibits a clear gradient, with the caudolateral

NL having more dendritic branches per area than the

rostromedial portion of the nucleus. High-power images

reveal that the caudolateral NL is mostly composed of

thin, highly-branched dendrites, while neurons situated

more rostrally and medially have less branched den-

drites of relatively larger diameters (Fig. 5I–L).

FMRP immunostaining in the alligator NL is intense in

both cell bodies and throughout the dendritic layers (Fig.

5D–F). Double labeling of FMRP and MAP2 confirms that

each MAP2-stained cell body contains FMRP immunore-

activity and the majority of FMRP immunoreactivity in

the dendritic layers overlaps with MAP2-stained dendritic

branches. Accompanying the gradient of dendritic branch

density, the average intensity of FMRP immunoreactivity

decreases from caudolateral to rostromedial. The most

caudolateral region of NL is characterized by a very high

density of small FMRP puncta (Fig. 5M,N). In more ros-

tral and medial portions of NL, the density of FMRP

puncta gradually decreases, while the size of individual

FMRP puncta gradually increases (Fig. 5O). In the most

rostral tip of the nucleus, FMRP immunoreactivity

appears distributed relatively more uniformly along indi-

vidual dendritic branches (Fig. 5P).

Quantitative analyses indicate that the ratio of optical

density between FMRP and MAP2 staining is signifi-

cantly higher in NL dendritic layers than in the

Figure 5. Dendritic organization and FMRP immunostaining in the alligator NL. A–C: Immunostaining for MAP2 in the caudal (A), middle

(B), and rostral (C) NL. Dashed lines outline the boundaries of NL. Note the gradient of dendritic extension and branch density along the

caudolateral and rostromedial axis of the nucleus. D–F: Immunostaining for FMRP in sections adjacent to those in A–C. Arrows in E indi-

cate an array of FMRP-containing neurons along the dorsal edge of the NL. G–H: Nissl staining illustrates the multiple layers of cell bodies

in the caudolateral NL (G) and the single cell layer in the rostromedial NL (H). I–J: Closer views of the boxes in A–C show the gradient of

dendritic branch density from caudolateral to rostromedial. M–P: Closer views of the boxes in D–F show varying patterns of FMRP staining

in the dendritic layers from caudolateral to rostromedial. Dorsal is up and medial is right. Scale bars 5 200 lm in F (applies to A–F); 100

lm in H (applies to G,H); 50 lm in P (applies to I–P).
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surrounding brainstem regions (Fig. 6A; paired t-test,

P< 0.0001, n 5 18). The relative FMRP/MAP2 ratio,

calculated as the FMRP/MAP2 ratio in NL dendritic

layers divided by the ratio in the surrounding brainstem,

is 2.85 6 0.56 (mean 6 SD, n 5 9), indicating that the

optical intensity of FMRP immunoreactivity in NL den-

drites is 2–3-fold higher than in neuronal dendrites of

the surrounding brainstem.

High-power images reveal substantial FMRP immuno-

reactivity throughout NL dendritic branches. FMRP

immunoreactive particles often form clusters, showing a

complementary pattern to that of MAP2 immunoreactiv-

ity (Fig. 7). That is, FMRP clusters tend to accumulate

within dendritic compartments that have relatively low

levels of MAP2. Many of these compartments are

branch points (Fig. 7A–E) and enlarged distal tips (Fig.

7F–J) but some are also found to be swellings along the

main dendritic shafts. This complementary accumulation

pattern of FMRP is less dramatic in the rostral NL, giv-

ing rise to a relatively continuous staining pattern of

FMRP along dendritic branches (Fig. 5F,P).

The average optical intensity of FMRP labeling at a

branch point or enlarged distal tips is significantly

higher than in its proximal dendritic shaft (Fig. 6B,C;

paired t-test; for branch points: P< 0.0001, n 5 17; for

enlarged distal tips: P< 0.0001, n 5 16). To further

evaluate this accumulation pattern, we calculated the

localization index, i.e., normalized FMRP intensity at a

branch point or enlarged distal tips relative to that in

its proximal dendritic shaft (Fig. 6D). A positive index

indicates a stronger localization of FMRP staining at a

branch point or enlarged distal tip than the main shaft.

The maximal value of an index is 1 when no FMRP pro-

teins present in main dendritic shafts. Among all

sampled dendritic structures, 88% branch points (15 in

17) and 100% enlarged distal tips (16 in 16) have a

positive localization index. The average mean localiza-

tion index across all samples is 0.45 6 0.34

(mean 6 SD, n 5 17) for branch points and 0.65 6 0.23

(mean 6 SD, n 5 16) for enlarged distal tips.

FMRP immunoreactivity in the chicken NL
The organization of the chicken NL is similar to the

alligator, a three-layer configuration with two dendritic

layers separated by a single cell layer of somata (Smith

Figure 6. Quantitative analyses of FMRP immunoreactivity in NL and MSO. A: FMRP/MAP2 intensity ratio in NL/MSO dendritic layers

(solid) and the surrounding brainstem regions (empty) for each species. Error bars are SD. ***P< 0.0001. B: Average optical intensity of

FMRP staining at branch points (solid) and the proximal dendritic shafts (empty) of the same branches. Number on each bar indicates the

number of sampled branches for each species. Error bars are SD. *P< 0.05. ***P< 0.0001. C: Average optical intensity of FMRP staining

at enlarged distal tips (solid) and the proximal dendritic shafts (empty) of the same branches. Number on each bar indicates the number

of sampled terminals for each species. Error bars are SD; **P< 0.001. ***P< 0.0001. D: Box-and-whisker plot of localization index for

branch points and enlarged distal tips in each species. The bottom and top of the box are the first and third quartiles, and the band inside

the box is the second quartile (the median). Whiskers present 5–95 percentile, while outliers are indicated by black dots. Localization

index is calculated as the difference in the optical intensity between a branch point (or enlarged distal tip) and its proximal shaft normal-

ized to the sum of the two intensities. A positive localization index indicates a higher level of FMRP in a branch point (or enlarged distal

tip) than in the proximal shaft. A, alligator; C, chicken; G, gerbil.
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and Rubel, 1979; Wang and Rubel, 2008; Fig. 8A,B). NL

neurons in chickens exhibit intense FMRP immunoreac-

tivity in the cytoplasm and throughout the dorsal and

ventral dendritic layers (Fig. 8D,E). Again, a much

higher intensity of FMRP labeling in NL dendritic layers

than other dendrite-rich regions in the ventral brainstem

is observed (Fig. 8C–F) and quantitatively confirmed

(Fig. 6A; paired t-test, P< 0.0001, n 5 18). The relative

FMRP/MAP2 ratio in the chicken NL is 1.99 6 0.52

(mean 6 SD, n 5 9), indicating on average a 2-fold

dendritic FMRP density in NL when compared to the

surrounding ventral brainstem. No substantial immuno-

reactivity for FMRP is detected in the immediate adja-

cent regions of NL that are rich in glial cells and axons

(stars in Fig. 8D).

Although NL exhibits a gradient of dendritic extension

from the soma along the caudorostral axis in both the

chicken and alligator, in contrast to alligator, the

Figure 7. Subcellular localization of FMRP in NL dendrites of the alligator. A–E: FMRP accumulation at a branch point. Note the relatively

lower level of MAP2 staining at the branch point. A–D is an image series from different single focus planes while E is the maximum z pro-

jection of these images. The first column (A–D) is the merged images of the second (A1–D1) and third (A2–D2) columns. White lines in E,

E1, and E2 outline the dendritic branch. F–J: FMRP accumulation at a distal ending. Note the ending is characterized with an enlarged

bulge (white arrow) and contains a relatively lower level of MAP2 staining. F–I is an image series from different single focus planes, while

J is the maximum z projection of these images. The first column (F–I) is the merged images of the second (F1–I1) and third (F2–I2) col-

umns. White lines in J, J1, and J2 outline the dendritic branch. Scale bars 5 5 lm in E2 (applies to A–E2); 5 lm in J2 (applies to F–J2).
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chicken NL does not vary significantly in the average

density or the diameter of dendritic branches along the

axis (Fig. 9A,D,G). Consistently, the distribution pattern

and the average intensity of dendritic FMRP immuno-

staining in the chicken NL are comparable throughout

the nucleus (Fig. 9B,E,H). Double labeling of FMRP and

MAP2 confirms that the majority of FMRP immunoreac-

tivity overlaps with MAP2-stained dendritic branches

(Figs. 9C,F,I, 10). The complementary pattern of FMRP

and MAP2 within dendritic compartments is more dra-

matic in the chicken than in the alligator. Throughout the

chicken NL, dendritic FMRP clusters are consistently

localized within or very close to branch points (Fig. 10A–

E) and enlarged distal tips (Fig. 10F–J). The average opti-

cal intensity of FMRP labeling at a branch point or

enlarged distal tip is significantly higher than in its proxi-

mal dendritic shaft (Fig. 6B,C; paired t-test; for branch

points: P< 0.0001, n 5 24; for enlarged distal tips:

P< 0.0001, n 5 21). Among all quantified dendritic struc-

tures, 100% branch points (24 in 24) and 95% enlarged

distal tips (20 in 21) have a positive localization index

(Fig. 6D). The average localization index across all sam-

ples is 0.50 6 0.25 (mean 6 SD, n 5 24) for branch

points and 0.63 6 0.31 (mean 6 SD, n 5 21) for enlarged

distal tips. Again, MAP2 level in these FMRP cluster-

containing compartments is usually low compared to

other portions of the same dendritic branches.

To better visualize the localization pattern of FMRP in

NL dendrites, we mapped FMRP immunoreactivity on

individual NL neurons filled with a fluorescent dye (Fig.

11). Although FMRP immunoreactivity is detected

throughout dye-filled dendritic branches, the majority of

FMRP immunoreactivity is distributed within or very

close to enlarged distal tips and branch points. In addi-

tion, the majority of filled branch points and enlarged

distal tips contain intense FMRP clusters.

FMRP immunoreactivity in the gerbil MSO
Unlike most other rodents, gerbils are specialized for

low-frequency hearing and have a well-developed MSO.

The gerbil MSO is situated in the ventral brainstem,

Figure 8. Low-power images of FMRP immunostaining in the chicken NL. A–C: Immunostaining for MAP2 in a section containing the cau-

dal NL. B,C are the closer views of the boxes in A. D–F: Immunostaining for FMRP taken from the same region of the same section as A–

C. E,F are the closer views of the boxes in D. Strong FMRP immunoreactivity is distributed throughout NL in both cell bodies and dendritic

layers. FMRP intensity in NL dendritic layers (E) is much higher than the surrounding areas of ventral brainstem (F) which contains a com-

parable density of dendritic branches assessed by MAP2 staining (B,C). Dashed lines in F outline two stained cell bodies. Dorsal is up and

medial is right. Scale bars 5 100 lm in D (applies to A,D); 50 lm in F (applies to B,C and E,F).
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surrounded by other auditory nuclei of the superior oli-

vary complex (SOC; Fig. 12A). Similar to the alligator

and chicken NL, the gerbil MSO exhibits a three-layer

architecture with the lateral and medial dendritic layers

separated by the cell body layer (Fig. 12B). In low-

power images, the average intensity of FMRP immuno-

reactivity is notably higher in MSO and other SOC

nuclei than in surrounding brainstem regions situated

more dorsally (Fig. 12D). Closer views reveal a higher

intensity of FMRP immunoreactivity within the dendritic

layers of MSO than in the dorsal brainstem, which has

a high density of MAP2-stained dendritic branches (Fig.

12B,C,E,F). Quantitative analyses again confirm that the

FMRP/MAP2 ratio in MSO dendritic layers is signifi-

cantly higher than that in the brainstem regions of the

same section, but outside the auditory pathways (Fig.

6A; paired t-test, P< 0.0001, n 5 18). The relative

FMRP/MAP2 ratio is 2.51 6 0.55 (mean 6 SD, n 5 18).

The vast majority of MSO neurons contain strong

somatic staining, although occasionally some unstained

neurons are seen.

Within the MSO dendritic layers, FMRP immunoreactiv-

ity overlaps with MAP2-stained dendritic branches (Fig.

13). Since the dendritic arborization of individual MSO

neurons in gerbils is larger than and not as flat as in

chicken NL neurons, branch points and enlarged distal

tips are less frequently captured on single coronal sec-

tions. It is important to note that, similar to the alligator

and chicken NL, FMRP immunoreactivity in the gerbil

MSO is detected throughout dendritic branches. In some

branches, FMRP immunoreactivity exhibits a relatively

uniform distribution with comparable intensities in

branch points (or distal endings) and dendritic shafts

(Fig. 13D–F). However, it is also clear that FMRP is usu-

ally not uniformly distributed along dendritic branches.

Branch points and enlarged distal tips, identified on the

basis of MAP2 immunoreactivity, often display dispropor-

tionally intense labeling for FMRP protein (Fig. 13A–C).

Quantitatively, the average optical intensity of FMRP

labeling at a branch point or enlarged distal tip is signifi-

cantly higher than in its proximal dendritic shaft across

all sampled branches (Fig. 6B,C; paired t-test; for branch

Figure 9. Dendritic gradient and localization pattern of FMRP immunoreactivity in the chicken NL. Images were taken from the caudal (A–C),

middle (D–F), and rostral (G–I) NL. The first (A,D,G) and second (B,E,H) columns are single channels of MAP2 and FMRP immunostaining,

respectively, while the most right column (C,F,I) are merged images. Note the gradient of dendritic extension from the somata from caudolat-

eral to rostromedial. The majority of FMRP immunoreactivity in the dendritic layers forms clusters and overlaps with MAP2-stained dendritic

branches. Arrowheads and arrows indicate branch points and enlarged distal tips, respectively. Scale bar 5 20 lm in I (applies to A–I).
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points: P 5 0.03, n 5 16; for enlarged distal tips:

P 5 0.009, n 5 16). Among all samples, 75% branch

points (12 in 16) and 88% enlarged distal tips (14 in 16)

show an accumulation of FMRP as indicated by a posi-

tive localization index (Fig. 6D). The average localization

index across all samples is 0.20 6 0.24 (mean 6 SD,

n 5 16) for branch points and 0.34 6 0.35 (mean 6 SD,

n 5 16) for enlarged distal tips.

An observed difference in our preparations between

the gerbil MSO and the alligator and chicken NL is that

MAP2 staining in gerbil is relatively uniform along den-

dritic branches. Thus, the complementary pattern of

FMRP and MAP2 immunoreactivities found in the alliga-

tor and chicken NL is not as clearly evident in the ger-

bil MSO.

FMRP immunoreactivity in the human MSO
The MSO is the largest, most conspicuous, and most

densely populated nucleus within the human SOC. As

in the chicken NL and the gerbil MSO, the human MSO

exhibits a clear three-layer architecture in horizontal

sections, consisting of a centrally located column of

mostly fusiform and stellate somata which give rise to

both medially and laterally situated dendritic fields. The

vast majority of human MSO neurons are FMRP-

immunoreactive (Fig. 14). However, some FMRP-

negative somata appear randomly arranged within the

nucleus and encompass all morphologies (fusiform, stel-

late, and round). The average intensity of FMRP immu-

noreactivity in the dendritic layers is much higher

compared to the surrounding regions of the brainstem.

Due to technical difficulties, we did not successfully vis-

ualize human MSO dendrites with MAP2 immunocyto-

chemistry. However, high-power images demonstrate

that FMRP immunoreactivity is distributed along individ-

ual dendritic branches including primary dendrites and

higher-order dendritic profiles on either side of the

MSO cell layers.

Figure 10. Subcellular localization of FMRP and MAP2 in NL dendrites of the chicken. A–E: FMRP accumulation at a branch point in con-

trast to the relatively low FMRP intensity in the dendritic shafts of the same and adjacent branches. Note the relatively lower level of

MAP2 staining at the branch point. A–D is an image series from different single focus planes while E is the maximum z projection of these

images. The first column (A–D) is the merged images of the second (A1–D1) and third (A2–D2) columns. White lines in E, E1, and E2 out-

line the dendritic branch. Stars in E1 indicate two cell bodies. F–J: FMRP accumulation at a distal ending. Note the ending has an enlarged

bulge (white arrow) and contains a relatively lower level of MAP2 staining. F–I is an image series from different single focus planes while J

is the maximum z projection of these images. The first column (F–I) is the merged images of the second (F1–I1) and third (F2–I2) col-

umns. White lines in J, J1, and J2 outline the dendritic branch. Scale bars 5 5 lm in E2 (applies to A–E2); 5 lm in J2 (applies to F–J2).

Y. Wang et al.

2120 The Journal of Comparative Neurology |Research in Systems Neuroscience



DISCUSSION
In this study we demonstrate: 1) high protein levels

of FMRP in neuronal dendrites of binaural brainstem

neurons in the alligator, chicken, gerbil, and human

brains; and 2) nonuniform distribution of FMRP along

dendritic branches with frequent accumulation at den-

dritic branch points and enlarged distal tips of these

neurons in alligator, chicken, and gerbil. The signifi-

cance of this intense and specialized localization of

dendritic FMRP, as well as the conservation of this

localization pattern across low-frequency hearing verte-

brate species, is discussed below. We relate these find-

ings to the implications for dendritic structural

regulation and potential implication in the pathology of

FXS and some forms of autistic spectrum disorders.

High levels of dendritic FMRP in NL and
MSO neurons

We found substantial somatic labeling of FMRP in

neurons throughout the brainstem, consistent with a

previous observation in rats (Feng et al., 1997). The

intensity of somatic FMRP immunoreactivity in NL and

MSO is notably higher in the alligator and human, but

appears similar in the chicken and gerbil, when com-

pared to adjacent brainstem neurons of the same spe-

cies. Importantly, in all four species we identified a

much higher level of dendritic FMRP in NL and MSO

neurons as compared to other brainstem regions rich in

dendrites. Although FMRP localization has been

detected in presynaptic axons (Price et al., 2006; Mura-

shov et al., 2007; Christie et al., 2009) and glial cells

Figure 11. Dendritic localization of FMRP in individual NL neurons. A: Surface rendering of a single NL neuron that was filled with a fluo-

rescent dye. The image here shows the ventral dendritic arborization and a part of the soma (right up corner). B: Overlapped FMRP immu-

noreactivity on dye-filled dendritic branches. Nonoverlapping immunoreactivity was removed using the Object Colocalization Analysis

function of the Huygens software for visualization. C: Merged image of A,B showing strong accumulation of FMRP immunoreactivity in

branch points (arrowheads) and enlarged distal tips (arrows). D: Closer view of an isolated dendritic branch in the box in C. Scale

bars 5 10 lm in C (applies to A–C); 2 lm in D.
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(Jacobs et al., 2012) in other brain regions, FMRP level

appears low in these cellular components within the

dendritic layers of NL and MSO.

Interruption of FMRP signaling may have a great

impact on cellular activities occurring within dendrites

and thus impair the normal function of neurons. The

Figure 12. FMRP immunostaining in the gerbil MSO. A–C: Immunostaining for MAP2 in a section containing the rostral MSO. B,C are the

closer views of the boxes in A. D–F: Immunostaining for FMRP taken from the same region of the same section as A–C. E,F are the closer

views of the boxes in D. Strong FMRP immunoreactivity is distributed throughout MSO in both cell bodies and dendritic layers. FMRP

intensity in MSO dendritic layers (E) is higher than the adjacent dorsal brainstem (F) which contains a high density of dendritic branches

(C). Dashed lines in A outline the boundaries of MSO and other auditory nuclei. Dorsal is up and medial is left. MSO, medial superior olive;

MNTB, medial nucleus of the trapezoid body; LNTB, lateral nucleus of the trapezoid body. Scale bars 5 100 lm in D (applies to A,D); 50

lm in F (applies to B,C and E,F).

Figure 13. Dendritic localization of FMRP immunoreactivity in the gerbil MSO. The first (A,D) and second (B,E) columns are single channels

of MAP2 and FMRP immunostaining, respectively, while the most right column (C,F) contains merged images. A–C: The overlap of FMRP

immunoreactivity with MAP2-stained dendritic branches. Dendritic FMRP forms clusters that are distributed along dendritic branches, with

high concentrations at branch points (large arrowhead) and enlarged distal tips (arrow). The small arrowheads indicate a dendritic swelling

that displays strong staining for FMRP. No branching was detected from the location of this swelling within the section. D–F: An example

of dendritic branches that contain intense FMRP immunoreactivity both along the main shaft (small arrows) and at the enlarged distal tip

(large arrow). Scale bars 5 10 lm in C (applies to A–C); 10 lm in F (applies to D–F).
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high FMRP levels in NL and MSO dendrites suggest

that they are prominent cellular targets of FMRP-

mediated translational regulation in the brainstem.

Since NL and MSO dendrites are highly specialized in

their structure and physiology for optimizing temporal

processing and ITD computation (reviewed in Carr and

Soares, 2002; Burger and Rubel, 2008; Wang et al.,

2011), interruption of FMRP signaling in NL and MSO

dendrites is expected to lead to a significant reduction

in the performance and accuracy of these types of

processing. This expectation is consistent with recent

reports that FMRP level may be used as an index of vul-

nerability of specific brain regions to the loss of FMRP

(Kogan et al., 2004a; Zangenehpour et al., 2009) and is

consistent with the positive correlations of FMRP level

with the integrity of neural anatomy (Gothelf et al.,

2008), the level of brain activities (Kwon et al., 2001;

Hoeft et al., 2007), and the performance of mediated

behaviors (Gothelf et al., 2008; K!eri and Benedek,

2009, 2011) in other brain regions that are normally

rich in FMRP.

The absolute ability of localizing a sound source or

listening in noise has not been carefully studied in

patients with FXS or other forms of autism, to our

knowledge. However, impaired temporal processing has

been identified as a common consequence of FMRP

loss in visual, auditory, and motor systems (Kogan

et al., 2004a,b; Hall et al., 2009; Tobia and Woodruff-

Pak, 2009; Farzin et al., 2011; Roy et al., 2011). In

addition, two lines of studies have demonstrated signifi-

cant effects of FMRP loss on auditory temporal proc-

essing at the brainstem level. First, significantly greater

brain activation in the brainstem (as well as other brain

regions) was detected by functional magnetic reso-

nance imaging (MRI) in patients with FXS while perform-

ing auditory temporal discrimination tasks when

compared to age-matched controls (Hall et al., 2009).

Second, in FMR1 knockout mice, neurons in the medial

nucleus of the trapezoid body (an SOC nucleus in the

auditory brainstem) lost their ability to dynamically reg-

ulate ion channels in response to changes in afferent

activity and the ability to fire with high temporal

Figure 14. Nissl stain (A) and FMRP immunoreactivity (B,C) in the human MSO. Dorsal is up and medial is left. Compared to surrounding

areas of the brainstem, MSO exhibits a much higher level of FMRP immunoreactivity, particularly in the two dendritic layers. The dashed

lines outline the boundaries of the MSO. C is a high-power image of FMRP staining in MSO, showing FMRP immunoreactivity in both cell

bodies (red arrows) and individual dendritic branches. Scale bars 5 100 lm in A (applies to A,B); 20 lm in C.
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accuracy (reviewed in Brown and Kaczmarek, 2011). It

is noted that auditory brainstem responses, synchron-

ized auditory evoked potentials from the auditory nerve

and brainstem, appear normal in the absence of FMRP

(Wisniewski et al., 1985; Miezejeski et al., 1997; Rob-

erts et al., 2005; but also see Ferri et al., 1989; Arinami

et al., 1988). One possible interpretation is that FMRP

loss-induced changes are restricted to selected cell

groups or on specific cellular activities of auditory

brainstem neurons, and thus are not measurable by

recording of auditory brainstem responses.

Specialized accumulation pattern of
dendritic FMRP

FMRP staining in NL and MSO dendrites exhibits a

granular or punctate pattern, consistent with observa-

tions in hippocampal neurons (Castr!en et al., 2001;

Antar et al., 2004, 2006) and nonneuronal cells

(Castr!en et al., 2001; Schrier et al., 2004). In cultured

hippocampal neurons, FMRP granules are localized

throughout the dendrites, into most spines, and fre-

quently clustered beneath synapses, which gives a rela-

tively uniform distribution of FMRP granules along

dendritic branches (Antar et al., 2004, 2006). In addi-

tion, the presence of clusters of FMRP granules in den-

dritic branch points was reported in the adult rat cortex

(Feng et al., 1997).

The strong accumulation pattern of FMRP at branch

points and enlarged distal tips of NL and MSO den-

drites, however, more closely resembles the localization

pattern found in developing neurites of other types of

neurons. High concentrations of FMRP were found in

existing or potential branch points (De Diego Otero

et al., 2002; Ferrari et al., 2007), as well as in growth

cones of developing neurites (Antar et al., 2006; Hengst

et al., 2006). Interestingly, NL and MSO dendrites are

also structurally similar to developing neurites. Instead

of tapering towards the tip commonly seen in most

mature neuronal types, dendritic terminations of NL

neurons are characterized by an enlarged bulge, which

is often attached with narrow filopodial-like extensions.

This structural specialization is prevalent in chicken NL

neurons after they have acquired their mature morphol-

ogy (Deitch and Rubel, 1984; Wang and Rubel, 2012;

also see Figs. 11, 12 in the current study) and juvenile

alligators (see Fig. 7 in the current study), and some-

times observed in adult gerbils (see Fig. 13 in the cur-

rent study).

These similarities suggest that FMRP may be strongly

involved in structural dynamics of dendritic arbors of

NL and MSO neurons. In chickens and gerbils, dendritic

arbors undergo dramatic and rapid reorganization in

response to changes in afferent input (Deitch and

Rubel, 1984; Russell and Moore, 1999; Sorensen and

Rubel, 2006, 2011; Wang and Rubel, 2012). Further

studies in the chicken found that this reorganization

involves selected branch addition and elimination, impli-

cating the involvement of branch-specific mechanisms

(Sorensen and Rubel, 2006; Wang and Rubel, 2012).

One model that is consistent with this specificity and

rapidity is fast switches between enlarged distal tips

and branch points (see Discussion in Wang and Rubel,

2012). That is, an ending may quickly turn into a

branch point by elongating one of its filopodial-like

extensions into a branch. Similarly, a branch point

becomes an ending if its daughter branches retract into

narrow extensions or completely disappear.

The clustering pattern of FMRP in NL/MSO dendrites

gives rise to an intriguing possibility that FMRP plays an

important role in determining the fate of individual

branches either branching out, retracting, or staying

unchanged, and/or provides quick supplies of required

proteins for such cellular events on an individual branch

basis. A strong support of this possibility comes from a

study in neurotrophin-stimulated neurites of PC12 cells

(De Diego Otero et al., 2002). High concentrations of

endogenous or EGFP-tagged FMRP granules are pre-

dominantly localized to swellings along the neurite and

in the growth cone, remarkably similar to what we see

in NL and MSO dendrites. Importantly, these swellings

along the neurite are often locations where new

branches are generated. It is interesting to note that

abnormal branch length and/or branching pattern of

neuronal dendrites in FMR1 knockout or knockin mice

are sometimes restricted to arbors of specific orders or

locations (Galvez et al., 2003; Thomas et al., 2008; Qin

et al., 2011; Till et al., 2012), indicating a differential

influence of FMRP in different branches of the same

neurons and supporting the involvement of FMRP in

branch-specific regulatable mechanisms underlying den-

dritic branching.

The observation of frequent FMRP accumulation at

branch points and enlarged distal tips should not be

taken to underestimate potential function of substantial

FMRP localization along the dendritic shaft. In addition,

single molecules or small granules of FMRP protein

may not be visualized by conventional immunocyto-

chemistry at the light microscopy level. It is possible

that FMRP proteins synthesized in the cell body are

transported to dendrites as single molecules and form

puncta or clusters at dendritic swellings as well as

branch points and enlarged distal tips for specialized

functions or for storage. This possibility is supported by

the observation that FMRP distribution can be switched

between a diffuse pattern to a granular distribution

Y. Wang et al.
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under certain conditions such as oxidative stress (Dolz-

hanskaya et al., 2006). Methods that allow sensitive

detection of single endogenous FMRP molecules with a

high resolution such as in situ proximity ligation assay

(Jarvius et al., 2007; Liu et al., 2011; Weibrecht et al.,

2013) are required to further clarify the localization of

FMRP in NL/MSO dendrites.

Chicken NL as a suitable animal model for
studying FMRP function

The unusually high expression of FMRP in NL/MSO

dendrites in the alligator, chicken, gerbil, and human

suggests that this protein is particularly important for

highly localized, dynamic regulation of structural and

functional properties in these neurons, and that this

process is highly conserved along with their bipolar

dendritic structure across vertebrate taxa. Although we

were not yet able to assess the precise localization of

FMRP with the same degree of spatial precision in

humans, the accumulation pattern of dendritic FMRP in

the dendritic bifurcations and dendritic endings in ani-

mal models further suggests that FMRP function

involves common cellular mechanisms in both nonmam-

mals and mammals. Characterization of FMRP signaling

in this system may have great potential to uncover criti-

cal functions of FMRP in the vertebrate brain and help

to identify cellular and molecular properties common to

the pathologies of FXS.

Among these low-frequency hearing vertebrates, the

chicken circuitry provides an advantageous experimen-

tal model for basic research. First, it is well docu-

mented that the organization and function of the

chicken NM/NL circuit are analogous to the VCN/MSO

circuit in mammals with low-frequency hearing and

human (Moore, 2000; Carr and Soares, 2002; Burger

and Rubel, 2008). Second, chickens have been exten-

sively used in studying binaural hearing and temporal

processing. A huge foundation of quantitative data on

the structure and physiological properties of developing

and mature NM and NL neurons is available (e.g., Rubel

and Parks, 1975; Smith, 1981; Jhaveri and Morest,

1982; Funabiki et al., 1998; Kuba et al., 2005; Burger

et al., 2005; Gao and Lu, 2008; Blackmer et al., 2009;

Sanchez et al., 2010, 2012), providing an enormous

advantage for designing experiments and interpreting

results. Third, the homogeneity and simplicity of the

chicken NM and NL enable easy manipulation of affer-

ent input and sensitive assessment of changes in den-

dritic structure and properties (e.g., Wang and Rubel,

2012). Importantly, dendritic structure of chicken NL,

rat and gerbil MSO neurons is regulated by afferent

inputs in a comparable, domain-specific pattern (Feng

and Rogowski, 1980; Deitch and Rubel, 1984; Russell

and Moore, 1999). Fourth, the ability to manipulate

gene expression with temporal control in individual

regions of the chicken brainstem in vivo has been

developed recently (Schecterson et al., 2012), which

allows in-depth exploration of the location and timing of

FMRP regulation. Finally, a number of identified or pre-

dicted FMRP targets, including the plasma membrane

calcium ATPase 2, MAP2, and high voltage-activated

potassium channel Kv3.1b, have been studied in the

chicken NL with documented function in maintaining

fundamental structure or optimizing specialized physio-

logical properties, providing promising candidates for

characterizing FMRP signaling in relationship to specific

neuronal function (Lu et al., 2004; Wang and Rubel,

2008; Wang et al., 2009; Strumbos et al., 2010; Darnell

et al., 2011).

Although not as well studied as the chicken NL, the

alligator NL provides an interesting model to study the

relationship between FMRP expression, dendritic organi-

zation, and hearing. As discovered in the current study

for the first time, the alligator NL exhibits outstanding

high expression of FMRP and dramatic dendritic gra-

dients of multiple structural properties along the tono-

topic axis of the nucleus. A recent study has nicely

demonstrated that the alligator NL adopts similar physi-

ological strategies for ITD detection as birds (Carr

et al., 2009). As the gradient of dendritic length in the

chicken NL is thought to have important functional sig-

nificance in optimizing ITD computation at particular

sound frequencies (Smith and Rubel, 1979; Kuba et al.,

2005), it is interesting to explore whether the more dra-

matic dendritic gradient in the alligator NL is associated

with the larger range of best ITD represented in the alli-

gator NL and excellent hearing ability of alligators in

both air and water (Higgs et al., 2002; Carr et al.,

2009; Vergne et al., 2009). In addition, the relatively

high level of somatic FMRP expression in alligator NL

and human MSO may implicate a common and particu-

lar requirement of FMRP in binaural processing of these

two species.
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ABSTRACT
Control of the extracellular environment of inner ear hair cells by ionic

transporters is crucial for hair cell function. In addition to inner ear hair

cells, aquatic vertebrates have hair cells on the surface of their body

in the lateral line system. The ionic environment of these cells also

appears to be regulated, although the mechanisms of this regulation

are less understood than those of the mammalian inner ear. We

identified the merovingian mutant through genetic screening in

zebrafish for genes involved in drug-induced hair cell death. Mutants

show complete resistance to neomycin-induced hair cell death and

partial resistance to cisplatin-induced hair cell death. This resistance

is probably due to impaired drug uptake as a result of reduced

mechanotransduction ability, suggesting that the mutants have

defects in hair cell function independent of drug treatment. Through

genetic mapping we found that merovingian mutants contain a

mutation in the transcription factor gcm2. This gene is important for

the production of ionocytes, which are cells crucial for whole body pH

regulation in fish. We found that merovingian mutants showed an

acidified extracellular environment in the vicinity of both inner ear and

lateral line hair cells. We believe that this acidified extracellular

environment is responsible for the defects seen in hair cells of

merovingian mutants, and that these mutants would serve as a

valuable model for further study of the role of pH in hair cell function.

KEY WORDS: Aminoglycosides, Cisplatin, Hair cells, H+-ATPase,
Ototoxicity, pH

INTRODUCTION
Hearing loss is currently the most prevalent sensory disorder; about
10% of adults and 35% of people over 65 suffer from hearing
impairment (Davis, 1989; Ries, 1994). The inner ear is highly
sensitive to damage, and numerous genetic mutations and
environmental insults lead to hearing loss (Dror and Avraham, 2009;
Rybak and Ramkumar, 2007; Sliwinska-Kowalska and Davis,
2012). The inner ear is enriched in ionic transporters also highly
expressed in the kidney, such as the H+-ATPases and Cl–/HCO3

–

exchangers (Lang et al., 2007), suggesting a role for ionic
homeostasis in the functioning of the audiovestibular system. Active
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pH regulation in the inner ear is suggested by studies showing
altered pH of endolymph and the endolymphatic sac following
treatment with carbonic anhydrase or H+-ATPase inhibitors
(Couloigner et al., 2000; Sterkers et al., 1984). Additionally,
mutations in H+-ATPase transporter subunits cause hearing loss in
the human disease distal rental tubular acidosis (dRTA) and in
mouse models of this disease (Hennings et al., 2012; Karet et al.,
1999; Norgett et al., 2012; Smith et al., 2000).

Aquatic vertebrates also control the ionic environment of hair
cells of the lateral line system. Lateral line hair cells are located on
the surface of the animal, with apical structures protruding into the
water enclosed in a gelatinous matrix called the cupula. The ionic
environment of the cupula differs from the surrounding water,
suggesting active ionic regulation (McGlone et al., 1979; Russell
and Sellick, 1976). However, the mechanisms of this regulation are
not known. Ionic homeostasis is a particular challenge for freshwater
fish, due to ion loss by diffusion into their environment (Dymowska
et al., 2012). To combat this problem, fish use specialized cells
enriched in ionic transporters called ionocytes (Evans et al., 2005;
Hwang and Lee, 2007). It is believed that the gills and the associated
ionocytes are the primary site of osmoregulation in fish rather than
the kidneys (Evans et al., 2005). One type of ionocyte, the H+-
ATPase-rich ionocyte, expresses high levels of the H+-ATPase
transporter and the Cl–/HCO3

– exchanger SLC4A1B, and
contributes to pH regulation (Lee et al., 2011; Lin et al., 2006).

Hair cells of the lateral line are susceptible to the same ototoxic
drugs as mammalian inner ear hair cells, including aminoglycoside
antibiotics and chemotherapeutics (Harris et al., 2003; Ou et al.,
2007; Ton and Parng, 2005). We have used the zebrafish lateral line
system to screen for genes involved in aminoglycoside toxicity
(Owens et al., 2008). In this report we show that that the
merovingian (mero) mutant is resistant to both neomycin- and
cisplatin-induced hair cell death due to impaired uptake of these
toxicants into hair cells. The gene responsible for the defects in
merovingian mutants is gcm2, a transcription factor important for
the generation of H+-ATPase-rich ionocytes (Chang et al., 2009). We
show that merovingian mutants have an acidified extracellular
environment in the vicinity of hair cells of both the lateral line and
inner ear. Thus, the merovingian mutant and zebrafish lateral line
might be useful model systems to assess the role of pH regulation
in hair cell function.

RESULTS
merovingian mutants are resistant to multiple hair cell
toxicants
The merovingian mutant was identified in a genetic screen for
mutations that conferred resistance to neomycin-induced hair cell
death (Owens et al., 2008). merovingian mutants show a number of
phenotypes in addition to resistance to neomycin-induced hair cell
death, including a failure to inflate their swim bladders, an enlarged

The zebrafish merovingian mutant reveals a role for pH

regulation in hair cell toxicity and function
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yolk, and impaired otolith formation (Fig. 1A,B). The average size
of the posterior otolith in wild-type zebrafish larvae at 5 days post-
fertilization (dpf) was 3,970±275 μm2, whereas in merovingian
mutants the average size of this otolith was reduced to 71±155 μm2,
with otoliths being absent in the majority of mutants. Additionally,
merovingian mutants show behavioral defects, commonly seen in
zebrafish mutants with impaired hair cell mechanotransduction,
including an inability to remain upright, failure to respond to
acoustic/vibrational stimuli (tapping on the dish) (supplementary
material Movie 1) and circling behavior (supplementary material
Movie 2). These phenotypes allow the separation of merovingian
mutants from their wild-type siblings and, therefore, a further
characterization of their defects in hair cell development, function
and response to toxicants.

Fish expressing a membrane-targeted GFP under the control of
the brn3c(pou4f3) promoter (brn3c:gfp) (Xiao et al., 2005) were
used to label hair cells of the inner ear. We found that the inner ear
hair cells of merovingian mutants show grossly normal morphology;
however, there was a slight reduction in total hair cell number, with
wild-type siblings averaging 24.7±1.9 hair cells/crista and
merovingian mutants averaging 18.3±1.0 hair cells/crista
(Fig. 1C,D). To look at lateral line hair cells, we labeled them with
an anti-parvalbumin antibody (Hsiao et al., 2002; Steyger et al.,

1997) and counted the hair cells in six specific neuromasts of the
anterior lateral line (see Materials and Methods). merovingian
mutants showed a significant reduction in lateral line hair cell
number as compared with their wild-type siblings, with wild-type
siblings averaging 13.0±2.1 hair cells/neuromast and merovingian
mutants averaging 6.8±3.4 hair cells/neuromast (Fig. 2A,B). Levels
of parvalbumin staining in merovingian mutants were reduced
compared with wild-type siblings, although hair cell morphology
appeared otherwise normal (Fig. 2B). Using anti-parvalbumin
labeling, we examined the effect of two classes of hair cell toxicants
on hair cells in merovingian mutants. We found that merovingian
mutants show significant resistance to the aminoglycoside antibiotic
neomycin across a concentration range of 50-400 μM (Fig. 2B,C)
and a partial resistance to the chemotherapeutic cisplatin across a
concentration range of 25-200 μM (Fig. 2D). The small increases in
average hair cell numbers of merovingian mutants treated with 50
and 100 μM neomycin as compared with control fish only exposed
to embryo media (EM) (Fig. 2C) are not significant.

merovingian mutants show impaired uptake of FM1-43 and
hair cell toxicants
Uptake of both aminoglycoside antibiotics and cisplatin into hair
cells of the zebrafish lateral line is dependent upon functional
mechanotransduction (Alharazneh et al., 2011; Gale et al., 2001;
Marcotti et al., 2005; Thomas et al., 2013). As merovingian mutants
are resistant to both these toxicants and show vestibular defects, we
hypothesized that resistance to hair cell toxicants might result from
reduced drug uptake due to impaired mechanotransduction.

To investigate mechanotransduction in merovingian mutants we
used the vital dye FM1-43, in which rapid uptake (≤1 minute) is
mechanotransduction-dependent (Gale et al., 2001; Meyers et al.,
2003; Seiler and Nicolson, 1999). Fish expressing the brn3c:gfp
transgene were used to allow visualization of hair cells. These fish
were exposed to FM1-43 for 1 minute and then imaged.
merovingian mutants showed a significant reduction in FM1-43
uptake, with the fluorescent intensity/background measurement of
FM1-43 being 4.3±1.5 in wild-type siblings as compared with
2.6±0.9 in merovingian mutants. This decrease in rapid FM1-43
loading is consistent with the hypothesis that mechanotransduction
activity is decreased in these fish (Fig. 3A,D).

We next examined uptake of labeled versions of the toxicants
neomycin and cisplatin. For neomycin uptake studies, we used
neomycin covalently labeled with the fluorophore Texas Red
(neomycin-TR). Fish were treated with 50 μM neomycin-TR for
15 minutes and then imaged. We found no significant entry of
neomycin-TR into the hair cells of merovingian mutants, with the
fluorescent intensity/background measurement of neomycin-TR
being 1.1±0.1 in merovingian mutants as compared with 5.0±1.3 in
wild-type siblings (Fig. 3B,D). This is consistent with the strong
resistance of these mutants to neomycin-induced hair cell toxicity
(Fig. 2B,C). To investigate cisplatin uptake, we used a rhodamine-
conjugated platinum reagent (Rho-Pt) in which a cisplatin-like
moiety is linked to the rhodamine derivative 6-TAMRA (Alers et al.,
1999; van Gijlswijk et al., 2001). Rho-Pt has previously been used
in zebrafish to investigate cisplatin uptake (Thomas et al., 2013).
Fish were exposed to 25 μM Rho-Pt for 20 minutes and imaged.
Rho-Pt entered hair cells in merovingian mutants, although its entry
was significantly reduced, with the fluorescent intensity/background
measurement of Rho-Pt being 9.6±4.7 in wild-type siblings as
compared with 1.9±0.6 in merovingian mutants (Fig. 3C,D). This
result is consistent with the partial resistance merovingian mutants
show against cisplatin-induced hair cell loss (Fig. 2D).

RESEARCH ARTICLE Disease Models & Mechanisms (2014) doi:10.1242/dmm.016576

TRANSLATIONAL IMPACT
Clinical issue
Hearing loss affects about 10% of the adult human population. The inner

ear hair cells, which detect sound and transmit it to the brain, are highly

sensitive to damage, and numerous genetic mutations and

environmental insults, particularly exposure to ototoxic drugs such as

aminoglycoside antibiotics and chemotherapeutics, can lead to hearing

loss. The degree of hearing loss in response to ototoxic medications

varies greatly from patient to patient. This variability is thought to be

partly due to genetic differences. Like mammals, zebrafish have inner

ear hair cells but, in addition, they have a lateral line system consisting

of hair cells on the surface of their body that detect water motion. Lateral

line hair cells are responsive to the same ototoxins as mammalian inner

ear hair cells. Consequently, the zebrafish lateral line system can be

used in unbiased genetic screens to identify novel genes involved in

general hair cell function and in hair cell responses to ototoxic drugs. 

Results
Here, the authors use the zebrafish lateral line system to screen for

genes involved in neomycin- and cisplatin-induced toxicity. They identify

a mutation in the transcription factor gene gcm2 that makes the lateral

line hair cells resistant to both drugs. This resistance appears to be due

to impaired mechanotransduction ability as the merovingian mutants also

show audiovestibular behavioral defects. gcm2 is important for the

production of ionocytes, cells that are crucial for whole body pH

regulation in fish, and the merovingian mutants show acidification of the

extracellular environment throughout their body. Notably, the extracellular

but not the intracellular environment of the lateral line hair cells in the

mutants is acidified, which suggests that changes in extracellular pH are

responsible for the defects seen in these mutants.

Implications and future directions
This work provides the second example of a gene that is important for

pH regulation that affects the response of hair cells to ototoxic drugs and

suggests that pH regulation has a key role in this process. This study

and conclusion are supported by the presence of sensorineural hearing

loss in distal renal tubular acidosis, a disorder that is caused by

mutations in the pH-regulating H+-ATPase complex, they also support a

role for pH regulation in normal hair cell function. Because the

extracellular environment around the hair cells in merovingian mutants

is acidified, these mutants can now be used as a model system in which

to study the role of pH regulation in the function of hair cells and their

response to ototoxic drugs. 
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merovingian mutants contain a missense mutation in the
transcription factor gcm2
To identify the gene mutated in merovingian mutants, we performed
genetic mapping using zebrafish microsatellite markers (Knapik et al.,
1998; Shimoda et al., 1999). The merovingian mutation co-segregated
with a region on chromosome 24 containing 10 genes (Fig. 4A),
which were sequenced to identify potential mutations. Only one gene,
gcm2, contained a coding sequence mutation. This G-to-A nucleotide
change causes a cysteine to tyrosine amino acid change (Fig. 4B).
This cysteine is highly conserved among diverse species (Fig. 4C).

merovingian mutants show many of the phenotypes previously
reported in fish injected with gcm2 antisense morpholino
oligonucleotides (MO), including a failure to inflate their swim
bladders, an enlarged yolk and impaired otolith formation (Fig. 1A)
(Hogan et al., 2004). To test whether knockdown of gcm2 would
cause similar hair cell defects as seen in merovingian mutants, we
injected fish with a gcm2 MO. Like merovingian mutants, gcm2
morphants showed a reduction in initial lateral line hair cell number
(8.1±1.9 hair cells/neuromast as compared with 10.7±1.4 in
controls) and resistance to neomycin-induced hair cell death
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Fig. 1. merovingian mutants have inner ear defects. (A) merovingian (mero) mutants show multiple phenotypes including a failure to inflate their swim

bladders, an enlarged yolk, and impaired otolith formation. Arrowhead points to otolith. (B) Quantification of the size of the posterior otolith in wild-type siblings

and merovingian mutants. Otolith size is significantly reduced in merovingian mutants. Mutants were selected randomly and included eight fish lacking a

posterior otolith and therefore having an otolith size of 0 (n=10 fish). (C) Hair cells expressing the brn3c:gfp transgene in the lateral crista of both wild-type

siblings and merovingian mutants. (D) Quantification of the number of hair cells/crista in wild-type siblings and merovingian mutants. All three crista were used

for counting. There is a significant reduction in hair cell number in merovingian mutants (n=9 fish). ***P<0.0001 by Student’s t-test; error bars indicate s.d.

Scale bars: 250 μm (A), 10 μm (C).
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(5.2±1.6 hair cells/neuromast following 200 μM neomycin as
compared with 1.2±0.4 in controls) (Fig. 4D).

gcm2 has previously been shown to be necessary for the
production of H+-ATPase-rich ionocytes (Chang et al., 2009; Esaki
et al., 2009). To confirm that gcm2 function was impaired in
merovingian mutants, we labeled H+-ATPase-rich ionocytes in 3-dpf
zebrafish larvae by staining with an anti-vH-ATPase antibody.
Robust staining was present on the yolk of wild-type zebrafish
larvae and was absent in merovingian mutants (Fig. 5A). We also
observed an enrichment of H+-ATPase staining in the vicinity of
lateral line hair cells (Fig. 5B). This is in agreement with previous
reports showing that H+-ATPases are expressed in hair cells (Shiao
et al., 2005; Stanković et al., 1997). This staining, although reduced
in level, was still present in merovingian mutants (Fig. 5B).

merovingian mutants show a whole body acidification,
including in the extracellular environment of hair cells
gcm2 expression in zebrafish is believed to be restricted to the
pharyngeal arches and ionocytes and is not expressed in hair cells
or support cells (Chang et al., 2009; Hanaoka et al., 2004; Hogan et
al., 2004; Shono et al., 2011). This suggests that gcm2 acts globally
to influence hair cells. gcm2 morphants have been shown to have
impaired whole body proton excretion (Chang et al., 2009). We

hypothesized that this impaired proton excretion would lead to
internal acidification of the animal and, in turn, influence hair cell
function. To test for acidification, we used the ratiometric pH-
sensitive fluorescent protein pHluorin2 (Mahon, 2011). Ratiometric
pHluorin contains two excitation peaks, one at 395 nm and one at
475 nm. The fluorescence intensity for the excitation peak at 395
nm decreases with decreasing pH, whereas that for the excitation
peak at 475 nm increases with decreasing pH (Miesenböck et al.,
1998).

For our experiments, we used 405-nm and 488-nm excitation
lasers to excite the two peaks of pHluorin2. Given the known
properties of pHluorin2, the ratio of 405-nm/488-nm fluorescence
intensities should decrease with decreasing pH. pHluorin2 was
expressed ubiquitously under the control of the β-actin promoter
(Kwan et al., 2007). We analyzed muscle cells due to their robust
expression of this construct. We used a GPI-linked pHluorin2 (Caras
et al., 1987; Miesenbock et al., 1998) to monitor extracellular pH
and an untagged cytoplasmic pHluorin2 construct to monitor
intracellular pH (Fig. 6A). We found that the 405/488 fluorescence
ratio was decreased for both GPI-linked and to a lesser degree for
cytoplasmic pHluorin2 in merovingian mutants, suggesting that
there is both an acidified extracellular and intracellular environment
in these animals (Fig. 6B).
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To test whether the extracellular environment of hair cells was
similarly acidified, we expressed cytoplasmic and GPI-linked
pHluorin2 under the control of the hair cell-specific myosin6b
promoter (Obholzer et al., 2008) (Fig. 6C,E). We found that the GPI-
link pHluorin2 construct showed a decreased 405/488 fluorescence
ratio in merovingian mutants in both lateral line and inner ear hair
cells, which is indicative of an acidified extracellular environment of

these cells (Fig. 6D,F). Inner ear hair cells, similar to muscle cells, also
showed a reduction in the 405/488 fluorescence ratio of cytoplasmic
pHluorin2 (Fig. 6D). By contrast, lateral line hair cells showed the
same cytoplasmic pHluorin2 405/488 fluorescence ratio in both wild-
type siblings and merovingian mutants (Fig. 6F). Thus, although the
extracellular environment of these cells is acidified in merovingian
mutants, they are able to maintain a normal intracellular pH.
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DISCUSSION
Exposure to certain therapeutic drugs, particularly aminoglycoside
antibiotics and chemotherapeutics, can damage hair cells and cause
subsequent hearing loss. However, there is a large amount of
variation seen in the degree of hearing loss that patients suffer when
taking these drugs (Mulheran et al., 2001; Rybak et al., 2009;
Skinner et al., 1990; Xie et al., 2011). This variability is due in part
to genetic differences between patients. Although some genes have
been identified that alter the susceptibility to drug-induced hearing
loss (Hema Bindu and Reddy, 2008; Guan, 2011; Mukherjea and
Rybak, 2011; Oldenburg et al., 2008), the picture is far from
complete. To identify candidate genes and pathways regulating hair
cell susceptibility to ototoxic drugs, we have used the zebrafish
lateral line system to screen for mutants involved in aminoglycoside
toxicity (Owens et al., 2008). To date, our studies have identified
three novel genes involved in ototoxicity: cc2d2a (Owens et al.,
2008), slc4a1b (Hailey et al., 2012) and gcm2 (this work). Two of
these genes, slc4a1b and gcm2, are involved in pH regulation and
both genes cause a decrease in whole body proton extrusion when
knocked down in zebrafish (Chang et al., 2009; Lee et al., 2011). We
hypothesize that this will cause an internal acidification of the
animal and, indeed, our data using pHluorin2 confirm that this is the
case in gcm2 mutants. gcm2 is involved in parathyroid rather than
ionocyte development in humans (Ding et al., 2001; Zajac and
Danks, 2008) and therefore is not necessarily involved in human
ototoxicity; however, our findings do support a key role for pH
regulation in hair cell death that might be conserved across species.

Resistance to toxicant-induced hair cell death in both gcm2 and
slc4a1b mutants appears to be due to reduced drug uptake, as both
mutants show impaired aminoglycoside and FM1-43 uptake into
hair cells (this work; Hailey et al., 2012). Additionally, resistance to
neomycin-induced hair cell death is more dramatic than that to

cisplatin-induced hair cell death in both mutants (this work; Hailey
et al., 2012). In the case of gcm2, this difference is consistent with
the degree to which uptake is impaired. Reduced FM1-43 uptake
along with behavioral abnormalities in gcm2 mutants suggests that
the effect on drug uptake might be due to defects in
mechanotransduction. Although the uptake of both aminoglycosides
and cisplatin is mechanotransduction-dependent (Alharazneh et al.,
2011; Gale et al., 2001; Marcotti et al., 2005; Thomas et al., 2013),
the specific mechanisms of their uptake might differ. This idea is
consistent with the fact that drugs that protect against
aminoglycosides by blocking uptake do not always protect against
cisplatin (Vlasits et al., 2012).

In fish, acid excretion occurs primarily at the gills rather than the
kidneys (Claiborne et al., 2002). H+-ATPase-rich ionocytes have
been shown to be important for acid secretion in larval zebrafish
(Lin et al., 2006). Because these cells are absent in merovingian
mutants, we hypothesized that there would be a global acidification
of the animal’s internal environment. To confirm that merovingian
mutants have an acidified internal environment, we used the
genetically encoded pH indicator pHluorin2 (Mahon, 2011;
Miesenböck et al., 1998). These results show that the extracellular
environment of muscle cells as well as inner ear and lateral line hair
cells in merovingian mutants is acidified, consistent with a whole
body acidification. Additionally, the intracellular environment of
both muscle and inner ear hair cells are also acidified in merovingian
mutants, although to a lesser degree than the extracellular
environment. By contrast, lateral line hair cells only show an
extracellular acidification. As lateral line hair cells are on the surface
of the animal it makes sense that they would have additional
mechanisms to control their intracellular pH. Indeed, we found an
enrichment of H+-ATPase staining around the hair cells of the lateral
line and this staining was still present in merovingian mutants. These
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data support our hypothesis that gcm2 functions globally to control
whole body pH instead of locally at the hair cells. Additionally, it
suggests that the defects we are seeing in merovingian mutants are
due to changes in extracellular rather than intracellular pH.

Cellular pH regulation has previously been shown to regulate cell
death processes, although this regulation is complex (Matsuyama and
Reed, 2000). Extracellular acidification influences the response of
cancer cells to cisplatin, making cells more susceptible (Atema et al.,
1993; Groos et al., 1986; Laurencot et al., 1995; Murakami et al.,
2001). However, aberrant cellular pH regulation is also a hallmark of
many cancers (Harguindey et al., 2005), which makes it difficult to
extend these conclusions to other cell types. Transient application of
an acidic solution to the round window potentiated cisplatin
ototoxicity in mammals (Tanaka et al., 2003; Tanaka et al., 2004), in
contrast to our findings that suggest an acidic environment can
partially protect lateral line hair cells from cisplatin. Several
differences might account for these different findings. Tanaka and
colleagues used transient application of an acidic solution, whereas
our mutants are presumably chronically exposed to an acidified
environment. Alternatively, mammalian hair cells might use
alternative mechanisms of cisplatin uptake that are less sensitive to
pH or perturbations in mechanotransduction. It has previously been
shown that, unlike in zebrafish, mammalian copper transporters Oct2
and Ctr1 appear to play a role in cisplatin ototoxicity (Ciarimboli et
al., 2010; Ding et al., 2011; More et al., 2010; Thomas et al., 2013).
It is therefore possible that acidification of the mammalian hair cell
environment would not have the same protective effects.

There are multiple possible mechanisms by which acidification of
the hair cell environment could lead to defects in hair cell function.
Mutations in the H+-ATPase subunit Atp6v0a4 as well as
pharmacological manipulations of pH regulatory measures cause
dramatic decreases in endocochlear potential (EP) (Ikeda et al., 1987;
Kuijpers and Bonting, 1970; Lorente-Cánovas et al., 2013; Norgett et
al., 2012; Sterkers et al., 1984; Wangemann et al., 2004). The Na+-K+-
ATPase has been shown to have impaired function at acidic pH
(Kuijpers and Bonting, 1969), leading to the hypothesis that inhibition
of this pump leads to the decrease in EP seen in an acidified
environment (Kuijpers and Bonting, 1970). The cupula of Xenopus
has been shown to have an elevated endocupular potential and
increased K+ concentration (Russell and Sellick, 1976), therefore a
similar mechanism of action could occur in the lateral line.

Alternatively, altered pH homeostasis might be affecting hair cell
function by influencing Ca2+ regulation. Fish raised in an acidic
environment or with knocked down H+-ATPase function show
decreased whole body Ca2+ levels (Horng et al., 2007; Horng et al.,
2009). Mutations in Ca2+-modulating proteins are associated with
defects in otolith and otoconia formation (Cruz et al., 2009; Hughes
et al., 2007; Kozel et al., 1998; Lundberg et al., 2006). Because
CaCO3 is a major otolith component, a decrease in Ca2+ levels could
be responsible for the otolith formation defects in gcm2 mutants.
Acidification of the endolymph has also been associated with an
increase in endolymphatic Ca2+ in the Pendrin mutant due to
inhibition of the Ca2+ channels TRPV5 and TRPV6 (Nakaya et al.,
2007; Wangemann et al., 2007). Additionally, acidification of the
external environment around hair cells can cause decreased Ca2+

entry into hair cells through voltage-gated Ca2+ channels (Ikeda et
al., 1991; Tan et al., 2001). Proper pH regulation is also probably
needed for Ca2+ extrusion from hair cell bundles (Hill et al., 2006;
Ikeda et al., 1992). It has previously been shown that altered Ca2+

levels have dramatic effects on hair cell function and
mechanotransduction (Beurg et al., 2010; Ceriani and Mammano,
2012; Ohmori, 1985; Tanaka et al., 1980).

Human patients with distal renal tubular acidosis (dRTA) caused by
mutations in subunits of the H+-ATPase transporter show
sensorineural hearing loss (Batlle and Haque, 2012; Karet et al., 1999;
Smith et al., 2000). Patients with dRTA often show hypercalciuria and
hypokalemia; however, these K+ and Ca2+ imbalances are seen in
dRTA caused by multiple genetic mutations, including those not
associated with sensorineural hearing loss (Batlle et al., 2001; Batlle
et al., 2006). Although bicarbonate therapy can help with the acidosis
in patients with dRTA, there are no effective therapies to improve
hearing impairment (Batlle et al., 2001). The relative ease of
manipulating the ionic environment of lateral line hair cells makes the
zebrafish a useful model for further studies into the ionic mechanisms
behind pH regulation of hair cell function.

MATERIALS AND METHODS
Animals
All experiments were performed on 5-day post-fertilization (dpf) Danio rerio
(zebrafish) larvae, unless otherwise noted. Larvae were obtained by mating
adult fish by standard methods (Westerfield, 2000). The *AB wild-type strain
was used for these experiments and the merovingian (merow40) mutant stock
was maintained as heterozygotes in the *AB wild-type background. Genetic
mapping used the Tübingen strain. All uptake experiments were performed in
fish containing the Tg(pou4f3:gap43-GFP)256t transgene (Xiao et al., 2005);
this transgene is referred to here as brn3c:gfp. Larvae were raised in embryo
media (EM) consisting of 1 mM MgSO4, 150 μM KH2PO4, 42 μM Na2HPO4,
1 mM CaCl2, 500 μM KCl, 15 mM NaCl and 714 μM NaHCO3 at pH 7.2. pH
was adjusted with NaOH and HCl. Given the 15 mM NaCl present in EM,
changes in counterion concentrations during pH adjustments were negligible.
The University of Washington Institution Animal Care and Use Committee
approved all experiments.

Otolith measurements
For quantification of otolith size, fish were anesthetized using MS222 and
immobilized in 1% low-melting-point agarose on a microscope slide. Fish
were imaged on a Zeiss Axioplan 2 microscope using a Spot camera and
Spot Advanced Imaging software (version 4.0.6). The posterior otolith was
used for size measurements, and area quantification was carried out using
ImageJ software (version 1.45s).

Immunohistochemistry
Zebrafish larvae were fixed in 4% paraformaldehyde in PBS for either 2
hours at room temperature or overnight at 4°C. For parvalbumin staining,
fish were washed three times with PBS containing 0.1% Tween 20 (PBST),
then incubated for 30 minutes in distilled water, at least 1 hour in antibody
block (5% heat-inactivated goat serum in 1× PBS, 0.2% Triton, 1% DMSO,
0.02% sodium azide and 0.2% BSA), and overnight at 4°C in mouse anti-
parvalbumin antibody (Millipore, MAB1572) diluted 1:500 in antibody
block. Fish were then washed three times in PBST and incubated with
fluorescently conjugated secondary antibody (Life Technologies) diluted
1:1000 in antibody block for 4 hours at room temperature, washed three
times in PBST and stored in a 50:50 mixture of PBS and glycerol before use.

For vH-ATPase staining, fish were fixed as before, washed three times
with PBST, once with 50% MeOH in PBST, once with 100% MeOH, and
then stored overnight at −20°C in fresh 100% MeOH. Fish were then
washed once with 50% MeOH in PBST, once with PBST, and incubated
with antibody block and antibody for the same durations as parvalbumin
antibody staining. A rat antibody against the H+-ATPase B subunit of dace
(Tribolodon hakonensis) vh-ATPase, similar to the antibody described in
Hirata et al. (Hirata et al., 2003), was used at 1:500 dilution. The vh-ATPase
antibody was a gift from Shigehisa Hirose (Department of Biological
Sciences, Tokyo Institute of Technology).

Drug treatment
Animals were exposed to neomycin (Sigma-Aldrich) at the indicated
concentrations for 30 minutes in standard EM, washed three times in EM
and given 1 hour to recover in EM before being euthanized and fixed.
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Animals were exposed to cisplatin (Teva, supplied by University of
Washington Pharmacy) at the indicated concentrations for 24 hours in
standard EM, washed four times in EM and immediately euthanized and
fixed. The OP1, M2, IO4, O2, MI2 and MI1 neuromasts (Raible and Kruse,
2000) were counted for all lateral line hair cell number quantifications.

Neomycin-Texas Red
Neomycin was conjugated to Texas Red-X-succinimidyl ester (Lefevre et
al., 1996) in a modified version of the protocols for gentamicin labeling
previously described (Sandoval et al., 1998; Steyger et al., 2003). Neomycin
sulfate hydrate (Sigma-Aldrich) was used at 115.6 mg/ml final
concentration. Neomycin sulfate hydrate solid was resuspended in deionized
water up to 50% of the final solution volume, then 0.5 M K2CO3 at pH 9.0
was added at 17.6% final volume. Texas Red-X-succinimidyl ester (Life
Technologies) was dissolved in dimethylformamide at 2.5 mM and was
added at 12% final volume. The volume of the mixture was brought to
100% with deionized water and the solution incubated overnight at 4°C to
allow the conjugation reaction to go to completion.

Uptake experiments
For uptake experiments, fish were labeled with 2.25 μM FM1-43FX (Life
Technologies) for 1 minute, 50 μM neomycin-TR for 15 minutes, or 25 μM
Rhodamine-Universal Labeling System (Rho-Pt, Kreatech Diagnostics;
Thomas et al., 2013) for 20 minutes. Fish were exposed to the indicated
compound, washed three times and then imaged. To image drug uptake, fish
were anesthetized in MS222 and transferred to a Nunc Lab-Tek Chambered
Coverglass (Fisher Scientific) where they were immobilized under a nylon
mesh and two stainless-steel slice hold-downs (Warner Instruments). One
neuromast per fish was imaged, and each neuromast was imaged as a stack
of 30 1-μm sections. Image stacks were obtained and analyzed using
SlideBook software (version 5.5) running a Marianas spinning disk confocal
system (Intelligent Imaging Innovations). Maximum projection images were
generated of the entire neuromast stack (for FM1-43 and neomycin-TR
labeling), or from nine planes (for Rho-Pt labeling). A mask was drawn
around the neuromast based on the brn3c-gfp labeling, and the average
intensity was calculated. An identical mask was drawn away from the region
of the neuromast to calculate the background intensity. Data is shown as
neuromast/background intensity.

Genetic mapping
Heterozygous carriers of the merovingian mutation in the *AB strain
background were crossed to the Tübingen strain. Hybrid *AB/Tübingen
carriers of the merovingian mutation were identified by phenotype and
intercrossed to generate progeny for linkage marker analysis. Mutant and
wild-type fish were selected based on otolith and vestibular phenotypes as
well as resistance to 200 μM neomycin. For bulk segregant analysis, two
pools of 20 mutants and two pools of 20 wild-type fish were used.
Microsatellite markers for each chromosome (Knapik et al., 1998; Shimoda
et al., 1999) were amplified by PCR and evaluated for co-segregation with
mutant phenotypes. Markers co-segregating with the merovingian allele
were further evaluated with individual DNA from 294 mutant fish and 32
wild-type fish. Initial mapping localized the mutation between Z-markers
Z23011 and Z24856. To narrow the region further, candidate SSR marker
primer pairs for this work were generated using the Zebrafish Genome SSR
search website (Massachusetts General Hospital, Charlestown, MA 02129;
http://danio.mgh.harvard.edu/chrMarkers/zfssr.html). To sequence candidate
genes, RNA was isolated from pools of 20 wild-type sibling or mutant
embryos using TRIzol Reagent (Life Technologies). cDNA was prepared
using SuperScript III Reverse Transcriptase (Life Technologies). Genes were
amplified by PCR from cDNA and then sent to Eurofins MWG Operon for
sequencing.

gcm2 morpholino oligonucleotide
For knock-down experiments, we used a previously described gcm2
antisense morpholino oligonucleotide (Hanaoka et al., 2004) with the
sequence 5′-AAACTGATCTGAGGATTTGGACATG-3′ (Gene Tools,
LLC). The MO (in 0.1% Phenol Red) was injected into the yolk of 1-cell

stage embryos at 10 ng/embryo using previously described techniques
(Nasevicius and Ekker, 2000). For a mock injection negative control, 0.1%
Phenol Red was injected at comparable volumes as the MO injections.

pHluorin2
pHluorin2 DNA was obtained from Matthew Mahon (Massachusetts
General Hospital, Harvard Medical School). Constructs were generated to
express pHluorin2 (Mahon, 2011) under the control of the β-actin and
myosin6b (myo6b) promoter in a Tol2 transposon backbone (Kwan et al.,
2007) using standard Gateway cloning mechanisms (Walhout et al., 2000).
The GPI targeting sequence of folate receptor alpha (Lacey et al., 1989) was
fused to pHluorin2 to generate GPI-pHluorin2. DNA constructs were
injected into single-cell embryos at 200 pg along with 40 ng of transposase
mRNA. Transiently injected fish expressing pHluorin2 under the control of
the β-actin promoter were used for quantification of muscle cells. For hair
cell experiments, injected fish were grown to adulthood and screened for
germline incorporation of the transgene. Two stable lines were generated,
Tg(myo6b:pHluorin2)w134 and Tg(myo6b:pHluorin2gpi)w135, and used in all
hair cell pHluorin experiments. Microscope and immobilization techniques
used for uptake experiments (see above) were used for pHluorin imaging.
For muscle cells, a 20-section stack of 1-μm sections was collected
containing trunk muscle cells. For hair cells, a 30-section stack of 1-μm
sections was collected from either the anterior crista or anterior lateral line.
pHluorin2 fluorescence was acquired using both the 405 and 488 excitation
lasers and a 535/30 emission filter. Single planes were used for image
analysis. For hair cell data, the cell body was used for measurements.
Background correction was carried out in SlideBook software. Fluorescence
elicited by the 405 and 488 excitations was measured and then ratioed. One
cell was analyzed per animal.

Statistical analyses
All statistics were calculated using the GraphPad Prism software (GraphPad,
version 4.0). All data are represented as means and standard deviations. P-
values are based on ANOVA and Bonferroni post-hoc tests or the Student’s
t-test.

This article is part of a Special Issue, Spotlight on Zebrafish: Translational Impact.

See all the articles in the issue at http://dmm.biologists.org/content/7/7.toc.
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Cellular/Molecular

ER–Mitochondrial Calcium Flow Underlies Vulnerability of
Mechanosensory Hair Cells to Damage

Robert Esterberg,1,2 Dale W. Hailey,1,3 Edwin W Rubel,1,2,4* and David W. Raible1,3*
1Virginia Merrill Bloedel Hearing Research Center, 2Department of Otolaryngology, Head and Neck Surgery, 3Department of Biological Structure, and
4Department of Physiology and Biophysics, University of Washington, Seattle, Washington 98195

Mechanosensory hair cells are vulnerable to environmental insult, resulting in hearing and balance disorders. We demonstrate that
directional compartmental flow of intracellular Ca 2! underlies death in zebrafish lateral line hair cells after exposure to aminoglycoside
antibiotics, a well characterized hair cell toxin. Ca 2! is mobilized from the ER and transferred to mitochondria via IP3 channels with little
cytoplasmic leakage. Pharmacological agents that shunt ER-derived Ca 2! directly to cytoplasm mitigate toxicity, indicating that high
cytoplasmic Ca 2! levels alone are not cytotoxic. Inhibition of the mitochondrial transition pore sensitizes hair cells to the toxic effects of
aminoglycosides, contrasting with current models of excitotoxicity. Hair cells display efficient ER–mitochondrial Ca 2! flow, suggesting
that tight coupling of these organelles drives mitochondrial activity under physiological conditions at the cost of increased susceptibility
to toxins.

Key words: lateral line; zebrafish

Introduction
The ER and mitochondria are primary regulators of Ca 2! ho-
meostasis within the cell (Pinton et al., 2008; Giorgi et al., 2009;
Murgia et al., 2009; Rizzuto et al., 2009; Grimm, 2012). Commu-
nication between ER and mitochondria is facilitated by microdo-
mains, where IP3 receptors (IP3Rs) in the ER are juxtaposed to
mitochondrial voltage-dependent anion channels (Szabadkai et al.,
2006). These zones of close contact are termed mitochondrial-
associated membranes (MAMs) (Vance, 1990), and function as de
facto hotspots of Ca2! transfer (Rizzuto et al., 1998; Patergnani et al.,
2011; Bononi et al., 2012).

Transfer of Ca 2! between ER and mitochondria is increas-
ingly recognized for its role in the regulation of multiple cellular
processes ranging from bioenergetics (Bravo et al., 2012) to cel-
lular dysfunction and death (Rizzuto et al., 2009; Giorgi et al.,
2012; Grimm, 2012). The difference between these cellular out-
comes is dependent in part on the amount of Ca 2! transferred to
mitochondria. Modest increases in mitochondrial Ca 2! con-
centrations ([Ca 2!]mit) stimulate the respiratory chain and
elevate transmembrane potential ("!) across the mitochondrial

inner membrane (McCormack et al., 1990). More substantial
[Ca 2!]mit increases are cytotoxic, however, because they perma-
nently depolarize mitochondria through long-lasting opening of
the transition pore (mPTP; Nicholls, 2005, 2009; Giorgi et al.,
2012). Somewhat paradoxically, the potential for Ca 2! overload
is limited through mPTP openings of shorter duration that serve
to gate "!, a driving force behind mitochondrial Ca 2! uptake
(Gunter and Pfeiffer, 1990; Stout et al., 1998; Kirichok et al., 2004;
Nicholls and Chalmers, 2004; Nguyen et al., 2009).

We used the zebrafish lateral line system to study Ca 2! mobi-
lization and flow during hair cell death. Lateral line hair cells
share essential properties with inner ear hair cells, including sen-
sitivity to many ototoxins, drugs known to cause hearing loss by
killing inner ear hair cells of mammals including humans (Ton
and Parng, 2005; Ou et al., 2010; Esterberg et al., 2013a). Lateral
line hair cells are located on the body surface in clusters called
neuromasts, providing an opportunity to monitor directly [Ca2!]i

changes during ototoxin-induced cell death in vivo. We demon-
strated recently that disruption of [Ca 2!]i homeostasis within
hair cells is a critical signal and a reliable predictor of hair cell
death in the intact zebrafish lateral line system after ototoxic
aminoglycoside antibiotic exposure (Esterberg et al., 2013b).
Here, we identify upstream disruption of ER–mitochondrial
Ca 2! regulation as a necessary and sufficient signal for hair cell
death due to aminoglycoside exposure.

Materials and Methods
Fish. Experiments were performed on zebrafish larvae to 5 d postfertil-
ization (dpf) in E3 embryo medium (14.97 mM NaCl, 500 "M KCl, 42 "M

Na2HPO4, 150 "M KH2PO4, 1 mM CaCl2 dehydrate, 1 mM MgSO4, 0.714
mM NaHCO3, pH 7.2) at 28.5°C unless otherwise indicated. Larvae were
used before the stage where sex is determined in zebrafish. All experi-
ments were approved by the University of Washington Institution Ani-
mal Care and Use Committee.
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Transgenesis constructs. Tg[brn3c:mGFP] and
Tg[myo6b:cytoGCaMP3]w78 have been described
previously (Xiao et al., 2005; Esterberg et al.,
2013b). We have shown previously that the
Tg[myo6b:cytoGCaMP3] w78 line allows reli-
able detection of changes in cytoGCaMP fluo-
rescence in the presence of ionomycin and
extracellular Ca 2! concentrations as low as 70
nM (Esterberg et al., 2013b). erGCaMP and mi-
toGCaMP were generated through inframe fu-
sion of GCaMP3.0 (Tian et al., 2009) with the
ER targeting sequence of rat CD3# (Lorenz et
al., 2006) or mitochondrial matrix targeting se-
quence of human cytochrome C oxidase sub-
unit VIII (Rizzuto et al., 1989), respectively.
Tg[myo6b:mitoGCaMP3] w119 was maintained
as a transgenic line. mitoRGECO and cy-
toRGECO constructs were generated with
RGECO (Zhao et al., 2011). D1ER was used as
described previously (Palmer et al., 2004).
Gateway (Invitrogen) cloning was used to gen-
erate constructs under control of the hair-cell-
specific myosin6b promoter (Obholzer et al.,
2008). Proper organellar localization was veri-
fied by colabeling with organelle-specific vital
dyes (Mito Tracker) and/or through morphol-
ogy of labeled compartments.

Tetramethylrhodamine ethyl ester labeling.
Zebrafish were incubated at 28.5°C in 1 nM te-
tramethylrhodamine ethyl ester (TMRE; Invit-
rogen) in E3 medium for 30 min before and
throughout imaging.

Photolysis of caged EGTA. mitoGCaMP em-
bryos were injected at the 1-cell stage with # 1
nl of 25 mM NP-EGTA and mounted and un-
caged at 5 dpf with 1–2 ms pulses from a 405
nm laser, as described previously (Esterberg et
al., 2013b). Imaging after uncaging was per-
formed at 2 s intervals.

Texas Red exclusion. Succinimidyl esters of
Texas Red (Life Technologies) were dissolved
in dimethyl formamide to 2 mg/ml, essentially
as described previously (Steyger et al., 2003). A
final concentration of 2 "M (# 0.1%) was used
in E3 imaging media under conditions de-
scribed in Imaging and analysis, below. Under
these conditions, we did not observe Texas Red
entry into hair cells, consistent with previous
reports (Steyger et al., 2003; Wang and Steyger,
2009; Alharazneh et al., 2011). We then subjected Tg[brn3c:mGFP],
Tg[myo6b:cytoGCaMP3], or Tg[myo6b:mitoGCaMP3 larvae to 50 "M

neomycin under imaging conditions described in Imaging and analysis,
below.

Drug treatment. Neomycin (Sigma-Aldrich) was used at the indi-
cated concentrations in embryo media. For all experiments, animals
were exposed to aminoglycoside for 30 min for survival analyses at
28.5°C or for the amount of time indicated during imaging (typically
60 min).

Optimal concentrations of intracellular Ca2! inhibitors were determined
by the concentrations found to confer maximal protection in the presence
of 200 "M neomycin (Fig. 1) as follows: 1 "M xestospongin C, 500 nM Ru360,
and 300 pM carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP) (all from Tocris Biosciences).

The effects of increasing concentrations of intracellular Ca 2! stimu-
lators on hair cell survival were first determined (Fig. 1). The maximal
concentrations that resulted in $ 10% hair cell death were then used in
the presence of the indicated concentrations of neomycinas follows: 1.25
"M thapsigargin, 4 "M adenophostin A, and 200 nM cyclosporin A (CsA).
All agents except CsA were from Tocris Biosciences; CsA was obtained as

Sandimmune (Novartis) from University of Washington Drug Services.
All agents except xestospongin C, Ru360, and adenophostin A were dis-
solved in DMSO. Xestospongin C, Ru360, and adenophostin A were
dissolved in water. When appropriate, vehicle alone was used as control,
which was typically 0.1% DMSO.

Hair cell counts. Animals were pretreated in Ca 2! modulators for 60
min, followed by coadministration with the specified concentration of
neomycin for 30 min. They were then washed 3% in E3, allowed to
recover for 30 min, and then fixed in 4% PFA. Hair cells were labeled with
antiparvalbumin antisera (Steyger et al., 1997) and mean hair cell counts
across six neuromasts (IO4, M2, MI1, O1, O2, and OC1; Raible and
Kruse, 2000) were calculated from at least five animals. Control E3 con-
tained 0.5% DMSO.

Imaging and analysis. Imaging and analysis were performed as de-
scribed previously (Esterberg et al., 2013b). Briefly, 5 dpf zebrafish were
immersed in E3 containing 0.2% MESAB (MS-222; ethyl-m-
aminobenzoate methanesulphonate) and stabilized using a slice anchor
harp (Harvard Instruments) so that neuromasts on immobilized animals
had free access to surrounding media. Imaging was performed under
ambient temperature, typically 24 –25°C. Baseline fluorescence readings
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Figure 1. Optimal concentrations of agents used to manipulate ER–mitochondrial Ca 2! transfer and mPTP activation. A, B,
Optimal concentration of thapsigargin (A) and adenophostin A (B) were determined by administration of either drug alone in the
presence of embryo medium (dashed line). (C, D) Optimal concentrations of xestospongin C (C) and Ru360 (D) were determined by
pretreatment followed by coexposure to embryo medium alone (dashed line) or embryo medium containing 200 "M neomycin
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cells. Error bars indicate SD. n & 6 neuromasts from each of 5 treated animals.
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were taken before aminoglycoside exposure in 30 s intervals for 2.5 min.
Aminoglycoside was added as a 4% concentrated stock to achieve the
final indicated concentration and fluorescence intensity readings were
acquired in 30 s intervals for 60 min. Images were taken using an inverted
Marianas spinning disk system (Intelligent Imaging Innovations)
equipped with an Evolve 10 MHz EMCCD camera (Photometrics) and a
Zeiss C-Apochromat 63% /1.2 numerical aperture water objective. Cam-
era intensification was set to keep exposure times $ 50 ms for GCaMP,
250 ms for cytoRGECO, or 100 ms for mitoRGECO and TMRE while
keeping pixel intensity $ 25% of saturation. For image collection, camera
gain was set at 2 for higher resolution. For data collection, camera gain
was set at 3 to minimize photobleaching. Z-sections were taken at 2 "m
intervals through the depth of the neuromast, typically 12 "m. GCaMP
fluorescence was acquired with 488 nm laser and 535/30 emission filter.
RGECO, TMRE, and Texas Red fluorescence were acquired with a 561
nm laser and a 617/73 emission filter.

For analyses, maximum intensity projections were generated and
movies were auto-aligned in SlideBook software (Intelligent Imaging
Innovations) to account for XY drift, typically $ 50 pixels. ROIs outlining
the cell of interest were drawn by hand, enabling us to correct for indi-
vidual cell movement when necessary. Cells were categorized as living or
dying based on their clearance from the neuromast after 60 min of ami-
noglycoside exposure. Fluorescence intensities were calculated relative to
the mean baseline intensity of each individual hair cell before aminogly-
coside exposure. We observed a linear fit between maximal signal-to-
noise ratios and maximal changes in fluorescence (r & 0.726, data not
shown). For each treatment condition, at least three replications were
performed on different days and fluorescence intensities of no more than
three cells per neuromast and two neuromasts per animal were used in
analyses. Living and dying cells were chosen randomly for analysis at the end
of each time lapse. For imaging during Ca2! modulation, animals were
exposed to modulators 30 min before recording of baseline fluorescence and
coadministered with neomycin at the indicated concentrations.

Statistics. GraphPad Prism 5.0 Software was used for all statistical anal-
yses except cross-correlations. Analyses and post hoc tests are indicated in
figure legends. Cross-correlation analyses were performed in either R or
Microsoft Excel.

Results
Efficient uptake of Ca 2! drives mitochondrial activity within
lateral line hair cells
Mechanosensory hair cells are densely packed with mitochondria
to accommodate their high metabolic load. We investigated
whether hair cell mitochondrial activity is regulated by ER–
mitochondrial Ca 2! exchange using transgenic zebrafish con-
taining mitochondrial matrix-targeted GCaMP3 under the

control of the hair-cell-specific myo6b promoter [Tg(myo6b:mi-
toGCaMP3), which is hereafter referred to as mitoGCaMP]. Op-
timal concentrations of pharmacological agents known to
modulate ER Ca 2! concentrations ([Ca 2!]ER) were first deter-
mined to be minimally toxic to hair cells over the course of im-
aging (Fig. 1) and were subsequently applied to mitoGCaMP
larvae to determine their effect on [Ca 2!]mit (Fig. 2). All agents
tested altered [Ca 2!]mit in a manner consistent with ER–mito-
chondrial Ca 2! flow (Fig. 2A). Inhibition of the ER SERCA pump
with thapsigargin (Marks, 1997) increased maximal mitoGCaMP
fluorescence # 50% (p $ 0.001), whereas activation of IP3Rs with
adenophostin A (Mak et al., 2001) increased maximal mitoG-
CaMP fluorescence # 100% (p $ 0.001). Conversely, inhibition
of IP3 receptors with xestospongin C (Gafni et al., 1997) reduced
mitoGCaMP fluorescence # 30% (p $ 0.001) and blocking the
mitochondrial uniporter with the inhibitor Ru360 (Matlib et al.,
1998; Zazueta et al., 1999) reduced mitoGCaMP fluorescence
# 40% (p $ 0.001).

Ca 2! originating from the ER is thought to be first transferred
to cytoplasm, where it is then taken up by mitochondria (Paterg-
nani et al., 2011). To monitor Ca 2! flow between cytoplasm and
mitochondria directly within the same hair cell, we generated
transgenic zebrafish containing a hair-cell-specific cytoplasmic
variant of the genetically encoded red Ca 2! indicator RGECO
[Tg(myo6b:RGECO); hereafter referred to as cytoRGECO] (Zhao
et al., 2011). Hair cells exposed to thapsigargin showed a slight
increase in fluorescence of the cytoplasmic Ca 2! indicator while
mitochondrial fluorescence rose # 20% above baseline levels
(Fig. 2B). Stimulation of IP3 Rs with adenophostin A resulted in a
transient cytoplasmic Ca 2! spike corresponding with the onset
of increased mitochondrial Ca 2! accumulation, followed by a
reduction in fluorescence (Fig. 2C). These results suggest that, in
hair cells, mitochondria efficiently buffer Ca 2! during release
from the ER.

Mitochondrial Ca 2! uptake is tightly cross-regulated with "!
under physiological conditions (Brookes et al., 2004). We mea-
sured "! in lateral line hair cells using the potentiometric mito-
chondrial dye TMRE (Mitra and Lippincott-Schwartz, 2010;
Brand and Nicholls, 2011; Perry et al., 2011; Fig. 3). Application
of the protonophore uncoupler FCCP or the ATP synthase inhib-
itor oligomycin A induced corresponding dose-dependent de-
creases or increases, respectively, in TMRE fluorescence (Fig.
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3A,B). Treatment with CsA gradually in-
creased mitochondrial TMRE fluores-
cence (Fig. 3A,B). This behavior is
consistent with a role of CsA-sensitive
transient mPTP opening in alleviation of
"! (Ichas et al., 1997; Smaili and Russell,
1999; Li et al., 2004; Wang et al., 2008;
Korge et al., 2011; Ma et al., 2011; Wang et
al., 2012). Modulation of TMRE fluores-
cence with either FCCP or CsA altered mi-
toGCaMP fluorescence in a manner
consistent with cross-regulation of
[Ca 2!]mit and "! (Fig. 3C; Gunter and
Pfeiffer, 1990; Stout et al., 1998; Kirichok
et al., 2004; Nicholls and Chalmers, 2004;
Nguyen et al., 2009).

To determine whether ER–mitochon-
drial Ca 2!exchange altered "! in hair
cells, as would be predicted if [Ca 2!]mit

regulates mitochondrial respiration, we
measured TMRE fluorescence of all hair
cells within an entire neuromast after a 60
min agent incubation. TMRE fluores-
cence within hair cells exposed to xesto-
spongin C, Ru360, or adenophostin A alone was not significantly
different from controls (Fig. 4A). TMRE fluorescence was ele-
vated after prolonged exposure to CsA (p $ 0.001). Coexposure
to both CsA and adenophostin A resulted in a synergistic effect on
TMRE fluorescence (p $ 0.001).

We also measured changes mitochondrial Ca 2! uptake and
"! after a brief increase in cytoplasmic Ca 2!. We used caged
EGTA preloaded with Ca 2! (caEGTA) to elevate [Ca 2!] tran-
siently after exposure to near UV (405 nm) light (Ellis-Davies et
al., 1996). mitoGCaMP fluorescence was reliably elevated # 20%
within 30 s after 405 nm exposure (p $ 0.001; Fig. 4B), but not
elevated in hair cells receiving caEGTA or 405 nm light alone. In
these same cells, TMRE fluorescence increased # 10% compared
with controls with UV and caEGTA exposure (Fig. 4C). TMRE
fluorescence then rapidly dropped below baseline (Fig. 4C), con-
sistent with the rapid mitochondrial depolarization observed in
other contexts after increased [Ca 2!]mit (Loew et al., 1994;
Hajnóczky et al., 1995; Ichas et al., 1997; Duchen et al., 1998;
Csordás et al., 1999; Nguyen et al., 2009). Application of Ru360
abolished TMRE changes after Ca 2! uncaging (Fig. 4C), con-
firming that mitochondrial Ca 2! uptake was necessary for "!
changes. Together, these data indicate that even transient in-
creases in mitochondrial Ca 2! can alter mitochondrial activity
within hair cells.

Mitochondria accumulate Ca 2! in dying hair cells after
aminoglycoside exposure
Mitochondrial toxicity is a common feature of cells exposed to
aminoglycosides in hair cells (Dehne et al., 2002; Owens et al.,
2007; Hobbie et al., 2008; Jensen-Smith et al., 2012) and in more
robust cell types (Kalghatgi et al., 2013). We investigated whether
mitochondrial Ca 2! stores are altered by exposure to this class of
ototoxins. We exposed zebrafish to 50 "M neomycin, a concen-
tration that reliably induces death in # 40% of hair cells within
each neuromast (Harris et al., 2003), allowing us to compare
mitoGCaMP signals over time in adjacent living and dying cells
in the same environment (Movie 1). Time-lapse images from a
representative neuromast are shown in Figure 5A and corre-
sponding fluorescence traces from individual living and dying

cells are shown in Figure 5B. Living and dying cells exhibited
distinctly different behaviors: mitoGCaMP fluorescence within
dying cells increased, plateaued, and then crashed as cells died
(Fig. 5A,B, cells 1, 3, 4, and 5), wherease no increases were ob-
served in living cells (Fig. 5A,B, cells 2 and 6). Differences in
maximal fluorescence changes between living and dying cells
were observed consistently between neuromasts in the same fish
and between fish; dying cells averaged 120% increase (p $ 0.001)
and living cells showed no significant changes compared with
controls (Fig. 5C). No dose-dependent relationship was observed
between fluorescence intensity and neomycin concentration in
dying cells (r & 0.03, p & 0.20; Fig. 5C). Changes in mitoGCaMP
signal after aminoglycoside exposure was 100% predictive of hair
cell fate. Fluorescence of cpGFP, the fluorophore backbone of
GCaMP lacking Ca 2!-binding EF hand domains (Nakai et al.,
2001), or cpYFP, a pH-sensitive variant of cpGFP (Wang et al.,
2008; Schwarzlander et al., 2011), was not significantly different
from controls (Fig. 5C). These results suggest that mitoGCaMP
fluorescence is due to increased mitochondrial Ca 2! uptake in-
stead of other potential responses such as osmolarity or pH
changes independent of Ca 2!.

The onset of dramatic [Ca 2!]mit changes within dying hair
cells and the timing of their ultimate clearance from the neuro-
mast are asynchronous with respect to the onset of aminoglyco-
side exposure. We found no evidence for relationships between
cell positions or initial baseline intensities and the onset or dura-
tion of these changes. In contrast, alignment of mitoGCaMP flu-
orescence signals within dying cells to their point of clearance
from the neuromast revealed a consistent pattern of behavior
(Fig. 5D). Fluorescence gradually increased beginning # 45 min
before cell clearance, with the half-maximal change in fluores-
cence occurring # 15 min before clearance (Fig. 5D). These re-
sults suggest that stereotypical mitochondrial Ca 2! responses
may be central to hair cell death.

ER Ca 2! stores are disrupted after aminoglycoside exposure
in dying hair cells
Because ER–mitochondrial Ca 2! transfer is an initiator of cell
death in several in vitro systems, we measured ER Ca 2! changes
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using GCaMP3 targeted to the ER lumen of hair cells [Tg(myo6b:
erGCaMP3); hereafter referred to as erGCaMP]. A representative
time-lapse experiment is shown in Movie 2. Time-lapse images of
a neuromast exposed to 50 "M neomycin are shown in Figure 6A
and corresponding trace data are shown in Figure 6B. As with
mitoGCaMP, living and dying cells exhibited distinctly different
behaviors after neomycin exposure. erGCaMP fluorescence
within living cells remained largely stable (Fig. 6A,B, cells 1 and
5) and maximal fluorescence changes did not differ significantly
from controls or dying cells expressing ER-targeted cpGFP (Fig.
6C). Fluorescence of dying cells decreased # 30% (p $ 0.001; Fig.
6C), indicating a reduction of [Ca 2!]ER. Unlike mitoGCaMP,
however, we observed statistically significant differences in max-

imal fluorescence changes between cells exposed to 50 or 100 "M

neomycin compared with those exposed to 200 or 400 "M neo-
mycin (p $ 0.05; Fig. 6C). Moreover, our data indicate that a
maximal decrease in erGCAMP fluorescence is highly correlated
with exposure to increasing concentrations of neomycin (r &
0.92; p $ 0.0001).

As with mitoGCaMP, a clear trend in erGCaMP behavior was
observed after alignment to cell clearance (Fig. 6D). Initial de-
crease in erGCaMP fluorescence first appeared to occur an aver-
age of 50 min before cell clearance, slightly before the onset of
observed mitoGCaMP fluorescence changes. Half-maximal flu-
orescence change occurred on average 22 min before clearance,
before that of mitoGCaMP (Fig. 6D). Similar behavior was ob-
served with the ER-targeted Ca 2! sensor D1ER (Fig. 7), which
possesses a lower Ca 2!-binding affinity suitable for monitoring
Ca 2! under conditions of high [Ca 2!] (Palmer et al., 2004).
Overall, the differences in timing of events suggest that ER Ca 2!

mobilization occurs before mitochondrial accumulation.

Direct visualization of compartmental Ca 2! changes during
aminoglycoside-induced hair cell death
To monitor distinct compartmental Ca 2! flow during
aminoglycoside-induced hair cell death directly, we used spec-
trally distinct combinations of RGECO and GCaMP targeted to
the ER, mitochondria, and cytoplasm. The behavior of either
mitoRGECO or cytoRGECO alone resembled that of their re-
spective GCaMP variants (Fig. 8). The combinatorial expression
of erGCaMP and mitoRGECO in the same hair cells enabled us to
track [Ca 2!]ER and [Ca 2!]mit simultaneously (Fig. 4A–C, Movie
3). After 400 "M neomycin exposure, a concentration that kills all
mature hair cells within the neuromast (Santos et al., 2006), a
half-maximal change of erGCaMP fluorescence occurred # 30 s
before the half-maximal change of mitoRGECO. This relation-
ship is illustrated with data from a single cell (Fig. 9A) and with
multiple cells aligned to cell clearance (Fig. 9B). In each sample,
the initial decrease in erGCaMP fluorescence occurred either in
the same 30 s imaging interval or slightly before increased mi-
toRGECO fluorescence. Cross-correlation analysis of paired data
supported the notion of a strong negative relationship between
erGCaMP fluorescence and mitoRGECO fluorescence, in which
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Movie 1. Dynamic changes in mitochondrial Ca 2! after neomycin exposure. Heat-mapped
time-lapse movie of a Tg(myo6:mitoGCaMP3) anterior lateral line neuromast exposed to 50 "M

neomycin. Time of neomycin addition to embryo medium is indicated (h:min:sec).
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mitoRGECO fluorescence increased # 1–5 min after erGCaMP
decreased (maximal r was at ' 4 min, where r & ' 0.557; p &
0.0125; Fig. 9C).

We showed previously that, in dying cells, cytoGCaMP
showed a signal that reached a half-maximal change in fluores-
cence # 3 min before cell clearance (Esterberg et al., 2013b), sev-
eral minutes after the observed changes in ER and mitoGCaMP.
We evaluated directly the relationship between [Ca 2!]mit and
cytoplasmic Ca 2! concentrations ([Ca 2!]cyt) by expressing cy-
toRGECO in a mitoGCaMP background (Fig. 9D–F, Movie 4). In
hair cells exposed to 400 "M neomycin, half-maximal change in
mitoGCaMP fluorescence occurred well before that of cy-
toRGECO (Fig. 9D,E). Cross-correlation analysis again sup-
ported a strong relationship between the 2, where mitoGCaMP
increased # 2– 8 min before increased cytoRGECO signals (max-
imal r was at 4.5 min, where r & 0.717; p & 0.0013; Fig. 9F).

Analysis of fluorescence changes between erGCaMP and cy-
toRGECO was also performed to evaluate the possibility of the
ER as a direct source of cytoplasmic Ca 2! peaks in dying cells.
Increased cytoRGECO signals were not observed until well after
decreases in erGCaMP fluorescence, at # 6 –12 min (data not
shown).

Elevated [Ca 2!]mit precedes membrane permeabilization
during aminoglycoside-induced hair cell death
Hair cells undergo phospholipid reorganization of the plasma
membrane in response to aminoglycosides, even at sublethal ex-
posures (Goodyear et al., 2008). We sought to determine whether

Movie 2. Dynamic changes in ER Ca 2! after neomycin exposure. Heat-mapped time-lapse
movie of a Tg(myo6:erGCaMP3) anterior lateral line neuromast exposed to 50 "M neomycin.
Time of neomycin addition to embryo medium is indicated (h:min:sec). Dying cells are indicated
with arrows.
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extracellular Ca 2! contributes to compartmental Ca 2! increases
in dying cells as they lose membrane integrity. In lieu of the fact
that normally “cell-impermeant” dyes, including those belonging
to the cyanine family of nucleic acid stains (SYTOX, TO-PRO,
TOTO, etc.), robustly label intact hair cells (data not shown; also
see Chiu et al., 2008), we used Texas Red in our media to evaluate
cellular permeability. Texas Red is not normally taken up by
viable hair cells (Steyger et al., 2003; Wang and Steyger, 2009;

Alharazneh et al., 2011). Consistent these studies, we found
that Texas Red was excluded from intact lateral line hair cells
(data not shown). After exposure to 50 "M neomycin, Texas
Red entered the cytoplasm of 100% of dying hair cells before
the point of clearance from the neuromast (for an example, see
Fig. 10A) and Texas Red signal was excluded from all surviving
cells throughout the entirety of imaging (n ( 400 cells from
( 20 neuromasts).

Figure 6. Ca 2! efflux from the ER during aminoglycoside-induced hair cell death. A, Heat-mapped time-lapse images of erGCaMP within an anterior lateral line neuromast exposed to 50 "M

neomycin. Two living and four dying cells are indicated with numbers. Cells 1 and 5 lived, whereas the remaining outlined cells died after neomycin exposure. Time indicates (min:sec) after neomycin
exposure. Panel in A is taken from Movie 2. B, Transformed ("F/F0) fluorescence intensity data of individual erGCaMP cells in A. C, Maximal erGCaMP fluorescence change in surviving or dying cells
exposed to increasing concentrations of neomycin. Note the differences in maximal erGCaMP fluorescence between the 50 and 100 "M neomycin exposure groups compared with the 200 and 400
"M neomycin exposure groups. Because camera gain settings for image presentation are different from the ones used for data collection, values from B are not included in C. D, Mean transformed
("F/F0) erGCaMP intensity data in dying hair cells exposed 50 "M neomycin. One-way ANOVA, Dunnett post test ***p $ 0.0001, *p $ 0.05. Error bars indicate SEM. n & 15 cells from 3
neuromasts/animal and 5 animals. See also Movie 2.
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We next analyzed mitoGCaMP and cytoGCaMP behavior in
the presence of Texas Red to monitor their behavior relative to
dye entry in dying cells. After exposure to 50 "M neomycin, in-
creases in mitoGCaMP fluorescence occurred well before Texas
Red entry. On average, half-maximal fluorescence of mitoG-
CaMP was reached 11 min before that of Texas Red (14.5 ) 2 min
before clearance for mitoGCaMP vs 3.5 ) 0.4 min for Texas Red,
n & 25 cells from 8 larvae, mean ) SEM). Representative behav-
ior of mitoGCaMP relative to Texas Red exclusion can be seen in
Figure 10B.

Changes in cytoGCaMP fluorescence occurred near the onset
of Texas Red entry into dying hair cells, consistent with the tem-
poral separation we observed between [Ca 2!]mit and [Ca 2!]cyt

increases. Half-maximal fluorescence of cytoGCaMP was
reached 1 min before that of Texas Red (5.7 ) 0.6 min before
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Figure 8. Validation of mitoRGECO and cytoRGECO constructs. A–C, Validation of mitoRGECO within lateral line hair cells. A, Raw fluorescence intensity data of individual mitoRGECO hair cells
exposed to 50 "M neomycin. Intensities from living and dying cells were taken from hair cells located within the same neuromast. B, Mean intensity data of dying mitoRGECO hair cells exposed to
50 "M neomycin aligned to the time at which each hair cell was cleared from the neuromast. C, Maximal mitoRGECO fluorescence changes compared between living and dying cells exposed to 50
and 400 "M neomycin. One-way ANOVA, Dunnett post test ***p $ 0.0001. D–F, Validation of cytoRGECO within lateral line hair cells. D, Raw fluorescence intensity data of individual cytoRGECO
hair cells administered 50 "M neomycin. Intensities from living and dying cells were taken from hair cells located within the same neuromast. E, Mean intensity data of dying cytoRGECO hair cells
exposed to 50 "M neomycin aligned to the time at which each hair cell was cleared from the neuromast. F, Maximal cytoRGECO fluorescence changes compared between living and dying cells
exposed to 50 and 400 "M neomycin. One-way ANOVA, Dunnett post test ***p $ 0.0001. Error bars indicate SEM and n & 5 from at least three experimental runs.

Movie 3. Dynamic changes in ER Ca 2! relative to mitochondrial Ca 2! during
aminoglycoside-induced hair cell death. Time-lapse movie of a single Tg(myo6:erGCaMP3);
myo6:mitoRGECO) anterior lateral line hair cell exposed to 400 "M neomycin. Left, Pseudocol-
ored erGCaMP in green and mitoRGECO in red. Middle, Heat-mapped erGCaMP. Right, Heat-
mapped mitoRGECO. Time of neomycin addition to embryo medium is indicated (min:sec).
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clearance for cytoGCaMP vs 4.5 ) 0.6 min for Texas Red, n & 39
cells from 12 larvae, mean ) SEM). Representative behavior of
cytoGCaMP relative to Texas Red exclusion can be seen in Figure
10C. Together, these data suggest that the initial disruption of
intracellular Ca 2! homeostasis occurs before a loss of membrane
integrity in dying cells.

IP3Rs mediate ER–mitochondrial Ca 2! transfer during
aminoglycoside-induced hair cell death
We next investigated whether disrupting normal regulation of
Ca 2! exchange between ER and mitochondria alters
aminoglycoside-induced hair cell death. Treatment with thapsi-
gargin increased hair cell death by # 30% across multiple concen-
trations of neomycin (p $ 0.0001; Fig. 11A), indicating that
potentiating [Ca 2!]ER release sensitizes hair cells to aminoglyco-
side toxicity. Pharmacological manipulation of IP3Rs dramati-

cally altered neomycin toxicity. Adenophostin A increased hair
cell death, whereas xestospongin C protected hair cells across
multiple neomycin concentrations (p $ 0.0001; Fig. 11A). Sim-
ilar protection was observed after blocking mitochondrial Ca 2!

entry with Ru360 (p $ 0.0001; Fig. 11A).
Concurrent exposure of Ru360 and neomycin in hair cells

expressing targeted GCaMP allowed us to determine whether
uncoupling ER–mitochondrial Ca 2! transfer altered Ca 2! local-
ization as a basis for survival within living cells. As expected,
increased mitoGCaMP fluorescence was not observed in living
cells cotreated with both neomycin and Ru360 (data not shown).
Conversely, fluorescence of cytoGCaMP increased and peaked
several times in living cells after neomycin and Ru360 cotreat-
ment, consistent with the notion that Ru360 shunts the flow of
Ca 2! leaving the ER into cytoplasm (Fig. 11B). Maximal fluores-
cence changes of living cells cotreated with Ru360 and 50 "M

neomycin were # 150% higher than in living cells exposed to
neomycin alone (p $ 0.0001; Fig. 11C). Cumulative cytoGCaMP
fluorescence increased # 60-fold compared with living cells (p $
0.0001; Fig. 11D). Fluorescence of cytoGCaMP in living cells co-
treated with Ru360 and neomycin was not significantly different
from that seen in dying cells exposed to neomycin alone (Fig.
11C,D). These data suggest that elevated [Ca 2!]cyt alone is not a
major contributing factor to aminoglycoside-induced hair cell
death. Rather, the efficient transfer of Ca 2! from ER to mito-
chondria is likely the defining event.

Despite the ability to alter Ca 2! dynamics within cells, ryan-
odine receptor (RyRs) modulators had no effect on hair cell tox-
icity either alone or when administered in combination with
neomycin (Fig. 12). The contrasting behavior of ER-based Ca 2!

release channels in these two scenarios further implicates IP3 recep-
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Figure 9. Dual labeling of hair cell compartments confirms organellar Ca 2!flow during aminoglycoside-induced hair cell death. A, D, Intensity data of a single anterior lateral line hair cell
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0.0013. In all grouped data, error bars indicate SEM and n & 15 from at least 5 animals and 3 experimental runs. See also Movies 3 and 4.

Movie 4. Dynamic changes in mitochondrial Ca 2! relative to cytoplasmic Ca 2! during
aminoglycoside-induced hair cell death. Time-lapse movie of a single Tg(myo6:mitoRGECO) hair
cell within a Tg(myo6:mitoGCaMP3) anterior lateral line neuromast exposed to 400 "M neomy-
cin. Left, Pseudocolored mitoGCaMP in green and cytoRGECO in red. Middle, Heat-mapped
mitoGCaMP. Right, Heat-mapped cytoRGECO. Time of neomycin addition to embryo medium is
indicated (min:sec).
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tors in ER–mitochondrial Ca2! transfer
during aminoglycoside-induced hair cell
death.

ER–mitochondrial Ca 2! flow drives
mitochondrial activity during
aminoglycoside-induced hair cell death
Because our observations suggest that mi-
tochondrial activity within hair cells is
driven by Ca 2! uptake, we sought to eval-
uate the timing of "! changes relative to
ER–mitochondrial Ca 2! transfer after
aminoglycoside exposure. We have re-
ported previously that TMRE fluores-
cence increases and plateaus after
aminoglycoside exposure in dying hair
cells and that, shortly thereafter, signal is
redistributed to the cytoplasm of cells (Es-
terberg et al., 2013b), consistent with cat-
astrophic mPTP activation (Mitra and
Lippincott-Schwartz, 2010; Brand and
Nicholls, 2011; Perry et al., 2011). Timing
of TMRE redistribution overlaps with the
sharp rise in cytoGCaMP fluorescence ob-
served before cell clearance (Esterberg et
al., 2013b). We now compare TMRE sig-
nals with ER and mitochondria Ca 2! sig-
nals in cells exposed to 400 "M neomycin
(Fig. 13A for erGCaMP/TMRE; Fig. 13D
and Movie 5 for mitoGCaMP/TMRE). To
correlate Ca 2! changes to mitochondrial
events, we aligned grouped GCaMP data
to the cytoplasmic redistribution of
TMRE (Fig. 13B,E). erGCaMP fluores-
cence decreased before the onset of
increased mitochondrial TMRE fluores-
cence (Fig. 13B), whereas mitoGCaMP
fluorescence increase coincided with the
onset of increased mitochondrial TMRE
fluorescence (Fig. 13E). Cross-correlation
of paired data from individual cells re-
vealed strong relationships between erG-
CaMP or mitoGCaMP and TMRE.
erGCaMP was offset # 10 –15 min before
TMRE (maximal r for erGCaMP was at 12
min, where r & ' 0.708; p & 0.011) and
mitoGCaMP was offset # 1.5– 0 min be-
fore TMRE (maximal r was at 1 min,
where r & 0.616; p & 0.0072; Fig. 13C,F).
Paired D1ER/TMRE dynamics revealed a
behavior similar to that of erGCaMP/
TMRE(Fig.14).Thetimingofthesebehaviors
is consistent with ER–mitochondrial Ca2!

transfer driving increased mitochondrial hy-
perpolarization during aminoglycoside-induced hair cell death. Fur-
ther, they suggest that they are at least in part responsible for the
catastrophic mitochondrial depolarization that occurs downstream of
these events.

Modulation of mitochondrial polarization alters
aminoglycoside toxicity
Given the relationship between mitochondrial Ca 2! overload
and catastrophic mPTP activation (Nicholls, 2005, 2009; Giorgi

et al., 2012), we next sought to determine the effects of CsA treat-
ment on aminoglycoside exposure (Fig. 15). Surprisingly, we ob-
served that treatment with CsA sensitized hair cells to the toxic
effects of aminoglycosides. Pretreatment with CsA before neo-
mycin exposure increased hair cell death by # 30% across multi-
ple neomycin concentrations (p $ 0.0001; Fig. 15A). We
monitored [Ca 2!]mit and "! in dying hair cells cotreated with
CsA and 50 "M neomycin to confirm that CsA was effective at
inhibiting mPTP. mitoGCaMP fluorescence was increased in
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these cells compared with neomycin alone
(Fig. 15B) and cumulative fluorescence
was # 100% higher than in dying cells ex-
posed to neomycin alone (p $ 0.0001;
Fig. 15C). Maximal TMRE fluorescence
was also increased, reaching levels # 100%
greater than cells exposed to neomycin
alone (p $ 0.0001; Fig. 15D).

In contrast to the results using CsA,
levels of FCCP capable of partial mito-
chondrial depolarization (Fig. 3; Ber-
nardi, 1992; Petronilli et al., 1993) protect
hair cells across multiple neomycin con-
centrations (p $ 0.0001; Fig. 15A) and
prevent mitochondrial Ca 2! uptake and
hyperpolarization after neomycin expo-
sure (data not shown). Together, these re-
sults suggest that transient mitochondrial
depolarization adjusts levels of [Ca 2!]mit

and "! and that this regulation is essential
to hair cell survival after aminoglycoside
exposure.

Discussion
The tight regulation of Ca 2! maintained
within subcellular compartments is a key
determinant of cell function and survival.
This is particularly true in the ER, where
[Ca 2!] is at its highest and depletion in-
duces susceptibility to apoptogens
(Chami et al., 2008; Giorgi et al., 2010).
Such observations appear to translate to
hair cells. Mutations in genes involved in
regulation of [Ca 2!]ER have been impli-
cated in several types of heritable hearing
loss (Osman et al., 2003; Takei et al., 2006;
Wortmann et al., 2012; Wiley et al., 2013).
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The dynamics of multiple subcellular events presented here sup-
port a model in which changes in [Ca 2!]mit and [Ca 2!]cyt after
aminoglycoside exposure originate with the disruption of Ca 2!

homeostasis within the ER (Fig. 16). Although the exact mecha-
nisms of this disruption is unclear, aminoglycoside antibiotics
have been shown to interact with calreticulin, the predominant
Ca 2!-binding protein of the ER, at its Ca 2!-binding domain
(Karasawa et al., 2011). It is plausible to hypothesize that this
interaction impedes Ca 2! binding and initiates Ca 2! efflux from
the ER.

In cultured cells, MAMs appear to be inefficient at transfer-
ring Ca 2! between ER and mitochondria (Hajnóczky et al., 1995;
Csordás et al., 1999; Szalai et al., 1999; Hajnóczky et al., 2000;
Pacher et al., 2000; Csordás et al., 2002) and it has remained an
ongoing question as to how much Ca 2! exiting the ER first tran-
sits the cytoplasm before mitochondrial uptake occurs (Giorgi et

al., 2009; Rizzuto et al., 2009). Here, we report that, in hair cells,
in vivo aminoglycoside-initiated flow involves little or no detect-
able release into cytoplasm before a large increase in the mito-
chondria. One counter argument is that the sensitivities of our
cytoplasmic indicators are insufficient to detect short-lived
changes in [Ca 2!]cyt localized at microdomains. However, we
have shown previously that our cytoplasmic GCaMP3 construct
undergoes detectable fluorescence increases in the presence of
just 70 nM extracellular Ca 2! and ionomycin, yet we observe little
fluctuation in signal until shortly before cell clearance (Esterberg
et al., 2013b). Furthermore, we are capable of detecting synchro-
nous increases in cytoRGECO and mitoGCaMP when IP3Rs are
stimulated with AdA, yet detect much smaller cytoRGECO in-
creases around the time of mitoGCaMP increases after neomycin
exposure. We believe that these observations, coupled with the
data presented here, suggest that the aminoglycoside-induced
change in efficiency at which Ca 2! is transferred between ER and
mitochondria underlies the sensitivity of hair cells to ototoxic
therapeutics; after mobilization of Ca 2! from the ER during
aminoglycoside-induced hair cell death, there appears to be facil-
itation of the path for Ca 2! to enter mitochondria.

The strength of association between ER and mitochondria,
and thus the efficiency of Ca 2! transfer through MAMs, is regu-
lated in part by bioenergetic status within the cell (Cárdenas et al.,
2010; Bravo et al., 2011; Gomes et al., 2011). ER stress caused by
Ca 2! efflux both strengthens existing MAM connections and
forms nascent ones (Chami et al., 2008), promoting additional
Ca 2! transfer from the ER. One possible reason for such efficient
transfer in hair cells is the high metabolic load under which they
operate. Metabolic compromise underlies a significant portion of
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Figure 13. Timing of organellar Ca 2! mobilization relative to mitochondrial hyperpolarization. A, D, Individual intensities of erGCaMP (A) or mitoGCaMP (D) in dying anterior lateral line hair cells
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Movie 5. Changes in mitochondrial Ca 2! relative to membrane potential during
aminoglycoside-induced hair cell death. Time-lapse movie of a Tg(myo6:mitoGCaMP3) anterior
lateral line neuromast colabeled with TMRE and exposed to 50 "M neomycin. Left, Pseudocol-
ored mitoGCaMP in green and TMRE in red. Middle, Heat-mapped mitoGCaMP. Right, Heat-
mapped TMRE.
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nonsyndromic hearing loss (Fischel-Ghodsian, 1999; Shadel,
2004; Bindu and Reddy, 2008) and aminoglycoside susceptibility
(Hobbie et al., 2008). Therefore, the fine tuning of Ca 2! transfer
between ER and mitochondria effectively balances life or death
responses and appears to be a tipping point during
aminoglycoside-induced hair cell death.

Although low levels of mitochondrial Ca 2! uptake feeds en-
ergetically active cells through ATP production, prolonged up-
take can be toxic as it overloads mitochondria, in part through
catastrophic activation of the mPTP. This event permanently dis-
rupts the electron transport chain and initiates proteolytic events
related to increased ROS production and cytochrome c release
(Nicholls, 2005; Giorgi et al., 2008; Giorgi et al., 2012). It is there-
fore no surprise that many studies focus on this event as a strategy
to prevent cell death. Indeed, inhibition of mPTP activation de-
lays mitochondrial overload and increases survival in models of
excitotoxicity and stroke (Crompton et al., 1988; Schinder et al.,
1996; Stout et al., 1998; Matsumoto et al., 1999; Vergun et al.,
1999; Brustovetsky and Dubinsky, 2000; Baines et al., 2005; Na-
kagawa et al., 2005; Schinzel et al., 2005; Bambrick et al., 2006;
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Piot et al., 2008; Li et al., 2009). Our results indicate that this
strategy may not be effective to stave hearing loss resulting from
ototoxicity because they implicate transient mPTP activation in
the gating of excess [Ca 2!]mit and "!. More globally, disruption
of tight regulation of ER–mitochondrial Ca 2! flow and its down-
stream mitochondrial effects may present a common mechanism
underlying cytotoxicity of aminoglycoside antibiotics; aminogly-
coside sensitive renal tubule cells are also sensitive to CsA alone
(Busauschina et al., 2004; Chapman and Nankivell, 2006) and a
synergistic increase in toxicity is revealed when CsA and amino-
glycosides are administered in concert (Lane et al., 1977; Oliveira
et al., 2009).

CsA is a general inhibitor of cyclophilins, of which cyclophilin
D is the only family member that acts as an important but dis-
pensable regulator of the mPTP. Inhibition is variable (Hansson
et al., 2003; Kobayashi et al., 2003), raising the possibility that
modulation of other mPTP components produce a fundamen-
tally different mitochondrial response when exposed to amino-
glycosides. We found that CsA does not protect against
catastrophic mitochondrial depolarization. This may be because
the doses of CsA that we used were sufficient to block transient
opening of the mPTP but insufficient to prevent the final cata-
strophic mPTP opening, resulting in mitochondrial collapse. It
should be noted, however, that we do not know definitively
whether the final collapse in potential is the direct result of such a
catastrophic mPTP opening event. Despite this caveat, sustained
elevation of TMRE and mitoGCaMP fluorescence during
aminoglycoside-induced hair cell death is evidence of mitochon-
drial inability to relieve itself of elevated [Ca 2!]mit and "! and
suggests that mitochondrial function is impaired well before col-
lapse of mitochondrial potential. Our findings seem to align with
those of several groups that have used CsA to study transient
mPTP activation (Ichas et al., 1997; Smaili and Russell, 1999;
Wang et al., 2008; Korge et al., 2011; Ma et al., 2011; Wang et al.,
2012).

Our results join a small but growing body of literature (Stout
et al., 1998; Maragos et al., 2003; Mattiasson et al., 2003; Jin et al.,
2004; Brennan et al., 2006a; Brennan et al., 2006b; Pandya et al.,
2007) suggesting that the best way to prevent mitochondrial
overload is to prevent excessive Ca 2! uptake altogether through
partial depolarization. Several interrelated mechanisms are likely
responsible for the protective effects observed here during ami-
noglycoside exposure, originating with the cross-regulation of
"! and mitochondrial Ca 2! uptake. "! is the driving force be-
hind mitochondrial uniporter activity and therefore Ca 2! uptake
(Gunter and Pfeiffer, 1990; Gunter et al., 1994; White and Reyn-
olds, 1997; Stout et al., 1998), which can in turn drive an increase
in "! if not properly regulated by transient opening of the mPTP
(Brookes et al., 2004; Nicholls, 2005).

Although the data presented here are consistent with a disrup-
tion of ER- mitochondria Ca 2! flow, they do not exclude the
possibility that Ca 2! from other sources contribute to the behav-
iors we have observed. Because aminoglycosides induce mem-
brane reorganization even at sublethal exposures (Goodyear et
al., 2008), perhaps the most likely alternative source of Ca 2!

originates from outside of the cell. Because we observed increases
in mitoGCaMP fluorescence before Texas Red entry into dying
hair cells, we believe that it is reasonable to conclude that extra-
cellular Ca 2! plays little role in the mitochondrial dynamics ob-
served in dying hair cells. It is, however, more difficult to pinpoint
the contribution of extracellular Ca 2! to the increase in
[Ca 2!]cyt. Although we have demonstrated that the rise in
[Ca 2!]cyt overlaps with catastrophic loss of mitochondrial po-

tential and posited mitochondria as the primary source of this
cytosolic increase (Esterberg et al., 2013b), it seems likely that
extracellular Ca 2! contributes at least in part to the elevation in
[Ca 2!]cyt that occurs just before cell clearance.

The inability of mitochondria to gate excess [Ca 2!]mit effec-
tively may be due to the sheer volume of Ca 2! transferred from
the ER as a result of the tight linkage between ER and mitochon-
drial Ca 2!channels. It stands to reason, then, that less efficient
transfer between ER and mitochondria offer a cytoprotective
benefit after aminoglycoside exposure. Indeed, Ru360 protects
hair cells against the toxic effects of aminoglycosides and shunts
ER-derived Ca 2! into cytoplasm (Fig. 11). We cannot rule out
the possibility that transient increases in cytoplasmic Ca 2! that
we observed affected the cell in some way, because other pro-
cesses are encoded in the dynamic behavior of cytoplasmic Ca 2!

(Carafoli et al., 2001; Clapham, 2007). Nonetheless, our results
indicate that high levels of cytoplasmic Ca 2! are better tolerated
than previously thought, drawing into focus the delicate balance
of Ca 2! flow between ER and mitochondria.
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The majority of hearing loss and balance disorders are caused by the permanent
loss of mechanosensory hair cells of the inner ear. Identification of genes and
compounds that modulate susceptibility to hair cell death is frequently confounded
by the difficulties of assaying for such complex phenomena in mammalian models.
The zebrafish has emerged as a powerful animal model for genetic and chemical
screening in many contexts. Several characteristics of the zebrafish, such as its small
size and external location of mechanosensory hair cells within the lateral line sensory
organ, uniquely position it as an ideal model organism for the study of hair cell
toxicity. We have used this model to screen for genes and compounds that affect
hair cell survival during ototoxin exposure and have identified agents that would not
be expected to play a role in this process based on a priori knowledge of their
function. The identification of such agents yields better understanding of hair cell
death and holds promise to stem hearing loss and balance disorders in the human
population.

Keywords: aminoglycoside, chemical genetics, cisplatin, hair cell, lateral line, mechanotransduction, ototoxicity,

zebrafish

INTRODUCTION
Hair cell death is a leading cause of hearing and balance
disorders in the human population. Hair cells are sensitive to
multiple insults, including aging, noise and certain therapeutic
drugs (Cheng et al., 2005; Konings et al., 2009; Schacht et al.,
2012; Yamasoba et al., 2013). Two major classes of drugs that
cause hair cell death resulting in hearing and/or vestibular
deficits are aminoglycoside antibiotics (AGs) and platinum-
based chemotherapeutics. There is a large degree of variability
in the effects of exposure on ototoxicity. AG-induced hearing
loss has been reported in up to 22% of patients (Moore et al.,
1984), and vestibular impairment has been seen in up to
11% of patients (Lerner et al., 1986). Hearing loss has been
reported in up to 100% of patients who have been given the
anticancer agent cisplatin (Kopelman et al., 1988; McKeage,
1995).

Since the discovery of ototoxic side effects numerous studies
have been conducted in an attempt to better understand
the cellular mechanisms underlying drug-induced hair cell
death. These studies have found that apoptotic-like cell death
pathways and reactive oxygen species (ROS) production appear
to play key roles in these events (Huth et al., 2011; Tabuchi
et al., 2011; Schacht et al., 2012). Due to the role of
ROS in drug-induced ototoxicity, a number of drugs with
antioxidant or ROS scavenging capabilities are currently in

clinical trials to prevent ototoxicity (Langer et al., 2013).
However, as there are currently no proven effective treatments
for drug-induced toxicity, there remains a need to both better
understand the mechanisms behind this process as well as
to identify novel protective drugs. Recent studies from our
labs and others have used the zebrafish lateral line system,
a superficial sensory organ comprised of mechanosensory
hair cells, to attain these goals. Hair cells of the zebrafish
lateral line are morphologically, functionally, and molecularly
similar to mammalian hair cells (Whitfield, 2002; Nicolson,
2005). Moreover, lateral line hair cells are sensitive to the
same ototoxic insults as mammalian hair cells (Harris et al.,
2003; Ton and Parng, 2005; Ou et al., 2007). Critically
important is that due to their fecundity, rapid development
and the superficial hair cell system, it is possible to perform
large-scale chemical and genetic screens in zebrafish that
would not be feasible in mammals. This superficial location
of lateral line hair cells also make it possible to use the
zebrafish for in vivo imaging studies aimed at understanding
the pathways responsible for the progression of hair cell
death and survival. In this review we will highlight some
of the recent advances in both uncovering novel cellular
pathways involved in drug-induced hair cell death, as well as
novel potential treatments utilizing the zebrafish lateral line
system.
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SCREENING FOR GENES THAT PROTECT AGAINST AG
TOXICITY
One advantage of using zebrafish as a model system is the
ability to carry out forward genetic screens (Knapik, 2000; Patton
and Zon, 2001). Such screens provide an unbiased approach to
identify novel genes involved in a process of interest. They have
been used to identify genes involved in a wide range of biological
processes ranging from early development to behavior (Driever
et al., 1996; Granato et al., 1996). The original goal of our project
was to develop a screening system to identify genes that modulate
hair cell susceptibility to ototoxic agents (Harris et al., 2003). Our
lateral line screening to date has identified three zebrafish mutants
that show resistance to neomycin-induced hair cell death. The
disrupted genes in these mutants are cc2d2a, a ciliary transition
zone gene (Owens et al., 2008); slc4a1b, a chloride/bicarbonate
exchanger (Hailey et al., 2012); and gcm2, a transcription factor
important for global pH regulation (Stawicki et al., 2014). None
of these genes were previously implicated in hair cell toxicity, nor
are they genes that would have been examined by a candidate
approach.

Mutations in cc2d2a have been found in patients suffering
from the ciliopathies Meckel and Joubert syndrome (Gorden
et al., 2008; Tallila et al., 2008). While mammalian auditory hair
cells lose their kinocilia after birth (Kikuchi and Hilding, 1965;
Kimura, 1966), vestibular hair cells maintain theirs (Ernstson
and Smith, 1986), and therefore CC2D2A may play a role in
the vestibular toxicity of aminoglycosides in mammals. CC2D2A
associates with a number of ciliopathy gene products at the
transition zone of cilia. This protein complex is believed to
function as a gate-keeper for proteins exiting and entering the
cilia, therefore influencing cilia-dependent signaling pathways
(Chih et al., 2011; Garcia-Gonzalo et al., 2011; Williams et al.,
2011). As uptake of both FM1-43 and gentamicin-Texas Red is
unaffected in the cc2d2a mutant, CC2D2A is presumably acting
intracellularly in aminoglycoside toxicity (Owens et al., 2008).
CC2D2A contains a C2 domain, a Ca2+ dependent membrane-
binding domain (Nalefski and Falke, 1996). As a breakdown of
normal Ca2+ regulation is known to play a role in AG-induced
hair cell death (Hirose et al., 1999; Matsui et al., 2004; Esterberg
et al., 2013, 2014) it is tempting to speculate that CC2D2A links
Ca2+ signaling to other signaling pathways responsible for the
ultimate death of the cell. However, as of yet there is no data to
confirm this.

The other two genes identified as protective encode for
proteins essential for pH regulation. gcm2, the gene mutated
in merovingian mutants (Stawicki et al., 2014), encodes a
transcription factor required for the generation of H+-ATPase
rich ionocytes in zebrafish (Chang et al., 2009). Ionocytes are
specialized cells in fresh water fish used to combat ion loss
due to diffusion, and are believed to be the primary site of
osmoregulation in these animals (Evans et al., 2005; Hwang and
Lee, 2007). The H+-ATPase rich ionocytes that require gcm2
are also enriched in the Cl�/HCO�

3 exchanger SLC4A1B (Lin
et al., 2006; Lee et al., 2011), the gene mutated in the persephone
mutant (Hailey et al., 2012). Knocking down either gcm2 or
slc4a1b results in decreased H+ excretion in zebrafish (Chang
et al., 2009; Lee et al., 2011). The extracellular environment of

hair cells both within the inner ear and lateral line is acidified
in gcm2 mutants (Stawicki et al., 2014). pH regulation has been
shown to play a role in hearing. The H+-ATPase transporter
and Cl�/HCO�

3 exchangers are enriched in the mammalian inner
ear (Stanković et al., 1997; Everett et al., 1999; Lang et al.,
2007). Additionally, mutations in subunits of the H+-ATPase
transporter lead to sensorineural hearing loss in patients with
distal renal tubular acidosis (Karet et al., 1999; Smith et al.,
2000; Batlle and Haque, 2012). In agreement with the role of
pH regulation in hearing, both of the pH regulating neomycin-
resistant mutants identified showed decreases in FM1-43 uptake
suggesting a decrease in mechanotransduction (MET) activity
(Hailey et al., 2012; Stawicki et al., 2014). This decrease in
MET activity is likely the mechanism of protection as both
AG and cisplatin uptake have been shown to be dependent
on MET activity (Gale et al., 2001; Marcotti et al., 2005;
Alharazneh et al., 2011; Thomas et al., 2013), and both
mutants show a decrease in uptake of fluorescently conjugated
ototoxins (Hailey et al., 2012; Stawicki et al., 2014). While
the role of these genes in MET activity limits their usefulness
as targets to prevent ototoxicity, these findings highlight the
ability of genetic screens to identify genes important for hair
cell function in general as well as genes specifically modulating
ototoxicity.

While forward genetic screens have proven useful in
identifying novel genes involved in ototoxicity, with improved
techniques in genome editing zebrafish will increasingly become
a powerful system for testing the importance of candidate
genes through reverse genetics. Groups have previously used
zinc finger nucleases (ZFNs) and transcription activator-like
effector nucleases (TALENs) to successfully generate targeted
gene mutations in zebrafish (Doyon et al., 2008; Meng et al.,
2008; Huang et al., 2011). More recently, groups have adapted
the clustered regularly interspaced short palindromic repeats
(CRISPR)-crispr associated protein (Cas) system for use in
zebrafish (Chang et al., 2013; Hwang et al., 2013). Mutation rates
using this system have been reported to be as high as 75–90%
with an estimated rate of biallelic mutations at 56–81% (Jao
et al., 2013), making screens in mutants in the F0 generation a
possibility. This ability to rapidly generate mutants at a relative
low cost make the zebrafish lateral line an ideal system for the
initial testing of candidate genes and drug targets implicated in
ototoxicity.

SCREENING FOR COMPOUNDS THAT MODULATE
OTOTOXIN-INDUCED HAIR CELL DEATH
Many aspects of the zebrafish that make it useful for genetic
screening also make it useful as a model for screening drug
libraries and libraries of small drug-like molecules to identify
modulators of hair cell toxicity. As lateral line hair cells are on the
surface of the embryo most DMSO-solubilized compounds enter
the hair cells when added to the surrounding media, allowing for
easy drug delivery. Free-swimming larvae can be pretreated with
compounds of interest, and then exposed to hair cell toxins like
AGs or cisplatin. These exposures can be done in 96-well plates,
so large libraries can be surveyed with redundant sampling to
improve confidence in identified hits.
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Table 1 | Otoprotective compounds identified through chemical screens.

Protective drug Protects against Ototoxins tested Function (if known) Reference

Amodiaquine$ G, N G, N Histamine N-methyltransferase inhibitor Ou et al. (2012)
Amsacrine$ G, N G, N Topoisomerase 2 poison Ou et al. (2009, 2012)
Benzamil C, G, K, N C, G, K, N Na+/Ca2+ channel blocker Vlasits et al. (2012)
Carvedilol N N Beta-2 adrenergic blocker Ou et al. (2009)
Cepharanthine N N Anti-inflammatory Ou et al. (2009)
Chloroquine$ G, N G, N Inhibits SLC19A3 Ou et al. (2012)
Cinchonidine$ G, N G, N - Ou et al. (2012)
Cinchonine$ G, N G, N - Ou et al. (2012)
Drofenine N N Acetylcholinesterase inhibitor Ou et al. (2009)
Fluoxetine G (st), N C, G, K, N Selective serotonin reuptake inhibitor Vlasits et al. (2012)
Fluspirilene G (st), N C, G, K, N Dopamine antagonist Vlasits et al. (2012)
Hexamethyleneamiloride N N Na+/H+ antiport inhibitor Ou et al. (2009)
Loperamide G, K, N C, G, K, N µ-opioid receptor agonist Vlasits et al. (2012)
Mefloquine$ G, N G, N Inhibitor of histamine-N-methyl transferase Ou et al. (2012)
Methiothepin G, N C, G, K, N Serotonin and dopamine agonist Vlasits et al. (2012)
Paroxetine C, G, N C, G, K, N Selective serotonin reuptake inhibitor Vlasits et al. (2012)
Phenoxybenzamine G, N C, G, K, N Alpha-1 adrenergic blocker Ou et al. (2009), Vlasits et al. (2012)
PROTO-1 N C, N - Owens et al. (2008)
PROTO-2 N N - Owens et al. (2008)
Quinine$ G, N G, N - Ou et al. (2012)
Ractopamine G, N, K C, G, K, N Beta-adrenergic agonist Vlasits et al. (2012)
Raloxifene G, N C, G, K, N Estrogen receptor modulator Vlasits et al. (2012)
Tacrine N N Acetylcholinesterase inhibitor Ou et al. (2009)
Tamoxifen G (st), N C, G, K, N Estrogen receptor modulator Vlasits et al. (2012)

C = Cisplatin, G = Gentamicin, K = Kanamycin, N = Neomycin, ST = short-term, $ = Quinine ring derivative.

The Raible, Rubel, and Ou laboratories have screened a
number of libraries looking for compounds that protect lateral
line hair cells from either AGs or cisplatin. In 2008, we reported
results from a screen of 10,960. We identified two compounds that
robustly protect lateral line hair cells from neomycin exposure—
both benzothiophene carboxamides (Owens et al., 2008). Since
that initial report, we have screened other libraries, taking both
unbiased and directed approaches, and have identified numerous
protective compounds, a number of which are FDA approved
drugs (Ou et al., 2009, 2012; Vlasits et al., 2012; Coffin et al.,
2013). Hits from our unbiased screens are summarized in Table 1.
While some hits in the screen protect against all ototoxins tested a
number are specific to aminoglycosides (Table 1). This suggests
that the two main classes of ototoxins kill hair cells through
both overlapping and distinct pathways. It is generally believed
that both classes of ototoxins act through ROS activation of
cell death pathways (Schacht et al., 2012). In addition it has
been shown that in zebrafish, MET activity is required for
the uptake of both aminoglycosides and cisplatin (Wang and
Steyger, 2009; Thomas et al., 2013). A further investigation into
the cellular affects of drugs that either protect against both
classes of ototoxins or one specific class of could provide new
insight into how the uptake and toxicity of these compounds
differ.

A central issue for all of the hits identified in these screens is
whether they affect the therapeutic activity of the drug of interest
(e.g., the bactericidal activity of aminoglycosides). For the AGs,
we can evaluate this by comparing inhibition of bacterial growth
in the presence of the aminoglycoside with and without the

protectant. Ideally, protective compounds will show no effect on
the minimum bactericidal concentration (MBC) and minimum
inhibitory concentration (MIC) needed to block bacterial growth.
The majority of the compounds we have identified do not
affect AG bactericidal activity, Benzamil being one notable
exception (Owens et al., 2008; Ou et al., 2009; Vlasits et al.,
2012).

Compounds that protect lateral line hair cells from
aminoglycoside exposure span a wide range of targets, many
of which were not anticipated. In several cases, we identified
protective compounds that share characterized targets. One
example is the family of selective estrogen receptor modulators
(SERMs). Notably, while a number of these compounds protect
hair cells from neomycin exposure (afimoxifene, MPP, raloxifene,
tamoxifen, toremifene), others of this class known to affect
estrogen receptors show no effect (Vlasits et al., 2012). In drug
screening it is difficult to know whether the protective activity of
a screen hit is due to known activities of the compound, or due to
off target effects. However, because screening in the zebrafish is so
efficient, we can quickly analyze groups of agonists or antagonists
of specific pathways and processes to see if they share protective
abilities.

Whether compounds that protect hair cells in zebrafish
will protect hearing in mammals depends on an array of
issues. FM1-43 can be used in zebrafish to rapidly test which
compounds are affecting hair cell MET activity (Seiler and
Nicolson, 1999), these compounds would have less utility in
protecting mammalian hearing. The zebrafish system does not
address whether compounds will reach appropriate targets in the
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mammalian inner ear, how the compounds will be metabolized,
and whether they have toxicity issues, such as effects on the hERG
(ether-a-gogo) channel in cardiomyocytes. The pharmaceutical
industry has established tests for many of these issues. These
first pass analyses address whether a compound is appropriate
for continued research in a mammalian system. Due to the ease
of screening in zebrafish one could design and test structural
variants of a protective compound in hopes of maximizing both
the compounds protective abilities as well as its pharmacological
properties.

To test if compounds found in zebrafish screens protect
mammalian hair cells we have used organotypic cultures of
mature mammalian utricles (Warchol et al., 1993; Yamashita and
Oesterle, 1995). Two compounds identified through zebrafish
screens, PROTO and tacrine, have been shown to similarly protect
hair cells in cultured mouse utricles (Owens et al., 2008; Ou
et al., 2009). Culture system assays address whether protection
is species specific. However, they do not address whether a
protective compound will function in an intact animal. This is
usually done in mammals and birds by repeated testing using
the auditory brainstem response (ABR) method (Galambos and
Hecox, 1978). ABRs can be repeatedly followed in individual
animals over time to compare the normal response prior to an
ototoxic agent with the response profile after exposure. This can
be used to determine the effect of treatment with the putative
protective drug at various dosages and times after treatments.
These experiments are ongoing in the Rubel, Raible and Simon
laboratories. While results have only been published to date
in abstract form, preliminary results confirm the usefulness of
zebrafish small molecule screening and dose finding comparisons
as an effective platform to find molecules that can robustly
modify hearing deficits due to AG exposure. In summary, a
number of tools are now available to allow us to efficiently
screen compounds in zebrafish and determine whether protective
compounds may be appropriate for eventual clinical use to protect
hearing.

LIVE IMAGING OF HAIR CELL DYNAMICS USING THE
ZEBRAFISH LATERAL LINE
Understanding the route of ototoxin entry and intracellular
trafficking may help explain why hair cells are particularly
sensitive to ototoxic drugs like AGs and cisplatin. Such studies
are greatly facilitated by the ability to conjugate fluorophores with
ototoxins, yielding visible, traceable toxins that are structurally
and functionally similar to the original molecule (Sandoval et al.,
1998; Steyger et al., 2003). Versions of this method have been used
to follow the trajectory AGs take following systemic injection.
Such studies have shown that AGs rapidly cross the blood
labyrinth barrier and accumulate apically within hair cells via
the endolymph (Dai et al., 2006; Dai and Steyger, 2008; Wang
and Steyger, 2009; Wang et al., 2010). The surface location of
lateral line hair cells does not recapitulate this systemic trafficking;
however, fluorescently conjugated AGs “administered” in embryo
medium also accumulate within the apical domain of hair cells
(Wang and Steyger, 2009). Their accumulation is dependent
on functional mechanotransduction, as MET-deficient myo7a
(mariner) and cdh23 (sputnik) mutants, as well as larvae exposed

to the pharmacological MET blockers quinine and amiloride,
fail to accumulate fluorescently labeled AGs (Coffin et al., 2009;
Wang and Steyger, 2009; Hailey et al., 2012; Ou et al., 2012).
Similar results have been observed in mammals, both in vivo
following systemic injection of fluorescent AG (Dai et al., 2006;
Dai and Steyger, 2008; Wang et al., 2010) as well as in organotypic
utriclular cultures (Alharazneh et al., 2011). Thus, mechanisms
of AG entry appear to be conserved between zebrafish and
mammals.

Using this tool to evaluate AG behavior, we can broadly
categorize hits from our small molecule and genetic screens.
The majority of characterized hits appear to protect lateral line
hair cells from toxicity by preventing AG entry (Ou et al., 2009,
2012; Hailey et al., 2012; Vlasits et al., 2012; Stawicki et al.,
2014). This is surprising, since these agents do not appear to
modulate a shared cellular process or share a common drug target.
That so many non-overlapping compounds and genes affect AG
entry into lateral line hair cells suggest that MET properties are
highly susceptible to even slight perturbation, even in seemingly
unrelated intracellular pathways. We believe that results from
these screens argue that potential otoprotectants be tested for
their effects on toxin entry, lest they be ascribed an erroneous
mechanism of action based upon their known targets. Given our
results thus far, it is likely that a number of additional hits from
future screens will confer protection from AGs, at least in part, by
perturbing entry into hair cells.

While chemical and genetic screens performed by our labs
and others take advantage of the ease with which one can
assay hair cell number following toxin exposure, there are
also fundamental aspects of hair cell biology and toxicity that
are dynamic in nature and well-suited for zebrafish lateral
line studies. Fluorescent biosensors engineered to monitor a
variety of dynamic intracellular processes are constantly evolving,
and the genetic malleability of the lateral line system enables
rapid generation of hair cell lines expressing biosensors to
uncover dynamic events central to ototoxin-induced hair cell
death.

One dynamic process that is critical for hair cell function
is intracellular Ca2+ homeostasis. Stimulation of MET elicits
an intracellular Ca2+ response within hair cells (Ohmori, 1985;
Ricci and Fettiplace, 1998; Ricci et al., 1998; Beurg et al., 2006,
2009, 2010), which contain a number of mobile Ca2+ buffers
and extrusion mechanisms to tightly regulate cytoplasmic levels
(Rabié et al., 1983; Baird et al., 1997; Steyger et al., 1997;
Yamoah et al., 1998; Hackney et al., 2003, 2005). Longitudinal
studies of AG toxicity in chick and mouse have suggested that
intracellular Ca2+ is elevated during hair cell death (Hirose et al.,
1999; Matsui et al., 2004). To provide a more complete picture
of Ca2+ behavior during these events, we generated transgenic
zebrafish larvae containing the Ca2+ biosensor GCaMP3 (Tian
et al., 2009) within hair cells (Esterberg et al., 2013). We found
that Ca2+ homeostasis is rapidly and dramatically disrupted
within the cytoplasm following AG exposure in a manner that
is completely predictive of cell death (Esterberg et al., 2013,
2014). This event follows an initial increase in mitochondrial
activity and subsequent depolarization, and is consistent
with mitochondrial overload phenotypes seen in AG toxicity
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(Ylikoski et al., 1974; De Groot et al., 1991; Lang and Liu,
1997; Dehne et al., 2002; Jensen-Smith et al., 2012). By
targeting additional, and spectrally distinct, Ca2+ biosensors to
the endoplasmic reticulum (ER) and mitochondria, the two
largest intracellular Ca2+ stores, we pinpointed the origin of this
disruption and uncovered a novel mechanism that appears to
underlie AG-induced hair cell toxicity: Ca2+ is released from
the ER in a manner that is highly correlative to an increase in
mitochondrial Ca2+ (Esterberg et al., 2014). This is particularly
compelling, as several studies have demonstrated that AGs bind
directly to Ca2+ binding proteins and chaperones within in
the ER (Horibe et al., 2004; Miyazaki et al., 2004; Karasawa
et al., 2011). These data further suggest that a consequence of
unregulated ER-mitochondrial Ca2+ transfer is mitochondrial
dysfunction resulting in increase of ROS production within dying
hair cells. While ROS is widely suggested as a causative factor
of AG toxicity (Huth et al., 2011; Karasawa and Steyger, 2011;
Schacht et al., 2012), our studies suggest that this is an obligatory
event triggered by the loss of mitochondrial function. Thus, our
work in the zebrafish has enabled us to identify novel AG toxicity
mechanisms, and can potentially order them with other events
known to regulate AG toxicity.

CONCLUSION
The zebrafish lateral line system provides a useful platform
with which to discover drugs, potential drugs, and genes that
affect hearing and balance in the human population. Beyond
their translational aspects, agents that promote hair cell survival
possess the power to provide information about the pathways
involved in these processes. A better understanding of events
surrounding ototoxin-induced hair cell death will maximize
our ability to predictively design drugs based on their target
interactions.
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Fractalkine Signaling Regulates Macrophage Recruitment
into the Cochlea and Promotes the Survival of Spiral
Ganglion Neurons after Selective Hair Cell Lesion

Tejbeer Kaur,1 Darius Zamani,1,3 Ling Tong,4 Edwin W. Rubel,2,4 Kevin K. Ohlemiller,1 Keiko Hirose,1

and Mark E. Warchol1

1Department of Otolaryngology, Washington University School of Medicine, St. Louis, Missouri 63110, 2Department of Otolaryngology, University of
Washington School of Medicine, Seattle, Washington 98105, 3Department of Communication Sciences and Disorders, University of South Florida, Tampa,
Florida 33620, and 4Virginia Merrill Bloedel Hearing Research Center, University of Washington, Seattle, Washington 98105

Macrophages are recruited into the cochlea in response to injury caused by acoustic trauma or ototoxicity, but the nature of the interac-
tion between macrophages and the sensory structures of the inner ear remains unclear. The present study examined the role of fractalkine
signaling in regulating the injury-evoked behavior of macrophages following the selective ablation of cochlear hair cells. We used a novel
transgenic mouse model in which the human diphtheria toxin receptor (huDTR) is selectively expressed under the control of Pou4f3, a
hair cell-specific transcription factor. Administration of diphtheria toxin (DT) to these mice resulted in nearly complete ablation of
cochlear hair cells, with no evident pathology among supporting cells, spiral ganglion neurons, or cells of the cochlear lateral wall. Hair
cell death led to an increase in macrophages associated with the sensory epithelium of the cochlea. Their numbers peaked at 14 days after
DT and then declined at later survival times. Increased macrophages were also observed within the spiral ganglion, but their numbers
remained elevated for (at least) 56 d after DT. To investigate the role of fractalkine signaling in macrophage recruitment, we crossed
huDTR mice to a mouse line that lacks expression of the fractalkine receptor (CX3CR1). Disruption of fractalkine signaling reduced
macrophage recruitment into both the sensory epithelium and spiral ganglion and also resulted in diminished survival of spiral ganglion
neurons after hair cell death. Our results suggest a fractalkine-mediated interaction between macrophages and the neurons of the cochlea.

Key words: cochlea; fractalkine; hair cells; macrophages; neuroprotection; spiral ganglion neurons

Introduction
Resident macrophages are present in most somatic tissues, where
they play critical roles in innate immunity, homeostasis, and in-
jury response (Stefater et al., 2011). The mammalian cochlea con-
tains a population of resident macrophages, and increased

numbers of macrophages are recruited into the cochlea after
acoustic trauma or ototoxic injury (Fredelius and Rask-
Andersen, 1990; Hirose et al., 2005; Sato et al., 2010). Still, the
precise role of macrophages in the lesioned cochlea is not known
and the signals that recruit macrophages into injured ear have not
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Significance Statement

It is known that damage to the inner ear leads to recruitment of inflammatory cells (macrophages), but the chemical signals that
initiate this recruitment and the functions of macrophages in the damaged ear are unclear. Here we show that fractalkine signaling
regulates macrophage recruitment into the cochlea and also promotes the survival of cochlear afferents after selective hair cell
lesion. Because these afferent neurons carry sound information from the cochlea to the auditory brainstem, their survival is a key
determinant of the success of cochlear prosthetics. Our data suggest that fractalkine signaling in the cochlea is neuroprotective,
and reveal a previously uncharacterized interaction between cells of the cochlea and the innate immune system.
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been identified. Prior studies of injury-evoked macrophage re-
cruitment in the cochlea have used either noise or ototoxic anti-
biotics to kill sensory hair cells. However, both of these methods
can damage other cochlear tissues, and it is not clear whether the
loss of hair cells alone can result in macrophage activation and
recruitment. To determine whether the loss of cochlear hair cells
(without any other direct tissue injury) was sufficient to recruit
macrophages into the cochlea, we used a novel transgenic mouse
model, in which the gene for the human diphtheria toxin recep-
tor (huDTR) was inserted under regulation of the promoter for
Pou4f3 (a hair cell-specific transcription factor). In these mice, a
single injection of diphtheria toxin (DT) kills nearly all cochlear
hair cells but does not affect the nonsensory tissues of the inner
ear (Tong et al., 2015). The Pou4f3-huDTR mice were crossed
with a second transgenic line, in which one or both alleles of the
fractalkine receptor CX3CR1 was replaced with the gene for GFP.
CX3CR1 is expressed by macrophages, monocytes, microglia,
and related cells. As such, the CX3CR1-GFP mouse line expresses
GFP in all macrophages, permitting us to characterize the num-
bers and location of macrophages within the injured cochlea.

Use of the CX3CR1-GFP mouse line also permitted us to in-
vestigate the role of fractalkine signaling in cochlear pathology.
Fractalkine (also known as CX3CL1) is a transmembrane glyco-
protein that is widely expressed on neurons (Harrison et al.,
1998), endothelial cells (Bazan et al., 1997), and epithelial cells
(Lucas et al., 2001), and is involved in two distinct processes:
Soluble fractalkine can act as macrophage chemoattractant,
whereas membrane-bound fractalkine can serve as an adhesion
molecule between macrophages and adjoining cells. In the CNS,
fractalkine signaling mediates interactions between neurons and
microglia (Cardona et al., 2006; Bhaskar et al., 2010; Paolicelli et
al., 2011). However, the possible role of fractalkine in neural-
immune interactions outside of the CNS has not been explored.
To examine the role of fractalkine signaling after hair cell injury,
we used mice in which both alleles of CX3CR1 had been replaced
with GFP.

We found that DT-evoked hair cell death led to increased mac-
rophage numbers within the cochlea and spiral ganglion. The num-
bers of cochlear macrophages peaked at 14 d after DT injection,
whereas macrophage numbers within the spiral ganglia remained
elevated as late as 56 d after DT. In addition, we found that interrup-
tion of fractalkine signaling after hair cell death resulted in decreased
macrophages associated with both the sensory epithelium and the
spiral ganglion. Furthermore, deletion of CX3CR1 led to reduced
survival of spiral ganglion neurons (SGNs) after hair cell injury. Our
findings point to an unexpected interaction between cells of the in-
nate immune system and the afferent neurons of the cochlea, and
imply that fractalkine signaling may protect SGNs after hair cell loss.

Materials and Methods
Animals. All studies used transgenic mice generated on a C57BL/6J back-
ground. One mouse line expressed the gene for the human DT receptor
(huDTR; heparin-binding epidermal growth factor receptor) under regula-
tion of the Pou4f3 promoter. Generation and characterization of these
mice have been previously described (Tong et al., 2011, 2015; Golub et al.,
2012), and systemic treatment with DT results in specific ablation of hair
cells in the inner ear. Heterozygous Pou4f3-huDTR mice were crossed to
CX3CR1 GFP/GFP mice (Dan Littmann, New York University, New York).
These mice express GFP in all macrophages, monocytes, and microglia
(Jung et al., 2000). In one set of experiments, double heterozygotes
(CX3CR1 !/GFP:Pou4f3 DTR/!) were used as experimental mice and single
heterozygotes (CX3CR1 !/GFP:Pou4f3 !/!) served as controls. A second
series of experiments examined the effects of CX3CR1 deletion and used
CX3CR1 !/":Pou4f3 DTR/! and CX3CR1 "/":Pou4f3 DTR/! as experimen-

tal mice and CX3CR1 !/":Pou4f3 !/! and CX3CR1 "/":Pou4f3 !/! as
controls. Mice were housed in the animal facility at the Central Institute
for the Deaf (Washington University) and were maintained on a 12
h/day-night light cycle with open access to food and water. All experi-
mental protocols involving animals were approved by the Animal
Studies Committee of the Washington University School of Medicine
(St. Louis, MO).

Genotyping. Identification of Pou4f3 DTR/! and Pou4f3 !/! mice used
methods similar to those described by Tong et al. (2015). Briefly, tail
biopsies were collected, and DNA was extracted using ethanol precipita-
tion. The targeted allele was amplified using PCR (Quick-Load Taq 2#
Master Mix, New England Biolabs) using the following primers (0.4 !M):
Pou4f3 (WT) forward, 5$ CAC TTG GAG CGC GGA GAG CTA G;
Pou4f3 (mutant) reverse, 5$ CCG ACG GCA GCA GCT TCA TGG TC.
PCRs were run using the following conditions: 95°C for 5 min; 95°C for
30 s, 59°C for 30 s, 72°C for 1 min, 30 cycles; 72°C for 7 min; 4°C infinity.
PCR products (expected band % 150 bp) were separated on 2% agarose
gel containing 1 !l/ml SYBR safe DNA gel stain (Invitrogen). Identifica-
tion of CX3CR1 !/GFP (GFP heterozygous) and CX3CR1 GFP/GFP (GFP ho-
mozygous) followed previously described methods (Jung et al., 2000).

Hair cell ablation. Both experimental and control mice (6 – 8 weeks old;
either sex) received a single intramuscular injection of DT (25 ng/g,
Sigma-Aldrich). Body weights were recorded daily, and mice also re-
ceived daily intraperitoneal injections of 0.5 ml of lactated Ringer’s solu-
tion, at days 3– 6 after DT or until body weights had stabilized. Mouse
food was also supplemented with high-calorie gel (Tomlyn from Nutri-
cal). At 1–56 d after DT injection, mice were deeply anesthetized with
Somnasol and perfused with phosphate-buffered 4% PFA (Electron Mi-
croscopy Sciences). Temporal bones were removed and postfixed for 1 h
in 4% PFA, rinsed in PBS, and placed in 0.1 M EDTA, to allow decalcifi-
cation for whole-mount dissections and sectioning.

BrdU administration. To determine whether resident cochlear macro-
phages undergo proliferation in response to hair cell lesions, both
CX3CR1 !/GFP:Pou4f3DTR/! and CX3CR1 !/GFP:Pou4f3!/! adult mice
(6–8 weeks) received a single intramuscular injection of DT (25 ng/g,
Sigma-Aldrich) and were allowed to survive for a total of 24 or 48 h. At 4 h
before death and perfusion, the mice then received a single intraperitoneal
injection of BrdU (100 mg/kg body weight, catalog #B5002, Sigma Aldrich).
Fixed cochleae were processed for BrdU immunohistochemistry.

Auditory brainstem response (ABR). Before and 1 week after DT injec-
tion, ABRs to tone pips were quantified for both experimental and con-
trol subjects. Mice were first anesthetized via intraperitoneal injections of
ketamine (100 mg/kg) and xylazine (20 mg/kg). Subcutaneous electrodes
were placed behind the right pinna (inverting) and vertex (active). A
ground electrode was placed near the tail of the mouse. Stimuli were 5 ms
tone pips (0.5 ms cos 2 rise-fall), delivered at 40/s with alternating stim-
ulus polarity. Recorded electrical responses were amplified (% 10,000#),
filtered (100 Hz to 3 kHz), and averaged, using BioSig software (Tucker-
Davis Technologies). The sound level was decreased in 5 dB steps from 99
dB SPL down to 15 dB SPL. At each sound level, 1024 responses were
averaged, and response waveforms were discarded as artifacts if the peak-
to-peak voltage exceeded 15 !V. Thresholds at 5.6, 8, 11, 16, 22.63, 32,
45.2, and 64 kHz were determined by a single observer, who noted the
lowest sound level at which a recognizable waveform could be obtained.
Waveforms were confirmed as auditory-evoked responses by their in-
creasing latency and decreasing amplitude as the intensity of the stimulus
was lowered. If a hearing threshold at a particular stimulus frequency
could not be detected at a sound level of & 99 dB, a threshold of “100 dB”
was assigned for that frequency. These threshold values (actual or as-
signed) were then used to calculate the mean ABR thresholds at each
stimulus frequency.

Distortion product otoacoustic emissions. Mice were anesthetized as de-
scribed above. Stimuli were presented at 5– 40 kHz and delivered to the
right ear by a custom-coupling insert. Distortion product otoacoustic
emissions (DPOAEs) were elicited for primary tones f1 and f2, with a
frequency ratio f2/f1 of 1.2 and f1 typically presented at a level 10 dB
above f2). Recordings were performed using EMAV software (Boystown
National Research Hospital).
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Endocochlear potential recording. Endocochlear potentials were mea-
sured at 3 d after DT injection. Measurements were made from both
experimental (Pou4f3DTR/!) and control (Pou4f3!/!) mice, using tech-
niques described previously (Ohlemiller et al., 2006). Briefly, a fine drill was
used to make a hole in the left cochlear capsule, directly over scala media of
the lower basal turn. Glass capillary pipettes filled with 0.15 M KCl (40–80
MOhms) were mounted on a hydraulic microdrive (Frederick Haer) and
advanced until a stable positive potential that did not change with increased
electrode depth was noted. The signal from the recording electrode was fed
to an AM Systems model 1600 intracellular amplifier.

Histological methods. After perfusion, cochleae were isolated and pro-
cessed for immunohistochemical labeling. Proteins were detected in both
cochlear whole mounts and frozen mid-modiolar sections using stan-
dard immunofluorescence methods. Briefly, tissue was rinsed with PBS
(3#) and incubated at room temperature for 2 h in blocking solution
(5% normal horse serum in 0.2% Triton X-100 in PBS). Cochleae were
incubated overnight at room temperature with combinations of the fol-
lowing primary antibodies: Hair cells were labeled with an antibody
against anti-myosin VIIa (catalog #25– 6790, Proteus Biosciences, 1:500).
The apical surfaces of the sensory epithelia were stained using Phalloidin
(catalog #A12379, Invitrogen; 25 !l/ml). Neuronal peripheral processes
and ganglion cell bodies were labeled using a combination of anti-
Neurofilament (mouse monoclonal, clone #2H3, Developmental Studies
Hybridoma Bank, University of Iowa, 1:100) and anti-"-III tubulin an-
tibodies (mouse monoclonal, catalog #MMS-435P, Covance, 1:500).
Nuclei of supporting cells were labeled using an antibody against SOX2
(catalog #SC-17320, Santa Cruz Biotechnology, 1:200). Visualization of
GFP-expressing macrophages was enhanced using rabbit anti-GFP (cat-
alog #A11122, Invitrogen, 1:500), and active macrophages were labeled
using mouse anti-CD68 (catalog #MCA 1957, AbD Serotec, 1:50). Two
different antibodies against the chemotactic domain of CX3CL1 were
used to verify the expression pattern of CX3CL1: Abcam (catalog
#ab25088, 1:100) and R&D Systems (catalog #AF537, 5 !g/ml). Prolifer-
ating cells were labeled using mouse anti-BrdU (catalog #347580, BD
Biosciences, 1:50). Following incubation in primaries, specimens were
rinsed 5# in PBS and treated for 2 h in secondary antibodies, conjugated
to either AlexaFluor-488, -546, -555, or -647 (1:500; Invitrogen). The
secondary antibody solutions also contained DAPI (catalog #D9542,
Sigma-Aldrich, 1 !g/ml), to label cell nuclei. Proliferating (S-phase) cells
were identified via BrdU immunohistochemistry (Warchol et al., 2012).
Macrophages that were both BrdU- and GFP-labeled were considered to
be undergoing proliferation. All specimens were coverslipped in glycerol:
PBS (9:1) before microscopic imaging.

For plastic embedding, decalcified cochleae were osmicated (1% OsO4

in dH2O) for 60 min, dehydrated in serial ethanols and propylene oxide,
embedded in Araldite resin, and incubated for 3 d at 60°C. The cochleae
were serial sectioned with a carbide steel knife into 20 !m sections.

Cellular imaging and analyses. Fluorescence imaging was performed
using a Zeiss LSM 700 confocal microscope. For all cochleae, Z-series
images (10#, 20#, 40#, or 60#) were obtained, beginning at apical
surface of hair cells and extending through the neuronal innervation.
Image processing and quantitative analysis were performed using Voloc-
ity 3D image analysis software (version 6.1.1, PerkinElmer).

Cochlear hair cell and supporting cell counts. The time course of hair cell
loss was assessed at 1, 3, 7, and 14 d after DT, in both Pou4f3!/! (WT)
and Pou4f3DTR/! mice (n ' 5 or 6 per group). Mice were terminally
anesthetized with Somnasol (50 mg/kg) and transcardially perfused with
4% PFA. Temporal bones were isolated, the stapes was removed from the
oval window, and tissue was removed from the round window. The
temporal bones were kept in 4% PFA for an additional 1 h at room
temperature. After fixation, the tissue was rinsed three times with PBS
and then immersed in 0.1 M EDTA to allow decalcification for cochlear
whole-mount dissections. The cochlea was microdissected into apical,
middle, and basal region. The stria vascularis was trimmed, and the tec-
torial membrane was removed with #55 forceps. Whole-mount prepara-
tions were then processed for immunolabeling, as described above. Hair
cells were identified by their immunoreactivity for myosin VIIA, whereas
supporting cells were identified by nuclear immunoreactivity for SOX2.
Both cell types were counted from the apical, middle, and basal region of

the cochlea, as recorded in 40# objective images. Data were expressed as
either hair cell survival (% control) or SOX2-positive cells/10,000 !m 2.

Macrophage counts. The time course of macrophage numbers was as-
sessed at 1, 3, 7, 14, 28, and 56 d after DT injection in both adult
Pou4f3!/! (WT) and Pou4f3DTR/! mice (n ' 6 or 7 per group). To assess
macrophages per 100 !m of sensory epithelium, GFP-labeled macro-
phages were counted from 20# images taken from the middle region of
cochlear whole mounts. To assess macrophages in the spiral ganglia,
GFP-labeled macrophages were counted from 20# images taken from
the lower basal (base), upper basal (middle), and apical portions of the
Rosenthal’s canal of sectioned specimens. Macrophages in spiral ganglia
were counted from at least 4 or 5 sections per cochlea and normalized to
the cross-sectional area of the Rosenthal’s canal of the respective cochlear
turn and averaged and reported as number per 1000 !m 2.

SGN counts. Two different methods were used to assess SGN survival.
The first method used immunofluorescence labeling of SGNs. One tem-
poral bone (right) from each animal was used for whole-mount micro-
dissection, whereas the second (left) temporal bone was decalcified in 0.1
M EDTA and frozen-sectioned along the mid-modiolar plane. Serial
floating sections (30 !m) were immunolabeled using standard immuno-
fluorescence methods. Briefly, tissue was rinsed with PBS (3#) and in-
cubated at room temperature for 2 h in blocking solution (5% normal
horse serum in 0.2% Triton X-100 in PBS). Sections were then incubated
overnight at room temperature, and neurons were labeled with a combi-
nation of anti-Neurofilament and anti-"-III tubulin (as described
above). Specimens were then rinsed 5# in PBS and incubated for 2 h in
secondary antibody (AlexaFluor-546 anti-mouse IgG; Invitrogen;
1:500). Specimens were coverslipped in glycerol:PBS (9:1), and fluores-
cent imaging was performed using a Zeiss LSM 700 confocal microscope.
Z-series images at 0.3 !m intervals were obtained using a 20# objective.
Image processing and quantitative analysis were performed using Voloc-
ity 3D image analysis software (version 6.1.1, PerkinElmer). To assess the
numbers of spiral ganglion cell bodies, Neurofilament and "-III tubulin-
labeled somata within Rosenthal’s canal were counted from the maxi-
mum intensity projections of each section. Cell bodies counted from 4 or
5 sections per cochlea were normalized to the cross-sectional area of
Rosenthal’s canal per cochlear turn and averaged and reported as SGN
density (cells per 1000 !m 2).

The second method for assessing SGN survival was by counting spiral
ganglion cell bodies in osmicated plastic-embedded sections. Images
were obtained from 4 or 5 mid-modiolar sections (20 !m each) per
specimen, using an Axiovert 135 inverted microscope (Zeiss) that was
equipped with Retiga 1300 camera (Q imaging) and a 63# NA oil-
immersion objective. All images were captured using IP lab software
(Scanalytics, version 3.9) the apical, middle, and basal turns of
Rosenthal’s canal. The images were then exported as TIFF files onto
ImageJ 1.42a (National Institutes of Health), and spiral ganglion cell
bodies were counted from 100 !m # 100 !m area per turn of the co-
chlea. From these counts, neuronal profile density (somata per 10,000
!m 2 area of Rosenthal’s canal) was calculated for apical, middle, and
basal turns.

Statistical analysis. All the data analysis and statistics were performed
using GraphPad Prism version 6.0d. Data are presented as mean ( SD.
Student’s t tests or ANOVA was applied as appropriate. Significance
main effects or interactions were followed using Bonferroni’s or Tukey’s
post hoc tests. Results were considered statistically significant when
p & 0.05.

Results
Single DT injection results in complete hair cell death and
profound hearing loss
Previous studies have characterized the Pou4f3 DTR/! transgenic
mouse model and have shown that injection of DT leads to the
selective death of inner ear hair cells (Tong et al., 2011, 2015;
Golub et al., 2012). Because those previous studies used the
Pou4f3-huDTR transgene on a CBA/CaJ background, our initial
experiments first characterized cochlear pathology when that
same transgene was expressed on C57BL/6J background. Both
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Pou4f3!/! and Pou4f3 DTR/! mice (6 weeks old) were injected
with DT (25 ng/g), and temporal bones were isolated at differ-
ent postinjection time points. DT treatment had no apparent
effect on of Pou4f3!/!; healthy-appearing hair cells remained
present throughout the cochlea (Fig. 1A,A$,A)). In contrast, DT
treatment of Pou4f3 DTR/! mice resulted in the rapid death of
both inner and outer hair cells. Intact hair cells were observed at
1 and 2 d after DT (Fig. 1B,B$,B); and data not shown for 2 dpi).
However, by 3 d after DT, almost all hair cells had been ablated,
with the exception of a few inner hair cells in the middle and basal
turn of the cochlea (Fig. 1C,C$,C)). By 7 d after DT, virtually all
hair cells had been lost, although remnants of dead hair cells were
observed in the basal turn of the organ of Corti (Fig. 1D,D$,D)).
Quantification of hair cell numbers at various survival times (Fig.
1E) confirmed significant hair cell loss at 3 and 7 d after DT
compared with earlier time points or with the cochleae of
Pou4f3!/! mice that had also been injected with DT (p &
0.0001). Examination of plastic sections revealed that organ of
Corti in Pou4f3!/! mice retained a normal appearance at 8 d
after DT (Fig. 1F), but that the cochleae of Pou4f3 DTR/! mice had
lost both inner and outer hair cells (Fig. 1G, arrows).

A single DT injection in Pou4f3 DTR/! mice resulted in pro-
found hearing loss, as assessed by both ABRs and DPOAEs. ABR
thresholds of DT-treated mice typically exceeded 90 dB SPL at all
test frequencies (data not shown). In many animals, we were
unable to obtain clear ABR responses, even at the highest sound
intensities that could be generated by our test apparatus. Simi-
larly, a single DT treatment reduced the amplitude of DPOAEs so
that they were indistinguishable from the “noise floor” of the
measurement system (data not shown). Prior studies have shown
that this functional deficit persists for at least 3 months (Mahrt et

al., 2013; Tong et al., 2015). Finally, we measured the endoco-
chlear potential (EP) from the basal cochlear turn in both
Pou4f3!/! and Pou4f3 DTR/! mice at 3 d after DT injection. Con-
trol (Pou4f3!/!) mice had an average EP of 101.7 ( 0.6 mV (n '
3), which is normal for mature C57BL/6 mice (Ohlemiller et al.,
2009). In contrast, Pou4f3 DTR/! mice had an average EP of 78.3 (
7.4 mV (n ' 4) at 3 d after DT treatment. Notably, the EP recov-
ered to 102.33 ( 1.2 mV (n ' 3) after 1 month recovery from hair
cell death. We used light microscopy to examine the stria vascu-
laris in the same Pou4f3 DTR/! mice following EP measurements
and observed no obvious structural changes (data not shown).
These data on C57BL/6J mice confirm and extend the data pre-
sented earlier by Tong et al. (2015).

DT administration has no direct effect on other cell types in
the cochlea
Although the expression of Pou4f3 in the ear is restricted to hair
cells, we sought to further verify that DT administration did not
damage other cells types in the cochlea. Representative photomi-
crographs from the cochleae of both Pou4f3 DTR/! and Pou4f3!/!

mice, taken at 7 d (Fig. 2B), 14 d (Fig. 2C), and 56 d (Fig. 2D) after
DT, showed complete loss of hair cells in Pou4f3 DTR/! mice, but
no signs of supporting cell loss (as identified by SOX2 immuno-
labeling). The average number of supporting cells/10,000 !m 2 in
Pou4f3!/! and Pou4f3 DTR/! mice is shown in Figure 2E. Al-
though the spatial distribution of supporting cell nuclei appears
to have undergone a moderate degree of rearrangement after hair
cell loss, we observed no significant differences between the num-
bers of supporting cells in DT-treated Pou4f3!/! mice versus
Pou4f3 DTR/! (p ' 0.9126, one-way ANOVA). In addition, a sin-
gle DT injection in 6-week-old Pou4f3 DTR/! mice did not cause a

MIDDLE BASE 
  

APEX  
Po

u4
f3

 D
TR

/+
 

IHC 

OHC 1 
OHC 2 
OHC 3 

Po
u4

f3
+/

+ 
Po

u4
f3

 D
TR

/+
 

Po
u4

f3
 D

TR
/+

 

Myosin VIIa 

A A’ A’’ 

B B’ B” 

C C’ C’’ 

D D’ D’’ 

1 dpi 

3 dpi 

7 dpi 

Pou4f3 DTR/+ Pou4f3 +/+ 

F G 
OHC 

DC 

IHC 

OPC 
IPC 

8 dpi 8 dpi 

1 3 7 14
0

25

50

75

100

125

Ha
ir 

ce
ll 

re
m

ia
ni

ng
 (%

 c
on

tro
l) Apex Middle Base

Days post  DT injection (dpi) 

****

E                         

Figure 1. Pou4f3 DTR/! mice show extensive loss of hair cells after a single DT injection. A–A!, Cochlear whole mounts labeled for Myosin VIIa (red, hair cells) from Pou4f3 !/! mice at 7 d
following DT injection. Hair cells are intact in all the regions of the cochlea, suggesting that DT treatment does not affect the inner ear. B–B!, Myosin VIIa immunolabeling (red) of cochleae of
Pou4f3 DTR/! revealed no clear hair cell pathology at 1 d after DT. C–C!, Severe loss of hair cells was first evident in the cochleae of Pou4f3 DTR/! mice at 3 d after DT injection. D–D!, Loss of cochlear
hair cells in Pou4f3 DTR/! mice was nearly complete at 7 d after DT injection. Note the complete ablation of hair cells in the apical and middle region of the cochlea of Pou4f3 DTR/! mice, with some
remnants of dead hair cells in the basal region. E, Quantification of the percentage of surviving hair cells in Pou4f3 DTR/! mice at 1, 3, 7, and 14 d after DT injections (dpi). Complete loss of hair cells
was observed at 14 d after DT. Data are mean ( SD; n ' 5 or 6 cochleae per time point. ****p & 0.0001, 1 dpi versus all other time points at respective turn of the cochlea (two-way ANOVA followed
by Tukey’s multiple comparison post hoc tests). F, Plastic-embedded section from DT-treated Pou4f3 !/! mouse cochlea (lower apical turn) displaying well-defined nuclei of inner and outer hair
cells, and as nuclei of Dieter cells and inner and outer pillar cells. G, Plastic-embedded section from DT-treated Pou4f3 DTR/! mouse cochlea (lower apical turn) showing the loss of both outer and
inner hair cells (arrows). OHC, Outer hair cell; IHC, inner hair cell; D1–3, Deiter’s cells; OPC, outer pillar cell; IPC, inner pillar cell. Scale bars: A–A!, B–B!, C–C!, D–D!, 30 !m; F–G, 55 !m.
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significant loss of SGN (Fig. 2F–J). The average densities of spiral
ganglion neurons in the middle cochlear turn of Pou4f3!/! mice
are compared in Figure 2J. No significant difference in SGN
numbers was noted at any time point (Fig. 2J; p ' 0.8353, one-
way ANOVA). Finally, examination of other cochlear regions,
such as spiral limbus and stria vascularis in the DT-treated
Pou4f3 DTR/! mice (at 3 and 56 dpi) showed no obvious morpho-
logical changes at any time point (data not shown). These results
are consistent with those reported for Pou4f3 DTR/! mice on a
CBA/CaJ background (Tong et al., 2015) and suggest that a single
DT injection in mice that possess the Pou4f3 DTR/! transgene re-
sults in the rapid and complete loss of hair cells without any
apparent effect on other cell types in the cochlea. Moreover, ad-
ministration of DT to mice that lack the huDTR transgene
(Pou4f3!/!) does not lead to hair cell loss or other obvious mor-
phological changes.

DT-induced hair cell ablation recruits macrophages to the
damaged sensory epithelium
Prior studies have demonstrated that macrophages are recruited
into the cochlea after acoustic trauma (Fredelius and Rask-
Andersen, 1990; Hirose et al., 2005) or aminoglycoside ototoxic-
ity (Sato et al., 2010). However, it is unclear whether this increase
in macrophages was entirely attributable to hair cell death or
whether other tissue injury caused by noise or ototoxic insults
might also attract macrophages. Data above demonstrate that
treatment of Pou4f3 DTR/! mice with a single injection of DT
results in complete loss of hair cells, without any apparent effect
on the other cells of the cochlea. As such, this mouse model can be
used to study the role of hair cell death as an initiator of immune
cell recruitment into the injured cochlea. Pou4f3 DTR/! mice were
crossed to CX3CR1 GFP/GFP mice, in which all macrophages,
monocytes, microglia, and NK cells express GFP (Jung et al.,

2000). Double heterozygotes (Pou4f3 DTR/!:CX3CR1 !/GFP) were
used as experimental mice, whereas single heterozygotes
(Pou4f3!/!:CX3CR1 !/GFP) served as controls. Both experimen-
tal and control mice (n ' 6 in each group) were injected with a
single dose of DT (25 ng/g) and allowed to recover for 1, 3, 7, 14,
28, and 56 d after injection. At these points, temporal bones were
harvested and processed for immunolabeling of nerve fibers and
GFP. Macrophage numbers along the sensory epithelium were
quantified and expressed as macrophages/100 !m of basilar
membrane length. Very few macrophages (0 – 4/100 !m) were
present in sensory epithelium of uninjured (control) cochleae
(Fig. 3A), and those macrophages were usually located in the
osseous spiral lamina and only rarely observed below the sensory
epithelium. Treatment with DT resulted in enhanced numbers of
GFP-expressing macrophages in the Pou4f3 DTR/! mice, but not
in the Pou4f3!/! mice (Fig. 3B–D). This increase in macrophages
was first noted at 3 d after DT, the time when hair cell death is first
evident (see above). Macrophages in the lesioned sensory epithe-
lia of Pou4f3 DTR/! mice were typically located below the basilar
membrane among the tympanic mesothelial cells and in the os-
seous spiral lamina next to the inner sulcus region (Fig. 3E). The
numbers of macrophages associated with the sensory epithelium
peaked at 14 d after DT and then declined at later survival times
(Fig. 3F). Macrophage numbers in Pou4f3 DTR/! mice at 3, 7, 14,
28, and 56 d after DT were significantly different from those in
Pou4f3!/! mice (black bars) at respective time points (p & 0.01;
p & 0.0001) and from 1 d after survival (p & 0.001, analyzed by
two-way ANOVA followed by Tukey’s multiple comparisons post
hoc tests). Proliferation assays using BrdU incorporation
(S-phase) and phosphohistone H3 (M-phase) immunolabeling
indicated that these macrophages had not undergone DNA rep-
lication within 48 h of hair cell ablation, suggesting that the mac-
rophage increase was due to infiltration of circulating monocytes,
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Figure 2. Cochlear supporting cells and SGNs are not affected by DT-mediated hair cell ablation. Top row, Cochlear whole mounts immunolabeled for SOX2 (green, supporting cells) from (A)
Pou4f3 !/! and Pou4f3 DTR/! mice at (B) 7 d, (C) 14 d, and (D) 56 d after DT injection. We observed no evidence for the loss of supporting cells, despite the complete ablation of both inner and outer
hair cells. Supporting cell nuclei change their shape and frequently redistribute after hair cell loss. E, Average number of SOX2-positive supporting cells at various times after DT injection. Bottom row,
Mid-modiolar sections labeled for neurofilament and "-III tubulin (red, neurons) from (F ) Pou4f3 !/! and (G–I ) Pou4f3 DTR/! mice at 7, 14, and 56 d following DT injection. No loss of spiral
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rather than proliferation of resident macrophages (data not
shown). Together, these results suggest that the death of hair cells,
without any other apparent otic pathology, is sufficient to recruit
macrophages into the inner ear.

Injury-evoked changes in peripheral processes of
cochlear neurons
We qualitatively assessed the integrity of the peripheral neuronal
processes terminating in the inner and outer hair cell regions, using
antibodies against neurofilament and "-III tubulin (Fig. 3A–D, red:
nerve fibers). In DT-injected Pou4f3DTR/! mice, the processes
within the organ of Corti appeared normal until 2 weeks after injec-
tion (Fig. 3B). GFP-expressing macrophages were often observed in
close proximity with nerve fibers that contacted both inner and outer
hair cells as early as 7 d after injection (Fig. 3H,I, indicated by
arrows).

DT-induced hair cell ablation recruits cochlear macrophages
into the spiral ganglion
Our results, which are consistent with those of Tong et al. (2015),
indicate that SGNs can survive without hair cell targets for (at least)
56 d after DT treatment (Fig. 2F–J). Nevertheless, we found that
DT-mediated hair cell loss led to increased macrophage numbers
within the Rosenthal canal region of the cochlea and associated with

the SGN cell bodies. Enhanced numbers of macrophages in the spi-
ral ganglion were observed, beginning at 7 d after DT. However,
unlike the pattern observed in the sensory region of the cochlea, the
number of macrophages within the spiral ganglion remained ele-
vated at long recovery times (Fig. 4A–E). Quantification of macro-
phages in spiral ganglia at 7, 14, 28, and 56 after DT revealed
significant differences between Pou4f3DTR/! and Pou4f3!/!mice
(Fig. 4E; p & 0.001, by two-way ANOVA followed by Bonferroni’s
multiple comparisons post hoc tests).

CX3 CL1-CX3 CR1 signaling modulates macrophage
recruitment to the injured cochlea
Although the death of hair cells is apparently sufficient to recruit
macrophages into the injured cochlea, the chemical signals that me-
diate this signal are not known. Studies of injury to other tissue types
indicate that fractalkine (CX3CL1) can stimulate macrophage che-
motaxis (Truman et al., 2008; Fuhrmann et al., 2010), but the co-
chlear expression of CX3CL1 has not been characterized. Using
antibodies directed against the chemotactic domain of fractalkine,
we observed immunoreactivity for CX3CL1 on mature spiral gan-
glion cell bodies (Fig. 5B–D). This labeling was specific to SGN soma,
and we did not observe any immunoreactivity in the surrounding
Schwann cells and satellite cells (Fig. 5E–G). Within the cochlear
sensory epithelium, we also observed immunolabeling for CX3CL1
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on Deiter’s, pillar cells, and on inner hair
cells, but we did not observe CX3CL1
immunoreactivity on outer hair cells
(Fig. 5A).

We next used a genetic approach to char-
acterize the role of fractalkine signaling after
hair cell injury. Mice were crossed to pro-
duce four distinct genotypes: either
Pou4f3!/! or Pou4f3DTR/! as well as either
CX3CR1 GFP/! or CX3CR1 GFP/GFP. Mice that
were CX3CR1 GFP/! possessed a single copy
of CX3CR1 and retained normal fractalkine
signaling, whereas mice that were
CX3CR1 GFP/GFP lacked the ability to re-
spond to fractalkine. All mice received DT,
and cochleae were fixed and processed after
14 d survival. Consistent with previous
results, there was an increase (% 4-fold) in
the numbers of macrophages associated
with the cochlear sensory epithelia in
Pou4f3DTR/!: CX3CR1 GFP/! mice (Fig.
6A$). However, fewer macrophages
(% 60%) were observed in the DT-lesioned
mice that lacked CX3CR1 (CX3CR1 GFP/GFP;
Fig. 6B$). Deletion of CX3CR1 (CX3

CR1 GFP/GFP) did not affect the numbers of
resident macrophages in (undamaged) co-
chleae of Pou4f3!/! mice (Fig. 6B), which
were similar to those in undamaged
CX3CR1 !/" mice (Fig. 6A). Complete
quantitative data are shown in Figure 6C.

Disruption of fractalkine signaling also re-
duced macrophage numbers in the spiral gan-
glia of Pou4f3DTR/! mice (Fig. 6D–G).
Cochlear mid-modiolar sections (obtained
from specimens that were fixed at 56 d after
DT) showed a reduction in the number of
macrophages in the spiral ganglia of
CX3CR1 GFP/GFP mice (Fig. 6E$) versus
CX3CR1 GFP/! mice(Fig.6D$).Quantificationofmacrophagesrevealed
a significant reduction in macrophages in CX3CR1 GFP/GFP mice versus
CX3CR1 GFP/! in both the mid- and basal cochlear turns (p & 0.0001,
Fig. 6F). Notably, deletion of CX3CR1 did not affect the macrophage

numbers in Pou4f3!/! mice (Fig. 6E), which were similar to those in
Pou4f3!/!:CX3CR1 GFP/! mice (Fig. 6D). Finally, genetic deletion of
CX3CR1 appeared to reduce cochlear macrophage numbers in the spi-
ral ganglia at all time points after DT-induced hair cell lesion (Fig. 6G).
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Deletion of CX3 CR1 leads to diminished survival of SGNs
following hair cell death
Our results, consistent with those of a previous study, indicate
that DT-induced hair cell lesions in mature Pou4f3 DTR/! mice do
not cause a significant loss of SGNs (Fig. 2F–J) (see also Tong et
al., 2015). To determine whether fractalkine signaling plays a role
in neuronal survival, we compared the numbers of spiral gan-

glion cells in the lesioned cochleae of Pou4f3
DTR/!

:CX3CR1 GFP/GFP

mice (i.e., fractalkine signaling disrupted) with those in
Pou4f3 DTR/!:CX3CR1 GFP/! mice (i.e., fractalkine signaling in-
tact) at 56 d after DT. We found that genetic deletion of the
fractalkine receptor resulted in reduced numbers of SGNs in all
regions of the cochlea (Fig. 7). Cochlear mid-modiolar sections
that were immunolabeled for neurofilament and "-III-tubulin
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show significant loss of spiral ganglion cell bodies in the
CX3CR1 GFP/GFP mice (Fig. 7B$,C), compared with CX3CR1 GFP/!

mice (Fig. 7A$,C). No reduction in SGNs was observed in
Pou4f3!/!:CX3CR1 GFP/GFP mice, suggesting that the loss of neu-
rons occurred only after hair cell death. Examination of spiral
ganglion cell bodies in plastic-embedded sections confirmed
these findings (Fig. 7D$,E$). At 56 d after DT, the average density
of SGNs in CX3CR1 GFP/GFP mice was 10.19 ( 1.17 per 10,000
!m 2, which was significantly different from that observed in
CX3CR1 GFP/! mice (20.75 ( 1.78; p & 0.0001, Student’s t test).
This loss of neurons was only observed at the 56 d recovery time
point; we did not see evidence for SGN loss in CX3CR1 "/" mice
at 7, 14, and 28 d after DT (Fig. 7F). These results suggest that
fractalkine signaling may participate in those processes that
maintain the survival of SGNs at long periods after hair cell death.

Discussion
Our results confirm that the mammalian cochlea contains a res-
ident population of macrophages and that their numbers are
increased after cochlear injury. Because the Pou4f3-huDTR
model permits the selective ablation of hair cells without damag-
ing other cells types, our data further suggest that loss of hair cells

alone is sufficient to recruit macrophages into the cochlea. Hair
cell injury also resulted in enhanced macrophage numbers within
the spiral ganglion, and those numbers remained elevated for 2
months or longer. Finally, genetic deletion of CX3CR1 reduced
macrophage recruitment and also impaired the survival of SGNs
after the loss of their hair cell targets. These findings point to a
previously unreported interaction between macrophages and the
afferent neurons of the cochlea.

The Pou4f3 DTR/" mouse model enables selective hair cell
lesion in the mature cochlea
The Pou4f3-huDTR transgenic mouse line has been characterized
in several previous publications, some of which involved mice
with a different genetic background than in the present study
(Golub et al., 2012; Tong et al., 2015). We observed nearly iden-
tical results to those prior studies. Treatment with DT led to hair
cell death, which was first noted at 3 d after DT injection, and the
loss of nearly all inner hair cells and outer hair cells was apparent
after 7 d. We also observed no DT-induced hair cell death in mice
that lacked the Pou4f3-huDTR transgene. Functional analysis
(ABRs and DPOAEs) of the DT-treated Pou4f3-huDTR mice re-
vealed profound and irreversible hearing loss. In addition, we
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Figure 7. Genetic deletion of CX3CR1 results in significant loss of SGNs after hair cell ablation. Cochlear mid-modiolar sections labeled for neurofilament (neurons, red) revealed significant loss of
spiral ganglion cell bodies in the CX3CR1 "/" mice (B"), compared with CX3CR1 !/" (A") mice, at 56 d after DT-induced hair cell lesion. We observed no evidence for SGN loss in Pou4f3 !/! mice
that were either CX3CR1 "/" (B) or CX3CR1 !/" (A). C, Quantitative data on SGN density (per 1000 !m 2) for the four genotypes. D, E, Plastic sections from the basal cochlear turn of Pou4f3 !/!mice
at 56 d after DT injection. Both CX3CR1 !/" (D) and CX3CR1 "/" (E) possessed normal numbers of SGNs. D", E", Plastic sections from the basal cochlear turn of Pou4f3 DTR/! mice at 56 d after DT
injection. Spiral ganglia of CX3CR1 !/" mice (D") contained normal numbers of auditory neurons after hair cell lesions, whereas the ganglia of CX3CR1 "/" mice (E") showed diminished neuronal
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observed an acute reduction in the endocochlear potential after
DT-induced hair cell lesions, which is likely attributable to dis-
ruption of the reticular lamina following hair cell death (Ahmad
et al., 2003). These observations suggest that DT specifically tar-
gets hair cells in this transgenic line, without causing injury to
other otic cell phenotypes.

Loss of cochlear hair cells is sufficient for macrophage
recruitment
Macrophages are recruited into the cochlea after acoustic trauma
(Fredelius and Rask-Andersen, 1990; Hirose et al., 2005) and
aminoglycoside ototoxicity (Sato et al., 2010). However, because
both noise and ototoxins can injure multiple cell types within the
ear, it was unclear whether the injury-evoked increase in macro-
phages was caused by hair cell death or by damage to nonsensory
tissues of the cochlea. In the present study, Pou4f3 DTR/! mice
were crossed to CX3CR1 GFP/GFP mice, yielding offspring that ex-
pressed GFP in all macrophages and also displayed specific hair
cell death in response to DT treatment. We observed increased
macrophage numbers after DT-induced lesions, particularly near
and below the injured sensory epithelium. In contrast, DT-
induced hair cell death did not cause any significant changes in
the numbers of macrophages in the cochlear lateral wall, spiral
ligament, or spiral limbus. This outcome is quite different from
that observed after cochlear injury caused by noise or aminogly-
coside antibiotics, where enhanced numbers of macrophages are
observed in many nonsensory regions of the cochlea (Hirose et
al., 2005; Sato et al., 2010). The present results suggest that hair
cell death without any accompanying cochlear pathology is suf-
ficient to attract macrophages into the organ of Corti.

Function of macrophages in maintaining the cochlear
sensory epithelium
Macrophages are known to act as “professional” phagocytes at
sites of tissue injury, removing the corpses of dead cells. Similar
function has been observed within the vestibular organs of DT-
treated Pou4f3-huDTR mice (Kaur et al., 2015). However, we did
not observe macrophages engulfing apoptotic hair cell debris
in the organ of Corti of DT-treated Pou4f3-huDTR mice.
Macrophage-mediated phagocytosis is likely to occur quickly, so
we cannot exclude the possibility that we simply missed such
events in our samples. We also noted an increase in macrophage
volume and expression of CD68 (component of lysosome-
associated membrane proteins, phagocytic marker) on cochlear
macrophages after DT-induced hair cell death, which is sugges-
tive of phagocytic activity (data not shown). Nevertheless, the
relative paucity of observed phagocytosis by macrophages, com-
bined with the recent demonstration that dying outer hair cells
are engulfed by surrounding Deiter’s cells (Anttonen et al., 2014),
suggests that macrophages may play a relatively minor role in the
removal of debris from the injured cochlea. In addition to clear-
ing debris, macrophages and their secretory products can also
promote cellular and tissue repair (Stefater et al., 2011). The pos-
sible involvement of macrophages in cochlear epithelial repair
will require further experiments.

Fractalkine signaling influences macrophage numbers after
hair cell death
Resident macrophages often remove dying cells from injured tis-
sues, so as to minimize subsequent inflammation (e.g., Gregory
and Devitt, 2004). Apoptotic cells recruit macrophages via the
release of a number of different chemoattractants. Among these,
fractalkine (CX3CL1) has been shown to promote activation and

recruitment of monocytes and microglia (Cardona et al., 2006;
Auffray et al., 2007; Ransohoff et al., 2007; Fuhrmann et al.,
2010). We observed CX3CL1 immunoreactivity on inner hair
cells, cochlear supporting cells, and spiral ganglion cell bodies.
We also found that genetic deletion of CX3CR1 (the receptor for
CX3CL1, expressed by macrophages and monocytes) resulted in
diminished macrophage accumulation following cochlear injury.
These results suggest that fractalkine signaling plays an important
role in the regulation of macrophages after injury to cochlear hair
cells. However, the precise relationship between fractalkine sig-
naling and macrophage recruitment may be complex. A prior
study has shown that genetic deletion of CX3CR1 caused in-
creased macrophage recruitment into certain regions of the co-
chlea after kanamycin ototoxicity (Sato et al., 2010). This
enhancement of macrophage numbers was particularly evident
in the cochlear lateral wall, a structure that is damaged by amino-
glycosides (Schmitz et al., 2014), but not by the DT treatment
used in the present study. Finally, genetic deletion of fractalkine
signaling does not affect macrophage recruitment or behavior in
the vestibular organs after similar hair cell lesions (Kaur et al.,
2015).

Interaction between macrophages and SGNs
Our finding that SGNs survive for (at least) 2 months after DT-
mediated hair cell loss is consistent with a previous study that
used the same mouse model (Tong et al., 2015) and supports the
idea that mature SGNs do not require ongoing trophic support
from cochlear hair cells. Slow secondary degeneration of SGNs
can occur after hair cell injury caused by acoustic trauma and
ototoxicity (e.g., Oesterle and Campbell, 2009). Despite the lack
of SGN degeneration, we still observed a significant increase in
macrophages within the spiral ganglion after DT injection. More-
over, the macrophage population within the ganglion remained
elevated for (at least) 56 d after DT. Such observations suggest a
long-term interaction between macrophages and SGNs after co-
chlear injury.

Previous studies have shown that cochlear supporting cells are
critical for promoting long-term survival of SGNs in the absence
of hair cells (Stankovic et al., 2004; Sugawara et al., 2005; Zilber-
stein et al., 2012). Our findings indicate that macrophages and/or
fractalkine signaling also play an important role in maintaining
viable SGNs after the loss of their target hair cells. The compli-
mentary expression of CX3CL1 on SGNs and CX3CR1 on mac-
rophages suggests that cochlear afferents may communicate with
macrophages via fractalkine release. The downstream effects of
fractalkine signaling are complex and can lead to several distinct
outcomes. Once synthesized by expressing cells, fractalkine is
trafficked to the cell membrane, where it is anchored and extends
from the extracellular surface (Pan et al., 1997; Wong et al., 2014).
Activation of ADAM-family metalloproteases results in cleavage
of the fractalkine protein, thereby releasing the soluble fragment
into the surrounding fluid. It is possible that hair cell injury
and/or the accompanying loss of afferent activity may trigger the
activation of metalloproteases, leading to the release of soluble
fractalkine and recruitment of macrophages. Such a mechanism
would account for the reduction in SGN macrophages that was
observed in the lesioned cochleae of CX3CR1 GFP/GFP mice. How-
ever, direct interaction between membrane-bound CX3CL1 and
CX3CR1 can also mediate cell adhesion, so it is possible that
binding of fractalkine (on SGNs) to receptors (on macrophages)
serves to stabilize the presence of macrophages in the vicinity of
the ganglion cell bodies. Elimination of CX3CR1 would disrupt
this process and result in fewer macrophages within the SGN.
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Either mechanism is consistent with the present data, and these
mechanisms are not mutually exclusive.

Our data further indicate that deletion of CX3CR1 leads to
reduced SGN numbers after hair cell injury. How might macro-
phages and/or fractalkine signaling affect the survival of cochlear
afferents? Studies of the CNS have revealed that signaling via
fractalkine can regulate the activation status of microglia and
affect the production and release of several cytokines (Biber et al.,
2007). If similar signaling processes were present in cochlear
macrophages, then fractalkine signaling may regulate certain
neuroprotective or neurotoxic properties of those macrophages
after injury. It is possible, for example, that recruited macro-
phages produce a neurotrophic factor that enhances SGN sur-
vival after hair cell loss. This notion is supported by prior studies,
which suggest that macrophages and microglia can promote neu-
ronal survival via the production and release of neurotrophic
factors, such as BDNF and IGF (Lauro et al., 2010; Parkhurst et
al., 2013). In this case, the reduction in SGN survival observed in
CX3CR1-knock-out mice might be attributed to a deficit in the
recruitment of neurotrophin-expressing macrophages in those
animals. However, additional studies of the CNS have shown that
deletion of CX3CR1 can also lead to a dysregulation of microglial
behavior, resulting in neurotoxicity (Cardona et al., 2006;
Bhasker et al., 2010). Such pathology has been attributed to en-
hanced microglial expression of cytotoxic cytokines, such as
interleukin-1". A similar mechanism in cochlear macrophages
might explain the loss of SGNs reported here. Even though ge-
netic deletion of CX3CR1 resulted in fewer macrophages within
the SGN, it is possible that the remaining macrophages were
releasing cytotoxic factors that were inducing the death of nearby
ganglion cells. Additional experimentation will be necessary to
resolve these issues.
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The sensory organs of the inner ear possess resident populations of macrophages,
but the function of those cells is poorly understood. In many tissues, macrophages
participate in the removal of cellular debris after injury and can also promote tissue
repair. The present study examined injury-evoked macrophage activity in the mouse
utricle. Experiments used transgenic mice in which the gene for the human diphtheria
toxin receptor (huDTR) was inserted under regulation of the Pou4f3 promoter. Hair
cells in such mice can be selectively lesioned by systemic treatment with diphtheria
toxin (DT). In order to visualize macrophages, Pou4f3–huDTR mice were crossed with
a second transgenic line, in which one or both copies of the gene for the fractalkine
receptor CX3CR1 were replaced with a gene for GFP. Such mice expressed GFP in all
macrophages, and mice that were CX3CR1GFP/GFP lacked the necessary receptor for
fractalkine signaling. Treatment with DT resulted in the death of ∼70% of utricular hair
cells within 7 days, which was accompanied by increased numbers of macrophages
within the utricular sensory epithelium. Many of these macrophages appeared to
be actively engulfing hair cell debris, indicating that macrophages participate in the
process of ‘corpse removal’ in the mammalian vestibular organs. However, we observed
no apparent differences in injury-evoked macrophage numbers in the utricles of
CX3CR1+/GFP mice vs. CX3CR1GFP/GFP mice, suggesting that fractalkine signaling is
not necessary for macrophage recruitment in these sensory organs. Finally, we found
that repair of sensory epithelia at short times after DT-induced hair cell lesions was
mediated by relatively thin cables of F-actin. After 56 days recovery, however, all cell-cell
junctions were characterized by very thick actin cables.

Keywords: vestbular, auditory, hair cell, neuroimmunology, ototoxicity

Introduction

Hair cells are the sensory receptors of the inner ear. They detect sound vibrations and head move-
ments, yielding information that is transmitted to the brain by auditory and vestibular afferent
neurons. Within the various sensory epithelia of the ear, hair cells are completely surrounded by so-
called supporting cells, which provide structural and trophic support to both hair cells and afferent
neurons. Hair cells can be injured or lost as a result of noise exposure, ototoxicity, or as consequence
of normal aging. The loss of hair cells can create cellular breaches within the sensory epithelia of
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the ear, leading to mixing of the inner ear fluids, and disruption
of ionic homeostasis. As such, it is critical that such lesions are
quickly repaired, and prior studies have shown that the loss of
hair cells triggers adjoining supporting cells to undergo a coordi-
nated and active cellular program, leading to removal of hair cell
debris, and reformation of cell-cell junctions at the lumenal sur-
face (e.g., Raphael and Altschuler, 1991; Meiteles and Raphael,
1994; Hordichok and Steyger, 2007; Bird et al., 2010; Anttonen
et al., 2014).

Although most tissues and organ systems possess intrinsic
cellular repair mechanisms, response to injury can also involve
resident and recruited macrophages. These cells respond to injury
by removing the debris of dead cells and can also secrete growth
factors that evoke cell division and/or migration (Stefater et al.,
2011). Prior studies have shown that the inner ear contains
resident populations of macrophages and that hair cell injury
leads to macrophage activation and recruitment (Warchol, 1997;
Hirose et al., 2005; Warchol et al., 2012). However, the pre-
cise role of macrophages in the injured ear remains unknown.
In the present study, we used novel transgenic mouse models
to study the behavior of inner ear macrophages after selec-
tive ablation of vestibular hair cells. Our data indicate that the
mouse utricle contains a resident population of macrophages,
which are mainly confined to the stromal tissue below the sen-
sory epithelium. Hair cell injury causes macrophages to enter
the sensory epithelium, and some of those recruited cells appear
to phagocytose hair cell debris. The signal(s) that promote
macrophage recruitment are not known, but our data fur-
ther suggest that signaling via fractalkine (CX3CL1/CX3CR1) is
not required for macrophage entry into the injured vestibular
epithelium. Notably, we also observed filamentous actin ‘bas-
ket’ structures within the injured epithelia, similar to those
that have been shown to engulf hair cell debris in the avian
utricle (Bird et al., 2010). Together, these results suggest that
macrophages play an active role in the removal of dying hair
cells, but that supporting cells may also contribute to this
process.

Materials and Methods

Animals
All experimental protocols involving animals were approved by
the Animal Studies Committee of the Washington University
School of Medicine. Both of the transgenic mouse lines used
in these studies have been described in previous publications.
The Pou4f3–huDTR mouse line was generated by insertion of
the gene for the human form of the diphtheria toxin receptor
(huDTR, also known as HB-EGF) under regulation of the pro-
moter for the Pou4f3 transcription factor. This factor, which is
also known as Brn3.1 and Brn3c, is expressed only in developing
and mature hair cells (Erkman et al., 1996; Xiang et al., 1997).
As such, these mice express huDTR in hair cells and systemic
administration of diphtheria toxin (DT) results in the selective
death of hair cells in both the cochlea and vestibular organs (Tong
et al., 2011, 2015; Golub et al., 2012; Mahrt et al., 2013; Cox et al.,
2014).

C57BL6/J mice that were heterozygous for the Pou4f3–
huDTR transgene were crossed with a second transgenic line
in which one or both alleles of the gene for the fractalkine
receptor (CX3CR1) was replaced with cDNA for GFP (pro-
vided by Dan Littmann, New York University, NY, USA).
These mice express GFP in macrophages, monocytes, microglia,
NK cells, and some T cells (Jung et al., 2000). In addi-
tion, CX3CR1GFP/+ mice retain one copy of the gene for the
fractalkine receptor and respond normally to the fractalkine lig-
and, while mice that are CX3CR1GFP/GFP lack this receptor and
are not responsive to fractalkine. Experimental mice were either
CX3CR1+/GFP:Pou4f3DTR/+ or CX3CR1GFP/GFP:Pou4f3DTR/+,
while control mice lacked the Pou4f3–huDTR transgene
but were heterozygous or homozygous for CX3CR1-GFP
(CX3CR1+/GFP:Pou4f3+/+ or CX3CR1GFP:Pou4f3+/+). Mice
were housed in the animal facilities of the Division for
Comparative Medicine at Washington University. They were
kept on a 12 hr/day night light cycle and had free access to food
and water.

Creation of Hair Cell Lesions
Adult mice (6–8 weeks) of either sex received a single intra-
muscular (i.m.) injection of (DT, 25ng/gm, Sigma-Aldrich). Mice
then received daily intraperitoneal injections of lactated Ringer’s
solution (0.5 ml, for 3–6 days), and mouse food was supple-
mented with high-calorie gel (Tomlyn from Nutri-Cal). Mice
were allowed to recover for 7, 14, or 56 days, at which time
they were deeply anesthetized with Somnasol (0.1 ml/20 gm), and
perfused transcardially with 4% paraformaldehyde in 0.1M phos-
phate buffer (Electron Microscopy Sciences). Temporal bones
were isolated and decalcified by treatment for 48–72 h in 0.1 M
EDTA (at 4◦C).

Histological Methods
Utricles were dissected from the decalcified temporal bones and
rinsed in PBS. Non-specific antibody binding was reduced by
treatment for 2 hr in PBS with 5% normal horse serum (NHS)
and 0.2% Triton X-100. Specimens were incubated overnight
at room temperature in primary antibodies. Hair cells were
labeled with antibody against Myosin VI (goat polyclonal, Santa
Cruz Biotechnology, 1:100) or otoferlin (mouse monoclonal,
Abcam, 1:200). Intensity of macrophage-expressed GFP was
amplified via labeling with an antibody against GFP (rabbit,
Invitrogen, 1:500). After labeling with primary antibodies, spec-
imens were thoroughly rinsed in PBS and incubated for 2 hr
in secondaries (Alexa 546-anti-mouse or Alexa 546 anti-goat,
and Alexa 488 anti-rabbit – Invitrogen). All specimens were also
stained with Alexa-647 conjugated phalloidin (Invitrogen) and
cell nuclei were labeled with DAPI. After labeling, specimens
were mounted on microscope slides in glycerol/PBS (9:1), and
coverslipped.

Cellular Imaging and Analysis
All specimens were imaged using a Zeiss LSM 700 confocal
microscope. Volocity 3D image analysis software (Version 6.1.1,
PerkinElmer) was used to reconstruct and process the images.
Quantitative data were collected directly from these images and
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are presented as mean ± SD. Statistical tests were carried-out
using Microsoft Excel software.

Results

Hair Cell Loss Following Diphtheria Toxin
Treatment
All mice received a single 25 ng/gm injection of DT and were
allowed to survive for 7, 14, or 56 days. Utricles of mice that
possessed the Pou4f3–huDTR transgene displayed a significant
hair cell lesion at 7 days after the DT injection (Figure 1). Hair
cell loss was assessed by quantification of cells that displayed
myosin VI or otoferlin immunoreactivity and also possessed
phalloidin-labeled stereocilia bundles (Figure 1). Such cells were
counted from six 50 µm × 50 µm regions, located in the cen-
tral portion of the sensory epithelium, and the resulting values
were normalized to hair cells/10,000 µm2. Utricles from Pou4f3–
huDTR mice contained 46.0 ± 12.8 HC/10,000 µm2 (n = 7
utricles). In contrast, utricles from non-transgenic control mice
(C57/Bl6 strain) appeared unaffected by DT treatment and con-
tained 224.8± 16.0 hair cells/10,000µm2 (n= 6 utricles). Finally,
utricles from Pou4f3–huDTR mice fixed at 14 days after DT
injection contained 29.6± 10.4 hair cells/10,000µm2 (n= 7 utri-
cles). These data indicate that a single injection of DT causes the
death of ∼85% of the hair cell population of the utricle within
14 days.

Remodeling of Epithelial Junctions
Following Hair Cell Injury
The sensory epithelia of the inner ear form barriers between two
fluid spaces of highly differing ionic composition (endolymph
and perilymph). Repair of this epithelial barrier after injury or
hair cell loss is critical to the maintenance of these fluids. Injury

FIGURE 1 | Systemic treatment with diphtheria toxin (DT) lesions hair
cells in the utricles of Pou4f3–huDTR (human form of the diphtheria
toxin receptor) transgenic mice. Knock-in mice in which one copy of the
gene for Pou4f3 was replaced with the gene for huDTR received a single
25 ng/gm injection of DT. After 7 days, mice were perfused and utricles were
immunolabeled for myosin VI (red, hair cells) and also stained with phalloidin
(green). A partial loss of hair cells was observed in the utricles of
Pou4f3–huDTR mice (A), when compared with littermates that did not
possess the Pou4f3–huDTR transgene, but were also treated with DT (B).
Scale bar = 20 µm.

FIGURE 2 | Changes in the structure of actin bundles at cell–cell
junctions following DT-mediated hair cell loss. All specimens were
stained with phalloidin (red), which labels filamentous actin. (A) Junctions in
undamaged utricles of control mice were comprised of thick actin bundles.
Numerous stereocilia bundles were also apparent. (B) At 7 days after
DT-induced hair cell injury, the epithelia contained many thin actin fibers, which
are likely to be loci of epithelial repair after hair cell loss. Structures of thinner
actin usually occupied a single cell-width (arrows), but some structures
appeared to extend for several cell widths (arrow head). (C) Sensory epithelia
of utricles examined at 56 days recovery from hair cell lesions contained very
thick actin cables, suggesting nearly complete repair of the lumen. Scale
bar = 10 µm.
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FIGURE 3 | Normal utricles contain resident populations of
macrophages, which are primarily confined to the stromal tissue
below the sensory epithelium. (A) Maximum intensity projection of a
confocal stack collected from the central region of a histologically processed
mouse utricle, to a depth of 20 µm. (B) Computationally reconstructed
‘z-slice,’ showing a slide view of the same image. Cell-cell junctions are
labeled with phalloidin (red) and cell nuclei are stained with DAPI (blue). In
addition, GFP-expressing macrophages (green) appear distributed throughout
the specimen. However, examination of z-slice images reveals that nearly all
macrophages reside in the stromal tissue, below the sensory epithelium
(arrows). Scale bar = 30 µm.

to the vestibular epithelia of non-mammals leads to rapid refor-
mation of cell-cell junctions by surviving supporting cells (e.g.,
Hordichok and Steyger, 2007; Bird et al., 2010). However, cellular

junctions in the vestibular maculae of mammals are supported by
thick bundles of filamentous actin (e.g., Burns et al., 2008), which
may limit their ability to quickly reseal cellular lesions. In order
to explore this issue, we examined the structure of actin cables
at the lumenal surfaces of utricles after DT-induced hair cell loss.
Specimens that were fixed at 7 days post-DT contained numer-
ous thin actin bundles (Figure 2, arrows). Many of these were
in the form of three radially directed thin actin bands (Figure 2,
arrowhead). Such formations were previously described by Burns
and Corwin (2014) and are likely to reflect epithelial repair after
the loss of a single hair cell. However, we also noted more com-
plex structures, which were comprised of thin actin bands that
extended for several cell widths (arrow head, Figure 2B). These
structures may have been created after the loss of 2–3 adjoin-
ing hair cells. Notably, at 56 days post-DT, the sensory epithelia
appeared uniform and cell–cell junctions were characterized by
very thick actin bundles (Figure 2C).

Hair Cell Loss Attracts Macrophages into
the Sensory Epithelium
Prior studies have shown that the auditory organs of both birds
and mammals contain resident populations of macrophages
(e.g., Warchol, 1997; Hirose et al., 2005; Warchol et al., 2012),
and macrophages are also present in the vestibular organs of
mice (Zhang et al., 2013). Examination of undamaged utricles
from CX3CR1GFP/+ or CX3CR1GFP/GFP mice revealed numer-
ous macrophages, which were mainly confined to the stro-
mal tissue that underlies the sensory epithelium (Figure 3).
In order to determine whether macrophages were recruited
toward sites of hair cell injury, we quantified GFP-positive
macrophages in the sensory epithelium of utricles from both
normal and DT-lesioned animals. Confocal image stacks were
obtained from whole-mount utricle specimens, and the num-
bers of macrophages within the sensory epithelium (i.e., within
the same image planes as the DAPI-stained nuclei of hair

FIGURE 4 | Hair cell lesion increases the numbers of macrophages in
the sensory epithelia of mouse utricles. (A) Confocal image stacks were
obtained from 300 µm × 300 µm regions in the central portion of mouse
utricles. (B) Examination of the DAPI-labeled nuclei of hair cells and supporting
cells (blue) was used to determine the vertical extent of the sensory epithelium
and the total number of GFP-labeled macrophages (green) within the sensory

region was quantified. (C) Quantitative data revealed that injection of DT into
Pou4f3–huDTR mice resulted in increased numbers of macrophages within the
sensory epithelium, compared to normal C57/Bl6 mice that also received DT
(*p < 0.001). However, the numbers of macrophages in the sensory epithelia of
DT-treated Pou4f3–huDTR–CX3CR1GFP/ + mice was nearly identical to that
observed in the sensory epithelia of Pou4f3–huDTR–CX3CR1GFP/GFP mice.
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cells and supporting cells) was quantified from a single field
of 300 µm × 300 µm, located in the center of the utricle
(Figure 4A). Resulting density data were then normalized to
macrophages/100,000 µm2. At 7 days after DT treatment, utricles
from Pou4f3–huDTR–CX3CR1GFP/+ mice contained 6.5 ± 3.2
GFP-labeled macrophages/100,000 µm2 (n = 8), while utricles
from DT-treated CX3CR1GFP/+ mice that lacked the Pou4f3–
huDTR transgene contained 1.0± 0.7macrophages/100,000µm2

(n = 8, p < 0.001; Figures 4B,C). These findings indicate that the
loss of hair cells leads to the recruitment of macrophages into the
sensory epithelium. However, further quantification of epithe-
lial macrophage numbers suggests that this increase is transitory.
Specifically, at 14 days post-DT, utricles from Pou4f3–huDTR
mice contained 1.9 ± 1.1 macrophages/100,000 µm2 (n = 7
total: 2 CX3CR1GFP/+ and 5 CX3CR1GFP/GFP), while utricles
from littermate mice that lacked the Pou4f3–huDTR transgene
contained 1.4 ± 0.6 macrophages/100,000 µm2 (n = 4 total: 1
CX3CR1GFP/+ and 3 CX3CR1GFP/GFP).

Genetic Deletion of CX3CR1 does Not Affect
the Population of Utricular Macrophages
Macrophage recruitment to sites of tissue injury is medi-
ated by a number of biological signals (Poon et al., 2014).
One key modulator of macrophage recruitment and behav-
ior is fractalkine (CX3CL1), a chemokine that is released by
numerous cell phenotypes. Fractalkine interacts exclusively with
the CX3CR1 receptor, which is expressed by macrophages,
monocytes, and microglia (e.g., Ransohoff, 2009). Given the
function of fractalkine signaling in other tissues, it was pos-
sible that disruption of fractalkine signaling (via deletion of
the CX3CR1 receptor in CX3CR1GFP/GFP mice) might affect
the recruitment of macrophages into the sensory epithelium
after hair cell injury. To resolve this issue, we compared the
numbers of macrophages in utricles from Pou4f3–huDTR–
CX3CR1GFP/+ (as reported above) with those observed at
7 days post-DT in utricles Pou4f3–huDTR–CX3CR1GFP/GFP

mice (n = 5). Nearly identical macrophage numbers were
observed in both genotypes (Figure 4C), suggesting that
fractalkine signaling does not serve a critical role in the injury-
evoked recruitment of macrophages into the utricular sensory
epithelium.

Macrophages Within the Sensory Epithelium
Phagocytose Hair Cell Debris
Removal of cellular debris after injury is essential for epithelial
repair. In many epithelia, such debris clearance is mediated by
a combination of nearby epithelial cells (‘amateur phagocytes’)
and resident and/or recruited macrophages (‘professional phago-
cytes’). Prior studies have shown that macrophages are mobilized
after hair cell injury, but it was not clear whether those cells
actually engulfed hair cell debris. In the present study, confocal
imaging of utricles from Pou4f3–huDTR–CX3CR1GFP/+ mice
revealed numerous examples of GFP-labeled macrophages con-
tacting labeled hair cells (Figure 5). Moreover, the incorporation
of myosin VI and/or otoferlin-labeled material (i.e., hair cell con-
stituents) into the GFP-labeled bodies of macrophages suggests
that hair cell debris was being actively phagocytosed (Figure 6).

FIGURE 5 | Examples of GFP-expressing macrophages in the sensory
epithelia of lesioned utricles. Processes of macrophages (green) frequently
appeared to contact (arrows) immunolabeled hair cells (red, otoferlin),
suggesting that apoptotic hair cells may attract macrophage pseudopodia.
Scale bar = 20 µm.

This phenomenon was only observed in utricles from mice
that possessed the huDTR transgene. In contrast, no phagocytic
macrophages were observed in utricles taken from DT-treated
wild-type (WT) mice.

Supporting Cells Form Actin Baskets Within
the Sensory Epithelium
The sensory organs of the inner ear use a variety of strate-
gies for the clearance of apoptotic hair cells. For example,
dying hair cells in the chicken cochlea are extruded through
the lumenal surface of the sensory epithelium (Cotanche and
Dopyera, 1990; Duckert and Rubel, 1990; Janas et al., 1995;
Hirose et al., 2004; Warchol et al., 2012), while outer hair
cells in the mouse cochlea are engulfed by nearby Deiters cells
(Anttonen et al., 2014), and apoptotic hair cells in the maculae
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FIGURE 6 | Macrophage engulfment of hair cell debris. Confocal
images of labeled hair cells and macrophages often revealed hair cells
that were apparently enclosed within the processes of macrophages
(arrows). (A–C) Three different renderings of the same confocal stack,
showing an otoferlin-labeled hair cell (red) being engulfed by a calyx-like
phagocytic process of a GFP-expressing macrophage (green). (A): Maxi-
mum intensity projection. (B) 3-D rendering of same image stack,

showing the macrophage surrounding the hair cell. (C) z-plane slice
from the image stack, centered on the engulfed hair cell, which is
enclosed by the macrophage process (green). Cell nuclei are also visible
(DAPI, blue). (D–F) Three dimensional renderings of images showing the
engulfment of hair cell debris (red) by GFP-expressing macrophages
(green). In all cases, phagocytic events are indicated by arrows. All
scale bars represent 10 µm.

of mammals are removed by a combination of these mecha-
nisms (e.g., Li et al., 1995). Time-lapse imaging studies of the
chick utricle have demonstrated that hair cell death triggers
nearby supporting cells to form basket-shaped actin structures,
which phagocytose the remnants of dying hair cells (Bird et al.,
2010). Formation of similar structures has been observed in
the vestibular organs of mice (e.g., Ball et al., 2013; Furrer
et al., 2014; Monzack et al., 2015). In the present study, we
frequently observed actin ‘baskets,’ which labeled strongly with
phalloidin and were confined to the lower strata of the utric-
ular sensory epithelia. These putative phagosomes were easily
distinguished from phagocytic processes of macrophages, which
expressed GFP but did not contain significant levels of F-actin
(Figure 7).

Discussion

Hair cells can be lost from the inner ear after noise exposure,
ototoxic injury, or as a consequence of normal aging. Because
maintenance of the epithelial barrier is critical for separation of
perilymph and endolymph, it is essential that the remaining cells
quickly reseal the injured epithelium and remove cellular debris.
These repair processes rely primarily on supporting cells, and
appear to be mediated by different cellular mechanisms in the
various hair cell epithelia of vertebrates. Specifically, supporting
cells can undergo active and coordinated morphological changes,
so as to extrude hair cell debris from the lumenal surface of
the epithelium or to engulf such debris within the epithelium.
Although macrophages are known to be present in the sensory
organs of the inner ear, their role in epithelial repair and debris

clearance is poorly understood. The present study characterized
the behavior of macrophages in the mouse utricle in response to
selective ablation of sensory hair cells. We found that the undam-
aged utricle possessed numerous resident macrophages, but that
those cells resided in the stromal tissue below the sensory epithe-
lium. However, hair cell death caused macrophages to enter the
sensory epithelium, where they were observed to engulf hair cell
debris.

Epithelial Repair and Actin Remodeling after
Hair Cell Lesions
Supporting cells in the vestibular organs of mammals possess
thick circumferential bundles of filamentous (F-) actin (e.g.,
Burns et al., 2008). In the utricles of mice, these structures develop
during the first post-natal month and their formation correlates
with diminished ability for cell spreading, proliferation, and plas-
ticity (Collado et al., 2011). It is notable that these thick actin
structures are unique to the vestibular organs of mammals; cell–
cell junctions in the maculae of fish, amphibians, reptiles, and
birds all possess much thinner actin belts (Burns et al., 2013). The
vestibular organs of non-mammalian vertebrates are also capable
of quickly regenerating lost hair cells, while the regenerative abil-
ities of the mammalian vestibular organs are much more limited
(e.g., Warchol, 2011). Based on these observations, it has been
hypothesized that the thick actin bands of the mammalian ear
may be an important inhibitor of its regenerative ability (e.g.,
Burns et al., 2008, 2013). In light of this suggestion, it is notable
that we found that the initial phases of epithelial repair in the
mouse utricle appear mediated by much thinner actin bands at
cell–cell junctions. Similar structures were reported by Burns
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and Corwin (2014), who used time-lapse imaging of the mouse
utricle to characterize the early cellular events that occur after
hair cell loss. The Pou4f3–huDTR mouse strain permits char-
acterization of this process in vivo and over longer time spans.
Our data suggest that the thin actin bands are only present at
early times after hair cell loss; cell–cell junctions at later recov-
ery times display much thicker actin structures (e.g., Figure 2C).
We speculate that the (transient) presence of thin actin cables
in the injured epithelium may correspond to a period of par-
tial plasticity of supporting cell phenotype, i.e., a time during
which those supporting cells with thin actin cables may be able
to change their identity into new hair cells. Partial regeneration
via phenotypic change has been demonstrated in the vestibular
organs of guinea pigs and mice (Forge et al., 1998; Lin et al.,
2011).

Resident Macrophages in the Mouse Utricle
Our results confirm that the mouse utricle possesses a resi-
dent population of macrophages. In the uninjured utricle, resi-
dent macrophages appear to be confined to the stromal tissues
below the sensory epithelium. Previous studies have suggested
that many of these stromal macrophages are associated with
small vessels or capillaries (Zhang et al., 2013). Although the
functions of stromal macrophages are not known, the stro-
mal is comprized of numerous cell phenotypes, many of which
have been shown to interact with macrophages. For example,
macrophages are known to release mitogens that stimulate pro-
liferation of numerous cell types and they also participate in
remodeling of the extracellular matrix (e.g., Chazaud, 2014).
As such, it is likely that macrophages serve a number of dis-
tinct roles in the maintenance of inner ear stromal tissues.
The notion is supported by the results of Warchol et al.
(2012), who found that experimental depletion of macrophages
from the avian cochlea resulted in reduced proliferation of
the cells that reside immediately below the basilar mem-
brane.

Macrophages Phagocytose Hair Cell Debris
Prior studies have shown that macrophages are present either
within or near the auditory and vestibular organs of birds and
mammals (Warchol, 1997; Bhave et al., 1998; Hirose et al., 2005),
but the precise function of otic macrophages has been enig-
matic. In many tissues, resident macrophages quickly remove the
‘corpses’ of apoptotic cells, in order to maintain tissue integrity,
and prevent inflammation (Stefater et al., 2011). Although it
is reasonable to assume that otic macrophages serve a sim-
ilar role, previous studies have failed to provide direct evi-
dence for macrophage-mediated phagocytosis of dying hair cells.
Moreover, experimental depletion of macrophages from the
avian basilar papilla (cochlea) did not affect the removal of
hair cell debris from the sensory epithelium (Warchol et al.,
2012). Previously, the only clear demonstration of phagocy-
tosis of dead hair cells by recruited macrophages has come
from time-lapse imaging studies of hair cell regeneration in lat-
eral line neuromasts of axolotl salamanders (Jones and Corwin,
1996). The present study unequivocally shows that identified
(i.e., CX3CR1-GFP) macrophages can engulf the remains of

FIGURE 7 | Macrophages and actin basket phagosomes are
simultaneously present in the injured mouse utricle. Calix-shaped
phagocytic processes of GFP-expressing macrophages were observed in all
lesioned sensory epithelia (arrows). Phalloidin staining (blue) also revealed
F-actin phagosomes in these same epithelia (arrow heads). These
basket-shaped structures could be distinguished from macrophages by their
strong phalloidin labeling (blue). (A) Maximum intensity projection of full
confocal stack. (B) Single z-section through this stack, showing a cross
section through macrophage processes (green) and an F-actin phagosome
(blue). Scale bar = 20 µm.

dead hair cells. It is notable, however, that we also observed
the presence of F-actin phagosomes within the lesioned utri-
cle. Similar basket-like structures have been shown to engulf
hair cell debris following ototoxic injury in the avian utri-
cle (Bird et al., 2010) and in the mouse utricle (Monzack
et al., 2015). Although a complete study of theses structures
is beyond the scope of the present study, our findings sug-
gest that hair cell debris may be removed from the mammalian
vestibular organs via (at least) two distinct cellular mecha-
nisms.
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Role of Fractalkine in the Regulation of
Vestibular Macrophages
Finally, our use of knock-in CX3CR1-GFP transgenic mice
allowed us to evaluate the role of fractalkine signaling in regulat-
ing macrophage activity within the vestibular organs. Fractalkine
(also known as CX3CL1) is a chemokine that plays a vari-
ety of roles in the regulation of immune cells and in the
interaction between the innate immune system and the ner-
vous system (e.g., Ransohoff, 2009). Fractalkine is expressed
on cells as a membrane-bound protein. Under certain cir-
cumstances, fractalkine can be proteolytically cleaved near the
extracellular membrane surface, releasing a diffusible fragment
that can function as a macrophage chemoattractant (e.g., Ishida
et al., 2008). Following DT-mediated hair cell lesions, we found
that macrophage entry into the utricular sensory epithelium
was nearly identical in mice with intact fractalkine signaling
(CX3CR1GFP/+) vs. those that lacked the fractalkine receptor

(CX3CR1GFP/GFP). Because of inter-specimen variability, it was
not possible to quantify and compare the total numbers of
macrophages within the stromal tissue of CX3CR1GFP/+ and
CX3CR1GFP/GFP mice. However, visual inspection of those spec-
imens did not reveal any qualitative differences in macrophages
between those two genotypes. Notably, a prior study has shown
that genetic deletion of CX3CR1 leads to increased macrophage
numbers in the ototoxically injured cochlea (Sato et al., 2010).
Given these findings, we believe that the present data should be
interpreted with caution. Specifically, our data suggest that lack of
fractalkine signaling does not impedemacrophages from entering
the utricular sensory epithelium after selective hair cell injury. We
speculate instead that other diffusible molecules that are released
from dying hair cells and/or their adjoining supporting cells (e.g.,
ATP – Gale et al., 2004; Lahne and Gale, 2008) may attract
macrophages to sites of hair cell injury. Future experiments will
be necessary to resolve this issue.
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Seasonal Plasticity of Precise Spike Timing in the Avian
Auditory System
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Vertebrate audition is a dynamic process, capable of exhibiting both short- and long-term adaptations to varying listening conditions.
Precise spike timing has long been known to play an important role in auditory encoding, but its role in sensory plasticity remains largely
unexplored. We addressed this issue in Gambel’s white-crowned sparrow (Zonotrichia leucophrys gambelii), a songbird that shows
pronounced seasonal fluctuations in circulating levels of sex-steroid hormones, which are known to be potent neuromodulators of
auditory function. We recorded extracellular single-unit activity in the auditory forebrain of males and females under different breeding
conditions and used a computational approach to explore two potential strategies for the neural discrimination of sound level: one based
on spike counts and one based on spike timing reliability. We report that breeding condition has robust sex-specific effects on spike
timing. Specifically, in females, breeding condition increases the proportion of cells that rely solely on spike timing information and
increases the temporal resolution required for optimal intensity encoding. Furthermore, in a functionally distinct subset of cells that are
particularly well suited for amplitude encoding, female breeding condition enhances spike timing-based discrimination accuracy. No
effects of breeding condition were observed in males. Our results suggest that high-resolution temporal discharge patterns may provide
a plastic neural substrate for sensory coding.

Key words: auditory; hormone; neural coding; plasticity; seasonal; spike timing

Introduction
Neural codes can take two basic forms: count-based (i.e., how
many spikes occur) and timing-based (i.e., when spikes occur)
(Theunissen and Miller, 1995; Eggermont, 1998; Huetz et al.,
2011; Gaucher et al., 2013). Despite decades of work establishing
the importance of precise spike timing in the auditory nerve (Ki-
ang, 1965; Rose et al., 1967; Young and Sachs, 1979), the role of
temporal coding has only recently been explored in more central
regions: midbrain (Holmstrom et al., 2010; Woolley and Portfors,
2013), thalamus (Huetz et al., 2009), and forebrain (Narayan
et al., 2006; Schnupp et al., 2006; Engineer et al., 2008; Kayser
et al., 2010).

Auditory encoding is dynamic, modulated by arousal state
(Dave et al., 1998; Cardin and Schmidt, 2003; Huetz et al., 2009),
behavioral experience (Bakin and Weinberger, 1990; Recanzone

et al., 1993; Polley et al., 2006), task engagement (Fritz et al., 2003,
2005; Niwa et al., 2012; Yin et al., 2014), and environmental cues
(Walkowiak, 1980; Hillery, 1984; Del Negro and Edeline, 2002;
Sisneros and Bass, 2003; Del Negro et al., 2005). Sex-steroid hor-
mones are effective regulators of neural function (Caras, 2013),
capable of rapid modulations via brain-derived neurosteroids
(Pinaud and Tremere, 2012; Remage-Healey et al., 2013) and
slower changes that correlate with hormonally mediated fluctu-
ations in reproductive condition (Sisneros et al., 2004; Caras et
al., 2010, 2012; Rohmann and Bass, 2011; Maruska et al., 2012).
Investigations of the effect of sex-steroid hormones on the audi-
tory forebrain have focused on average discharge rates (Tremere
et al., 2009, 2012; Remage-Healey et al., 2010, 2012; Caras et al.,
2012; Remage-Healey and Joshi, 2012); temporal coding modu-
lations remain largely unexplored (but see Liu and Schreiner,
2007; Tremere and Pinaud, 2011).

Precise spike timing plays an important role in the encoding of
sound level (Kiang, 1965; Malone et al., 2010), a fundamental
aspect of auditory processing. Signal amplitude is particularly
relevant during social interactions in breeding animals. For ex-
ample, female frogs and birds often prefer males that produce
loud vocalizations (Fellers, 1979; Arak, 1983, 1988; Gerhardt,
1987; Searcy, 1996). In addition, in some songbird species, low-
intensity songs convey aggression (Searcy and Beecher, 2009; Hof
and Hazlett, 2010; Akçay et al., 2011). These observations raise
the possibility that signal amplitude encoding is hormonally
modulated.
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Here, we addressed this issue by determining whether the
sound level of a naturalistic, time-varying stimulus is better en-
coded by spike counts and/or spike timing, and whether this
encoding is modulated by hormonal condition. We recorded
song-evoked in vivo single-unit responses in the auditory fore-
brain of Gambel’s white-crowned sparrows (Zonotrichia leuco-
phrys gambelii), a species in which both vocal motor (Park et al.,
2005; Meitzen et al., 2007a, b, 2009a, b) and auditory function
(Caras et al., 2010, 2012) are modulated by circulating levels of
sex steroids, which fluctuate on a seasonal basis (Wingfield
and Farner, 1978). We report that, in females, breeding con-
dition selectively enhances spike timing-based discrimination
and increases the temporal resolution for optimal intensity
encoding.

Materials and Methods
Subjects. Adult male (n ! 19) and female (n ! 21) Gambel’s white-
crowned sparrows were captured in eastern Washington state during
autumn and spring migrations between 2007 and 2011. Birds were
housed at the University of Washington in outdoor aviaries before being
moved indoors. Once inside, all birds were housed in aviaries on a short-
day photoperiod (8 h light:16 h dark) for at least 10 weeks to ensure
sensitivity to photoperiod and hormones (Wingfield et al., 1979). Food
and water were freely available. All procedures were approved by the
Institutional Animal Care and Use Committee at the University of Wash-
ington, Seattle.

Hormone and photoperiod manipulations. We manipulated light and
hormone levels to mimic nonbreeding and breeding conditions in the
laboratory. To induce a nonbreeding state, birds (males ! 10, females !
12) were housed on a short-day photoperiod. Under these conditions,
gonads are regressed, plasma sex hormone levels are basal, and neural
morphology and physiology are typical of the nonbreeding season
(Middleton, 1965; Smith et al., 1995; Tramontin et al., 2000; Park et al.,
2005; Meitzen et al., 2007a). To induce a breeding state, males (n ! 9)
and females (n ! 9) were housed on a long day (20 h light:4 h dark)
photoperiod typical of their Alaskan breeding grounds. Additionally,
because supplemental hormone is necessary to raise plasma hormone
levels of laboratory-housed birds to physiological levels observed in the
wild (Smith et al., 1995), these birds received subcutaneous hormone
pellets made from Silastic tubing (i.d. 1.0 mm; o.d. 2.0 mm, length 12
mm; VWR), filled with crystalline testosterone (males) or estradiol (fe-
males) (Tramontin et al., 2003; Caras et al., 2010, 2012). Birds were
exposed to these conditions for a minimum of 3 weeks, a time period
sufficient to induce morphological and physiological changes typical of
the breeding season (Tramontin et al., 2000; Park et al., 2005; Meitzen et
al., 2007a).

Electrophysiology. Methods for in vivo electrophysiology have been de-
scribed previously (Caras et al., 2012). Briefly, birds were anesthetized
with 25% urethane (6 !l/g body weight, Thermo Fisher Scientific) and
were secured to a head holder that served as a stereotaxic device. A small
craniotomy was made above the right hemisphere and a micropipette
(5–19 M" impedance) filled with 10% fluororuby (10,000 molecular
weight tetramethylrhodamine dextran, Invitrogen) or 10% biontinylated
dextran amine (BDA, 10,000 molecular weight, Invitrogen) in 0.9%
NaCl was advanced into the auditory region of the caudal telencephalon
using stereotaxic coordinates relative to the bifrucation of the midsagittal
sinus (1.8 –2.8 mm anterior, 1.4 –1.6 mm lateral). Recordings were made
at a range of depths relative to the brain surface (0.806 –3.237 mm). Body
temperature was maintained at 40°C– 42°C throughout the recording
sessions (TC-1000 Temperature Controller, CWE). Up to three record-
ing tracks were made in each bird.

Spikes were amplified 10,000# (ISO-80, World Precision Instru-
ments; and MA3, Tucker Davis Technologies), filtered 0.1–10 kHz
(Krohn-Hite model 3550), digitized at 24.4 samples/s (RX6 multifunc-
tion processor, Tucker Davis Technologies), and monitored online. Cus-
tom MATLAB scripts (David Schneider and Sarah Woolley, Columbia
University) were used to analyze raw waveforms offline to ensure that

only well-isolated single units were included in the dataset (Caras et al.,
2012). Isolation was assessed using the following criteria: (1) a stable
waveform shape, (2) a high ($4) signal-to-noise-ratio, and (3) the ab-
sence of any interspike intervals %1 ms. The vast majority of analyzed
recordings (230/246) met the criteria for single units. The remaining 16
recordings demonstrated two separable waveforms with high signal-to-
noise ratios. These waveforms were manually sorted offline, and isolation
was verified by principal components analysis.

Songbird auditory processing may be lateralized, but lateralization
depends on a number of factors, including species, anesthesia, brain region,
analysis type, sex, and stimuli (Cynx et al., 1992; George et al., 2004, 2005;
Avey et al., 2005; Hauber et al., 2007; Poirier et al., 2009; Phan and Vicario,
2010). Therefore, to avoid a potential lateralization confound, we chose to
focus only on the right hemisphere for these experiments.

Stimulus delivery and calibration. The stimulus delivery system
and calibration procedures have been used previously (Caras et al.,
2010, 2012). A custom-made sound delivery tube enclosing a small
speaker (Etymotics ER-2B) and microphone (Etymotics ER-10B) was
positioned flush against the skull around the left external auditory
meatus and sealed with Petroleum jelly. Custom scripts (Python)
delivered stimuli through an RX6 multifunction processor (Tucker
Davis Technologies).

For our initial experiments, we used a band-limited white-noise-
generated calibration table of sound pressure levels (dB SPL re: 20 !Pa)
to determine root-mean squared sound pressure levels (RMS dB SPL) for
song stimuli. In later experiments, we determined RMS dB SPL values
separately for each song. The levels for earlier recordings were corrected
for each song type presented. RMS intensities for song stimuli were reli-
able within " 4.9 dB SPL.

Auditory stimuli. The auditory stimuli used in this study have been
described elsewhere (Caras et al., 2012). Songs were recorded (Syrinx,
John Burt, www.syrinxpc.com) from 7 individual breeding-condition
male Gambel’s white-crowned sparrows. Each bird contributed one song
to the stimulus set. One of these males was also used as subject in this
study but was never presented with playback of his own song.

Data acquisition. Data acquisition procedures have been described
previously (Caras et al., 2012). Briefly, bursts of band-limited white
noise (0.25– 8 kHz) at 80 dB SPL were used as a search stimulus. Once
a cell was isolated, one song, chosen at random, was presented at a rate
of 0.14/s.

Because we wished to examine neural coding of intensity discrim-
ination, we presented stimuli at a wide range of amplitudes (&10 to
110 RMS dB SPL). Within that range, however, each cell was only
presented with 9 different (but consecutive) intensities. Songs were
presented in 10 dB descending steps, with 10 trials at each intensity. It
is important to note that many avian species are capable of generating
high-amplitude vocalizations; maximum values from 74 to 111.5 dB
SPL have been reported at a distance of 1 m (Brackenbury, 1979;
Brenowitz, 1982; Nemeth, 2004). Therefore, we consider the stimulus
intensities used in these experiments to be within a behaviorally rel-
evant range.

Computational methods. Our goal was to analyze the ability of individ-
ual neurons to reliably discriminate among song intensities, and to de-
termine whether sex-steroid hormones affect this process. In order for a
single neuron to successfully discriminate intensity, the spike trains elic-
ited by repeated song presentations at the same sound level should be
more similar to one another than the spike trains elicited by song presen-
tations at different sound levels. To compute the similarity between pairs
of spike trains elicited by a single cell, we adopted a spike train classifier
(Machens et al., 2003; Narayan et al., 2006; Wang et al., 2007; Billimoria
et al., 2008). As illustrated in Figure 1A, 9 dB SPL levels of a conspecific
song were presented to each cell and each level was repeated 10 times,
yielding nine raster plots of 10 repetitions at each level. One spike
train from each raster was randomly chosen as a template for that dB
SPL value. The remaining spike trains were then classified as belong-
ing to a particular level based on the dB SPL of the template it matched
most closely (Fig. 1 B, C). If a spike train was equally well matched
with two or more templates, it was randomly assigned to one of the
matches. If a spike train was assigned to the dB SPL that evoked it, the
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assignment was considered “correct.” The percentage of correctly
assigned spike trains was calculated after all assignments had been
made.

The methods outlined above describe the classification of spike trains
after a single, random selection of templates. Ideally, one would repeat
this process for all possible template combinations, and then calculate the
percentage of correct assignments, averaged across all permutations.
Spike trains were recorded for 10 presentations of song at nine different
sound levels, leading to a total of 10 9 possible template combinations;
repeating the classification process for all template combinations was
therefore deemed computationally unfeasible. Instead, we limited the
number of classifier repetitions to 1000 for each cell. Discrimination accu-
racy was quantified as the percentage of correctly assigned spike trains, aver-
aged over the 1000 estimates generated by the classifier. Discrimination
accuracy was also computed on an intensity-by-intensity basis.

If a cell is capable of discriminating among different intensities, we
would expect that its individual spike trains would be classified correctly
more often than would be expected by chance. Each cell was presented
with nine different stimulus levels; thus, chance performance of the clas-
sifier is 1/9 (11%). All aspects of the data analysis were performed using
custom scripts written in MATLAB by one of the authors (M.L.C.).

Our classifier describes the ability of a neuron to discriminate among
dB SPL values of a particular song. To assess intensity coding in a broader
sense (i.e., the ability of a neuron to discriminate sound level, regardless
of the spectrotemporal details of the stimulus), one would need to pres-
ent each cell with several different conspecific songs at different sound
levels. In our hands, neurons can be held in isolation for up to 15–30 min
on average, making it impractical to explore both song identity and song
level. Thus, as stated above, each cell was presented with a single song, at
a range of sound intensities. Therefore, for the remainder of this paper,
when we speak of “intensity coding” or “intensity discrimination,” we
note that there is an implicit assumption that the song identity is already
known.

Classification metrics. Because we were interested in comparing the
relative roles of count-based and timing-based encoding strategies, we
chose to quantify spike train similarity using two different metrics. For
the “spike count” metric, spike trains were assigned to the template with
the closest number of action potentials, neglecting all temporal informa-
tion. An example of the classification of a single spike train using the
spike count metric is illustrated in Figure 1B.

For the “spike timing” metric, we used an established correlation-
based measure of spike timing reliability, Rcorr (Schreiber et al., 2003;
Wang et al., 2007). All spike trains (including templates) were smoothed
with a Gaussian filter of mean 0 and SD #. The temporal similarity of a
smoothed spike train, s!i, and a smoothed template train, s!j, was calculated
as follows:

Rcorr $
s!i ! s!j

!s!i!!s!j!
,

Rcorr is a normalized measure ranging from 0 to 1. A value of 1 indicates
a perfect correlation between the spike train and the template; 0 indicates
no relationship. Spike trains were assigned to the template that produced
the maximum value of Rcorr.

This metric reflects a “timing-based” coding scheme, whose temporal
resolution is determined by #. An optimal # is small enough to capture
the dynamics of spiking activity on a fine time scale, but large enough to
allow for negligible amounts of jitter in the spike times. We did not know
a priori what the optimal # was, and it was possible that it differed for
each cell. Therefore, we classified spike trains after smoothing with filters
of the following widths: 1, 2, 4, 8, 16, 32, 64, 128, and 256 ms. The # that
generated the highest percentage of correct classifications was considered
the optimal #; all of the spike timing data reported here were generated at
each cell’s optimal #. An example of the assignment of a single spike train
using the timing metric is illustrated in Figure 1C.

Assessment of significance. To assess the statistical significance of our
percentage correct estimates, we adopted a trial-shuffling approach: in-
dividual spike trains of each neuron were randomly assigned to dB SPL
values, thus removing intensity-specific information, as illustrated in

Figure 2. Shuffled spike trains were then classified, and the classification
procedure was repeated 1000 times, as described above. This process
generates a distribution of random percentage correct values that would
be expected in the absence of intensity-specific encoding. The distribu-
tion for the original, unshuffled dataset was compared with the shuffled
(random) distribution: discrimination was considered statistically signif-
icant if the average of the original distribution exceeded the value of the
95th percentile of the shuffled distribution (Fig. 2). Similar approaches
have been used previously (Wang et al., 2007; Mesgarani et al., 2008;
Huetz et al., 2009).

Histology. Histological and electrode track reconstruction procedures
have been described previously (Caras et al., 2012). Briefly, electrode
tracks were marked by two injections using either iontophoresis (10%
fluororuby, 39/40 birds, BAB-501 Iontophoresis pump, Kation Scien-
tific) or pressure injection (10% BDA, 1/40 birds, Parker Picospritzer).
At the end of each recording session, birds were perfused (PBS, followed
by 4% PFA). Brains were dissected from the skull, postfixed, cryopro-
tected, and embedded in gelatin. Parasagittal 40 !m sections were cut on
a freezing microtome and mounted onto gelatin-subbed slides. Alternate
sections were processed for Nissl or air dried until fluorescent or BDA
processing.

Sections containing fluororuby were cleared, coverslipped, and dried
overnight. Sections containing BDA were incubated in 30% hydrogen
peroxide in 100% methanol, rehydrated in PBS, and visualized using the
ABC-DAB method (Vector Laboratories, Sigma). All images were cap-
tured on a Olympus BH2 microscope fitted with a Qimaging camera and
Qcapture software.

Of the 246 cells in our analysis, 222 of them were localized to either the
caudal mesopallium (CM) or Field L. Twenty-four cells were on the
border between CM and L and could not be definitively localized to one
region or another (see Table 2). We note that Field L is a heterogeneous
complex made up of different subregions that demonstrate differences in
spectrotemporal tuning (Sen et al., 2001; Nagel and Doupe, 2008; Kim
and Doupe, 2011). It is therefore possible that intensity discrimination
and/or the effect of breeding condition differ among these subnuclei, or
between CM and Field L as whole. Previous investigations of song dis-
crimination using similar computational methods to those described
here have treated Field L as a single entity (Narayan et al., 2006; Wang et
al., 2007; Billimoria et al., 2008), and others have pooled cells from CM
and Field L together for large-scale analyses of physiological response
properties (Grace et al., 2003). Because of the multidimensional nature of
our experimental design and the distinct findings we observed for spe-
cific response patterns (see Results), we lacked sufficient statistical power
to separate cells into further subcategories and have therefore chosen to
pool our cells for analysis. The distribution cell types for each anatomical
region can be found in Table 3, however, and are discussed in more detail
in Results.

Hormone measurement. We collected blood from the alar wing vein of
each bird into a heparinized tube and centrifuged the sample at 4°C
immediately before each recording session. We stored separated plasma
at &80°C until ELISA was performed. Plasma levels of 17-% estradiol
were assayed using a kit from Cayman Chemicals. All of the estradiol
levels reported here were originally measured for a previous study (Caras
et al., 2012). Plasma testosterone levels were assayed using a standard kit
from Enzo Life Sciences (formerly Assay Designs) that has been successfully
used with white-crowned sparrow plasma (Caras et al., 2010).

Briefly, aliquots of each sample were run with kit standards following
each kit’s protocol. Each steroid was measured in a single assay. Some
female samples were lost during preparation; therefore, only 7 of 9 breed-
ing female samples and 7 of 12 nonbreeding female samples were assayed.
Most samples and all of the kit standards were run in duplicate; however,
3 breeding female and 2 nonbreeding female samples were run singly
because of insufficient sample volume. Because testosterone levels in
breeding males can exceed the highest range of the kit’s detectability (2
ng/ml), we made a 1:20 dilution of each breeding male sample with assay
buffer. After incubating samples with antiserum and a steroid-enzyme
conjugate, wells were emptied and washed, and substrate was added to all
sample wells. Plates were read immediately at 405 nm on a Dynex MRX II
microplate reader.
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We plotted the optical densities of the kit standards as a function of
known hormone concentration and fit the points with a sigmoid 4PLC
equation; sample hormone levels were extrapolated from this standard
curve. Intra-assay variability was 6.50% for estradiol and 9.94% for
testosterone.

Statistics. Comparisons consisting of only two groups were performed
with two-sample Student’s t tests. If the groups violated the assumptions
of normality, a nonparametric equivalent (Wilcoxon rank sum test) was
used instead. To assess the effect of breeding condition on discrimination
accuracy, we performed two-way (intensity # condition) mixed model
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Figure 2. Demonstration of trial shuffling approach. Trial shuffling removes intensity-specific information, generating a distribution of random percentage correct values. To assess statistical
significance, the distribution of the original (unshuffled) dataset is compared with 95th percentile of the shuffled (random) distribution (for full details, see Materials and Methods). A, Representative
raster plots from a single “bicoding” neuron recorded from a nonbreeding male (see Results and Fig. 3). Same plot conventions as in Figure 1A. B, Raster plots for the same unit as in A, after shuffling
trials to remove intensity-specific information. C, Distributions of count-based percentage correct values for the original (red) and trial-shuffled (black) data. Each distribution incorporates 1000
percent correct estimates (1 for each repetition of the pattern classifier). Red triangle represents mean for the original distribution; gray dashed line indicates the 95th percentile of the shuffled
distribution. D, Distributions of timing-based percentage correct values. Plot conventions are identical to C. E–H, Raster plots (E, F ) and percentage correct distributions (G, H ) for a single unit
recorded from a nonbreeding female classified as incapable of intensity discrimination.

Caras et al. • Seasonal Plasticity Modulates Spike Timing J. Neurosci., February 25, 2015 • 35(8):3431–3445 • 3435



ANOVAs; separate analyses were performed for males and females. Not
all cells were tested with identical intensity ranges. Missing values present
an obstacle for running a repeated-measures ANOVA; we therefore re-
stricted our group analyses to 20 – 80 dB SPL, allowing inclusion of the
vast majority of our neurons. Unless otherwise stated, all values are re-
ported as mean ' SEM. All statistical analyses were made using JMP 9.0.1
(SAS). The female data presented here were originally collected for pre-
vious study that examined estrogenic effects on average sound-evoked
firing rates (Caras et al., 2012).

Results
Plasma hormone levels
Females housed under breeding condition had higher levels of
plasma estradiol than their nonbreeding housed counterparts
(Table 1). These levels are similar to the physiological range re-
ported for wild breeding female white-crowned sparrows
((300 –500 pg/ml) (Wingfield and Farner, 1978). Breeding con-
dition also elevated testosterone levels in our male birds (Table
1), although the breeding levels we report here are higher than
what has been observed in wild breeding males (4 –10 ng/ml)
(Wingfield and Farner, 1978).

Although sex steroids play an important role in mediating
seasonal breeding plasticity (Brenowitz, 2008; for review, see
Bass, 2008; Sisneros, 2009), it should be noted that potential
steroid-independent effects of photoperiod may partly contrib-
ute to the results presented here (Smith et al., 1997; Soma et al.,
1999; Riters et al., 2001; Park et al., 2005). We therefore present
the results below in the context of “breeding condition,” which
represents the combination of photoperiod and hormone ma-
nipulations in this study.

Single units form three classes on the basis of intensity
coding capabilities
We analyzed the intensity discrimination of 246 single units using
spike count-based and spike timing-based pattern classifiers (Ta-
ble 2). Of the 246 cells localized to CM or Field L, 91 were inca-
pable of significantly discriminating song intensities using either
spike count or spike timing information; subsequent examina-
tion of corresponding raster plots suggested that these cells did
not respond to song stimuli, and we therefore removed them
from the analysis (Fig. 2).

The remaining 155 cells were capable of discriminating song
intensities on the basis of only spike timing information, only

spike count information, or both spike timing and spike count
information. For simplicity, we will refer to these neurons for the
remainder of this paper as “temporal” cells, “count” cells, and
“bicoding” cells, respectively.

Representative raster plots for each response category (Fig. 3)
suggest distinct differences in response magnitude and temporal
structure as a function of song intensity. These differences were
verified quantitatively by calculating average firing-rate input–
output functions for each group. As shown in Figure 4A, at low
sound levels, each cell group had an average firing rate of (3 Hz,
likely reflecting spontaneous activity. As song intensity increases,
count cells demonstrate suppressed activity. Conversely, tempo-
ral cells display steady firing rates, regardless of stimulus inten-
sity. Bicoding cells, on the other hand, increase their firing rates in
a monotonic manner as song intensity increases.

These three categories of cells cluster into distinct groups
when plotted as a function of spike count-based and spike
timing-based discrimination accuracy (Fig. 4B). On average, bi-
coding neurons (red diamonds) outperformed temporal cells
(blue squares) on spike timing-based intensity discrimination by
(8% (26.87 ' 1.24 vs 18.56 ' 0.56, Z ! 5.79, p % 0.0001).
Similarly, bicoding neurons showed superior spike count-based
performance compared with count cells (red diamonds vs gray
squares; 25.15 ' 1.11 vs 17.65 ' 0.58, Z ! &3.75, p % 0.001).
Together, these findings indicate that the avian auditory fore-
brain is capable of using both spike count and temporal informa-
tion to encode song intensity, and song-responsive cells within
this region form 3 distinct classes on the basis of their individual
encoding capabilities.

To determine whether these functionally distinct cell types
segregate anatomically, we compared their relative proportions
within CM, Field L, and the CM/L border. As shown in Table 3,
there were significant differences: although bicoding and tempo-
ral cells were observed at approximately equal rates in Field L, the
distribution was biased toward temporal cells in CM (&2

4, N !
155 ! 9.44, p ! 0.05).

In addition, we examined whether the distribution of cell
types varied as a function of sex and/or breeding condition. Over-
all, the relative proportions of each cell type were similar in males
and females (&2

2, N ! 155 ! 2.85, p ! 0.24), and across breeding
states (&2

2, N ! 155 ! 5.14, p ! 0.08). A separate analysis, how-
ever, revealed that breeding condition has a robust sex-specific
effect: in females, the cellular distribution switches from primar-
ily bicoding cells under nonbreeding condition, to primarily tem-
poral cells under breeding condition (&2

2, N ! 80 ! 8.86, p !
0.01; Table 4). No effect of breeding condition was observed in
males (&2

2, N ! 75 ! 0.12, p ! 0.94). Given that CM has a
higher proportion of temporal cells (Table 3), it was possible
that the difference observed in females reflected unequal sam-
pling of anatomical sites across breeding conditions, rather
than an effect of breeding condition per se. In fact, all anatom-
ical regions were sampled at approximately equal rates in
breeding and nonbreeding females (&2

2, N ! 80 ! 0.70, p !
0.70; also see Table 2), suggesting that the coding strategies of
individual female cells may be malleable, and depend on re-
productive context.

Male intensity discrimination is unaffected by
breeding condition
Previous work revealed that sex steroids can affect auditory
forebrain neurons in a cell-selective manner (Caras et al.,
2012), leading us to hypothesize that hormonal modulation of
intensity discrimination may occur in a particular cell type. To

Table 1. Plasma hormone levelsa

Nonbreeding Breeding Statistic p

Testosterone
(ng/ml)

0.376 ' 0.08 (n ! 10) 21.92 ' 3.73 (n ! 9) &5.77* %0.0001

Estradiol
(pg/ml)

18.77 ' 3.51 (n ! 6) 447.45 ' 214.00 (n ! 6) &2.80** %0.01

aData are mean ' SEM.

*Student’s t test.

**Wilcoxon Z test.

Table 2. Breakdown of cells included in analysisa

CM CM/L border Field L Total

Breeding females 12 (6) 5 (4) 40 (9) 57 (9)
Nonbreeding females 11 (6) 5 (3) 56 (12) 72 (12)
Breeding males 19 (8) 7 (5) 33 (9) 59 (9)
Nonbreeding males 7 (5) 7 (6) 44 (8) 58 (10)
Total 49 (25) 24 (18) 173 (38) —
aValues are number of cells (number of birds). The number of birds indicated in the right-most column is not a simple
sum of the number of birds in each preceding column because units from each anatomical location may have been
recorded in the same bird.
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explore this possibility, we examined
the effect of breeding condition on the
neural discrimination of song intensity
after grouping cells according to their
encoding capabilities (Figs. 3 and 4).
Males and females were analyzed sepa-
rately. We report our findings for male
birds first.

To visualize the impact of breeding
condition on discrimination accuracy, we
created confusion matrices whose rows
indicate the actual stimulus intensity and
whose columns indicate the intensity as-
signment made by the classifier. Correct
estimates fall along the diagonal from the
upper left to the bottom right of each
matrix. The percentage of spike train
assignments for each stimulus level is rep-
resented by color, with warmer colors in-
dicating higher percentages. Figure 5A, B

shows spike count-based matrices for count cells from breeding
and nonbreeding males. A two-way mixed model ANOVA re-
vealed a moderate effect of intensity (F(6,36) ! 3.22, p ! 0.01),
arising from the slightly higher discrimination accuracy at
very low and very high dB SPL values (the upper left and
bottom right corners of the matrices, respectively). A compar-
ison of the original matrices (Fig. 5 A, B) suggests no effect of
breeding condition (F(1,6) ! 0.26, p ! 0.63), nor a level #
condition interaction (F(6,36) ! 1.33, p ! 0.27). A similar
conclusion is drawn by examining Figure 5C, which illustrates
a subtracted difference matrix (i.e., the nonbreeding matrix sub-
tracted from the breeding condition matrix). Caution is warranted
when interpreting these results, however, as relatively few count cells
were observed overall (n ! 4 for each group).
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Table 3. Anatomical distributions of cell typesa

Bicoding Count Temporal Total (cells)

CM 21.9% (7) 12.5% (4) 65.6% (21) 32
CM/L 23.1% (3) 0.0% (0) 76.9% (10) 13
L 45.4% (50) 7.3% (8) 47.3% (52) 110
Total (cells) 60 12 83 155
aValues are percentages of cells within each anatomical region. Actual numbers of recording sites are in parentheses.

Table 4. Effect of sex and condition on cell type distributionsa

Bicoding Count Temporal Total (cells)

Breeding females 30.3% (10) 0.0% (0) 69.7% (23) 33
Nonbreeding females 53.2% (25) 8.5% (4) 38.3% (18) 47
Breeding males 31.6% (12) 10.5% (4) 57.9% (22) 38
Nonbreeding males 35.1% (13) 10.8% (4) 54.1% (20) 37
Total (cells) 60 12 83 155
aValues are percentages of cells. Actual numbers of recording sites are in parentheses.

Caras et al. • Seasonal Plasticity Modulates Spike Timing J. Neurosci., February 25, 2015 • 35(8):3431–3445 • 3437



A similar analysis was performed for male bicoding cells. As
shown in Figure 5D, E, discrimination accuracy remains relatively
constant across all song intensity levels (F(3.44,65.38) ! 1.52, p ! 0.21).
Furthermore, the subtracted difference matrix (Fig. 5F) indicates no
significant effect of breeding condition (F(1,19) ! 0.00, p ! 0.99), nor
an interaction between breeding condition and song intensity
(F(3.44,65.38) ! 0.80, p ! 0.51). Together, these results suggest that
spike count-based intensity discrimination is not sensitive to male
breeding state.

A separate analysis was performed to examine the impact of
breeding condition on male spike timing-based discrimina-
tion. As shown in Figure 6, classifier performance improved as
song intensity increased for both temporal cells (Fig. 6 A, B;
F(4.09,159.55) ! 8.04, p % 0.0001) and bicoding cells (Fig. 6 D, E;
F(2.61,49.68) ! 9.43, p % 0.0001). Subtracted difference matrices
(Fig. 6C,F ) revealed no effect of breeding condition for either
cell group (temporal: F(1,39) ! 0.83, p ! 0.37; bicoding: F(1,19) !
0.40, p ! 0.54), nor a level # condition interaction (temporal:
F(4.09,159.55) ! 0.57, p ! 0.69; bicoding: F(2.61,49.68) ! 0.52, p !
0.65). Collectively, these findings suggest that males are capa-
ble of both count-based and timing-based encoding of song
intensity, and these capabilities are unaffected by changes in
breeding condition.

Female spike timing-based intensity discrimination is
sensitive to breeding condition in a cell-selective manner
We next examined whether breeding condition affects female
spike count-based intensity discrimination. No count cells were
recorded in breeding females (Table 4), so no comparison could
be performed for this cell type. However, for completeness, the
confusion matrix generated by the 4 count cells recorded in
nonbreeding females is shown in Figure 7A. No effect of level
was observed (F(6,12) ! 0.89, p ! 0.53), likely due to the small
sample size.

In female bicoding neurons, spike count-based discrimina-
tion accuracy was highest at the extreme intensity values, contrib-
uting to a significant effect of level (F(3.21, 93.28) ! 4.91, p % 0.01;
Fig. 7 B, C). However, as shown in Figure 7D, there was no
overall effect of breeding condition (F(1,29) ! 0.21, p ! 0.65),
nor an interaction between breeding condition and song in-
tensity (F(3.21,93.28) ! 1.37, p ! 0.26). Thus, like males, female
spike count-based discrimination is unaffected by hormonal
state.

Finally, we examined the effect of breeding condition on fe-
male spike timing-based intensity discrimination. As above, we
created confusion matrices for temporal cells from breeding (Fig.
8A) and nonbreeding (Fig. 8B) females. Both matrices show an
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song intensity levels; columns represent song intensity levels predicted by the spike count-based classifier. Correct estimates fall along the diagonal running from the upper left to the bottom right
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improvement in classifier performance as song level increases
(F(4.45,151.23) ! 5.42, p % 0.001). The subtracted difference matrix
in Figure 8C, however, reveals no effect of breeding condition
(F(1,34) ! 0.10, p ! 0.76), nor a level # condition interaction
(F(4.45,151.23) ! 1.19, p ! 0.32).

For bicoding neurons, there was a similar effect of level, such
that accuracy clearly improved with increasing song intensity
(F(3.06,88.76) ! 7.86, p % 0.0001; Fig. 8D,E). Here, however, there
was also a robust effect of breeding condition: Bicoding neurons
from breeding females (Fig. 8D) outperformed those from non-
breeding females (Fig. 8E) by an average of 11% (F(1,29) ! 6.17,
p ! 0.02). This effect is most easily observed by examining the
difference between the breeding and nonbreeding female ma-
trices, as shown in Figure 8F. Although the difference appears
particularly strong for low and mid levels (20 –50 dB SPL;
orange and red squares in upper left quadrant), the level #
condition interaction was not significant (F(3.06,88.76) ! 0.80,
p ! 0.50). Together, these results suggest that, like males,
females are capable of using count-based and temporal strat-
egies to encode song intensity, but only spike-timing based
encoding is sensitive to changes in hormonal state, and only in
a cell-selective manner.

Breeding condition increases the range of discriminable
intensities in females on a cell-by-cell basis
The previous analyses revealed an effect of breeding condition on
female bicoding cells at a group level. In principal, this finding

could be explained by one of two scenarios. First, breeding con-
dition may increase the range of discriminable song intensities on
a cell-by-cell basis. Alternatively, cells may be specialized for the
discrimination of specific song intensities, and breeding condi-
tion may enhance performance for each cell (particularly those
specialized for low-mid levels) without increasing their discrim-
inable range.

To distinguish between these two possibilities, we examined
the spike timing-based discrimination range for each female bi-
coding neuron. In Figure 9A, each cell is depicted along a single
row. Within each row, thick solid lines connect consecutive in-
tensities that the cell can discriminate at a statistically significant
level. Solid points indicate isolated intensities that are signifi-
cantly discriminable (see Materials and Methods); dashed lines
are used as needed to fill in any gaps between the lowest and
highest discriminable intensities for each cell; they serve as visual
guides only and do not indicate successful discrimination. Cells
are grouped according to breeding condition; within each group,
cells are arranged in order of the minimum intensity discrim-
inable. Qualitatively, it appears that bicoding cells from breeding
females (top) have wider discrimination ranges than cells from
nonbreeding females (bottom). This observation was verified by
calculating the difference between the highest and the lowest sig-
nificantly discriminable intensity (the “absolute range”) for each
cell that significantly discriminated at least 2 intensities. As
shown in Figure 9B, bicoding cells from breeding females have
absolute ranges that are, on average, 28 dB wider than bicoding
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cells from nonbreeding females (t(1,26), p % 0.001). Together,
these results suggest that breeding condition enhances intensity
discrimination by increasing the range of discriminable intensi-
ties on a cell-by-cell basis.

Breeding condition reduces the optimal temporal resolution
for female intensity encoding
The spike timing-based classification described here was per-
formed after convolving each spike train with a Gaussian curve.
The smoothed function generated by this approach mimics the
excitatory postsynaptic membrane potential of a hypothetical
downstream neuron. Thus, the width of the Gaussian used for
this convolution, #, determines the temporal window over which
the presynaptic neural response can be integrated: small values of
# preserve fine temporal structure but may be susceptible to un-
informative response jitter. Large values of # reduce noise, but at
a cost of reduced temporal resolution.

The spike timing-based discrimination results reported
above were calculated at each neuron’s optimal #. To deter-
mine whether breeding state alters the optimal temporal resolution
for the discrimination of song intensities, we compared average #
values between breeding and nonbreeding condition birds.

A representative response evoked at 90 dB SPL from a bi-
coding neuron is shown in Figure 10A. This cell, recorded
from a breeding female, has an optimal # of 4 ms. The tight
spike timing reliability exhibited by this cell is pronounced
when compared with the responses in Figure 10B, which
shows the activity of a bicoding neuron at the same intensity

(90 dB SPL) recorded from a nonbreeding female. This non-
breeding cell displayed a more sustained activity profile, and
its optimal # was substantially larger (64 ms) than the breed-
ing cell depicted in Figure 10A.

A two-way ANOVA was performed to determine the effects
of breeding condition and cell type (temporal or bicoding) on
female optimal # values. As shown in Figure 10C, breeding
condition significantly reduced the optimal # (F(1,70) ! 8.75,
p % 0.01). This reduction amounts to increasing the temporal
resolution by a factor of (4 –5 (nonbreeding: 63.4 ' 13.84 ms,
breeding: 14.36 ' 2.96 ms). No effect of cell type (F(1,70) !
0.00, p ! 0.99) was observed, nor was there an interaction
between cell type and breeding condition (F(1,70) ! 0.24, p !
0.62).

Conversely, breeding condition had no effect on male op-
timal # (breeding: 43.8 ' 12.0 ms, nonbreeding: 52.4 ' 11.72
ms; F(1,63) ! 0.48, p ! 0.49). Values were similar across cell
types (F(1,63) ! 0.68, p ! 0.41), and no condition # cell type
interaction was observed (F(1,63) ! 0.83, p ! 0.37; data not
shown).

Together, these results indicate that breeding condition in-
creases the optimal temporal resolution for intensity coding in a
sex-specific manner. Furthermore, breeding condition enhances
the neural discrimination of song amplitude in a select subset of
female neurons (bicoding cells) by increasing the range of dis-
criminable intensities on a cell-by-cell basis. This latter effect is
only observed when discrimination is made on the basis of spike
timing information.
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Discussion
Spike timing and auditory discrimination
Understanding how spike timing contributes to sensory discrim-
ination is fundamental for linking neural activity with percep-
tion. In the auditory nerve and brainstem, spike timing plays an
important role in sound encoding (Kiang, 1965; Rose et al., 1967;
Young and Sachs, 1979; for review, see Frisina, 2001). Only re-
cently, however, have temporal codes been investigated in the
vertebrate telencephalon (for reviews, see Huetz et al., 2011; Gau-
cher et al., 2013). The majority of these studies have asked how
the discrimination of two or more vocalizations depends on the
temporal resolution of individual cortical responses (Huetz et al.,
2004, 2006, 2009; Narayan et al., 2006; Schnupp et al., 2006;
Wang et al., 2007; Billimoria et al., 2008; Engineer et al., 2008;
Recanzone, 2008; Russ et al., 2008; Walker et al., 2008; Centanni
et al., 2013; Ter-Mikaelian et al., 2013). Overwhelmingly, the data
point toward higher discrimination accuracy at shorter time
scales; in general, 1–30 ms has been reported as optimal for
single-cell temporal integration (Narayan et al., 2006; Schnupp et
al., 2006; Engineer et al., 2008; Recanzone, 2008; Russ et al., 2008;
Walker et al., 2008; Huetz et al., 2009; Centanni et al., 2013;
Ter-Mikaelian et al., 2013).

Here we found that single neurons in the avian forebrain are
capable of using spike timing reliability to accurately discriminate
the RMS sound level of a complex signal. Furthermore, we report

that similar temporal resolutions, ((10 – 60 ms), are optimal for
the discrimination of sound intensity. Our results support the
idea that the contribution of spike timing is not limited to the
discrimination of sounds that differ in terms of spectral or tem-
poral properties but also extends to complex sounds whose spec-
trotemporal features remain constant but vary in mean intensity
(Malone et al., 2010).

Identification of functionally distinct cell types
We found that cells in the avian auditory forebrain segregate into
three functionally distinct cell groups. Although we originally
identified these cellular clusters on the basis of their intensity
discrimination capabilities, we found that they are also well de-
scribed by their firing rate-song level profiles. Two of these clus-
ters display a marked similarity to data published by Billimoria et
al. (2008). These authors recorded extracellular activity from
Field L of male zebra finches and assessed how well neurons could
discriminate among different conspecific songs across a range of
intensities. They identified two classes of neurons: those that
demonstrated monotonically increasing firing rates as song in-
tensity increased (which they termed “intensity sensitive” neu-
rons), and those that displayed clear temporal responses but
maintained flat rate-level functions across song amplitude
(which they termed “intensity invariant” neurons). A compari-
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son of their work with the present study raises a few points worth
mentioning.

First, Billimoria et al. (2008) suggested that their “intensity
sensitive” neurons are particularly well suited to convey infor-
mation about song amplitude. Our results support this no-
tion. Of the three cell classes we describe here, our “bicoding”
neurons display the greatest overall accuracy (Fig. 4B). On the
basis of their monotonically increasing rate-level profiles (Fig.
4A), it seems likely that these cells were drawn from the same
population as the “intensity sensitive” neurons of Billimoria et
al. (2008).

Second, based on their flat rate-level profiles (Fig. 4A), our
“temporal” cells are likely the same as the previously mentioned
“intensity invariant” neurons (Billimoria et al., 2008). Billimoria
et al. (2008) posited that these neurons maintain accurate song
representations regardless of sound level. Overall, our results
agree with their hypothesis: while these cells are capable of dis-
criminating song intensity on the basis of spike timing informa-
tion, their discrimination accuracy is significantly lower than the
bicoding neurons (Fig. 4B), and within their response range, their
response patterns are not well differentiated (Fig. 3B). Thus, it is
plausible that temporal cells, which make up a majority (54%) of
our sample, primarily serve an important purpose unrelated to
intensity discrimination (i.e., stable song encoding across differ-
ent listening conditions). Notably, while temporal cells constitute
approximately half of all cells recorded in Field L, they make up
the majority in CM and along the CM/L border. These findings
suggest that the neural representation of song identity (or other
auditory objects) stabilizes as one moves along the ascending
auditory pathway.

Finally, we describe a third group of cells that display sup-
pressed activity as song level increases. These “count” cells, which
comprise a minority of our dataset (8%), are capable of limited,
but significant, intensity discrimination solely on the basis of
spike counts. Their precise role in auditory coding remains to be
determined.

Androgens and spike timing-based auditory coding
Given the important role of testosterone in modulating vocal
communication, surprisingly little is known about the role of
androgens in modulating spike timing-based coding in the cen-
tral auditory pathway. Huetz et al. (2006) recorded single-unit
responses from the sensorimotor region HVC of male canaries
that were housed under differing photoperiods and examined the
contribution of spike timing in the discrimination of natural and
reversed versions of the bird’s own song. While their findings
highlight an important role for spike timing in the encoding of a
bird’s own song, no effect of photoperiod was observed. Simi-
larly, we report here that male spike timing-based coding of song
intensity is unaffected by breeding condition. These results raise
the question of whether male intensity discrimination is relatively
insensitive to changes in plasma hormone levels in general, or
whether estradiol, which was administered to females in this
study, is simply a more effective modulator. Additional studies
using a combination of systemic hormonal manipulations, in-
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cluding nonaromatizable androgens, such as dihydrotestoster-
one, are needed to distinguish among these possibilities, and to
determine whether androgens are capable of modulating audi-
tory coding in females.

Estrogens and spike timing-based auditory coding
A growing body of literature has highlighted the role of circulat-
ing and brain-derived estrogens in modulating auditory percep-
tion, evoked potentials, and neuronal activity (for review, see
Caras, 2013). The impact of estrogen on spike timing-based au-

ditory coding, however, remains poorly understood. To date,
only three previous studies have addressed this issue (Huetz et al.,
2006; Liu and Schreiner, 2007; Tremere and Pinaud, 2011). Liu
and Schreiner (2007) recorded multiunit responses from the au-
ditory cortex of female mice that were either recent mothers or
naive regarding pup care. The authors found that when record-
ings were analyzed with a 2 ms resolution, the responses of moth-
ers conveyed more information for pup call detection and
discrimination compared with responses of naive females. Al-
though interpretation of this finding is limited by the fact that
hormone levels were not measured, and the relative role of sex
steroids and pup-care experience cannot be separated (Mi-
randa and Liu, 2009), their results indirectly support a possi-
ble modulatory role for estrogen in spike timing-based neural
discrimination.

Additional evidence is provided by Tremere and Pinaud
(2011), who used a linear decoder to analyze the ability of single
neurons in the zebra finch caudomedial nidopallium to discrim-
inate among four conspecific songs during manipulation of local
estradiol levels. The authors reported that estradiol infusion en-
hanced discrimination accuracy, and estrogen receptor blockade
or aromatase inhibition decreased accuracy, even after normaliz-
ing spike trains to account for hormone-dependent changes in
evoked activity. Their results suggest that endogenous, brain-
derived estradiol may enhance song discrimination in part by
shaping fine temporal processing.

Our results support and expand on these findings by demon-
strating that, in females, breeding condition enhances spike
timing-based discrimination accuracy and expands the range of
song intensities that are neurally discriminable by bicoding neu-
rons. Additionally, we observed that breeding condition reduces
the temporal window required for optimal intensity discrimina-
tion. Finally, we found a seasonal shift in the cellular distribution,
such that bicoding cells constituted the majority of the cells in
nonbreeding females, whereas temporal cells made up more
than two-thirds of neurons in breeding females. Based on the
putative functional roles for the different cell types (discussed
above), it seems reasonable to hypothesize that estrogen acts
on bicoding cells to enhance intensity discrimination during
the reproductive period, whereas the increased proportion of
temporal cells allows for a stable representation of signal iden-
tity across seasons.

We presented a similar hypothesis to explain the selective ef-
fect of estradiol on sound-evoked firing rates of Field L neurons
(Caras et al., 2012). In this study, estradiol specifically affected the
activity of neurons with monotonic pure-tone rate-level func-
tions while leaving nonmonotonic neurons unaffected. An obvi-
ous question that arises from our present findings was whether
the estrogen-targeted cells in Caras et al. (2012) and the current
study are identical. It appears that this is not the case: monotonic
and nonmonotonic tone responses can be found in approxi-
mately equal proportions in bicoding and temporal cell popula-
tions (data not shown).

Collectively, these findings suggest that, in addition to in-
creasing neural discharge rates and sensitivity (Caras, 2013), es-
trogens shape single-unit responses at a high temporal resolution
to enhance the discrimination of vocal stimuli and optimize avian
vocal communication under different breeding conditions. Sim-
ilar strategies may be used by other vertebrate taxa to optimize the
recognition of mates during periods of reproductive readiness
or the recognition of offspring calls during periods of maternal
caregiving.
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Hypothesis: The zebrafish lateral line can be used to iden-
tify small molecules that protect against cisplatin-induced hair
cell death.
Background: Cisplatin is a commonly used chemotherapeutic
agent, which causes hearing loss by damaging hair cells of the
inner ear. There are currently no FDA-approved pharmacologic
strategies for preventing this side effect. The zebrafish lateral
line has been used successfully in the past to study hair cell
death and protection.
Methods: In this study, we used the zebrafish lateral line to
screen a library of 10,000 small molecules for protection against
cisplatin-induced hair cell death. Dose-response relationships
for identified protectants were determined by quantifying hair
cell protection. The effect of each protectant on uptake of a
fluorescent cisplatin analog was also quantified.

Results: From this screen, we identified 2 compounds exhibit-
ing dose-dependent protection: cisplatin hair cell protectant 1 and
2 (CHCP1 and 2). CHCP1 reduced the uptake of a fluorescent
cisplatin analog, suggesting its protective effects may be due to
decreased cisplatin uptake. CHCP2 did not affect uptake, which
suggests an intracellular mechanism of action. Evaluation of
analogs of CHCP2 revealed 3 additional compounds that signifi-
cantly reduced cisplatin-induced hair cell death, although none
exceed the effectiveness or potency of the parent compound.
Conclusion: The zebrafish lateral line was used to identify 2
small molecules that protected against cisplatin-induced hair
cell death. Key Words: CisplatinVHair cellVOtotoxicityV
Protection.

Otol Neurotol 36:519Y525, 2015.

Cisplatin is a commonly used anticancer drug in the
treatment of many cancers, including lung cancer, ovarian
cancer, and head and neck cancer. It also causes signifi-
cant nephrotoxicity and ototoxicity. Because cisplatin
therapy is administered in planned intervals, it is feasible
to administer a protective drug as a cotreatment. Unfor-
tunately, there are currently no FDA-approved drugs that
can be used to prevent these organ toxicities. Because of
the technical challenges associated with screening mature
mammalian hair cells, our group previously developed a
method for screening compounds for hair cell toxicity and
protection using the lateral line system of free-swimming
zebrafish larvae (1). The lateral line contains mechano-
sensory hair cells that structurally and functionally resemble

the hair cells of the inner ear but is easily accessible
to drug treatment and imaging as it is located on the ex-
terior of the fish. The lateral line hair cells also exhibit
similar susceptibility to known ototoxins including cis-
platin and aminoglycosides and have been used to study
the hair cell toxicity of these compounds (2Y5). We have
previously used this method of screening to identify pro-
tectants against aminoglycoside hair cell toxicity (1,6).
These protectants subsequently demonstrated protection
of mammalian hair cells, validating this screening method
for discovering potential protectants of mammalian inner
ear hair cells (7). In addition, Vlasits et al. (8) used the
zebrafish lateral line to screen a library of FDA-approved
drugs (Enzo 640) and identified 2 drugs, paroxetine and
benzamil, which protected against cisplatin-induced hair
cell death.

We screened the ActiProbe 10K (TimTec LLC, Newark,
DE, USA) library of 10,000 drug-like small molecules.
Small molecules are lowYmolecular weight organic com-
pounds that have no previously known activity. Small

Address correspondence and reprint requests to Henry C. Ou, M.D.,
University of Washington, VMBHRC, Box 357923, Bldg CHDD, Rm
CD 176, Seattle WA 98195-7923; E-mail: henryou@u.washington.edu
Funding sources: NIH/NIDCD:K08DC009631, P30-DC004661, R01-

DC009807, and R01-DC005987-05.

Otology & Neurotology
36:519Y525 ! 2014, Otology & Neurotology, Inc.

519

Copyright © 2015 Otology & Neurotology, Inc. Unauthorized reproduction of this article is prohibited.



molecules are frequently used in high-throughput screen-
ing protocols and can be developed into therapeutic agents
but have not yet been developed into drugs. To our knowl-
edge, this is the first small molecule screen for cisplatin
protectants described in the literature. From this screen,
we identified and characterized 2 compounds with prom-
ising activity against cisplatin-induced hair cell death, cis-
platin hair cell protectant 1 and 2 (CHCP1 and CHCP2).
Although still not at the point of clinical use, these types
of protective compounds and the use of high-throughput
drug screens to identify them have the potential to lead to
clinically useful protective drugs that can one day be used
topically or systemically to protect the inner ear.

MATERIALS AND METHODS

Animals
Zebrafish (Danio rerio) embryos were produced by paired

matings of AB wild-type adult fish maintained at 28.5-C at the
University of Washington zebrafish facility (9). Embryos were
maintained in fish embryo media (EM; 1 mM MgSO4, 120 KM
KH2PO4, 74 KMNa2HPO4, 1 mM CaCl2, 500 KMKCl, 15 KM
NaCl, and 500 KM NaHCO3 in dH2O) at a density of 50 ani-
mals per 100-mm2 Petri dish and kept in an incubator at 28.5-C.
At 4 days postfertilization (dpf), larvae were fed live paramecia.
All zebrafish protocols were approved by the University of
Washington Institutional Animal Care and Use Committee.

Drug Library
The ActiProbe 10K (TimTec LLC) library of 10,000 drug-

like small molecules was screened. The library consisted of 125
96-well plates of 80 compounds per plate. All compounds were
provided as 0.05 mg in 50 Kl of dimethyl sulfoxide (DMSO).
The average molarity of the solutions was 3.0745 mM. A full
list of compounds comprising this library is available from
TimTec (www.TimTec.com). All compounds in this library are
compliant with Lipinski rules (10) to maximize potential for
bioavailability.

Initial Screen
Zebrafish larvaewere labeledwithYO-PRO1 (2KM! 45 min;

Invitrogen, Eugene, OR, USA), a vital fluorescent dye that se-
lectively labels hair cell nuclei. Labeled fish were then transferred
in a volume of 148.5 Kl EM, one per well, into a Nunc 96-well
optical bottom plate (Thermo Fisher Scientific, Waltham, MA,
USA); 1.5 Kl of compound solution from the library were then
added to each corresponding well for a 1:100 dilution (in 1 %
DMSO) and average molarity of 6.149 KM (average mole-
cular weight 325.258 g/mol). Fish were incubated with the com-
pounds (or 1% DMSO only controls in EM) for 1 hour. Cisplatin
was then added to each well (with the exception of the nega-
tive control wells) for a final cisplatin concentration of 50 KM.
The fish were incubated for 24 hours and then anesthetized
with MS-222 (3-aminobenzoic acid ethyl ester, methanesulfo-
nate salt; Sigma-Aldrich, St. Louis, MO, USA) before imaging.
Of the 96 wells, 80 contained cisplatin and one of the test mole-
cules, 8 were used for negative controls (no cisplatin), and 8 were
used for positive controls (cisplatin only).

Imaging
For screening, fluorescence microscopy was performed using

a Marianas imaging system (Intelligent Imaging Innovations,
Denver, CO, USA) incorporating an Axiovert 200M inverted

microscope (Zeiss, Thornwood, NY, USA). Bright field visu-
alization of heartbeat and blood flow was used to confirm fish
viability. Using a FITC filter, hair cell nuclei labeled with YO-
PRO1 dye were observed under a 20X objective for nuclear
changes associated with injury. Each fish was assigned a score
of 0 to 2, based on an established system (1), with 0 being
equivalent to the positive control (complete or nearly complete
loss of hair cells, cisplatin 50 KM) and 2 being the negative
control (undamaged hair cells, 1% DMSO).

Dose-Response Testing
Wells with a score of 1 or 2 in the initial screen were con-

sidered to contain potential protectants and were thus retested.
Compounds with a score of 1 or 2 on repeat testing underwent
further evaluation with dose-response curves.
Larvae (n = 10 per group) were incubated for 1 hour with each

compound at concentrations of 0.5, 1, 5, 10, 20, and 50 KM.
Larvae were then treated with cisplatin, 50 KM for 24 hours
(protectant present). The larvae were then anesthetized with
MS-222 and fixed with 4% paraformaldehyde overnight at 4-C.
After fixation, the larvae were rinsed in phosphate-buffered

saline (PBS) and incubated in blocking solution (1% Triton-X,
5% normal goat serum [NGS] in PBS) for 1 to 2 hours at room
temperature. Larvae were then incubated overnight at 4-C in
anti-parvalbumin primary antibody (monoclonal, 1:400 in 1%
Triton-X, 1% NGS, in PBS; Millipore, Billerica, MA, USA),
then rinsed in 1% Triton-X in PBS (PBS-T) and transferred to
Alexa 488 goat antimouse fluorescent secondary antibody so-
lution (1:500, in 1% Triton-X, 1% NGS, in PBS; Invitrogen) for
a 2- to 4-hour incubation at room temperature. The larvae were
rinsed, then mounted for imaging. A Zeiss Axioplan II micro-
scope with a FITC filter was used to count hair cells from the
SO1, SO2, O1, and OC1 neuromasts (11). Approximately 10 fish
were counted per group. Results were calculated as the mean
hair cell survival as a percentage of the group treated only in EM
(negative control).

Rho-Pt Uptake
To determine the effect of each protectant on cisplatin uptake

into hair cells, we performed live imaging of uptake of a fluores-
cent platinum analog (Rho-Pt; Kreatech Diagnostics, Amsterdam,
The Netherlands) into lateral line hair cells. We have previously
characterized the toxicity and uptake kinetics of Rho-Pt, validat-
ing its use as a proxy for cisplatin uptake in the zebrafish lateral
line (12). To assess Rho-Pt uptake, 5-dpf zebrafish larvae were
pretreated with vehicle only (1.1% DMSO in EM) or 50 KM of
the protective compound CHCP1 or CHCP2 (in 1.1% DMSO
in EM) for 1 hour. Larvae were then cotreated with 50 KM
Rho-Pt for 1 hour and then rinsed in EM. The larvae were
then treated with SYTOX Green (5 KM for 1 min; Invitrogen) to
label neuromast hair cell nuclei, rinsed in EM and anesthetized
before imaging.
Rho-Pt uptake was imaged live in anesthetized larva within a

chamber slide containing 2 ml of 0.001% MS-222 in EM. Ap-
proximately 5 neuromasts were imaged per larva. Image stacks
were obtained using SlideBook 5.0.0.27 x64 software (Intelli-
gent Imaging Innovations) running a Marianas Spinning Disk
Confocal system (an Observer.Z1 inverted microscope; Zeiss).
A 561-nm laser was used for visualization of Rho-Pt. Optical
volumes collected with a Zeiss 63x/1.2W C-Apochromat water-
immersion objective were analyzed using Fiji software (13).
Rho-Pt uptake in the entire neuromast was measured from a
summed intensity projection of the neuromast after correction
for specimen background intensities.
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Structural Analog Evaluation
Structural analogs of the parent compound CHCP2 were ob-

tained from TimTec by performing a similarity search using the
parent compound structure as the query. Three structural ana-
logs were evaluated by analysis of the dose-response relationship
against 50 KM cisplatin.

In Vitro Cancer Cell Studies
To evaluate whether the compounds identified as protective

against cisplatin toxicity in hair cells altered the chemothera-
peutic efficacy of cisplatin, we tested the compounds with cis-
platin against human cancer cells in tissue culture. Human lung
adenocarcinoma cell lines A549 (ATCC catalog #CCL-185) and
NCI-H23 (H23; ATCC catalog #CRL-5800) were used for these
experiments. A549 cells were cultured in Dulbecco’s modified
Eagle medium high glucose (DMEM; catalog SH30022.01;
Thermo Scientific, Waltham, MA, USA) with 10% fetal bovine
serum (FBS; Mediatech, Inc., Manassas, VA, USA), and 1% L-
glutamine (Invitrogen, Grand Island, NY, USA). NCI-H23 cells
were cultured in RPMI-1640 medium (containing 10 mM
HEPES, 1% L-glutamine, and sodium bicarbonate; Thermo
Scientific) with 10% FBS and 1% sodium pyruvate (Thermo
Scientific). Cells were diluted to a concentration of 5,000 per ml
and transferred to Costar 3917 assay plates (Corning, Inc.,
Corning, NY, USA) in 100 KL of media for 500 cells per well.
Incubations were performed at 37- C in a humidified, 5% CO2

incubator. The duration of incubations differed between the cell
lines because of difference in doubling times; A549 cells were
incubated for 6 hours, and H23 cells for 24 hours, to allow them
to adhere to the culture plate. A matrix of combinations of cis-
platin at 0, 5, 10, and 20KM, with CHCP1 at 0, 5, 10, and 20 KM
or CHCP2 at 0, 5, 10, and 20 KM, was used with 4 wells for each
combination. After addition of protective compounds and cis-
platin, the plates were incubated for 48 hours. The treatment-
containing medium was then removed from each well and
replaced with 100 Kl of the appropriate growth medium, and
the cells were incubated (A549 cells for 16 hours, H23 cells for
24 hours) to allow them to recover. Medium was then removed
from each well and replaced with 50 Kl of the appropriate me-
dium with a reduced FBS concentration of 2%. Cell viability was
measured using the CellTiter-Glo luminescent cell viability assay
(Promega, Madison, WI, USA). Cell luminescence was assessed
with a TopCount NXTmicroplate luminescence counter (Packard
Instrument Company, Meriden, CT, USA).

Statistical Analysis
Comparison of mean hair cell survival between multiple con-

centrations of each protectant compound was accomplished using
1-way analysis of variance (ANOVA) with Tukey’s post hoc test
for individual comparisons. For experiments with multiple
groups (tumor cell culture), a 2-way ANOVA with a Bonferroni
posttest was used to compare means. A threshold of p G 0.05 was
used for statistical significance. Statistical tests were performed
using GraphPad Prism version 5.01 for Windows (GraphPad
Software, San Diego, CA, USA).

RESULTS

Small Molecules That Protect Against
Cisplatin-Induced Hair Cell Death

In our screen of the ActiProbe 10K library, we identified
2 compounds that reliably protected against cisplatin-
induced hair cell death. These 2 compounds are referred

to here as cisplatin hair cell protectant 1 (CHCP1), ethyl
4-{[(2,4-dinitrophenyl)amino]azamethylene}-2,5-
dimethylpiperidinecarboxylate, and cisplatin hair cell
protectant 2 (CHCP2), 6-methyl-3-(3,3,7,8-tetramethyl-
1-oxo(2,3,4-trihydro-5H,10H,11H-benzo{b]benzo[2,1-f]1,
4-diazepin-11-yl))chromen-4-one (Fig. 1A).

Dose-response titrations were performed to further eval-
uate the protective effect of these compounds. Pretreatment
for 1 hour with 25 KM CHCP1, followed by 24 hours of
cotreatment with 50 KM cisplatin significantly increased

FIG. 1. CHCP 1 and 2 cause concentration-dependent reduc-
tion in cisplatin-induced hair cell death. A, Chemical structures of
CHCP1 and CHCP2. Dose-response functions for cotreatment with
50 KM cisplatin and either (B) CHCP1 or (C) CHCP2 for 24 h,
demonstrating an increase in hair cell survival, which reached sig-
nificance at a concentration of 20 KM of the protectant (p G 0.05 for
CHCP1 and p G 0.001 for CHCP2, Tukey-Kramer posttest). For all
treatment groups, n = 7 to 13 fish. Error bars = T1 SD; ***p G 0.001,
*p G 0.05, nsp 9 0.05 by 1-way ANOVA and Tukey-Kramer posttest.
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hair cell survival from 37.11 T 3.99% (cisplatin-only con-
trols) to 61.86 T 9.69% (Fig. 1B; p G 0.001, 1-way
ANOVA with Tukey-Kramer posttest). No significant in-
crease in protection was observed after surpassing a con-
centration of 50 KM, and systemic toxicity was observed
at higher concentrations (data not shown).

Pretreatment for 1 hour with 100 KM CHCP2, followed
by 24 hours of cotreatment with 50 KM cisplatin signifi-
cantly increased hair cell survival from 29.74 T 5.26%
(cisplatin-only controls) to 70.00 T 10.24% (Fig. 1C; p G
0.001, 1-way ANOVA with Tukey-Kramer posttest). Al-
though 100 KM of CHCP2 represented the maximum
protection observed, the increase in hair cell survival be-
tween doses of 50 KM (65.19 T 7.84%) and 100 KM was
not significant. No signs of toxicity were observed at
150 KM, the highest concentration of CHCP2 evaluated.

We then examined whether the protection by a fixed
dose of CHCP1 or CHCP2 would be maintained at higher
doses of cisplatin. We found that 50 KM CHCP1 resulted
in significant protection against 25 and 50 KM cisplatin
( p G 0.05, 2-way ANOVA and Tukey-Kramer posttest)
but not against higher doses of cisplatin (Fig. 2A). In
contrast, 50 KM CHCP2 maintained protection against
75 and 100 KM cisplatin ( p G 0.01, 2-way ANOVA,
Tukey-Kramer posttest; Fig. 2B).

CHCP1 Reduced Uptake of Fluorescent
Platinum Analog Rho-Pt

We used rhodamine-conjugated cisplatin (Rho-Pt) to
evaluate whether CHCP1 or CHCP2 might protect hair
cells by affecting cisplatin uptake. CHCP1 treatment re-
sulted in significant reduction of Rho-Pt fluorescence
to 58.95 T 33.83% of controls ( p G 0.05, 1-way ANOVA
with Tukey-Kramer posttest). CHCP2 treatment resulted
in Rho-Pt fluorescence of 121.87 T 40.86%, which was
not significantly different from controls (Fig. 3).

Both CHCP1 and CHCP2 Have Small but Significant
Effects on the Tumoricidal Efficacy of Cisplatin
For a systemically administered protectant against

cisplatin ototoxicity to be therapeutically useful, it should

not prevent the chemotherapeutic action of cisplatin. To
begin evaluating this issue, we cultured A549 and NCI-
H23 human lung adenocarcinoma cells and assessed the
efficacy of cisplatin in combination with different con-
centrations of protectant compound (Fig. 4). Cisplatin

FIG. 2. The protective effects of CHCP 1 and 2 are only partially maintained with increased cisplatin concentration. A, Cotreatment with
50 KMCHCP1 results in a significant increase in hair cell survival at cisplatin concentrations up to 50 KM (p G 0.01, Tukey-Kramer posttest).
B, Cotreatment with 50 KM CHCP2 results in a significant increase in hair survival at cisplatin concentrations up to 100 KM (p G 0.001,
Tukey-Kramer posttest). For all treatment groups, n = 9Y12 fish. Error bars = T1 SD; ***p G 0.001, **p G 0.01, and *p G 0.05, by 1-way ANOVA
and Tukey-Kramer posttest.

FIG. 3. Treatment with CHCP1, but not CHCP2, reduces hair
cell uptake of Rho-Pt. A, Quantified Rho-Pt fluorescence after
1 hour of treatment with the indicated protective compound nor-
malized to untreated controls. Rho-Pt uptake is significantly re-
duced with CHCP1 treatment but unchanged with CHCP2. B,
Representative neuromasts, which received pretreatment and
cotreatment with a protective compound or DMSO (control) as
indicated. Rho-Pt uptake labeling of hair cells is reduced with
CHCP1 compared with DMSO control and CHCP2. Scale bar for
all figures = 10 Km. Error bars = T1 SD; n = 22Y35 neuromasts per
treatment group; nsp 9 0.05, *p G 0.05, by 1-way ANOVA and
Tukey-Kramer posttest.
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concentrations of 0, 5, 10, and 20 KM were used, re-
sulting in tumor cell survival of roughly 100%, 35%, 10%,
and 2% of untreated controls, respectively. For 5 KM cis-
platin, dose-dependent cisplatin-induced kill of tumor
cells was maintained across the concentrations of CHCP1
and 2 evaluated. For the 10- and 20-KM cisplatin doses,
there was a small but significant reduction in tumor kill
with increasing doses of CHCP1 and CHCP2 ( p G 0.001,
1-way ANOVA). In addition, both CHCP1 alone and
CHCP2 alone caused dose-dependent tumor cell death
( p G 0.05, 1-way ANOVA).

Structural Analogs of CHCP2 Protect Against
Cisplatin-Induced Hair Cell Death

Three structural analogs of CHCP2 (CHCP 2.1, 2.2,
and 2.3; Fig. 5A) were evaluated, and all demonstrated
significant protection against cisplatin-induced hair cell
death (Fig. 5B; p G 0.001, 1-way ANOVA and Tukey-
Kramer posttest). However, none of the 3 structural ana-
logs demonstrated significantly improved efficacy or
potency from CHCP2. Additionally, CHCP2.1 began to
show toxicity at 20 KM, and thus, higher concentrations
could not be assessed. At 20 KM, there was no signifi-
cant difference between protection from CHCP2 and
CHCP2.3. CHCP2.1 and CHCP2.2 demonstrated signifi-
cantly less protection than CHCP2 ( p G 0.05 and p G 0.001,
respectively, 1-way ANOVA and Tukey-Kramer posttest).

DISCUSSION

Identification of Small Molecule Inhibitors
of Cisplatin-Induced Hair Cell Death

To our knowledge, this is the first screen of a small
molecule library for inhibitors of cisplatin-induced hair
cell death. Although these small molecule protectants are
promising, they must undergo ‘‘hit expansion’’ (testing
of structural variants) and lead optimization (optimizing
specificity and potency) en route to the development of
a possible drug for human use. Nevertheless, this study

demonstrates the feasibility of using a phenotypic screen
to identify small molecule protectants against cisplatin-
induced hair cell death. This screening method has the
potential to provide a pipeline of candidate protectants that
can protect hair cells against damage and could someday
reach clinical use. The ability to rapidly identify a large
number of protective drugs is particularly important in
light of findings that inhibition of one cell death pathway
can lead to upregulation of others. This makes it less likely
that a single drug will be able to provide complete pro-
tection of the inner ear and makes the use of protec-
tive ‘‘cocktails’’ involving multiple protectants potentially
more valuable.

Comparison of CHCP1 to CHCP2
Of the 2 candidate protectants, CHCP2 is more promis-

ing for a number of reasons. Functionally, in our testing,
CHCP2 had a lower ED50 for hair cell protection and a
better range for hair cell survival than CHCP1. In addi-
tion, CHCP2 did not have any obvious systemic toxicity,
whereas doses of CHCP1 above 100 KM began to be le-
thal to the zebrafish larvae. CHCP2 was also able to
maintain protection over a wider range of cisplatin doses,
with protection maintained against 100 KM cisplatin for
24 hours.

Structurally, CHCP2 has multiple favorable charac-
teristics compared with CHCP1. CHCP1 contains 2 nitro
(YNO2) groups that are prone to undergo hepatic metab-
olism generating reactive intermediates (14) and can lead
to toxicity. In addition, the central hydrazone linkage
(C=NYN) is susceptible to acid-catalyzed hydrolysis,
making CHCP1 potentially less stable. Hydrolysis of the
hydrazone linkage also generates hydrazines (N2H3R)
that can have significant toxicity.

In contrast, CHCP2 fits well with the ‘‘Lipinski rules’’
that predict how ‘‘drug-like’’ a compound is (15). It has
no reactive sites that might lead to instability or toxicity
and would be predicted to have good bioavailability. The
structure of CHCP2 uses a benzodiazepine scaffold,

FIG. 4. Effect of CHCP1 and CHCP2 on cytotoxic activity of cisplatin. Cytotoxic activity of cisplatin is maintained in the presence of
protective compounds at some doses of cisplatin but attenuated at others. A, CHCP1 demonstrated a small but significant inhibition of
cisplatin toxicity in A549 cancer cells at 10 and 20 KM cisplatin (p G 0.001, 1-way ANOVA). At 5 KM cisplatin, there was no significant
inhibition of tumor cell kill. CHCP1 alone (0 KM cisplatin) independently had significant toxicity to tumor cells. B, CHCP2 also demonstrated
a small but significant inhibition of cisplatin toxicity in A549 cancer cells at 10 and 20 KM cisplatin (p G 0.001, 1-way ANOVA). At 5 KM
cisplatin, there was no significant inhibition of tumor cell kill. CHCP2 alone (0 KM cisplatin) independently had significant toxicity to tumor cells.
Similar results were obtained when these experiments were repeated with NCI-H23 cells (data not shown). Each condition was performed
in quadruplicate. Data points are the mean A549 cancer cell survival as determined by ATP cell luminescence assay. Error bars = T1 SD.
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considered one of the ‘‘privileged scaffolds’’ for biologi-
cally active compounds (16).

Mechanisms of ProtectionVUptake Inhibition Versus
Intracellular Mechanisms

We recently characterized Rho-Pt as a fluorescent an-
alog of cisplatin that can be used to examine cisplatin
uptake (12). We found that like aminoglycoside uptake,
uptake of Rho-Pt into hair cells required functional
mechanotransduction. Here, we used Rho-Pt to examine
whether the protective compounds might act by block-
ing uptake of cisplatin into the hair cells. We found that
CHCP1 but not CHCP2 significantly reduced cisplatin
uptake relative to controls, suggesting that CHCP1 might
interfere with mechanotransduction. On the other hand,
we did not find that it protected against aminoglycoside-

induced hair cell death (data not shown). CHCP1 had
significant systemic toxicity to the zebrafish at higher
concentrations, and although there was no hair cell death,
it is possible that reduced hair cell health could actually
be contributing to the reduction in Rho-Pt uptake.

In contrast, the lack of significant reduction in Rho-Pt
uptake in the presence of CHCP2 suggests that this com-
pound is exerting its protective effects by acting on intra-
cellular targets and not on uptake mechanisms. Intracellular
mechanisms involved in cisplatin-induced hair cell tox-
icity include production of ROS (17,18), damage to mi-
tochondria, STAT-1 activation (19), and activation of
caspases (20,21). In addition, it has been demonstrated that
inhibition of one cell-death pathway can lead to activation
of others (22Y25). This is likely the reason several com-
pounds that target intracellular mechanisms of ototoxicity
have achieved partial protection (21,26,27).

Effect of Protectants on Cisplatin
Chemotherapeutic Efficacy

At several cisplatin doses, both CHCP1 and CHCP2
demonstrated small but significant inhibition of cisplatin-
induced tumor cell kill in A549 and NCI-H23 cell lines.
In both cases, at other doses of cisplatin, there was no
inhibition of tumor cell kill. Interestingly, when tested
alone without cisplatin, each compound had some cyto-
toxic effects. However, this effect was not sustained when
used in combination with cisplatin and could be inter-
preted as the protectant interfering with the cytotoxic ef-
fects of cisplatin, or vice versa. It should be noted that
Vlasits et al. (8) did not find any significant interference
with the cisplatin activity in their screen for protective
drugs. It remains to be seen whether these findings will
be confirmed in vivo.

Ideally, a drug could be given systemically and protect
the inner ear while having no impact on (or potentially
facilitating) cisplatin-induced tumor cell kill. The chal-
lenge of achieving complete protection against hair cell
death while preserving tumor cell death is a significant
one because there may be overlapping pathways. How-
ever, because cisplatin primarily targets dividing cells,
and hair cells lack the capacity to proliferate, there likely
are significant differences in their death pathways. Alter-
natively, local application of protectants would achieve
high concentration of the drug in the inner ear with little
systemic absorption and low drug concentration at the site
of tumor. Current work on inner ear drug delivery systems
is making this approach increasingly feasible (28Y30). In
addition, our previous finding that cisplatin uptake may be
dependent on functional mechanotransduction (12) may
suggest a hair cellYspecific mechanism of protection that
presumably would not impact cancer cells.

Identifying Analogs With Improved Characteristics
We evaluated structural analogs of CHCP2 in hopes

of identifying similar compounds with greater efficacy
and potency of protection against cisplatin-induced hair
cell death. We also hoped to gain information about the
structure-activity relationship of the compound. All 3

FIG. 5. Analogs of CHCP2 protect against cisplatin-induced hair
cell death. A, Structures of CHCP2 and CHCP2 analogs. B, At a
concentration of 20 KM, all 3 CHCP analogs demonstrate signif-
icant protection against cisplatin-induced hair cell death compared
with DMSO-treated controls. CHCP2.1 and 2.2 exhibit significantly
less protection than CHCP2, whereas 2.3 achieves similar pro-
tection as CHCP2. For all treatment groups, n = 8 to 11 fish. Error
bars = T1 SD; ***p G 0.001, *p G 0.05, nsp 9 0.05 by 1-way ANOVA
and Tukey-Kramer posttest.
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analogs demonstrated protection against cisplatin-induced
hair cell death, confirming the protective capacity of the
underlying structural chemical structure. However, none
of the analogs that we evaluated exhibited significantly
improved efficacy or potency from the parent compound.
Analogs were selected for modifications to particular lo-
cations on the parent compound in hopes of gaining in-
formation about the functional importance of that region
of the molecule. Evaluation of a greater number of struc-
tural analogs through systematic chemical modification
is needed.

Limitations
Although the zebrafish is an efficient model system for

studying hair cell protection, there are limitations. Unlike
the mammalian inner ear, there is no division of fluid
spaces in the lateral line, with hair cells extending their
stereocilia into the surrounding water. There is also no
distinction between inner versus outer hair cells. Those
limitations aside, the zebrafish allows us to examine hair
cell death and protection in an in vivo system, which
affords some advantages over more traditional in vitro
hair cell systems, such as hair cell lines and whole organ
cultures.

CONCLUSION

This study further demonstrates the feasibility of phe-
notypic screening for hair cell protectants using the
zebrafish lateral line system. To our knowledge, this rep-
resents the first successful discovery of protectants against
cisplatin-induced hair cell death in a small molecule li-
brary. Follow-up studies are needed to determine whether
similar protection is seen in the mammalian inner ear and
to determine appropriateness of concurrent systemic ad-
ministration with cisplatin. In addition, it is hoped that
mammalian studies will also examine protection against
other cisplatin side effects including neurotoxicity and
nephrotoxicity.
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Selective Deletion of Cochlear Hair Cells Causes Rapid
Age-Dependent Changes in Spiral Ganglion and Cochlear
Nucleus Neurons
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During nervous system development, critical periods are usually defined as early periods during which manipulations dramatically
change neuronal structure or function, whereas the same manipulations in mature animals have little or no effect on the same property.
Neurons in the ventral cochlear nucleus (CN) are dependent on excitatory afferent input for survival during a critical period of develop-
ment. Cochlear removal in young mammals and birds results in rapid death of target neurons in the CN. Cochlear removal in older
animals results in little or no neuron death. However, the extent to which hair-cell-specific afferent activity prevents neuronal death in the
neonatal brain is unknown. We further explore this phenomenon using a new mouse model that allows temporal control of cochlear hair
cell deletion. Hair cells express the human diphtheria toxin (DT) receptor behind the Pou4f3 promoter. Injections of DT resulted in nearly
complete loss of organ of Corti hair cells within 1 week of injection regardless of the age of injection. Injection of DT did not influence
surrounding supporting cells directly in the sensory epithelium or spiral ganglion neurons (SGNs). Loss of hair cells in neonates resulted
in rapid and profound neuronal loss in the ventral CN, but not when hair cells were eliminated at a more mature age. In addition, normal
survival of SGNs was dependent on hair cell integrity early in development and less so in mature animals. This defines a previously
undocumented critical period for SGN survival.

Key words: cochlea; cochlear nucleus; critical period; diphtheria toxin receptor knock-in; neuronal death; spiral ganglion

Introduction
Normal development of sensory systems and sensory processing
is dependent on an organism’s interaction with its environment
and intact sensory receptor activity (Hebb, 1949; Grubb and
Thompson, 2004). Beginning with the classic contribution of
Levi-Montalcini (1949), studies have shown that sensory input
from the ear is necessary for the complete survival of developing
neurons in the cochlear nucleus (CN) of mammals and its avian

counterparts, the nucleus magnocellularis and nucleus angularis.
That is, removal of the anlage of the inner ear early in develop-
ment or destruction of the cochlea early in postnatal develop-
ment causes massive cell death in the postsynaptic neurons in the
brainstem (Trune, 1982, 1983; Born and Rubel, 1985; Hashisaki
and Rubel, 1989; Tierney et al., 1997; Mostafapour et al., 2000;
Harris and Rubel, 2006). However, the equivalent manipulation
after this critical period results in little or no transneuronal neu-
ron loss and less pathology in the surviving neurons. Similar
phenomena are well documented in the visual system (Guillery,
1973; Kalil, 1980; Galli-Resta et al., 1993), olfactory system
(Frazier-Cierpial and Brunjes, 1989), and somatosensory sys-
tem (Baldi et al., 2000).

The cellular events underlying these interactions have been
studied extensively in brainstem auditory regions of birds and
mammals (Rubel and Fritzsch, 2002; Parks and Rubel, 2004; Har-
ris and Rubel, 2006; Sanes and Woolley, 2011), particularly in the
spherical cell region of the ventral CN. These neurons are rather
uniform in size and shape, easy to count, and receive the over-
whelming majority of their excitatory input via the large, eighth-
nerve synaptic ending, the end bulb of Held (Ryugo and Parks,
2003; Lauer et al., 2013). This critical period corresponds to the
period before the development of behavioral and electrophysio-
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logical responses to sound. Destroying the cochlea in more ma-
ture mammals has little or no effect on neuronal survival. The
primary method used in the studies mentioned above has been to
remove the entire sensory organ surgically, thereby damaging or
destroying all tissues in the inner ear, including the spiral gan-
glion neurons (SGNs). Therefore, it is impossible to determine
whether the source of trophic support in the young CN is hair
cells and the resulting changes in synaptic activity or other ele-
ments in the cochlea. Development of methods to prevent
transneuronal degenerative CNS changes after peripheral hear-
ing loss requires a model in which the hair cells are selectively
removed at any age.

Here, we characterize a mouse model that allows temporal
control of hair cell deletion by activation of the human diphtheria
toxin (DT) receptor (hDTR) (Palmiter, 2001; Saito et al., 2001).
The hDTR is targeted to the Pou4f3 locus, which encodes a hair-
cell-specific transcription factor. A single systemic injection of
DT into neonatal or mature Pou4f3!/DTR mice (heterozygous for
the DTR gene; referred to below as “DTR mice”) reliably causes
complete loss of cochlear hair cells. Using this model, we show
that, in contrast to adults, neuronal survival in the neonatal CN is
dependent on survival of the hair cells and we elucidate a new
critical period governing spiral ganglion cell survival.

Materials and Methods
DTR mice. Pou4f3 (Brn3.1, Brn3c) is a class IV POU domain transcrip-
tion factor that has a central function in the survival of all hair cells in
inner ear sensory epithelia (Erkman et al., 1996; Xiang et al., 1997).
Within the inner ear, only developing and mature hair cells express
Pou4f3; it is excluded from other cell types such as supporting cells and
SGNs (see Fig. 1A). Only one wild-type (WT) copy of Pou4f3 is needed
for normal development and hair cell function in mice (Erkman et al.,
1996).

The human heparin-binding epidermal growth factor-like growth fac-
tor (HB-EGF) acts as the DTR (Mitamura et al., 1995). The mouse equiv-
alent of this protein has several amino acid changes that make it resistant
to DT. Therefore, by expressing the human DTR gene in specific cells,
one can selectively ablate those cells without affecting other mouse cells
(Palmiter, 2001; Saito et al., 2001). To genetically engineer hDTR behind
Pou4f3, a BsiW1 site was inserted into the first Pou4f3 exon just upstream
of the initiation codon. A SpeI-SnaB1 fragment (5.9 kb) was cloned into
a targeting vector as the 5" arm upstream of a floxed SvNeo gene, and a
SnaB1-XbaI fragment (4.4 kb) was cloned downstream of the floxed
SvNeo gene as the 3" arm. The targeting construct also had flanking
Pgk-DTA and HSV-TK genes for negative selection. The full coding re-
gion for hDTR was cloned into the BsiWI site so that it represented the
first open reading frame. A floxed SVNeo gene was removed by breeding
with Mox2 -Cre mice and the Mox2 -Cre gene was removed from the
background by selective breeding. A representation of this construct is
shown in Figure 1B. Introduction of the human DTR gene behind the
Pou4f3 promoter sensitizes sensory hair cells to DT. Exogenous delivery
of DT should result in specific ablation of hair cells in the inner ear and,
depending on dosage, other cells expressing Pou4f3 in the body. Vestib-
ular hair cells are also ablated in this model (Golub et al., 2012).

Two different lines of DTR mice were generated using different back-
ground strains. Originally, C57BL/6J mice were used. A second line was
then created by backcrossing these mice into the CBA/J strain. All data
presented are derived from CBA/J mice unless otherwise indicated, but
similar results were obtained in all measures from both strains. Both
males and females were used. Controls were age- and strain-matched WT
littermates (Pou4f3 !/! mice) injected with DT and DTR mice injected
with physiological saline. DTR mice are phenotypically normal in terms
of hearing, balance, general health, and other obvious characteristics
until being injected with DT. To distinguish between DTR mice and WT
littermates, a tail biopsy was collected and DNA extracted using a DNA
blood and tissue kit (Qiagen). The target allele was amplified using PCR

(Dream Taq Green Master Mix; Fermentas) and the following primers
(0.4 !M): Pou4f3 (WT) forward 5" CAC TTG GAG CGC GGA GAG CTA
G; Pou4f3-DTR (mutant) reverse 5" CCG ACG GCA GCA GCT TCA
TGG TC. The PCRs were run using the following conditions: 95°C for 4
min, 25 cycles (95°C for 30 s, 59°C for 30 s, 72°C for 1 min) and 72°C for
7 min. PCR products were separated in a 1% agarose gel containing 0.25
!g/ml ethidium bromide (expected band # 150 bp).

Mice were housed with open access to food and water and were
weaned from their mothers at 3 weeks of age. All procedures were ap-
proved by the Institutional Animal Care and Use Committee at the Uni-
versity of Washington (Seattle, WA) and adhered to the standards of the
American Veterinary Medical Association and the National Institutes of
Health.

Pou4f3 expression. Pou4f3 expression was verified in several ways: ex-
amining tissue from Pou4f3-GFP reporter mice, and by labeling tissue
with an antibody against Pou4f3. Tissue from Pou4f3-GFP reporter mice
at neonatal stages and at mature ages (Erkman et al., 1996; Masuda et al.,
2011) was kindly shared with us by Dr. Allen Ryan (University Califor-
nia–San Diego) to investigate GFP expression throughout the inner ear
and the brain. Expression in mouse brain was also studied with the Allen
Brain Atlas and examined by quantitative RT-PCR with RNA isolated
from freshly dissected tissue from parts of the brain (forebrain, midbrain,
cerebellum, and hindbrain), as well as cochlea and liver in neonatal and
adult mice.

To examine Pou4f3 expression in the cochlea, temporal bones were
collected from mature WT littermates. Mice were terminally anesthe-
tized with isoflurane and transcardially perfused with 4% paraformalde-
hyde in PBS. Temporal bones were dissected. After opening the bulla, the
stapes was removed and a small opening was made in the apical turn of
the cochlea. The same fixative was gently perfused through the turns
of the cochlea via both the round and oval windows. Temporal bones were
then immersed in the same fixative for 2 h at room temperature. After
fixation, they were washed three times (10 min each) in PBS, pH 7.4, at
room temperature. If tissue was not dissected out of the temporal bone
the same day, it was kept at 4°C in PBS. The tissue was prepared as a
whole-mount preparation. The cochlear segments of the organ of Corti
were carefully dissected free from the bony labyrinth. The stria vascularis
was removed or trimmed and the tectorial membrane was removed with
a #55 forceps. Whole mounts of sensory epithelium were used to examine
Pou4f3 expression.

The mouse anti-Brn3c antibody (catalog #sc81980; Santa Cruz Bio-
technology, 1:200) was used to examine Pou4f3 expression. A rabbit
anti-myosin VI antibody (catalog #25-6791; Proteus Bioscience, 1:500)
was used to label the hair cells selectively. Tissue was permeabilized for
4 h with 0.1% saponin/0.1% Tween 20 in PBS. To prevent nonspecific
binding of the primary antibody, tissue was incubated for 1 h in a block-
ing solution consisting of 5% normal serum/0.1% Triton X-100 in PBS.
Primary antibody incubations were performed for 1 d at 4°C in PBS, 5%
donkey serum, and 0.1% Triton X-100. Fluorescent-labeled secondary
antibodies were used (Alexa Fluor-488, Alexa Fluor-568; Life Technolo-
gies) at a dilution of 1:400 in the same buffer for 2 h at room temperature.
Sections were washed after each incubation with antibody (three times
for 10 –15 min each) in PBS. After counterstaining nuclei with DAPI
(catalog #D9542; Sigma-Aldrich, 1 !g/ml), the specimens were mounted
in Vectashield (Vector Laboratories), coverslipped, and examined with
confocal fluorescence microscopy.

Cultures of cochlea. Cochlear explants were prepared from both ears of
2- to 3-d-old mouse pups (Pou4f3 !/DTR $ WT) and treated in vitro with
or without DT for 3 d (25 ng/ml). The corresponding tail DNA of each
pup was isolated for PCR genotyping. Temporal bones were isolated and
placed in cold L15 medium. The bone overlaying the cochlea was care-
fully dissected away under a dissection microscope. The cartilaginous
capsule, stria vascularis, and Reissner’s membrane were then carefully
removed, leaving the organ of Corti attached to the spiral ganglion. A
total of 60 cultures (30 mice) from two litters were prepared. For each
ear, the apical, middle, and basal turns were cultured together, apical
surface up, on laminin-coated 8-well tissue culture slides (LabTek) in
OptiMEM (Life Technologies) supplemented with 5% fetal calf serum.
After 24 h in culture, 1/2 of the medium was removed and replaced for 1
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ear with media supplemented with DT at a final concentration of 25
ng/ml; for the opposite ear, the medium did not contain DT. Explants
were cultured for an additional 3 d before fixation with 4% paraformal-
dehyde for 2 h at 4°C. To get robust and complete hair cell labeling, two
antibodies were used to label the hair cells: a mouse monoclonal anti-
parvalbumin antibody (catalog #MAB 1572; Millipore, 1:1000) and a
rabbit anti-myosin VIIa (catalog #25-6790; Proteus Bioscience, 1:500).
To label supporting cells, a goat anti-Sox2 antibody (catalog #SC-17320;
Santa Cruz Biotechnology, 1:500) was used. The tissue was permeabilized
for 30 min with 0.1% saponin/0.1% Tween 20 in PBS, incubated for 1 h
in a blocking solution consisting of 5% normal serum/0.1% Triton X-100
in PBS, and in primary antibodies for 1 d at 4°C in PBS, 5% serum, and
0.1% Triton X-100. Fluorescent-labeled secondary antibodies were
used (Alexa Fluor-488, Alexa Fluor-568; Invitrogen) at a dilution of
1:400 in the same buffer for 2 h at room temperature. For mouse
antibodies against parvalbumin, the Mouse-on-Mouse kit (catalog
#BMK2202; Vector Laboratories) was used as specified by the manufac-
turer. Explants were washed after each antibody incubation (3 times for
10 –15 min each) in 0.1% Tween 20 in PBS. After counterstaining nuclei
with DAPI (catalog #D9542; Sigma-Aldrich, 1 !g/ml), the specimens
were mounted in Vectashield (Vector Laboratories), coverslipped, and
examined with confocal fluorescence microscopy.

PCR genotyping, as described above, was performed with tail DNA
corresponding to matched cochlear cultures. Post hoc analysis revealed
the expected 1:1 ratio of offspring from the cross (Pou4f3 !/DTR $ WT)
carrying the hDTR transgene and only Pou4f3 !/DTR cultures treated with
DT showed extensive hair cell loss (15 of 60 cultures). WT cultures did
not show any DT-related toxicity (15 of 15).

Administration of DT. Mice received injection of DT as neonates or
when mature. All DT injections in both neonatal and mature mice
were made in the thigh muscle of the hind leg. Injection of DT at most
of the dosages used here (4 –5 ng/g body weight in neonates and 25
ng/g body weight in mature mice) induced a phenotype of instability
and shakiness in the DTR mice that was detectable after only 2– 4 d
and persisted for months. There was a % 5% mortality rate after DT
injection at the doses described below.

Most of the neonatal mice in this study received injection of DT at
postnatal day 2 (P2). However, after discovering that hair cell loss occurs
well before the age of hearing onset in mice, subsequent neonatal exper-
iments were performed using P5 mice. This was done for the benefit of
increased survival and minimizing weight loss due to injection of DT. P2
mice received a single injection of DT at 4 ng/g body weight; P5 mice
received a single injection of 5 ng/g.

Mature mice varied in age from P21 to P42 at the time of injection
depending on the purpose of each specific experiment. For examining
variations in the amount, pattern, or timing of hair cell loss, ages varied
from 30 to 42 d at the time of injection and injection doses were 5, 15, or
25 ng/g. Studies of neuronal changes in CN used P21 mice to be consis-
tent with previous studies (Mostafapour et al., 2000; Harris and Rubel,
2006) and the DT dose was 25 ng/g. Mature DTR mice (defined as " P21
for this study) given the 25 ng/g dose of DT were delayed in gaining
weight compared with their littermate siblings, but weight recovered to
normal levels by # 14 d after DT treatment. WT littermates who also
received DT did not show reduced weight gain. Organ of Corti tissue
from both neonatally and mature-injected mice was examined at 2, 4,
6 – 8, 10, 14, 21, and 70! d postinjection (dpi). SGN and CN tissues were
examined at a subset of these survival times.

Cochlear hair cell counts. The time course of hair cell loss in neonates
was assessed at 2, 4, 6, 10, 14, and 21 dpi in both DTR and WT mice. All
animals in the group used for quantitative analyses were injected with DT
(4 ng/g body weight, i.m.) at P2. Cochleas were collected and dissected as
described above. Whole mounts of sensory epithelium were labeled with
antibodies against hair cells, supporting cells, and neurofilament with a
protocol similar to that used above for cultured cochleas. After the Sox2
labeling, neuronal axons and hair cells were labeled with a chicken anti-
neurofilament (catalog #AB-5539; Millipore, 1:5000), the mouse
monoclonal anti-parvalbumin antibody, and the rabbit anti-myosin

VIIa antibody described above with PBS washes in between. Primary anti-
body incubations were performed for 1 d at 4°C in PBS, 5% serum, and 0.1%
Triton X-100. Fluorescent-labeled secondary antibodies were used (Al-
exa Fluor-488, Alexa Fluor-568, Alexa 647; Invitrogen) at a dilution of
1:400 in the same buffer for 2 h at room temperature. For mouse anti-
bodies against parvalbumin, the Mouse-on-Mouse kit (catalog
#BMK2202; Vector Laboratories) was used as specified by the manufac-
turer. Tissues were washed, counterstained with DAPI, coverslipped, and
imaged as described below. A minimum of three cochleas were processed
for each treatment protocol for every experimental group.

An IX-81 inverted microscope (Olympus) integrated into an FV-1000
laser scanning confocal microscope (Olympus) was used to view the
whole-mount preparations. Images were collected with a 10$ /0.40 nu-
merical aperture (NA) Olympus Universal Plan objective and a 40$ /1.3
NA Olympus Universal Plan oil-immersion objective. Sequential image
acquisition was performed to avoid bleedthrough using Fluoview soft-
ware, version 1.3a. Images were imported into ImageJ version 1.42a soft-
ware to create maximum intensity projections from z-series stacks, which
were saved as 24-bit RGB TIFFs. The figures created with Adobe Photo-
shop CS version 8 were subjected to histogram stretch and adjustment to
fill the dynamic range and to compensate for printing. For quantification
of hair cell density, the number of hair cells was counted along a 200 –350
!m length of sensory epithelium from each of five different regions along
the sensory epithelium. These five regions were evenly spaced across the
length of the sensory epithelium (apex tip to basal hook) and converted
to a linear density. Hair cells were counted in both WT and DTR mice.
The counts in the WT and DTR-injected littermates were averaged for
each region. A minimum of three cochleas were counted and averaged
for all data presented.

The procedures for quantification of hair cell loss after DT injection
were similar in mature animals (P25–P28) with the following exceptions.
Survival times after DT injections were 2–3 d, 4 d, and 6 d. Tissue was
processed for detection of hair cells (myosin VIIA and parvalbumin),
nerve processes (neurofilament), and cellular nuclei (DAPI). Samples

Table 1. Timeline of experiments and analysis

Pou4f3 expression
Tissue collected P2, P5, P22, and P75
Analysis Cochlea and brainstem tissue labeled for Pou4f3

Hair cell survival in vitro
Age harvested P2–P3
Time in culture before

treatment
24 h

Days of treatment before
fixing

3

Analysis Cultured cochlea labeled and imaged
Neonatal in vivo (cochlear, SGN, and CN changes)

Age at time of DT injection P2 (4 ng/g) or P5 (5 ng/g)
Tissue collected 2, 4, 6 – 8, 10, 14, 21, and 70! dpi
Analysis Cochlea labeled and hair cells counted, Rosenthal’s

canal labeled and SGNs counted, cochlear
nucleus labeled and neurons counted

Mature in vivo (ABR testing)
Age at time of DT injection P28 –P35 (25 ng/g)
Mice tested Immediately before and 1, 3, 5, 8, and 21 dpi
Tissue collected Immediately after ABR testing at each time point
Analysis ABR threshold identified, cochlea labeled, and hair

cells counted
Mature in vivo (dose response)

Age at time of DT injection P30 –P42 (5, 15, or 25 ng/g)
Tissue collected 8 and 21 dpi
Analysis Cochlea labeled and hair cells counted

Mature in vivo (cochlear, SGN, and CN changes)
Age at time of DT injection P21–P42 (25 ng/g)
Tissue collected 2, 4, 6 – 8, 10, 14, 21, and 70! dpi
Analysis Cochlea labeled and hair cells counted, Rosenthal’s

canal labeled and SGNs counted, cochlear
nucleus labeled and neurons counted
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were taken from three regions evenly spaced along the length of the
sensory epithelium (middle of apex, middle of middle, and middle of
basal turn) and converted to a linear density. In some cases, we collected
2 or 3 such lengths of epithelium in the same turn and averaged them to
get a single number for each region of each cochlea. The areas were
chosen strictly to be as close to the middle of the region with the caveat
that they were free of dissection artifacts. Hair cells were counted in both
WT littermates and DTR-injected mice. Data are presented as linear
densities for inner hair cells, outer hair cells, and total hair cells. A min-
imum of three cochleas were counted and averaged for all data presented.

The means and descriptive statistics were calculated for percentage
hair cells remaining. The data were loaded onto GraphPad Prism version
5.0a software. Analyses were performed using two-way ANOVA and Bon-
ferroni post hoc comparisons. Results were considered significant when
p % 0.05.

Supporting cell counts. Supporting cell numbers were determined for
mature-injected animals at 2 time points, 8 and 70 d after DT, using a
nonbiased sampling method. Whole-mount preparations of apical turns
taken from DT-injected ears (n & 4/time point) and normal control ears
(WT injected with DT, DTR injected with saline, WT injected with saline,

n & 2– 4/paradigm/time point) were labeled to
detect organ of Corti support cells by labeling
for Sox2 and counterstained with DAPI. Sox2
labels the nuclei of all support cell subtypes and
does not label sulcus cell nuclei (Oesterle et al.,
2008). Tissue was viewed at 60$ with an Olym-
pus FV-1000 confocal laser scanning micro-
scope. Each apical turn was typically
subdivided into 3 equal regions (regions A–C)
and each region was then subdivided into 4
smaller quadrants (quadrants 1– 4). The quad-
rant to be imaged by confocal microscopy and
quantitatively analyzed was randomly selected
before beginning the data collection and was
maintained for all 3 regions (A–C) of the apical
turn. Each region imaged (area & 0.045 mm 2)
was recorded as vertical stack of confocal im-
ages (z-series at 1 !m increments) through the
entire depth of the sensory epithelium. Density
estimates of the number of Sox2-positive sup-
port cell nuclei were determined for each sam-
pled region using the Cell Counter plug-in for
ImageJ by dividing the number of Sox2-
positive support cells by the length of the sen-
sory epithelium. Average numbers were

determined for each organ and mean values were computed for each
paradigm. Controls (WT injected with DT, DTR injected with saline, WT
injected with saline) were grouped together because there were no reli-
able differences in numbers of Sox2-labeled cells.

Auditory brainstem response. Auditory brainstem responses (ABRs)
were measured from several groups of mice. To assess the time course of
hearing loss, all mice were P28 –P42 at the time of DT or saline injection
and # 1/2 were male. All mice were tested before the DT injection to
establish premanipulation ABR thresholds. DTR mice receiving saline
injections and WT mice receiving DT were again retested at 8 dpi. DTR
mice were retested 1, 3, 5, 8 dpi. All groups had 3–5 mice. Mice were
anesthetized (ketamine, 100 mg/kg; xylazine, 5 mg/kg, i.p.), placed on a
heating pad to maintain body temperature near 37°C, and placed in a
sound-attenuating chamber. ABRs were recorded using standard subcu-
taneous needle electrodes with the positive and negative electrodes at the
left temporal bone above the pinna and the vertex of the skull and the
ground electrode in the thigh. Free-field pure tone stimuli were gener-
ated and ABR recordings were digitized using custom software. Tone
pips were 5 ms in duration with 1 ms rise/fall times presented at a repe-

Figure 1. Pou4f3 expression is limited to hair cells. Expression of Pou4f3 was verified two ways: by labeling sectioned tissue with the Pou4f3 antibody and also using sectioned tissue from the
Pou4f3-GFP reporter mouse. A, Pou4f3 (green) is selectively expressed in the nuclei of hair cells (red) from a mature (P56) WT mouse. An orthogonal view from the same section is shown in the top
inset. The Pou4f3-GFP reporter mouse demonstrates expression in both inner and outer hair cells (lower inset). Scale bar, 100 !m. B, Pou4f3 !/DTR mice were genetically engineered to contain the
DT receptor downstream of the Pou4f3 promoter. Insertion of the DT receptor downstream of the Pou4f3 promoter creates a mouse model in which sensory hair cells in the inner ear can be selectively
ablated after a systemic injection of DT.

Figure 2. DT specifically eliminates hair cells in vitro in DTR mice. Cochlear explants were prepared from P2–P3 DTR and WT
mice and subjected to either no treatment or DT administration (25 ng/ml) for 3 d in culture and then immediately fixed and
subjected to immunolabeling. A, Untreated explants from DTR mice have intact inner hair cells (IHCs) and outer hair cells (OHCs)
(red). B, Treatment of explants from DTR mice with DT induces extensive loss of OHCs and complete loss of IHCs. There is no
apparent impact of DT on supporting cells (green). Scale bar, 50 !m. Insets in A and B show low-power views of one representative
turn of corresponding explant cultures.
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tition rate of 19/s. In addition, broadband
clicks were presented at the beginning and end
of each session to assess for any changes in the
animal’s condition. All stimuli were calibrated
online at the beginning of each experiment
with a calibrated probe microphone placed at
the animal’s ear canal. Neural responses were
preamplified (100$ , P15 amplifier; Grass
Technologies), sent through an MA3 amplifier
with an additional 20 dB post-preamp gain
(Tucker Davis Technologies), band-pass fil-
tered (100 –3000 Hz; filter model 3550; Krohn-
Hite), and digitized at 24.4 kHz. Responses
were sampled in a 15 ms window (with a 5 ms
stimulus onset delay). The threshold was de-
fined as the lowest sound pressure level (SPL)
in which a recognizable waveform was present
and repeatable. Thresholds were determined at
4, 8, 16, and 32 kHz and for a broad-band click.
For WT animals, stimuli were presented 500
times from 80 to 20 dB SPL in steps of 10 and
then 1000 repetitions in steps of 5 dB SPL when
approaching threshold. Near threshold, each
series was repeated to determine the reliability
of the waveform at the estimated threshold and
5 dB above and 10 dB below the estimated
threshold. Stimuli for DTR mice were pre-
sented in the same way at 1000 repetitions.
When animals appeared to be deaf, all frequen-
cies were presented at intensities of 90, and 70
dB SPL for 1000 repetitions to be assured of a complete hearing loss.

SGN counts. Two different methods were used to assess SGN survival.
The first method used mice on the CBA/J background. One temporal
bone from each animal was used for hair cell counts and, in most cases,
the second temporal bone was decalcified, serially dehydrated in graded
alcohols, embedded in epoxy resin, and serially sectioned (1.5 !m) ap-
proximately parallel to the midmodiolar plane. Consecutive sections

through the temporal bone were mounted on gelatin-coated slides,
stained with toluidine blue, and coverslipped. Sections approximately
every 50 !m were used to image and count profiles of SGNs to sample
along the area representing high, middle, and low frequency. An Ax-
ioplan 2ie upright microscope (Zeiss) equipped with a CoolSnap HQ
camera (Photometrics) was used to view the sections. Images were col-
lected with a 20$ /0.3 NA Olympus apochromatic objective, 40$ /0.75

Figure 3. Hearing impairment in mature (' P28) DTR mice after injection of DT. ABRs were measured in mature mice at several times after injection of DT (25 ng/g). DTR mice have normal ABR
thresholds before DT injection (DTR control). Hearing loss is not apparent at 1 dpi in DTR mice. ABR thresholds are highly elevated by 3 dpi. By 5 dpi, mature mice did not respond to any stimulus
frequency (1), whereas these same mice have normal hearing thresholds before DT injection. WT mice have normal hearing 5 dpi (WT control). Data are mean ( SD, n & 3–5 per group. Statistical
analyses (two-way ANOVA followed by Bonferroni post hoc tests) yielded highly significant ( p % 0.001) effect of groups and frequency as well as the interaction term due to significant hearing loss
at 3 and 5 dpi in DTR mice. Difference between 1 d DTR animals and control groups is not significant ( p ' 0.10). Differences between 3 and 5 d DTR animals and all other groups are all highly
significant at all frequencies ( p % 0.01). Difference between 3 and 5 dpi DTR animals is significant at 16 kHz ( p % 0.05).

Figure 4. Cochlear hair cells are quickly lost in a dose-dependent manner after injection of DT in mature (" P21) DTR mice. A,
Hair cells (green) remain largely intact in WT littermates after injection of 25 ng/g DT, even after long survival periods (shown here,
21 dpi). B, Hair cells are swollen and unhealthy looking in DTR mice after 25 ng/g DT injection as early as 2 dpi (2d). C, By 6 dpi (6d),
essentially all inner and outer cochlear hair cells are gone. Terminal neurites labeled for neurofilaments (red) appear unaffected at
short time points. D, Hair cells of WT mice are not affected in any observable way by a smaller dose of DT (5 ng/g, shown here 21
dpi). E, At 5 ng/g, hair cells are lost over a slower time course. All inner hair cells are gone, but a few outer hair cells remain 8 dpi.
F, By 21 dpi with 5 ng/g, % 1% of hair cells remain and they are outer hair cells. All images here are from the basal turn of the
cochlea. Scale bar, 25 !m.
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NA Olympus apochromatic oil-immersion objective, or 100$ /1.40 NA
Olympus apochromatic oil-immersion objective. Images taken at the
20$ magnification were used to delineate the contours of the apical,
middle, and basal turns of Rosenthal’s canal using ImageJ version 1.42a
software. Rosenthal’s canal was outlined by tracing along the bone sur-
face on the inside of the canal. Images taken at the 40$ magnification
(tiled, when necessary) were used to count the number of type I and type
II neuronal profiles separately. Type I neurons were distinguished from
type II by the presence of myelin covering the cell body of the type I
SGNs. From these total counts, neuronal profile density was calculated:
the total number of neuronal profiles divided by the corresponding area
of Rosenthal’s canal. Density measurements were averaged across the
apical, middle, and basal regions for each animal.

The second method for assessing SGN survival used mice on a
C57BL/6J background. Isolated temporal bones were immersed in 0.1 M

EDTA to allow decalcification. Decalcified temporal bones were sub-
jected to frozen sectioning parallel to mid-modiolar plane. Serial floating
sections (30 !m) were immunolabeled for neurofilament and tubulin
proteins using standard immunofluorescence methods. Briefly, tissue
was rinsed (PBS) and incubated at room temperature for 2 h in blocking
solution (5% normal horse serum in 0.2% Triton X-100 in PBS). Sections
were incubated overnight at room temperature with a combination of
primary antibodies: mouse anti-neurofilament (Developmental Studies
Hybridoma Bank, University of Iowa, 1:100) and mouse anti-#-III tubu-
lin antibodies (Covance, 1:500) to label neurons. Specimens were then
rinsed 5$ in PBS and incubated for 2 h in secondary antibody conjugated
to Alexa Flour 546 (1:500). All of the specimens were coverslipped using
glycerol:PBS (9:1) as mounting media before microscopic imaging. Flu-
orescent imaging was performed using a Zeiss LSM 700 confocal micro-
scope. z-series images at an interval of 0.77 !m were obtained using a
20$ objectives. Image processing and quantitative analysis was per-
formed using Volocity 3D image analysis software (version 6.1.1;
PerkinElmer). To report spiral ganglion cell body counts, neurofilament-
and #-III tubulin-labeled cell bodies in Rosenthal’s canal were counted
from the maximum intensity projections of the section. Cell bodies
counted from 4 –5 sections (30 !m each) per cochlea were averaged and
divided by the area of Rosenthal’s canal from which the neurons were
counted to get density measurements. Density measurements were aver-
aged across the apical, middle, and basal regions for each animal.

CN neuron counts. Mice were terminally anesthetized with isoflurane
and transcardially perfused with 4% paraformaldehyde. Brains were dis-
sected from the same mice used to assess hair cell survival (described
above) and from a group of long-term survival mice (70! dpi). Tissue
was postfixed in 4% paraformaldehyde at 4°C and stored in PBS at 4°C
for a minimum of 24 h, followed by croyprotection in 30% sucrose until
it sank. Coronal sections of the brainstems were cut with a sliding freez-
ing microtome at a thickness of 40 !m. Every fourth section was
mounted onto gelatin-coated slides and allowed to dry. Slides were sub-
sequently hydrated, stained with thionin, differentiated, cleared in etha-
nol and xylene, and coverslipped with DPX mounting medium.

Neurons were counted through the entire ventral CN (AVCN and PVCN,
6–10 sections per mouse, depending on age). The brains included in this
study were only those in which at least one side of the brainstem remained
intact through the entire ventral CN in every mounted section.

Bright-field images for stereological methods were acquired on a
Marianas imaging system controlled by Slidebook software, version
5.5 (Intelligent Imaging Innovations). This system included an Axio-
vert 200M inverted microscope (Zeiss) equipped with a motorized X, Y
stage (Advanced Scientific) and a CoolSnap HQ cooled monochrome
camera (Photometrics). The Slidebook stereology module was used for
systematic random sampling and optical fractionator counting boxes
(Gundersen et al., 1999). In brief, the entire VCN was outlined in a
low-magnification montage and counting frames (75 $ 75 !m) were
spaced every 200 !m on the dorsal/ventral plane and 150 !m on the
medial/lateral plane. A high-magnification z-stack was collected at each
sampling location using a 63$ /1.2 NA water-immersion objective and a
1 !m z-step. Guard zones of 3 !m were placed at each edge. The NeuN
antibody does not label all neurons in the AVCN, so this label was not used to
quantify neuronal loss. Inclusion of thionin-stained cells as neurons was

based on Nissl morphology, soma size, and presence of clearly defined nu-
cleoli, as described previously (Mostafapour et al., 2000, 2002). Population
estimates for the cochlear nuclei were calculated by multiplying the recipro-
cal of volume fraction by the summed neuronal counts for all sections. Sam-
pling parameters were chosen so that the coefficient of error for every case
was % 10% using the Gunderson (m & 1) Schmitz-Hof equation
(Gundersen et al., 1999; Schmitz and Hof, 2000).

The cross-sectional area of individual neurons in the AVCN was mea-
sured from the stereology stacks by importing into Fiji 1.48p software.
The area was determined by outlining the stained portion of the soma in
the plane of maximum diameter. At least 50 neurons were measured per
mouse.

Statistics. Means were calculated for hearing threshold, percent hair
cell survival, neuron number, and neuron cross-sectional area. The data
were analyzed by t test or two-way ANOVA, where appropriate. Signifi-
cant main effects or interactions were followed up using Bonferroni post
hoc tests. Results were considered significant when p % 0.05. Sample sizes
were chosen on the basis of previous studies. All analyses were performed
using GraphPad Prism version 5.0 for Mac OS X .

Figure 5. Quantification of hair cell density in each cochlear turn of mature (P21–P28) WT
mice and DTR mice at 2–3, 4, and 6 dpi (25 ng/g, i.m.). A, Total hair cells in each turn. B, Inner
hair cells. C, Outer hair cells. Ordinate scales are the same. Means ! SEM are shown. Data were
analyzed by two-way ANOVA and Bonferroni post hoc tests for total hair cells, inner hair cells,
and outer hair cells separately. Major conclusions are that all hair cells are lost by 6 dpi, that
outer hair cells are lost before inner hair cells ( p % 0.001), and that basal outer hair cells are lost
before apical outer hair cells ( p % 0.01). WT mice injected with DT showed no significant
changes in hair cell density over this period in any region (data not shown).
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Results
To assist the reader’s understanding of the timeline of experi-
ments and treatments, a list and summary is provided in Table 1.

Pou4f3 expression
Pou4f3 expression is limited to hair cells in the sensory epithe-
lium. When the cochleas of either WT or DTR mice were incu-
bated with the Pou4f3 (Brn3c) antibody, selective labeling was
apparent exclusively in the nuclei of inner and outer hair cells
(Fig. 1A). On the basis of labeling intensity, inner hair cells appear to
have greater expression of Pou4f3 than outer hair cells, but the nu-
cleus of every hair cell in the cochlea was labeled (Fig. 1A, top inset).
In neonatal mice (P2), some inner and outer hair cells in the apical
region of the cochlea appeared to lack Pou4f3 protein, but by P5, all
hair cells were labeled (data not shown). The selective expression in
hair cells was confirmed with the Pou4f3-GFP reporter mouse, in
which GFP could be seen throughout the entire hair cell instead of
being limited to the nucleus (Fig. 1A, bottom inset).

For the interpretation of results on SGN and CN neurons
reported below, it is also important to consider Pou4f3 expression
throughout the brain, particularly the auditory brainstem, and in
the SGNs. We addressed this issue in several ways: (1) we exam-
ined the cochlea and brain in neonatal and mature mice from the
Pou4f3 reporter mouse (see also Masuda et al., 2011); (2) we
consulted the data on Pou4f3 mRNA expression in mature and
neonatal brain tissue in the Allen Brain Atlas (Lein et al., 2007;
http://www.brain-map.org); and (3) we used RT-PCR to assess
Pou4f3 mRNA expression in the cochlea and brainstem. Rigorous
evaluation of these data in developing and mature brains con-
firms that no Pou4f3 mRNA is expressed in the SGN or CN of the
auditory brainstem, whereas Pou4f3 mRNA does seem to be ex-
pressed in other areas of the brain (e.g., striatum) and brainstem
(e.g., olivary nuclei), consistent with data in the Allen Brain Atlas.
Sections through the Pou4f3-GFP reporter mouse confirmed a
lack of Pou4f3 in the CN. Pou4f3 mRNA expression is also limited
to the cochleas compared with cochlear nuclei by quantitative
RT-PCR expression analyses (data not shown).

Hair cell survival in vitro
To demonstrate the selective sensitivity of hair cells to DT, co-
chlear explants were prepared from both ears of P2–P3 pups from

Pou4f3!/DTR $ WT matings and cultured for 24 h in normal
medium (n & 30 pups). After 24 h, the explant culture from one
ear was treated with DT (25 ng/ml) in the medium for 3 d and the
other ear (control explant) was not treated with DT. Exposure to
DT resulted in selective hair cell loss only in cultures from ani-
mals containing the Pou4f3 DTR allele and only in the ear exposed
to DT. Immunolabeling (Fig. 2) shows extensive loss of outer hair
cells and complete loss of inner hair cells. The myosin VIIa stain-
ing that does remain is mostly associated with fragments of cells
rather than whole labeled cells with a DAPI-stained nucleus. We
observed no immediate qualitative changes in supporting cell num-
ber or morphology after 3 d of DT exposure in the cultures from
DTR pups. DT treatment had no effect on hair cells in WT co-
chlear cultures.

Figure 6. Cochlear hair cells are lost quickly after injection of DT in neonatal (P2) DTR mice. All data are from WT and DTR mice injected with DT at P2 with 4 ng/g body wt. A, Hair cells (green)
remain largely intact in WT mice after injection of DT, even after long survival periods (shown here 14 dpi). B, Hair cells are swollen and unhealthy looking in DTR mice as early as 2 dpi. C, D, At 6 and
10 dpi, extensive loss of both inner and outer hair cells is apparent, with almost complete loss of inner hair cells and the remaining outer hair cells appearing pathologically swollen. E, F, At 14 and
21 dpi, all hair cells are gone in the basal turn, but a few hair cells (% 5%) remain in more apical regions (Table 2). Nerve fibers from SGNs (red) are also markedly reduced after substantial hair cell
loss, and this was especially apparent by 14 dpi and beyond. Scale bar, 25 !m. G, Graph displays loss of inner, outer, and total hair cells in the middle of the basal turn of DTR mice. Data are mean (
SEM (n & 3 cochleas from different mice). Statistical analyses (one-way ANOVA followed by Bonferroni post hoc tests) yielded significant effects of time dpi: *p % 0.05 (2 vs 6, 10, 14, and 21 dpi);
!! p % 0.05 (2 dpi vs all others); ## p % 0.05 (2 dpi vs all others); ! p % 0.05 (4 vs 6, 10, 14, and 21 dpi); # p % 0.05 (4 vs 6, 10, 14, and 21 dpi).

Table 2. Mean (!SD) percent of cochlear hair cells remaining (normalized to age-
matched controls) in each region of the cochlea after neonatal DT injection

Days post-DT Apext tip Apex Mid Base Hook

Inner hair cells
2 65 ( 11 98 ( 9 103 ( 17 90 ( 10 95 ( 5
4 15 ( 5 52 ( 24 86 ( 6 48 ( 51 14 ( 16
6 40 ( 28 16 ( 15 23 ( 16 9 ( 16 7 ( 8
10 36 ( 19 13 ( 16 17 ( 14 8 ( 14 5 ( 8
14 30 ( 9 13 ( 7 1 ( 2 0 0
21 26 ( 7 21 ( 7 12 ( 7 2 ( 3 0

Outer hair cells
2 * * 75 ( 30 103 ( 12 101 ( 5
4 6 ( 6 5 ( 8 32 ( 19 56 ( 56 57 ( 21
6 * 29 ( 31 64 ( 19 27 ( 5 42 ( 56
10 0 ( 1 47 ( 21 71 ( 7 13 ( 11 9 ( 4
14 3 ( 5 0 0 0 0
21 7 ( 6 3 ( 3 0 0 0

Total hair cells
2 * * 79 ( 23 100 ( 12 100 ( 5
4 8 ( 6 14 ( 3 45 ( 16 54 ( 25 47 ( 16
6 * 27 ( 26 54 ( 8 23 ( 8 34 ( 41
10 10 ( 2 39 ( 13 59 ( 3 12 ( 6 8 ( 5
14 8 ( 2 36 ( 23 0 ( 1 0 0
21 12 ( 4 7 ( 1 3 ( 2 0 ( 1 0

*Loss of hair cell integrity and organization makes it difficult to count at this time point.
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Hearing impairment after injection of DT in vivo
ABR thresholds were determined for pure tones (4 –32 kHz) in
DTR mice and their WT littermates. Mature (P30 –P35) DT (25
ng/g)-injected mice were tested 1, 3, and 5 dpi (Fig. 3). Both WT
and DTR mice had normal ABR thresholds before DT injection
(DTR control) and at 1 dpi and were not statistically different
from each other at any frequency. Impairment progressed rap-
idly, however; by 3 dpi, reliable ABRs were only evoked at inten-
sities ' 60 dB SPL and only at 16 kHz. By 5 dpi, none of the DTR
mice showed an ABR at 90 dB SPL (the maximum intensity avail-
able) for all frequencies presented. ABR thresholds at 3 and 5 dpi
were significantly impaired from WT, DTR control, and 1 d sur-
vival thresholds (p & 0.0001, two-way ANOVA, and p % 0.0001,
Bonferroni post hoc test, no interaction between time after injec-

tion and frequency). Impairment persist-
ed; data from mice 8 and 21 dpi were
identical to data collected from mice 5
dpi and are therefore not shown in Fig-
ure 3. This functional deficit persists for
as long as we have studied the animals,
out to at least 3 months (see also Mahrt
et al., 2013). These mice do not respond
to any frequency or click at the highest
intensity level. Data shown in Figure 3
were collected from mice on a CBA/J
background, but a similar time course of
thresholds changes was observed in ma-
ture mice on a C57BL/6J background.

A smaller dosage of DT in DTR mice
(10 ng/g) delayed these functional deficits
by a day or two. Mature DTR mice in-
jected with only 5 ng/g DT failed to show
an ABR to any frequency at 90 dB SPL by 8
dpi (data not shown).

Time course of cochlear hair cell loss
after injection of DT
To begin determining the optimal dose of
DT to ablate hair cells but maintain low
mortality and minimal effects elsewhere
in the body, several doses of DT ranging
from 5 to 25 ng/g body weight were ad-
ministered systemically to mature mice.

In WT mice injected with DT at 25 ng/g, most hair cells remain
healthy (Fig. 4A), but an occasional inner hair cell was lost at this
dose. In DTR mice injected at this dose, both inner and outer hair
cells died quickly after the injection of DT. Representative exam-
ples are shown in Figure 4, B and C, and numerical data are seen
in Figure 5. Hair cells were present 2 dpi (Fig. 4B), but their
morphology was obviously pathological. By 6 dpi, virtually all
hair cells were gone (Figs. 4C, 5). This did not happen uniformly
across the sensory epithelium. Loss was detected first mostly in
the basal turn, and proceeded toward the apex. This result can be
clearly seen in the outer hair cells (Fig. 5C; p % 0.01), but is not
apparent in the inner hair cells (Fig. 5B). It is also readily apparent
from Figure 5 that inner hair cells are lost more slowly than outer
hair cells. At 6 dpi, we saw no viable appearing inner or outer hair
cells in our samples contributing to Figure 5. In other animals, at day
6, we have seen one or a few normal-appearing hair cells, especially in
the apical tip, but these account for % 3% of the normal compliment
of outer hair cells and do not appear in all animals. At 8 and 21 d, we
detected no viable appearing hair cells in tissue reacted with antibod-
ies against myosin VIIa and parvalbumin in most cases, although
occasionally a few (% 2%) outer hair cells remained.

A similar result occurred in DTR mice that received 15 ng/g
DT (data not shown). At 21 dpi, there were no detectable hair
cells at any location along the sensory epithelium (n & 2 mice).
Less than 2% of hair cells remained at 8 dpi, and all hair cells
remaining at this time were outer hair cells.

Hair cell loss occurred somewhat more slowly in the mature
DTR mice that received 5 ng/g (Fig. 4E,F). In particular, at short
survival times, more outer hair cells remained. At 8 dpi, there was
a complete loss of inner hair cells (reflective of the strong Pou4f3
expression in the inner hair cells compared with outer hair
cells), but many of the outer hair cells were spared (Fig. 4E).
Less than 5% of outer hair cells were left in the basal half, and
' 50% were left in the apical half at 8 dpi. By 21 dpi, % 1% of

Figure 7. Effect of DT on supporting cells and peripheral neurites in the cochlea of DTR mice. A–C, Confocal images from a single
confocal stack taken from a DTR mouse injected with DT on P2 and allowed to survive 6 d (middle turn shown here). A, Merged
image with Sox2 labeling of organ of Corti supporting cell nuclei (red), neurofilament reactivity (white), and DAPI nuclear coun-
terstain (blue) and hair cells labeled with myosin VIIa (green). Note that, whereas hair cells are virtually completely gone, support-
ing cells appear unaffected at short survival times. B, Sox2 channel alone. C, Neurofilament channel alone. D, Neurofilament
labeling in the same region from a DTR mouse injected with DT at P2, but allowed to survive 90 d; note extensive loss of neurites and
virtual absence of neurites crossing to the outer hair cell region. E–G, Confocal images from a single confocal stack taken from a
mature DTR mouse injected with DT on P40 and allowed to survive 7 d (apical turn shown here). E, Merged image labeled as in A.
F, Sox2 channel alone. G, Neurofilament channel alone. H, Neurofilament labeling in the same region from a DTR mouse injected
with DT at P40, but allowed to survive 75 d; note extensive labeling of neurites that is essentially as dense as seen after only 7 d
survival (G) and as seen in WT mice. Also note normal numbers of neurites crossing to the outer hair cell region. These tissues were
also labeled with an antibody against myosin VII for hair cells. Four hair cells (green) are seen in A. All other hair cells have been
eliminated by the DT. Scale bar, 25 !m.

Figure 8. Organ of Corti supporting cell density remains stable after DT injection in DTR mice.
Supporting cells (Sox2 ! cells) were quantified in the apical turn of experimental (DTR ! DT)
and control (WT injected with DT, DTR injected with saline, WT injected with saline) animals at
8 and 70 dpi using the nonbiased random sampling described in the Materials and Methods.
Each data value represents the mean ( SEM. Controls were grouped together because there
were no reliable differences in numbers of Sox2-labeled cells. Note the absence of significant
changes in support cell density after DT injection.
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hair cells remained (Fig. 4F ). The few
hair cells remaining were all outer hair
cells located in the middle turn and
basal hook regions.

As noted above, some hair cell loss oc-
curred in WT mice after 25 ng/g DT injec-
tion (Fig. 4A). This loss was only seen in
mature-injected mice and appeared to be
dependent on both the dose of DT and the
survival time. At 3 weeks after DT injec-
tion at this dosage in WT mice, hair cell
loss primarily was limited to inner hair
cells in the middle region of the sensory
epithelium; no outer hair cell loss was seen
in any region. This loss was reduced to
% 2% in mice that received 15 ng/g and no
hair cell loss was detected in mature WT
mice that received 5 ng/g (Fig. 4D).

Cochlear hair cell survival after
neonatal injection of DT
An important objective for our use of this
model was to delete cochlear hair cells be-
fore hearing onset (# P12–P14; Rubel and
Fritzsch, 2002). This required systemic in-
jection of DT into early postnatal mice.
For the data reported in this section, mice
were injected at P2 (4 ng/g) to allow ample
time for hair cell loss before the onset of
hearing. In subsequent experiments, injec-
tions were made at P5 (5 ng/g). Waiting
these additional 3 d increased animal sur-
vival of neonates but still killed hair cells
completely before hearing onset in DTR
mice. Data from mice injected with DT
at P2 that survived for 2–21 dpi are shown
in Figure 6 and Table 2. Images of hair
cells are taken from the middle of the basal
turn (Base) of the sensory epithelium (Fig.
6A–F); the graph shows group data from
the same region (Fig. 6G). Table 2 shows the percentage of inner
and outer hair cells remaining in each 200 !m segment of the
cochlea [tip of the apex, middle of apical turn (Apex), middle of
middle turn (Mid), middle of the basal turn (Base), and hook] at
2–21 dpi. In mice injected as neonates, cochlear hair cells began to
look swollen and unhealthy as early as 2 dpi (Fig. 6B). By 4 dpi,
# 1/2 of the hair cells were gone in the basal half of the cochlea. At
6 and 10 dpi, a few hair cells were present, but the majority of both
inner and outer hair cells were gone (Fig. 6C,D). Loss of inner
hair cells was essentially complete by 14 dpi (Fig. 6E). As in the
mature-injected mice, loss of hair cells was detected first in the
basal hook and proceeded toward the apex (Table 2). Although
complete hair cell loss was apparent in the basal turn at 21 dpi
(Fig. 6F), the apical region of the cochlea did not completely lose
inner or outer hair cells, even at 21 dpi. As noted above, at P2,
some outer hair cells do not show antibody reactivity to Pou4f3.
We tentatively conclude that this is the reason for the persistence
of the outer hair cells in the apical region.

When DT injections were delayed until P5, hair cell loss pro-
ceeded more quickly and to a greater extent. By 8 d after P5
injection, hair cells were virtually all gone. There were % 1% of
hair cells remaining and those few cells were outer hair cells,
again, typically located in the apical cochlea (data not shown).

No direct effect of DT on the supporting cells
Although expression of Pou4f3 is selective to hair cells in the
cochlea, we examined surrounding cell types to determine whether
their integrity was directly affected by DT administration (Figs. 7,
8). Of most importance for this question are analyses during the
time when the hair cells are dying. Analyses at later periods are
interesting as well but address a different issue, that of trophic
interactions between hair cells and supporting cells. Photomicro-
graphs taken during the first week after injection of DT in both
the neonatal (P2) and mature (P21) DTR mice showed healthy-
appearing supporting cells in both cases (Fig. 7B,F, respectively).
This is at a time when the majority of hair cells were gone due to
the injection of DT, as shown by the few green cells (myosin VIIa)
remaining in Figure 7A and the fact that none remained in Figure
7E. To provide a quantitative assessment of supporting cell survival,
we counted the density of Sox2-positive cells in the organ of Corti of
the apical turn in mature DTR mice injected with DT (25 ng/g) and
control animals at 8 and 70 dpi (Fig. 8). These data supported our
qualitative observations: the density of Sox2-positive cells in the or-
gan of Corti were essentially equivalent between DTR animals in-
jected with DT and control animals at 8 and 70 dpi (p ' 0.10).

We carefully (albeit qualitatively) assessed the integrity of the
nerve ending in the inner and outer hair cell regions using anti-

Figure 9. Age-dependent vulnerability of SGNs. Representative low-magnification (A–H ) and high-magnification (A"–H")
photomicrographs are shown for short (8 d) and long (' 70 d) survival WT and DTR animals injected with DT as neonates or when
mature (21 d). A, A", C, C", E, E", G, G", Low- and high-magnification images of SGN cell bodies remaining intact in WT mice after
DT injection regardless of age of injection or time after injection. B, B", SGN loss is detectable as early as 8 d after neonatal DT
injection in DTR mice. D, D", This loss continues in neonatal DTR mice and is extensive 70! dpi. F, F", Delaying injection until a
more mature age does not produce the same results. No loss is detectable after 8 d in mature DTR mice. H, H", Only minor SGN loss
can be detected long term in DTR mice, but not nearly to the extent seen in neonatally injected mice. Examples of type I SGNs with
myelin wrapping of cell bodies and type II SGNs without myelin-surrounding cell bodies are shown in G" by white arrows and
arrowheads, respectively. Scale bars: A–F, 50 !m; A"–F", 10 !m.
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bodies to neurofilament protein and/or parvalbumin. In neona-
tally injected DTR mice at 6 dpi, the numbers of axons were quite
variable, with some animals showing a qualitatively normal pat-
tern and some showing a clear reduction in the region of the inner
hair cells (Fig. 7C). At longer survival times (e.g., " 21 dpi) all
neonatally injected cochleas showed a marked loss of axons in
both the inner and outer hair cell regions (Fig. 7D). The survival
of axons in the organ of Corti of cochleas from mature mice
injected with DT was much more robust. Nerve fibers were still
present in qualitatively normal numbers and healthy looking in
all cases at both short (Fig. 7G) and long (Fig. 7H) survival times.
It will be of great interest to further study the survival of these
processes at a variety of survival times and determine the nature
of the trophic interactions.

Critical period for SGN survival
SGN density was examined at the level of the cell bodies in
Rosenthal’s canal and in the terminal dendrites in the cochlea.
Observations of the tissue (Fig. 9) and measurements of neuronal
density (Fig. 10) both suggest that SGN cell body survival de-
pends dramatically on the age when the DTR mice were injected
with DT. When neonatal DTR mice were injected with DT, they
showed profound loss of SGNs as early as 8 dpi (Fig. 9B). This loss
progressed such that only # 30% of spiral ganglion cell bodies
remained at 70 dpi (Figs. 9D, 10A). WT mice injected with DT as

neonates did not have any observable SGN cell body loss at any
time point (Fig. 9A,C).

In stark contrast to the rapid and dramatic loss of SGNs in
neonatally injected DTR mice, no detectable loss was seen at 8 dpi
in mice that were injected with DT as adults (Fig. 9F). By 70 dpi in
mature DTR mice, the cell bodies of the SGNs showed minimal
loss and appeared healthy (Fig. 9H) compared with age-matched
WT littermates in Figure 9, E and G, respectively. These qualita-
tive observations are supported by measures of SGN cell body
density and statistical comparisons shown in Figure 10A. Two-
way ANOVA on neonatally injected animals revealed a highly
significant main effect of genotype (p % 0.001) and no significant
interaction terms. Within the neonatally injected animals, there
was also a highly significant effect of genotype (p % 0.01).

SGNs were also examined in DTR mice on a C57BL/6J back-
ground. Using different histological methods and the neurofila-
ment antibody to label SGN soma, similar results were observed
as reported above. SGN density depended on the age at which
DTR mice were injected with DT (Fig. 10B). Neonatal DTR mice
had a profound decrease in the density (# 44%) of spiral ganglion
cell bodies after 28 dpi at P7 (p % 0.01). In contrast, there was no
detectable loss, even after twice that interval (56 d), in mice that
were injected with DT at a mature age.

These data suggest that, in addition to the critical period for
neuronal survival in the CN that has been reported by many
investigators in several species (Born and Rubel, 1985; Tierney et
al., 1997; Mostafapour et al., 2000; Rubel and Fritzsch, 2002), the
ability to selectively remove just the sensory hair cells reveals a
critical period for SGNs during which their integrity requires the
presence and/or activity derived from intact hair cells. Some cau-
tion should be exercised in the interpretation of these data. Al-
though it is clear from the tissue that there is a rapid and
profound loss of neurons in the neonatal DTR animals after DT
exposure, one must be more cautious about the apparent lack of
any change in the mature animals. Based on the small sample
sizes and the fact that density, not the total number, of neuronal
cell bodies was measured in our experiments, it is possible that
some neuronal loss does normally occur in mature animals, but
the number of cells that do die is relatively small and the time
course is protracted compared with the situation in neonates.

Nerve terminals from the SGNs labeled by the neurofilament
antibody can be seen in Figures 4, 6, and 7 We evaluated a large
number of cochleas from survival times ranging from 2 to 100 d.
Once the hair cells start to die in neonatally injected animals, the
nerve terminals in the cochlea became much sparser and had a
retracted morphology. By 70! dpi, the axons terminating in the
inner hair cell region were much less dense and the number of
axons crossing the organ of Corti was sparse (% 10% remained)
compared with WT mice. Qualitatively, some loss and retraction
of peripheral dendrites was apparent in mature mice injected
with DT, but this reaction was much less evident. In fact, the
surprising result is that even 70! d after complete hair cell loss, a
dense pattern of labeled processes was apparent in the region
previously occupied by inner hair cells; the number of radial
fibers appeared comparable to that seen in WT mice.

Critical period for neuronal death in the CN after injection
of DT
An important objective of this study was to determine whether
the age-dependent timing and magnitude of neuronal loss in the
CN of the brainstem depends entirely on the presence or loss of
hair cells. Previous studies detailing this critical period have all
used methods that damage the SGNs directly (e.g., surgical re-

Figure 10. Critical period for SGN vulnerability to hair cell loss in DTR mice. A, SGNs are lost in
DTR mice on a CBA/J background if they are injected with DT as neonates (P2–P5). After 8 d,
partial loss (# 50%) is detectable and this progresses to ' 66% loss by 70 dpi. In contrast, %
10% loss is seen in mature (' P21) DTR mice compared with WT littermates even at 70! dpi
despite a complete loss of hair cells. Both groups of neonatally injected DTR mice have signifi-
cantly reduced in SGN density ( p % 0.001; two-way ANOVA followed by Bonferroni post hoc
test). DTR mice injected with DT at a more mature age have a significantly higher density of SG
neurons than DTR mice injected as neonates ( p % 0.05; one-way ANOVA followed by Bonfer-
roni post hoc test). B, Densities of SG neurons from mice on a C57BL/6J background assessed
with neurofilament labeling. SGNs are lost in DTR mice only if they are injected with DT as
neonates. There is a reduction in SGN density 28 d after neonatal DT injection of DTR mice, but
not in age-matched WT mice nor in DTR mice in which DT injection was delayed until a more
mature age ( p % 0.0001; two-way ANOVA followed by Tukey’s post hoc test).
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moval of the cochlea or ototoxic drug exposure) and other cell
types in the inner ear. The benefit of the DTR mouse model is
selective loss of hair cells without directly compromising SGNs,
supporting cells, or the stria vascularis.

As shown in Figure 11D, right, when 21-d-old DTR mice were
injected with DT (25 ng/g), there was no detectable CN neuron
loss at 21 dpi. There appeared to be a slight loss after 70 d, but
statistical analyses of the mature injected data from these
groups failed to reveal a significant two-way ANOVA. Perhaps
longer survival times or a larger number of animals would
reveal a small CN neuron loss, but such analyses remain to be
completed.

In neonatal mice injected with DT at P2, however, the results
are strikingly different. Figure 11C shows neuron counts in VCN
of DTR and WT mice injected with DT and allowed to survive for
varying time intervals. A one-way ANOVA comparing all of the
WT groups did not approach statistical significance (p ' 0.26).
The data from these 12 animals were used to provide a more
accurate predictor of the normal cell numbers; the mean (( 1
SEM) is shown as the open bars in Figure 11B. The shaded bars
show the mean and individual counts for 3– 4 DTR animals at
each survival time. Neonatal CN neurons are very sensitive to
the selective loss of hair cells compared with age-matched WT
mice. Dramatic and significant neuron loss occurred as early
as 6 dpi (Fig. 11C) and persisted for as long as 70! dpi. Sig-

nificant differences between WT and DTR mice injected with
DT overall were seen (two-way ANOVA; p % 0.0001) and
maintained at every time point (Bonferroni post hoc tests; all
p % 0.01) and no significant interaction was seen. CN cell
counts in animals injected at P5 revealed essentially identical
results and comparisons of neonatal versus mature DTR mice
on a C57BL/6 background yielded the same overall results
(data not shown).

Neuronal size decreases after loss of hair cells
The cross-sectional area of VCN neuronal soma were measured
at selected times after injection in both neonatal and mature DTR
and littermate WT mice exposed to DT. Previous studies suggest
that neuronal size decreases after both deafferentation and elim-
ination of presynaptic activity even when no neuronal loss occurs
(Pasic and Rubel, 1989; Sie and Rubel, 1992). Here, we obtained
similar results (Fig. 12). In mice injected with DT as neonates, a
significant reduction in neuronal cross-sectional area was
seen, but not immediately. The small difference seen at 6 dpi
was not significant, but the reduction in VCN neuron size was
significant at 21 dpi (2-way ANOVA, interaction p & 0.0024;
Bonferroni post hoc tests, p % 0.01). The effect in mature DTR
mice was more subtle, but there was a highly significant reduction
in neuron size long term (p % 0.001; Fig. 12C).

Figure 11. Critical period of neuronal vulnerability in the CN after hair cell loss. A, Neurons in the ventral CN of WT remain intact at 70!d after neonatal (P2) injection of DT. B, DTR mice injected as neonates
are vulnerable to neuronal loss in the ventral CN. Scale bar, 50 !m. C, Neuron counts in VCN of DTR mice injected with DT at P2 and allowed to survive for varying time intervals compared with the mean
and SEM of all DTR injected WT mice. A one-way ANOVA comparing all the WT groups did not approach statistical significance ( p ' 0.26). The data from these 12 animals were used to provide a more
accurate predictor of the normal cell numbers and that mean (( 1 SEM) is shown as the open bars. The shaded bars show the mean and individual counts for 3– 4 DTR DT-injected animals at each
survival time. Neonatal CN neurons are very sensitive to the selective loss of hair cells compared with age-matched WT mice. Dramatic and significant neuron loss occurred as early as 6 dpi (C) and
persisted for as long as 70! dpi. Significant differences between WT and DTR mice injected with DT overall were seen (two-way ANOVA; p % 0.0001) and were maintained at every time point
(Bonferroni post hoc tests; all p % 0.01); no significant interaction was seen. Neuronal loss begins as early as 6 dpi in DTR mice injected as neonates and persists for at least 70 dpi. D, Dramatic neuronal
loss is not evident in DTR mice injected as adults despite complete hair cell loss in the cochlea, even at 70! dpi. Data are mean ( SEM, n & 2–5. Two-way ANOVA failed to show any significant
effects, although the small difference seen at the long survival time may warrant further study.
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Discussion
These studies provide three contributions. First, we describe and
characterize a model system for investigating trophic interactions
between cellular elements in the inner ear and for investigating
the effects of hair cell viability on development and maintenance
of neuronal populations in the CNS. Second, we describe a new
critical period. In neonatal mice, input from intact hair cells,
presumably largely inner hair cells, is required to maintain the
full complement of SGNs. More than 50% of the SGNs rapidly
die when hair cells are eliminated in neonatal mice, whereas there
appears to be relatively little or no SGN death when hair cells are
eliminated in mature mice. Finally, we have used this mouse
model to test the hypothesis that hair cell integrity is required
for the trophic relationship between the ear and neurons of the
developing CN. Removing hair cells in neonatal mice results in
rapid and profound transneuronal degeneration in the ventral
CN, comparable to that seen with destruction of the entire co-
chlea, without causing direct damage to the supporting cells. The
same manipulation in mature mice does not result in neuronal
loss.

Pou4f3 "/DTR mouse model
Beneficial characteristics of the DTR mouse model are temporal
control over hair cell loss and speed, specificity, and completeness

of hair cell removal. The presence of the
hDTR sensitizes cells to DT without af-
fecting surrounding cell types (Palmiter,
2001; Saito et al., 2001). Direct effects of
systemic DT administration in the inner
ear appear limited to the hair cells in the
cochlea and vestibular epithelium of the
DTR mice (Golub et al., 2012). Adminis-
tration of DT in the first few postnatal
days ablates the hair cells before the onset
of hearing. Hair cell ablation can also be
delayed until maturity. We show virtually
complete (' 95%) hair cell loss and com-
plete loss of ABR by 6 d after DT injection
in mature mice and near complete loss of
hair cells in the first week when DT is ad-
ministered to neonates. In neonates and
mature mice, the hearing loss and hair cell
loss appears to be permanent (Mahrt et
al., 2013).

There are several other experimental
preparations for creating hair cell loss in
mice, all of which have been beneficial in
adding to our understanding of the mech-
anisms and consequences of hair cell loss.
However, confounding factors limit in-
terpretations of experimental outcomes
related to studies of afferent regulation of
CNS neurons or hair cell regeneration.
When mature mice with a targeted dele-
tion of the high-affinity thiamine trans-
porter gene (Slc19a2 ) are maintained on a
low thiamine diet, they suffer robust loss
of inner and outer hair cells and impair-
ments in hearing (Liberman et al., 2006;
Zilberstein et al., 2012). Although this is a
useful model with which to study hair cell
loss in a mature animal, it takes several
weeks to induce maximum hair cell loss

and is therefore not appropriate for our studies on develop-
mental regulation and critical periods. A second genetic model
carries a hair-cell-specific (Atoh1-CreER) allele that allows
inducible expression of DT fragment A (Burns et al., 2012).
This model only allows ablation of hair cells in embryos or
animals early in the postnatal period because Atoh1 expression
turns off shortly after birth. Therefore, it is not useful for
comparisons between deafening in immature and mature an-
imals. Finally, many studies have used ototoxic compounds
(such as aminoglycosides) or high-intensity noise exposure.
Although hair cells show greater vulnerability to these treat-
ments than surrounding cells, both ototoxic drugs and noise
exposure are toxic to other components of the inner ear, in-
cluding ganglion cells, stria vascularis, and supporting cells,
when exposures are at a level that results in complete, or nearly
complete, loss of hair cells and profound hearing loss (Carlier
and Pujol, 1980; Wang et al., 2002; Hirose and Liberman,
2003; Oesterle et al., 2008; Oesterle and Campbell, 2009). Fur-
thermore, as highlighted by Murillo-Cuesta et al. (2010), it is
difficult to find two studies that used the same protocol of
aminoglycoside treatment in mice. Even local application of
ototoxic agents has the problem of enormous intersubject
variability (Heydt et al., 2004).

Figure 12. Neuronal cross-sectional area decreases slowly after cochlear hair cell loss. A, B, Photomicrographs of section
through the middle region of the ventral CN of mature WT and DTR mouse, respectively, 70! dpi. Note that a small difference in
neuron size is apparent, with soma area slightly smaller in DTR mouse CN. Scale bar, 25 !m. C, Cross-sectional area measurements
of WT and DTR mice at various survival times. In neonatal mice injected with DT, neuronal size in the surviving neurons is
significantly decreased by 21 dpi. A small, but significant, decrease is also detected when mature mice are injected with DT, but on
a more delayed time course; Data are mean ( SEM, n & 3– 4; **p % 0.001 (vs age-matched controls); two-way ANOVAs followed
by Bonferroni post hoc tests.
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Critical period for SGN survival
SGN function and survival during development and after poten-
tially ototoxic insults has been of considerable interest due to
their importance related to medical and surgical treatments for
hearing loss. The large literature on neurotrophin- and activity-
mediated developmental events, including survival of SGNs, has
been reviewed recently (Leake et al., 2008; Green et al., 2012;
Leake et al., 2013; Moser et al., 2013; Seyyedi et al., 2013). Most
studies have used cats or rodents and produced cochlear insults
early in development to study SGNs after application of neurotro-
phins and/or electrical stimulation. In their “control groups,” in
which neonatal animals are treated with aminoglycosides or ami-
noglycosides in conjunction with diuretics to kill hair cells, SGN
loss is apparent shortly after hair cell loss (Leake et al., 1997). This
loss continues to increase for months or years (Leake and Hradek,
1988). Fewer studies have focused on SGN survival after hair cell
injury in adult animals. In one thorough series of studies, Kujawa
and colleagues (Kujawa and Liberman, 2009; Lin et al., 2011)
have followed changes in SGN axon density and SGN survival
after acoustic overstimulation. They observed rapid loss of syn-
apses and dramatic decreases in peripheral axon density within
days. However, loss of SGN cell bodies appears quite small and
occurred over a time course of months to years. These results are
consistent with the results of Zilberstein et al. (2012) showing that
elimination of inner hair cells does not result in SGN death mea-
sured after 3 months.

The pattern of SGN loss seen in the Pou4f3!/DTR mice pro-
vides convincing experimental evidence that there exists a critical
developmental period in mice where SGN survival is dependent
on intact hair cells. The precise age limits to the beginning and
end of this period are yet to be determined, but hair cell elimina-
tion before the onset of hearing results in rapid and profound
degeneration of SGNs, whereas even total elimination of hair cells
in mature animals results in relatively little or no SGN death.
These results, if replicated in other vertebrates, may have impor-
tant implications for habilitation and rehabilitation strategies
and provide a new useful system for investigating the molecular
mechanisms underlying critical periods in sensory system devel-
opment. The fact that this critical period is also a time of glial cell
maturation (Dinh et al., 2014) could be indicative of an underly-
ing mechanism of vulnerability.

Critical period for CN neuron survival
A plethora of data support the conclusion that hearing loss result-
ing from elimination of the cochlea in birds or mammals causes
rapid and profound CN neuronal degeneration in young ani-
mals, but usually not in mature animals subjected to the same
surgical procedures (Rubel and Fritzsch, 2002; Harris and Rubel,
2006). In mice, this critical period ends by P14, about the time
when mice begin to hear external acoustic signals. From this lit-
erature, it is difficult to ascertain the origin of signals initiating
the transneuronal degeneration in young animals and whether
the developmental change in vulnerability rests with presynaptic
elements (e.g., SGN axons) or the postsynaptic cells in the CN. A
few studies have addressed these issues with activity blockers in-
troduced into the inner ear (Born and Rubel, 1988; Pasic and
Rubel, 1989; Sie and Rubel, 1992), but animal welfare concerns
prevent maintaining this manipulation for the more prolonged
period required for transneuronal degeneration. Results pre-
sented here indicate that the timing and magnitude of neuronal
loss and associated changes in the CN after hair cell elimination
using the DTR mouse are essentially identical to results after
removal of the cochlea and SGN in mice and gerbils (Trune, 1982;

Hashisaki and Rubel, 1989; Tierney et al., 1997; Mostafapour et
al., 2000; Harris and Rubel, 2006).

In contrast to most earlier studies in which subjects received a
unilateral cochlear removal, hair cell loss in the DTR mouse
model is bilateral and an internal control is lacking. This required
the use of stereology to make comparisons between animals.
Some neurons are small and indistinguishable from glial cells
using a Nissl stain. As a result, there may have been a slightly
lower estimate of neuron population in the mouse CN than re-
ported previously (Idrizbegovic et al., 2001). Regardless, a very
robust critical period was evident in the DTR mouse.

It is tempting to conclude from our data that the SGN neuron
loss is directly responsible for the critical period observed in the
CN; after hair cell elimination in neonates, SGNs and their target
neurons die, whereas both cell types live after hair cell elimination
in mature animals. This conclusion is proven false, however, by
the plethora of evidence that CN neurons do not die in mature
mammals after complete removal of the cochlea and SGN (Tier-
ney et al., 1997; Mostafapour et al., 2000). Conversely, it remains
to be determined whether CN neurons would be resistant to hair
cell loss in neonates if SGNs were preserved entirely.
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Systematic and Differential Myelination
of Axon Collaterals in the Mammalian

Auditory Brainstem
Armin H. Seidl1,2 and Edwin W Rubel1,3

A brainstem circuit for encoding the spatial location of sounds involves neurons in the cochlear nucleus that project to medial
superior olivary (MSO) neurons on both sides of the brain via a single bifurcating axon. Neurons in MSO act as coincidence detec-
tors, responding optimally when signals from the two ears arrive within a few microseconds. To achieve this, transmission of sig-
nals along the contralateral collateral must be faster than transmission of the same signals along the ipsilateral collateral. We
demonstrate that this is achieved by differential regulation of myelination and axon caliber along the ipsilateral and contralateral
branches of single axons; ipsilateral axon branches have shorter internode lengths and smaller caliber than contralateral
branches. The myelination difference is established prior to the onset of hearing. We conclude that this differential myelination
and axon caliber requires local interactions between axon collaterals and surrounding oligodendrocytes on the two sides of the
brainstem.

GLIA 2016;64:487–494
Key words: differential myelination, conduction velocity, mammalian brainstem, precise timing

Introduction

The evolution of myelin in the vertebrate brain increased
the speed at which neuronal information can be conveyed.

Myelin also provides a mechanism to systematically and
dynamically adjust conduction times of information flow
between neuronal centers (Nave, 2010). While regulation of
conduction time along axons is a common occurrence in the
peripheral and central nervous system, its functional signifi-
cance is not always clear (Kimura and Itami, 2009; Seidl,
2014). Recent studies in the avian auditory brainstem show
how systematic regulation of conduction time is tied to a well-
defined function in a neuronal circuit: Conduction times of
binaurally elicited phase locked action potentials must be cali-
brated to ensure arrival within a small time window at the coin-
cident detector neurons (Carr and Macleod, 2010; Ashida and
Carr, 2011). We showed that variations in internode length and
axon diameter are used to decrease the speed of signal propaga-
tion in the shorter axon branch relative to the longer axon
branch (Seidl et al., 2010; Seidl et al., 2014). This conduction

velocity regulation results in an equalization of conduction
times with the required microsecond precision and enables the
resolution of ITDs as small as 10 ms (Fischer and Seidl, 2014).

The mammalian sound localization circuit is comprised of
coincidence detector neurons in the medial superior olive (MSO)
that receive binaural excitatory inputs from neurons in the
anteroventral cochlear nucleus (AVCN; Fig. 1A). Individual
AVCN neuron axons bifurcate to send one collateral to the ipsi-
lateral MSO and a second collateral to the contralateral MSO.
Conduction velocity must be precisely timed to shift the best
response of MSO cells into the physiological range of ITDs
(Brand et al., 2002, Fig. 3c,d, when inhibition is blocked best
ITDs based on excitation alone shift to 0 ITD; van der Heijden
et al., 2013, Fig. 3B; Franken et al., 2015, Fig. 2e, most best
ITDs are around 0 ITD). Because the hearing range of the Mon-
golian Gerbil is similar to humans, it has become an important
laboratory animal for studies on sound localization. The physio-
logical range of ITDS in gerbils (the range of naturally occurring
ITDs) is 6110-135 ms (Maki and Furukawa, 2005; see also

View this article online at wileyonlinelibrary.com. DOI: 10.1002/glia.22941

Published online November 10, 2015 in Wiley Online Library (wileyonlinelibrary.com). Received July 13, 2015, Accepted for publication Oct 20, 2015.

Address correspondence to Armin H. Seidl, Virginia Merrill Bloedel Hearing Research Center, University of Washington, Box 357923, Seattle, WA 98195-7923.
E-mail: armins@uw.edu

From the 1Virginia Merrill Bloedel Hearing Research Center, University of Washington, Seattle, Washington; 2Department of Neurology, University of Washington,
Seattle, Washington; 3Department of Otolaryngology – Head & Neck Surgery, University of Washington, Seattle, Washington

Additional Supporting Information may be found in the online version of this article.

VC 2015 Wiley Periodicals, Inc. 487



Sterbing et al., 2003). The locations of the MSO nuclei interject
a length disparity between the ipsi- and contralateral inputs, cre-
ating a major challenge for coincident input of action potential
timing from the two ears (Stotler, 1953). We therefore hypothe-
sized that axon diameters and internode lengths differ between
ipsilateral and contralateral axons to adjust conduction times
along the axonal inputs to provide coincident inputs to MSO
neurons at naturally occurring ITDs.

We analyzed internode length and axon diameter in ipsi-
lateral and contralateral branches of the AVCN axons projec-
ting to MSO of the gerbil. Our data suggest that differential
myelination and variations in axon diameter in two different
branches of individual axon collaterals are a shared principle in
the auditory systems of birds and mammals, and are utilized to
achieve binaural coincident inputs in the microsecond range.

Materials and Methods
Animals
We used 44 gerbils (Meriones unguiculatus) of either sex, purchased
from Charles River Laboratories (Wilmington, MA). Animals were
used on the day of delivery to the University of Washington. All
procedures were approved by the University of Washington Institu-
tional Animal Care and Use Committee and conformed to National
Institutes of Health guidelines.

FIGURE 1: Mammalian ITD circuit. A: Anteroventral cochlear
nucleus (AVCN) axons bifurcate and their excitatory collaterals
project to the ipsilateral and contralateral MSO. Each MSO neuron
gets binaural inputs mediated by AVCN neurons from both sides.
Magenta and green square outlines show approximate locations
of labeled fibers used for analysis. B: Labeled AVCN axons project
ventrally and to the contralateral side, branching off to project to
the ipsilateral MSO, before continuing to the contralateral MSO
[dotted oval outlines denote position of MSO somata, dendrites
can extend up to 140 mm to each side (Kapfer et al., 2002)]. The
contralateral axon branch can approach 4 mm in length (data not
shown). C,D. Closeup of ipsilateral and contralateral axon terminal
areas as indicated by square outlines in (B).

FIGURE 2: Internode length measurements along AVCN axons.
Projection images of 3D image stacks containing labeled axons
(magenta) and paranodes (green) of a P20 gerbil. Labeled axons
are counterstained with antibodies against Caspr, a paranodal
anchoring protein. Ipsilateral (A, C), contralateral (E, G) and their
corresponding 3D reconstructions (ipsilateral: B, D; contralateral:
F, H) allow the identification of axons and their labeled nodes of
Ranvier (Axon: orange, paranodes: blue). Dotted lines in A,C, E,
and G indicate axon segments along which the distance between
two adjacent nodes of Ranvier was measured in 3D. Insets show
Caspr labeling of respective nodes. Note the two short interno-
des in C. Scale bars in insets are 1 mm.
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Biocytin Application, Axon Labeling, and Caspr
Staining
Animals were anesthetized with isoflurane, decapitated and the brain

was extracted from the skull. After extraction, a biocytin crystal

(Sigma-Aldrich, St. Louis, MO) was placed onto AVCN on one side

and the brain was returned to oxygenated ACSF (Mathews et al.,

2010). Following 2-4 h incubation at room temperature (RT), the

brain was immersion fixed in 4% paraformaldehyde for 12 h at 48C.

Longer incubation times resulted in tissue deterioration and were

avoided. Incubation times were sufficient to label contralateral axons
up to 4 mm. After rinsing in phosphate-buffered saline (PBS), the

brainstem was coronally sectioned at 75 lm on a vibratome. The

resulting sections were counterstained with fluorescent streptavidin

(1 : 1,000 Alexa FluorVR 568 or 594, Molecular Probes, Grand

Island, NY) and an antibody against the paranodal protein Caspr

(1 : 1,000, NeuroMab clone K65/35, NeuroMab, University of

California, Davis, Davis CA) in a standard block solution (0.3%

Triton X-100 (Sigma-Aldrich), 5% normal goat serum) for at least

6 h at RT or overnight at 48C. The sections were then rinsed in PBS

and exposed to a secondary antibody (1:200, Alexa Fluor 488 goat

anti-mouse, Molecular Probes) in block solution overnight at 48C.

After a final rinse in PBS, the sections were coverslipped with Glyc-

ergel (Dako, Carpinteria, CA).

3D Internode Length Measurement
Animals in which biocytin placements successfully labeled axon col-

laterals were included in the data analysis (P10: 5; P20: 5). Sections

containing both labeled AVCN to MSO axons and paranodal stain-

ing were imaged using a confocal microscope (Fluoview 1000,

Olympus, 20x air lens, NA 0.75, Center Valley, PA, or Leica TCS

SP8, 20x air lens, NA 0.75 and 60x water, NA 1.4, Leica, Buffalo

Grove, IL) and internode length was measured in 3-D as described

in Seidl et al. (2010). In most cases we made 2 to 4 individual

measurements in a single axon; these were averaged to provide a sin-

gle measurement for that segment. All well-filled axons that could be

isolated from adjacent axons were included in our analyses.

Axon Diameter Measurement
We determined the diameter of axon segments in which internode

length was measured. Optical sections were imported to Fiji software

(National Institutes of Health, Bethesda, MD) and the full width at

half maximum of individual axons segments was determined using the

FWHM plugin (John Yew Soon Lim, Institute of Molecular Biology,

National University of Singapore). Diameter was measured in between

nodes of Ranvier of axons segments used for analysis of data in Fig. 3

and average diameter values of two to four individual measurements

in a single axon were used for analysis. A recent study measuring axon

diameter of spherical bushy axons extending contralaterally to MSO in

the gerbil shows similar values for axon diameter as we report, validat-

ing our measurements of the contralateral axon (Ford et al., 2015; Fig.

1e). In a previous study we validated axon diameter measurements

with electron microscopy and found no significant difference between

the groups (Seidl et al., 2010).

3D Reconstruction
Images in Fig. 2B,D,F,H were surface-rendered with Huygens Essen-

tial (Scientific Volume Imaging, Hilversum, The Netherlands).

Data Analysis
Statistical analyses and graphs were created using Prism (GraphPad

Software, La Jolla, CA). Differences between groups were tested with

an unpaired t test. All in-text and graphic representations of data

illustrate the mean 6 standard error of the mean. We performed a

linear regression analysis and computed Pearson Product Moment

correlations for the data presented in Figure 4 B and D.

Results

We analyzed internode length in AVCN axons of 22 ipsilateral
axon branches and 20 contralateral axon branches from 5 P20
gerbils. Individual measurements in a single axon were averaged
to provide a single measurement for that collateral. The exact

FIGURE 3: Differential internode length in AVCN axon. A: At
P20 internode length is shorter in the ipsilateral AVCN axon
than in the contralateral branch. B: Internode length is shorter in
the ipsilateral AVCN axon branch compared to its contralateral
counterpart at P10, 2 days before hearing onset.

Seidl and Rubel: Systematic and Differential Myelination of Axon Collaterals

April 2016 489



location of the branch point initiating the ipsilateral and con-
tralateral axons is not as evident in the gerbil as in the chicken
brainstem. For this reason labeled axon collaterals for analysis
were identified by their location proximal to the respective
MSO and the fact that they either terminated in the MSO
dendrite region or displayed repeated branching, identifying
them as terminal arbors (Fig. 1B–D). Internode length meas-
urements were taken proximal to where the axons entered the
dendritic area of MSO. Figure 2 shows representative examples
of labeled ipsilateral (A,C) and contralateral (E,G) axon collat-
erals (magenta) that were counterstained with an antibody
against the paranodal anchoring protein Caspr (green). Corre-
sponding 3D reconstructions of the axon segments in Fig. 2
confirm the integrity of the labeled fibers and the location of
the paranodes (Fig. 2B,D (ipsilateral) and F,H (contralateral)).
Animated versions of Fig. 2B,D,F & H are available in the
online version of the paper. At P20, average internode length
in the ipsilateral axon was 51 6 6 mm, (SEM). The average

internode length in the contralateral axon collaterals was
95 6 9 mm (Fig. 3A). Internode length was thus 1.85 times
longer in the contralateral axon compared to the ipsilateral
axon (P 5 0.0002).

At P10, 2 days before hearing onset (Woolf and Ryan,
1984), the difference in internode length was already estab-
lished. We determined internode length in 20 ipsilateral axon
collaterals and 17 contralateral axon collaterals from 5 P10
gerbils (Fig. 3B). Average internode length for the ipsilateral
axon collaterals was 54 6 6 mm and 126 6 13 mm for the
contralateral axon collaterals. The distance between nodes of
Ranvier in the contralateral axon branch was thus 2.3 times
the value of the ipsilateral branch (P< 0.0001).

To further examine the development of axon parameters
that are known to influence conduction velocity, we analyzed
axon diameter of the axon segments in which internode length
was determined. Fiber diameter was measured between nodes of
Ranvier identified on axon segments used for analysis for data

FIGURE 4: Axon diameter of axon segments. A: Average axon diameter of axon segments used for analysis in Fig. 3A. At P20 axon
diameter in contralateral axon branches is larger than in the ipsilateral axon branches. B: Axon diameters of ipsilateral (magenta) and
contralateral (green) axon segments combined are correlated to internode length at P20 (black line). C: Average axon diameter of axon
segments used for analysis in Fig. 3C. Axon diameters of ipsilateral and contralateral axon branches are not different at P10. D: At P10,
axon diameters of ipsilateral (magenta) and contralateral (green) axon segments are not correlated to internode length (black line).
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in Fig. 3 and average values were used for analysis. At P20,
axon diameter was larger in the contralateral axon segments
(1.27 6 0.03 mm, n 5 20) compared to the ipsilateral axon seg-
ments (1.00 6 0.04 mm, n 5 22, P< 0.0001, Fig. 4A). Axon
diameter measurements are correlated to corresponding inter-
node length values at P20 (Fig. 4B, Pearson r 5 0.4805). At
P10, we calculated average axon diameter to be 1.04 6 0.04
mm (n 5 21) in the ipsilateral and 1.08 6 0.04 mm (n 5 17) in
the contralateral axon segments (Fig. 4C). There was no corre-
lation of individual axon diameter values with corresponding
internode length at P10 (Fig 4D, Pearson r 5 0.1765).

Discussion

In gerbils that have mature hearing capability we show that
internode length is shorter in the ipsilateral axon branch com-
pared to the contralateral branch of AVCN axons that project
to MSO. In addition, axon diameter is increased in the
contralateral axon segment compared to its ipsilateral counter-
part. This finding implies that conduction velocity is regu-
lated differentially in the two collaterals to compensate for
the longer travel distance of the contralateral input to MSO.
Anatomical restrictions are thus counterbalanced by variations
of internode length and axon diameter, and the resulting
change in conduction velocity. This difference in internode
length is already established at P10, 2 days before the onset
of hearing, but the maturation of differential axon diameter
appears to lag. Our findings mirror an earlier study on inter-
node length and axon diameter differences in the avian ITD
processing circuit (Seidl et al., 2010), leading to an equaliza-
tion of conduction times (Seidl et al., 2014). Combined, our
studies suggest that differential myelination and differences in
axon diameter along individual segments of a single axon
form a general mechanism to regulate conduction time in the
brainstem auditory pathways.

We measured fiber trajectories of labeled axons in 7
sections of 5 different animals. Pathway measurements are a
good estimate of axon length (Seidl et al., 2010). Average
pathway length from the ipsilateral AVCN to MSO was
1403 6 771 mm and from the contralateral AVCN to MSO
was 3541 6 380 mm, resulting in an average difference of
input length of 2138 6 102 mm (n 5 7). If action potentials
were conducted with uniform speed along the AVCN axon,
binaural inputs to MSO would differ by 267 2 1,069 ms
(based on conduction velocities ranging from 8 to 2 m/s).
Internode length is a major determinant of conduction veloc-
ity (Brill et al., 1977) and axon branches of the analogous cir-
cuitry in the bird exhibit a 1.95-fold difference in internode
length (Seidl et al., 2010), which translates to a 2.39-fold
difference in conduction velocity (Seidl et al., 2014). In the
gerbil, internode lengths of AVCN axon branches differ by a
factor of 1.85. This difference in internode length can thus

compensate for the longer contralateral input length, espe-
cially if one considers that internode length is one of several
properties regulating action potential conduction velocity.

The avian ITD detection circuit embodies a modified
Jeffress model (Carr and Konishi, 1990; Young and Rubel,
1983; Overholt et al., 1992; K€oppl and Carr, 2008; Seidl et al.,
2010). In contrast, the exact mechanisms of ITD coding in the
mammalian auditory brainstem are still being resolved. Origi-
nally, MSO and its incoming projections were also considered
to compose a circuit working according to the Jeffress place
theory of sound localization (Yin and Chan, 1990; Smith et al.,
1993; Beckius et al., 1999). In vivo recordings in the gerbil and
guinea pig, however, show that best ITDs are not distributed
across the range of naturally occurring ITDs, but support a
population based rate code (McAlpine et al., 2001; Brand et al.,
2002; Seidl and Grothe, 2005). In addition to their excitatory
inputs, MSO neurons receive prominent glycinergic inhibition
(Grothe and Sanes, 1993; Grothe and Sanes, 1994). These
inhibitory inputs to MSO are anatomically and physiologically
specialized for temporally precise synaptic transmission (Kapfer
et al., 2002; Magnusson et al., 2005; Werthat et al., 2008;
Couchman et al., 2010) and appear to play a role in the tuning
of ITDs (Brand et al., 2002; Myoga et al., 2014; Pecka et al.,
2008). The exact role of this inhibition is disputed. Other stud-
ies suggest ITD tuning is determined by the relative timing of
binaural excitation to MSO (Day and Semple, 2011; van der
Heijden et al., 2013; Roberts et al., 2013) and argue against a
role of inhibition in ITD tuning (Franken et al., 2015). Regard-
less of the role of inhibition, however, precisely timed binaural
excitation is mandatory for MSO function according to all pro-
posed mechanisms. Our study supports the notion that conduc-
tion time of binaural excitatory projections to MSO is precisely
regulated. As such, anatomical restrictions are overcome by var-
iations in internode length and fiber diameter. Recent studies
by Roberts and colleagues used an elegant in vitro preparation
to show that excitatory input delays to MSO do not differ
(Roberts et al., 2013), and thus support our conclusions of tem-
poral compensation of inputs. Our data do not allow any con-
clusions about the role of inhibition in ITD coding. On the
other hand, internode length along axons projecting to the
medial nucleus of the trapezoid body (MNTB), which in turn
provides an inhibitory input to MSO, appears to be specialized
for fast signal transmission (Ford et al., 2015), supporting the
concept of temporally precise glycinergic inhibition of MSO
neurons (Kapfer et al., 2002).

Variations in myelination of axons are a common occur-
rence in the central nervous system (e.g., Bennett, 1970; Lang
and Rosenbluth, 2003; Salami et al., 2003; Sugihara et al., 1993;
Tomassy et al., 2014; Waxman, 1971; for review see Kimura and
Itami, 2009; Seidl, 2014; de Hoz and Simons, 2015), yet the
functional implications of this variability are not always clear.
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The ITD detection networks of birds and mammals provide a
unique preparation in which the normal function of this network
can only be realized when the timing of action potentials emanat-
ing from the two ears are regulated in the microsecond range.
Therefore, the selection pressure to modulate conduction times
is clear and serves a well-defined computational function. We
find that contralateral fibers display interspersed short internodes
whose length is only a fraction of a regular internode. This is not
without precedence, as short internodes have been described
before (Waxman, 1971; Waxman and Melker, 1971). Variations
in the geometry of the myelin sheath may provide a mechanism
for temporal adjustment or more complex transformations of
neural information in axons. It seems possible that short interno-
des are introduced for fine tuning conduction times to achieve
specifically timed inputs to MSO.

Axon diameter in the contralateral axon segments is on
average larger than in the ipsilateral segments at P20. This
suggests that fiber caliber contributes to an increase in signal
transmission speed in the contralateral axon branch projecting
to MSO. However, axon diameter does not differ between
the two axon branches at P10. Therefore, it appears that the
intraaxonal difference in internode length, already established
at P10, precedes differentiation in axon diameter.

Node of Ranvier assembly, node spacing, and axon diameter
are controlled by myelinating glia (de Waegh et al., 1992; Court
et al., 2004; Garcia et al., 2003; Susuki and Rasband, 2008). Stud-
ies of mature systems indicate that axon diameter and internode
length in the peripheral nervous system are highly correlated (e.g.,
Hess and Young, 1949; Vizoso and Young, 1948; for review see
Waxman, 1975). Our data support a significant correlation
between these parameters in individual axons at P20. Both axon
diameter and internode length are increased in the contralateral
axon segments relative to the ipsilateral segments. Surprisingly,
there appears to be no overall difference in axon caliber between
the collaterals and the correlations between parameters do not
approach significance at P10. This suggests that internodal length
and axon caliber can be independently regulated.

We have now described data in homologous pathways in
two divergent species indicating that separate collaterals of indi-
vidual parent axons precisely regulate the interactions with sur-
rounding neural elements to achieve markedly different
conduction velocities. This results in precise integration of the
timing of information from different sources to the postsynaptic
neurons. While the resulting functional attributes are obvious for
the processing of binaural acoustic information, the fundamental
principal described in these papers has importance for under-
standing the temporal integration of signals required for all sen-
sory information coding and motor coordination, particularly
fine motor skills. Our data and interpretations thereby warrant
some speculations about how the precise regulation of action
potential velocity in these separate collaterals of the same parent

axons is maintained and how it emerges during ontogeny, a
period of substantial brain growth (Wilkinson, 1986). The ipsi-
and contralateral axon collaterals of individual AVCN neurons
are spatially separated within the brainstem. Differentially
expressed genes along the pathways of the ipsilateral and contra-
lateral trajectories could lead to differences in molecules in axons
or in oligodendrocytes specifying the differences in internode
length. To date no such molecule has been identified. There are
multiple lines of evidence to indicate that excitatory neuronal
activity instructs myelination (Barres and Raff, 1993; Bergles
et al., 2000; Demerens et al., 1996; Fannon et al., 2015; Gibson
et al., 2014; Goldsberry et al., 2011; Ishibashi et al., 2006;
K"arad"ottir et al., 2005; Li et al., 2010; Lin et al., 2005; Mangin
et al., 2008; Stevens et al., 1998; Ziskin et al., 2007). Specifically,
electrically active axons can induce myelin formation by vesicular
release of glutamate that signals NMDA receptors (NMDAR) on
nearby OLs (Wake et al., 2011). Neuregulin (NRG1) appears to
increase NMDAR currents in oligodendrocytes 6-fold (Lundg-
aard et al., 2013). Thus, specific NRG1-expression could
enhance the sensitivity of oligodendrocytes to electrical activity
from axons, caused by spontaneous activity before hearing onset
(Jones et al., 2007; Walsh and McGee, 1988), and thus influence
myelination. It has been demonstrated that different axons
myelinated by a single oligodendrocyte can have myelin sheaths
of different thicknesses, with myelin thickness dictated by the
axon (Waxman and Sims, 1984). Other factors, such as Wnt
(Guo et al., 2015), may influence myelination and internode
length regulation as well. Future studies are needed to unravel the
mechanisms of conduction velocity regulation and we think the
auditory brainstem can serve as a useful tool to study how inter-
node length is regulated, particularly in conjunction with trans-
genic mouse models (Pfrieger and Slezak, 2012).
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Innervation regulates synaptic ribbons in lateral line
mechanosensory hair cells
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ABSTRACT
Failure to form proper synapses in mechanosensory hair cells, the
sensory cells responsible for hearing and balance, leads to deafness
and balance disorders. Ribbons are electron-dense structures that
tether synaptic vesicles to the presynaptic zone of mechanosensory
hair cells where they are juxtaposed with the post-synaptic endings of
afferent fibers. They are initially formed throughout the cytoplasm,
and, as cells mature, ribbons translocate to the basolateral membrane
of hair cells to form functional synapses.We have examined the effect
of post-synaptic elements on ribbon formation and maintenance in
the zebrafish lateral line system by observing mutants that lack hair
cell innervation, wild-type larvae whose nerves have been transected
and ribbons in regenerating hair cells. Our results demonstrate that
innervation is not required for initial ribbon formation but suggest that
it is crucial for regulating the number, size and localization of ribbons in
maturing hair cells, and for ribbonmaintenance at themature synapse.

KEY WORDS: Ribbon synapse, Mechanosensory hair cells,
Innervation, Zebrafish, Neurogenin 1, Sputnik

INTRODUCTION
Ribbons (also known as dense bodies) are electron-dense structures
that tether glutamate-containing synaptic vesicles and are found at
synapses of sensory cells that respond to a broad range of stimulus
intensities, such as mechanosensory hair cells of the auditory and
lateral line system (in fish and amphibians), retinal photoreceptor
and bipolar cells, and pineal cells (reviewed in Moser et al., 2006;
Nouvian et al., 2006; Matthews and Fuchs, 2010; Yu and Goodrich,
2014; Nicolson, 2015). They are thought to store a ready-releasable
pool of synaptic vesicles and coordinate synchronous vesicle-
release at the synapse (Khimich et al., 2005; Buran et al., 2010;
Matthews and Fuchs, 2010; Maxeiner et al., 2016). Voltage gated L-
type Ca2+ channels are found to drive exocytosis at ribbon synapses
and are localized at the base of ribbons (Platzer et al., 2000; Brandt
et al., 2003; Dou et al., 2004; Sidi et al., 2004; Sheets et al., 2012;
Wong et al., 2014). In zebrafish, these channels are also found to
play a role in regulating ribbon size, number and maintenance of
ribbons at the hair cell synapse (Sheets et al., 2012). Failure to
properly form and localize ribbons at the synapse leads to impaired

synaptic transmission and sensory input propagation. Mice
defective for bassoon, a cytomatrix protein thought to anchor
ribbons at the synapse, show reduced exocytosis in auditory
mechanosensory hair cells, reduced reliability of spiking at the
auditory stimulus onset, abnormal auditory brain responses and
lower amplitudes of b-wave responses during electroretinographic
recordings in the eye (Brandstatter et al., 1999; Dick et al., 2003;
Khimich et al., 2005; tom Dieck et al., 2005; Buran et al., 2010).
Zebrafish larvae in which ribeye b, a gene coding for a major
scaffolding protein in synaptic ribbons (Schmitz et al., 2000;
Zenisek et al., 2004; Wan et al., 2005; Magupalli et al., 2008), is
knocked down show reduction in the number of spikes of afferent
neurons of the lateral line mechanosensory hair cells when the hair
cells are stimulated (Sheets et al., 2011). Similarly, knockout mice
for the ribeye gene (also known as Ctbp2) show impaired
neurotransmitter release at retinal bipolar cells (Maxeiner et al.,
2016).

Electron microscopy and immunohistochemistry data shows that
ribbon size and localization changes during cell development and
the establishment of functional synapses. During early development
of auditory hair cells and retinal photoreceptor cells, electron-dense
ribbon precursors are found apically in the cytoplasm (Blanks et al.,
1974; Sobkowicz et al., 1982, 1986; Regus-Leidig et al., 2009;
Sheets et al., 2011; Wong et al., 2014). These cytoplasmic ribbon
precursors in retinal photoreceptor cells colocalize with the
cytomatrix proteins bassoon and piccolo and are thought to be
shuttled together to the active zone (Regus-Leidig et al., 2009). As
synaptogenesis proceeds, the total number of ribbons decreases,
ribbons become localized at the active zone and fewer ribbon
precursors are found in the cytoplasm.Whereas multiple ribbons are
found at the site of immature hair cell synapses, mature synapses
have single ribbons (Pujol et al., 1979; Sobkowicz et al., 1986; Pujol
et al., 1997; Wong et al., 2014).

To date, few studies have looked at the role that innervation has
on ribbon placement and maintenance at the active zone. Sobkowicz
and colleagues have shown by electron microscopy that when
compared to their innervated counterparts, inner hair cells in
denervated cultured mouse cochlea have a higher percentage of
ribbons misplaced from the synapse, even though they maintain
their engagement with the hair cell membrane (Sobkowicz et al.,
1986). Similarly, ribbons are found in positions other than the
synapse in cochlear hair cells of guinea pigs after the post-synaptic
fibers are damaged following intracochlear perfusion with 200 μM
AMPA (Puel et al., 1995). Furthermore, the number of hair cell
ribbons, as assessed by immunohistochemistry, is decreased in
brain-derived neurotrophic factor (BDNF)- or Mafb-knockout
postnatal mice, where innervation is reduced or delayed (Zuccotti
et al., 2012; Yu et al., 2013), and in adult mice when ouabain is
applied in the round window causing de-afferentation of cochlear
hair cells (Yuan and Chi, 2014). Although these observations wereReceived 4 November 2015; Accepted 15 April 2016
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made either with in vitro preparations, such as the cultured cochlea,
or in conditions which might affect both the nerve and the hair
cells, such as in BDNF mutants and in treated cochlea, these studies
suggest that innervation is required for localizing ribbons at the
synapse and regulating their number in mechanosensory hair cells.
To directly investigate how innervation affects ribbon formation

in an in vivo model, we used the zebrafish mechanosensory lateral
line system. Because of the ability to generate mutants through
forward genetic screens in zebrafish and the accessibility of lateral
line hair cells, this system has become valuable in discovering the
molecular mechanisms that oversee hair cell development and
ribbon synapse formation (Nicolson et al., 1998; Nicolson, 2005,
2015).
The mechanosensory lateral line system is an additional sensory

system found in fish and amphibians (Dijkgraaf, 1963, 1989). It
measures constant input from water vibrations and is used in part to
detect prey and predators, and orient fish in water currents (Hoekstra
and Janssen, 1985; Blaxter and Fuiman, 1989; Hassan, 1989;
Montgomery et al., 1997; Montgomery and Hamilton, 1997; Baker
and Montgomery, 1999; Kanter and Coombs, 2003; Suli et al.,
2012). In zebrafish, the sensory organs, called neuromasts, develop
in stereotypical positions along the body and are located exclusively
on the body surface of developing larvae; in adults they are found
both on the body surface and within bony canals (Raible and Kruse,
2000; Webb and Shirey, 2003; Ghysen and Dambly-Chaudiere,
2007). Neuromasts are comprised of support cells and
mechanosensory hair cells, which are similar in characteristics
and function to auditory and vestibular hair cells (Kalmijn, 1989).
To determine the role of innervation in hair cell ribbon synapses, we
analyzed mutants that lack innervation, removed hair cell
innervation by cutting innervating fibers after synaptogenesis and
looked at ribbon formation during hair cell regeneration.

RESULTS
Ribbons in mechanosensory lateral line hair cells during
development
The shape and size of ribbons differ across cell types,
developmental stages and species (reviewed in Sterling and
Matthews, 2005; Moser et al., 2006; Nouvian et al., 2006). In all
cell types, ribbon precursors initially appear as spheres; however, as
ribbons mature, in some cell types, their shape changes. For
example, in mature auditory hair cells ribbons are ellipsoid, whereas

in mature photoreceptor cells they appear as sheets (Sterling and
Matthews, 2005; Nouvian et al., 2006). Transmission electron
microscopy (TEM) shows that in mature zebrafish mechanosensory
lateral line hair cells, ribbons at the synapse are spherical with a
diameter of about 300 nm (Sidi et al., 2004; Obholzer et al., 2008;
Nicolson, 2015) (Fig. 1A). To determine whether ribbon size at the
synapse differs with hair cell maturation, we fixed and stained
2 days post fertilization (dpf ) embryos to 7 dpf larvae for TEM and
imaged ribbons in hair cells. We found that ribbons at the synapse
remained spherical during development. Their diameter as
calculated by averaging measurements obtained in two planes,
one perpendicular to the active zone and the other horizontal to the
active zone, was∼300 nm (Fig. 1B). There is a slight size difference
between ribbons at 3 dpf and 4 dpf, which might be indicative of
ribbon maturation during hair cell development.

Innervation is important for ribbon regulation in
mechanosensory hair cells
Mechanosensory hair cells of the lateral line are innervated by
lateral line ganglion neurons that project afferent fibers to hair cells
and octavolateralis efferent neurons that provide cholinergic input to
hair cells. To initially address the requirement of innervation in
ribbon formation, we analyzed ribbons in lateral line hair cells of
neurogenin1 mutants (neurog1) (Golling et al., 2002; McGraw
et al., 2008), given that neurog1 knockdown results in a lack of
afferent innervation of hair cells (Grant et al., 2005). Antibody
staining for acetylated tubulin confirmed that neurog1 mutants lack
afferent innervation of the posterior lateral line neuromasts
(Fig. 2A,B). However, we further observed that the afferent
innervation of the anterior lateral line neuromasts was not affected
in these mutants, suggesting that neurog1 is only required in the
development of the posterior lateral line ganglion and not the
anterior lateral line ganglion. When we stained with the SV2
antibody, which recognizes efferent fibers, we similarly found that
neurog1 mutants lack efferent innervation in the posterior lateral
line (data not shown) but not the anterior lateral line. Therefore, hair
cells in posterior lateral line neuromasts cannot send input to the
central nervous system through afferent fibers, and are devoid of
efferent input from the octavolateralis efferent neurons. We assessed
the role of innervation in ribbon formation by looking at
ribbons in these non-innervated posterior lateral line hair cells
(Fig. 2D,D′,F,F′) and comparing them to their wild-type siblings

Fig. 1. Ribbons inmechanosensory lateral line
hair cells. (A) Transmission electron micrograph
(TEM) of a typical spherical ribbon (R) in a
mechanosensory hair cell (HC) from a lateral line
neuromast in zebrafish. Ribbons are electron-
dense structures, anchored to the presynaptic
membrane, that tether synaptic vesicles (SV) at
synapses with afferent fibers (AF). Vesicles ready
to be docked are at the membrane facing the post-
synaptic membrane density. (B) At different
stages during development, from 2–5 days post
fertilization (dpf ), ribbons at the synapse measure
∼300 nm in diameter. A one-way ANOVA shows
no significant difference (R2=0.2552, P=0.7560);
a Tukey’s multiple-comparison test shows a
significant difference only between day 3 and 4
ribbons (*P<0.05). Results are mean±s.e.m.
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Fig. 2. Innervation is required for regulation of ribbon size, number and localization. (A,B) Afferent innervation in neurogenin (neurog1 ) siblings (sib) (A) and
mutants (–/–) (B) as detected by antibody staining for acetylated tubulin. neurog1 mutants (B) lack afferent and efferent (data not shown) innervation of posterior
lateral line hair cells but not anterior lateral line hair cells. A total of nine neuromasts (NM) per condition were used for confocal microscopy imaging and ribbon
analysis: three posterior lateral line neuromasts (L1, LII.1, LII2) and three anterior lateral line neuromasts (O2,MI1,MI2, IO4orM2) per larvaeweremeasured in three
different larvae. (C–D′) Projections of confocal images of the posterior lateral line neuromasts immunolabeled to show hair cells (green, anti-parvalbumin antibody)
and ribbons (magenta, anti-RibeyeB antibody). (E–F′) Lateral views of surface renderings of neuromasts in C–D′ generated by Huygens software. Ribbon size,
numberand inter-ribbon distancewere obtained from the surface renderingsof theneuromasts (seeMaterials andMethods). Inneurog1 siblings, ribbonswere found
at the base of hair cells (E,E′), whereas in neurog1 mutants, ribbons were found both in the cytoplasm and at the base of posterior lateral line hair cells (F,F′).
Additionally, in neurog1 mutants, ribbons were fewer in number (G), smaller in average size (H,I) and the distance between ribbons was also increased (J,K). The
number of ribbons per cell in anterior lateral line hair cells, which are innervated, did not differ between neurog1 mutants and sibling larvae (L) but ribbon size was
smaller in neurog1 mutant hair cells (M). Ribbon size and number were obtained from the surface renderings of the neuromasts (see Materials and Methods).
*P=0.09 in H, *P=0.03 in M, ***P<0.0001. Statistical analysis of ribbons (unpaired two tailed t-test) was performed on averages of averages – we calculated the
average of ribbons per cell in a given neuromast and then averaged this number across nine total neuromasts (three neuromasts in three different larvae).
Posterior lateral line neuromasts in neurog1 mutants had an average of nine hair cells per neuromast, whereas anterior lateral line neuromasts had an average of
11 hair cells per neuromast. Posterior lateral line neuromasts in neurog1 siblings had an average of 12 hair cells per neuromast, whereas anterior lateral line
neuromasts had an average of 10 hair cells per neuromast. Results are mean±s.e.m.
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(Fig. 2C,C′,E,E′). Confocal microscopy on neurog1 mutants
stained with an antibody against RibeyeB (Sheets et al., 2011), a
scaffolding protein that is part of ribbons, showed that ribbons are
present in neurog1−/− posterior lateral line hair cells (Fig. 2D′,F′)
suggesting that ribbon formation is an intrinsic function of the hair
cells rather than a response to innervation. Even though ribbons
formed in neurog1−/− hair cells at 5 dpf, their placement in the cell
was different from that in wild-type animals. In mutant cells, devoid
of afferent and efferent innervation, ribbons were both adjacent to
the basal membrane and distal from it (Fig. 2F′). Although we were
not able to quantify this effect, the difference is qualitatively evident
in the images in Movie 1 (neurog1−/−) and Movie 2 (neurog1
sibling). When we measured the distance between individual
ribbons within a cell (inter-ribbon distance), we found that it was
increased in neurog1−/− posterior lateral line hair cells (Fig. 2J,K).
Additionally, we noticed that ribbon number was increased in
neurog1−/− hair cells and that ribbon size distribution was different
from in their siblings, with neurog1−/− hair cells showing an
increase in smaller-size ribbons (Fig. 2G,I). We also calculated the
average size of ribbons, which appeared reduced in neurog1−/− hair
cells (Fig. 2H). We recognize that we are at the limit of resolution
with light microscopy, and thus ribbon sizes are semi-quantitative
and might not reflect the true size of ribbons. By contrast, the
anterior lateral line hair cells in neurog1−/−, which retain
innervation, showed no difference in ribbon number (Fig. 2L) and
a similar ribbon size distribution (Fig. 2N), although the average
ribbon size was smaller when compared to their siblings (Fig. 2M).
When assessed by TEM, ribbons in 5 dpf posterior lateral line hair
cells of neurog1−/− mutants were not tethered at the membrane
(Fig. 3A′,B). From our observations of neuromasts in four different
larvae, we found five cases of such ribbons. In addition, in mutant
hair cells there appeared to be many more vesicles than in wild-type
cells (Fig. 3C). Although we did not perform true serial sectioning

(on formvar-coated grids), we followed the same ribbon across three
to five ∼90 nm sections to determine the presence of attachments at
the membrane. Representative micrographs are shown in Fig. 3A′,B.
Taken together, our data demonstrate that innervation is not
important for initial generation of ribbons, but suggest that it is
crucial for their correct localization at the plasma membrane and for
the regulation of ribbon number and size.

Innervation is required for maintenance of ribbons at the
membrane
Although, initial ribbon formation appears to be an intrinsic
property of the hair cell, the question arises as to whether
innervation is necessary for subsequent ribbon maintenance at the
membrane. To address this issue, we transected the posterior lateral
line nerve anterior to the L1 neuromast on one side of 5 dpf larvae
(a stage after synapses are established) by applying three iterations
of 5-ms 532-nm laser pulses using a spinning disc confocal
microscope (Fig. 4A,B). For these experiments, we used
Tg(neuroD:GFP) larvae (Obholzer et al., 2008), whose GFP-
labeled lateral line ganglion neurons allow visualization of afferent
fibers. Because efferent fibers use afferents to pathfind during
development and maintain a close proximity at later stages (data not
shown), we were unable to affect afferent or efferent fibers
separately; therefore, hair cells in the transected side lacked both
afferent and efferent innervation. At 24 h after neuronal fiber
transection, we immunostained with the anti-RibeyeB antibody and
compared the ribbons in denervated posterior lateral line hair cells
(Fig. 4B) to the ribbons in the non-transected control side (Fig. 4A).
In the control side, ribbons remained adjacent to the membrane
(Fig. 4E′), whereas in the denervated hair cells, ribbons were found
both adjacent to the basolateral membrane and distal to it (Fig. 4F′),
similar to those in neurog1 mutants. Furthermore, the number of
ribbons in denervated hair cells was higher than in controls

Fig. 3. Ribbons in neurog1 mutants are cytoplasmic and
show an increased pool of synaptic vesicles. (A) TEM
transverse section of a posterior lateral line neuromast showing
four mature hair cells (HC) surrounded by clearer cytoplasm
(arrowheads) of support cells (SC). Even at this low
magnification, two ribbons (arrows) are clearly seen. The ribbon
in the inset is enlarged in A′ showing more clearly its ectopic
position (not anchored at membrane) and a greater amount of
surrounding synaptic vesicles (SV) not tethered to the ribbon
(R). At the basal pole of the hair cell only the clear cytoplasm of
the support cell can be seen. (B) A hair cell from another
neuromast shows a double-ribbon, also ectopic, with a profusion
of untethered SVs. (C) A ribbon in a wild-type 7 dpf hair cell is
shown for comparison. A monolayer of SVs surrounds the
ribbon. AN, afferent neuron.
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(Fig. 4G), and there was a higher percentage of smaller-size ribbons
(Fig. 4H,I). These data demonstrate that innervation is not only
important for regulating ribbon localization, size and number,
but that continuous innervation influences ribbon maintenance
and stability.

Innervation leads to ribbon stabilization in regenerating
hair cells
To follow ribbon dynamics as hair cells mature and establish
synapses, we looked at ribbons during hair cell regeneration.

Because they are localized on the surface of zebrafish larvae, lateral
line hair cells are susceptible to mechanically or pharmacologically
induced cell death, but can overcome such insults by promptly
regenerating (Harris et al., 2003). Following hair cell death, the
afferent innervating fibers remained proximal to the neuromasts
(Fig. S1, Movie 3, wild-type; Movie 4, after hair cell death).
We incubated 5 dpf zebrafish larvae for 1 h with 400 μM
neomycin to kill hair cells, fixed the larvae at different time
points during regeneration, and processed samples both for
immunohistochemistry and TEM. Looking at surface renderings

Fig. 4. Continuous innervation is required for regulating ribbons in hair cells. Ribbon number and size was assayed in 5 dpf larvae with mature neuromast
hair cells, whose lateral line fibers were transected on one side of the larva, after the nerves had formed synapses with hair cells. Tg(neuroD:GFP) transgenic
animals were used to visualize lateral line afferent fibers in vivo before and after transection. (A) Lateral line afferents in the uncut side of the larva as
visualized by acetylated tubulin staining. (B) Lateral line afferents transected (cut) at the level of L1 neuromast in the opposite side of the larva (blue arrow). Cut and
uncut larvae were fixed at 24 h post transfection and stained for hair cells (green, anti-parvalbumin antibody), ribbons (magenta, anti-RibeyeB antibody)
and afferent neurons (cyan, anti-GFPantibody). Projections of confocal microscope images of the uncut (C–C″) and cut (D,D′) sidewere acquired at the level of L3,
L4 and L5 neuromasts (NM) in the posterior lateral line (A). The absence of afferent fibers in neuromasts of the cut side is seen in D′, which is an overlay of RibeyeB
(magenta) and anti-GFP antibody staining (no cyan staining was present), whereas neuromasts in the uncut side continue to be innervated by afferent fibers (C″).
(E–F′) Lateral views of surface renderings of neuromasts in C–D′ generated by Huygens software. In the denervated hair cell, the number of ribbons/cell increased
(G), whereas the size of ribbons decreased (H,I). Ribbon size and number were obtained from the surface renderings of the neuromasts (see Materials and
Methods). **P=0.0036, ***P=0.0006. Statistical analysis of ribbons (unpaired two tailed t-test) was performed on averages of averages –we calculated the average
of ribbons per cell in a given neuromast and then averaged this number across six total neuromasts (three neuromasts in two different larvae). Posterior lateral line
neuromasts had an average of 10 hair cells per neuromast in cut larvae and an average of 13 hair cells/neuromast in uncut larvae. Results are mean±s.e.m.
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of confocal images and rotating the renderings in 360° (Movies 5
and 6), we noticed that at earlier time points during regeneration
[12–36 h post treatment (hpt)], ribbons, as detected by anti-RibeyeB
antibody, were both distal from the basal membrane and adjacent to
it (Fig. 5B–B″,D), although we do not have the resolution to
distinguish between anchored ribbons and floating ribbons in
proximity to the basal cell membrane. This ribbon phenotype was
much like the one we observed in hair cells that lacked innervation.
As hair cells matured, the number of ribbons decreased, particularly
the number of the ribbons found distal to the basolateral membrane.
By 48 h post treatment (hpt), membrane-adjacent ribbons
predominated (Fig. 5C–C″,D; Movies 7 and 8), similar to the
untreated controls (Fig. 5A–A"), again confirming that innervation
is required for ribbon localization at the basolateral membrane.
TEM showed that early during regeneration, electron-dense

structures were present in the cytoplasm (Fig. 6A–B′). We interpret
these structures to be ribbon precursors, although immunoelectron
microscopy for RibeyeB protein would be necessary to definitively
prove their identity. Synaptic vesicles were often found near
cytoplasmic ribbon precursors (Fig. 6A′). At different points during
regeneration, we additionally found cases of double ribbons
(Fig. 6C), ‘floating’ ribbons (i.e. ribbons not near a synapse)
(Fig. 6E), ribbons next to what appear to be growth cones (Fig. 6G)
and mature ribbons at synapses (Fig. 6D,F,H). Double ribbons and
floating ribbons were rarely found at 72 hpt, after regenerated hair

cells have matured (data not shown). Our observations of ribbon
types at different time points during regeneration are summarized in
Table S1.

Lack of mechanotransduction does not affect ribbon
localization
Given that we show innervation to be important for ribbon regulation,
we reasoned that mutants that lack hair cell mechanotransduction
activity might also show defects in ribbon number, size and
localization. To determine this, we assayed ribbons in sputnik
mutants (spu) (Söllner et al., 2004), which lack mechanotransduction
due to a mutation in cadherin 23 that is required for tip-link formation
between the stereocilia in hair cell bundles. By looking at ribbons in
anterior lateral line hair cells (Fig. 7A–D′), we found that spumutants
had one fewer ribbon per hair cell when compared to their siblings
(Fig. 7E), but the distribution of ribbon size did not seem different
(Fig. 7B′,D′,F,G). Furthermore, ribbons appeared to be adjacent to
the plasma membrane and not distal to it. This phenotype is very
different from hair cells lacking innervation. We conclude that
physical presence of afferent fibers is sufficient to regulate ribbon
formation and stabilization.

DISCUSSION
Establishment of ribbon synapses in mechanosensory hair cells is
imperative for their proper function. Our in vivo data of ribbons in

Fig. 5. Membrane-adjacent ribbons predominate in mature hair cells. (A–C″) 5 dpf Tg(brn3C:GFP) larvaewere treated with 400 μMneomycin for 1 h to kill all
hair cells. At different time points during regeneration larvae were fixed and stained with anti-GFP antibody (green, hair cells) and anti-RibeyeB antibody
(magenta, ribbons), and three anterior lateral line neuromasts (NMs) (O2, MI1, MI2, IO4 or M2) were imaged using a confocal microscope. (D) Ribbons seen right
next to the basal membrane in the green channel, as visualized in 3D surface renderings (Movies 6 and 7), were counted as basal ribbons, whereas the rest
of the ribbons were considered as distal ribbons. At early time points during regeneration both distal ribbons and membrane adjacent ribbons were present in
hair cells (12–36 hpt). Distal ribbons eventually disappeared, and by 48 h post treatment (hpt) ribbons adjacent to the basolateral membrane predominated.
Ribbon numbers were obtained by visually counting ribbons in surface renderings of images of neuromasts (see Materials and Methods). Three neuromasts in
three different larvae were imaged and ribbons were counted in a total of 26 hair cells of untreated larvae, 24 hair cells of 12 hpt larvae, 51 hair cells of 24 hpt
larvae, 54 hair cells of 36 hpt larvae and 65 hair cells of 48 hpt larvae. *P=0.0124, ***P<0.0001 (unpaired two-tailed t-test). Results are mean±s.e.m.
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lateral line hair cells of neurog1 mutant zebrafish that lack
innervation show that ribbon generation is an intrinsic property of
hair cells and occurs despite the absence of innervation. By contrast,
analysis of ribbons in regenerating hair cells or ribbons in larvae
where the innervating fibers have been transected shows that
although innervation is not important for the initial ribbon
formation, it influences ribbon number, size, localization and
maintenance at the plasma membrane. These observations are
consistent with prior observations of Puel and colleagues, who
noticed ectopic or mislocalized synaptic bodies after the nerve
endings were damaged by AMPA application in the cochlea (Puel
et al., 1995) and with those of Sobkowicz and colleagues who
showed mislocalization of ribbons at the plasma membrane in
denervated cochlear cultures when compared to their innervated
counterparts (Sobkowicz et al., 1986). Howmight innervating fibers
regulate ribbon localization? Our hypothesis is that adhesion
molecules that keep hair cells and their post-synaptic partners

together also localize ribbons at the active zone juxtaposed to
afferent fibers. This is perhaps accomplished indirectly through
binding the cytomatrix protein Bassoon, because ribbons in
bassoon mutants are found to be floating (Khimich et al., 2005;
tom Dieck et al., 2005). As hair cells mature and synapses are
formed, any ribbons that do not get localized at the membrane are
likely degraded; therefore, we see a decrease in total ribbon number
in mature hair cells during regeneration. Alternatively, the decrease
of total ribbon number in mature hair cells might be due to the
aggregation of several ribbon precursors, which also leads to bigger
ribbons. When hair cells lose their innervation, ribbons lose their
connection with the active zone, and perhaps even dissociate into
smaller aggregates. These events would lead to an increase in ribbon
number and decrease in overall ribbon size, as observed in
specimens where the innervating fibers have been transected. Our
hypothesis, therefore, is that ribbon localization at the synapse
depends on contact of nerve fibers with hair cells and not on hair cell

Fig. 6. Ultrastructural features of ribbons
during hair cell regeneration. (A–I) 5 dpf
larvae were treated with 400 μM neomycin for
1 h to kill all hair cells. To assess ribbon
morphology during regeneration, larvae were
fixed and processed for TEM and anterior
lateral line neuromasts were imaged at different
times post treatment (hpt). (A–B′) Electron-
dense structures indicative of ribbon
precursors are found in the cytoplasm of hair
cells at early stages (18 hpt and 24 hpt) during
regeneration. (A′,B′) Close up views of boxed
regions in A,B. (C–H) Basal ribbons at different
stages post treatment. Immature ribbons are
seen at early stages such as double ribbons at
12 hpt (C) and ‘ectopic’ or ‘floating’ ribbons at
24 hpt (E) [the ribbon faces a support cell
process (asterisk), which still separates the hair
cell from a nearby afferent ending]. The
immature ribbon anchored at the membrane at
48 hpt (G) faces a growth cone (asterisk),
which has the characteristic dense cytoplasm
filled with different size vesicles. Mature
synapses (D,F,H) were clearly seen from
24 hpt to 48 hpt. N, nucleus; EN, efferent nerve
ending; AN, afferent nerve ending. The images
in D–H are shown at the same scale as
that in C.
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activity. This theory is supported by our data in spumutants that lack
mechanotransduction, which show only a slight decrease in ribbon
number and no changes in ribbon size. Similarly, another study
shows that ribbon numbers do not change in vglut3 zebrafish
mutants, which fail to load glutamate in their synaptic vesicles
(Obholzer et al., 2008). Interestingly, the presynaptic ribbon
conversely plays a role on its post-synaptic partner, given that
knocking down ribeye in zebrafish larvae leads to a decrease of
afferent innervation (Sheets et al., 2011).
In conclusion, our work provides strong evidence that innervating

fibers are crucial for regulating ribbon number, size and
localization. Future studies will hopefully identify molecules that
are important in this process.

MATERIALS AND METHODS
Zebrafish strains and husbandry
Zebrafish adults were maintained in our facility under standard conditions.
The following transgenic and mutant zebrafish lines were used in our
experiments: Tg(brn3c:GFP) (Xiao et al., 2005), sputnik (Söllner

et al., 2004), Tg(neurog1:EGFP)w61 (McGraw et al., 2008), neurog1
(neuroD3)hi1089 mutant (Golling et al., 2002) and Tg(neuroD:EGFP)
(Obholzer et al., 2008). To generate neurog1 mutants and siblings for
experiments in Fig. 2, double heterozygotes for neurog1(neuroD3)hi1089 ;
Tg(neurog1:EGFP)w61 were in-crossed. All mutants and siblings from this
cross were selected for expression of the neurog1:EGFP transgene and
subsequently processed for antibody staining. All animal experiments were
performed according to approved IACUC protocols.

Immunohistochemistry and confocal microscopy
Standard immunohistochemistry techniques were used for antibody
labeling (Suli et al., 2014). The following is the list of antibodies
used for visualization: hair-cells, mouse anti-parvalbumin IgG1 (1:400,
Millipore, MAB1572) with goat anti-mouse-IgG1 Alexa-Fluor-488-
conjugated secondary (1:400, Invitrogen, A-21121); ribbons, rabbit anti-
RibeyeB IgG (1:250) (Sheets et al., 2011) with goat anti-rabbit-IgG Alexa-
Fluor-568-conjugated secondary antibody (1:400, Invitrogen, A-11011);
afferent neurons, mouse anti-acetylated tubulin IgG2b (1:500, Sigma,
T7451) with goat anti-mouse-IgG2b Alexa-Fluor-488-conjugated or goat
anti-mouse-IgG2b Alexa-Fluor-633-conjugated secondary antibody

Fig. 7. Lack of mechanotransduction does not affect ribbon localization. (A–B′) sputnik (spu) siblings (sib) and mutants, which have a mutation in cadherin
23 and lack tip links in their hair bundles, were fixed at 5 dpf and stained for hair cells (green, anti-parvalbumin antibody) and ribbons (magenta, anti-RibeyeB
antibody). (A–B′) Projections of confocal images of anterior lateral line neuromasts (NM) (O2, MI1, MI2, IO4 or M2) in siblings and mutants. (C–D′) Lateral view
of surface renderings of images in A–B′ generated by Huygens software. spu mutants had one less ribbon/cell (E), but ribbon size (F,G) and their
localization (D′) was very similar to wild-type larvae. Ribbon size and number were obtained from the surface renderings of the neuromasts (see Materials and
Methods). Statistical analysis of ribbons (unpaired two tailed t-test) was performed on averages of averages: average of ribbons, hair cells or neuromasts in
a total of nine neuromasts (three neuromasts in three different larvae). Anterior lateral line neuromasts had an average of six hair cells per neuromast in spumutant
larvae and an average of 10 hair cells per neuromast in spu sibling larvae. *P=0.02 (unpaired two-tailed t-test). The average ribbon size was not statistically
different between mutants and their siblings, although the size as assessed by fluorescence microscopy is semi-quantitative. Results are mean±s.e.m.
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(1:400, Invitrogen, A-21146, A-21141); GFP, rabbit anti-GFP IgG (1:400,
Invitrogen, A-11122) with goat anti-rabbit-IgG Alexa-Fluor-488-
conjugated or goat anti-rabbit-IgG Alexa-Fluor-633 secondary antibody
(1:400, Invitrogen, A-11008, A-21071).

Confocal fluorescent imaging stacks were acquired using an Olympus
FV1000 confocal microscope. We used a UPLSAPO 60× water lens
(NA:1.2), 6× zoom, 0.4–0.6 µm step size and resolution of 640×640 pixels/
frame or 800×800 pixels/frame for image acquisition in Figs 2C–F′, 4C–F′,
5 and 7. For image acquisition in Figs 2A,B and 4A,B, we used a
UPLSAPO20X air lens, NA 0.75, 1× zoom, 1.1 µm step size, resolution of
800×640 pixels/frame.

Transmission electron microscopy
Transmission electron microscopy (TEM) was performed in 2–7 days post
fertilization (dpf ) embryos and larvae as previously described (Owens
et al., 2007). Briefly, zebrafish were euthanized in ice-cold embryo
medium, fixed in ice-cold 4% glutaraldehyde in 0.1 M sodium cacodylate
with 0.001% CaCl2 (pH 7.4, 583 mOsm), washed with 0.1 M sodium
cacodylate (pH 7.4) with 0.001% CaCl2, post fixed in 1% osmium
tetroxide in 0.1 M sodium cacodylate (pH 7.4) with CaCl2, dehydrated in
an ethanol series, washed in propylene oxide and then embedded in
Spurr’s epoxy resin in silicone rubber molds (Ted Pella, Redding, catalog
no. 10504). After being baked at 60°C, blocks were cut to obtain sections
from the anterior or posterior line neuromasts. Two series of ∼90-nm
ultrathin sections separated by a 2-μm semi thin section were collected on
200 mesh Athene thin-gar grids (Ted Pella). The tissue was incubated in
5% uranyl acetate in 50% methanol, rinsed with 50% methanol and
counterstained with 0.3% lead citrate in 0.1 N NaOH. The 2-μm semi-thin
section between the series of ∼90-nm sections allowed observation of
different hair cells within a neuromast. TEM was performed using a JEOL
1200EXII and a JEOL JEM 1400 microscopes. Although true serial
sectioning was not performed, we followed the same ribbon in three to
five sections on the same grid. For Figs 1 and 6, images were taken from
the anterior lateral line neuromasts. For Fig. 3, ribbons were taken from
the posterior lateral line neuromasts. Ribbon sizes in Fig. 1 were measured
using ImageJ (see below).

Laser ablation
Tricaine (Sigma, E10521) anesthetized 5 dpf larvae were placed laterally in
a Lab-Tek Chamber (Electron Microscopy Sciences, 70378-11) and
overlaid with a fine nylon mesh and stainless steel harp for stabilization
(Warner Instruments, 64-0253 SHD-26GH/10). Lateral line nerves anterior
or at the level of the L1 neuromast were cut by exposure to three iterations of
5-ms 532-nm laser pulses (Ablate! System, Intelligent Imaging
Innovations). Larvae were subsequently placed in fresh embryo medium
and incubated at 28.5°C for 24 h before being processed for
immunohistochemistry.

Live imaging
4 dpf Tg(neuroD:EGFP) transgenic larvae (Obholzer et al., 2008) were
embedded sideways in 1% low-melting-point agarose (Sigma, A9414-
10G) on glass bottom culture dishes (MatTek, P35G-0-10-C). 350×350
pixel/frame images were acquired using a Zeiss spinning disc microscope,
with a 20× lens, 4× zoom, every 5 min for a total of 8 h. Using the same
embedding and imaging set up, 5 dpf Tg(neuroD:EGFP) transgenic
larvae were imaged every 5 min while being incubated in 400 μM
neomycin for 1 h. After the incubation, neomycin was washed out. The
larvae were re-embedded in fresh agarose and imaged every 5 min for
another 12 h.

Data analysis
In Fig. 1, ImageJ was used to measure the diameter of ribbons in TEM
sections from two or three larvae. Two measurements, one of the diameter
perpendicular to the active zone and one of the diameter horizontal to the
active zone, were collected for each ribbon. The two measurements were
then averaged, and the averages for each ribbon were graphed using
GraphPad.

SVI Huygens software was used to analyze confocal image stacks. The
images were deconvolved, cropped to 480×480 pixels and the advanced
object analyzer was used to generate surface renderings and measure the size
and number of each ribbon. In an effort to standardize the image processing,
fixed threshold settings were applied to all the images, but that failed to
sometimes capture all the ribbons. As a result, for each image the best fitting
threshold was set to capture all the ribbons. To find whether experimentalist-
determined threshold settings gave reproducible results, the same imagewas
processed two different times, which included setting thresholds and
measuring the objects. The two different datasets obtained this way were not
statistically significantly different from one another; hence, we manually set
the thresholds each time. To determine the number of ribbons per cell in
neurog1 and spumutant and sibling larvae (Figs 2 and 7) confocal images of
hair cells in three neuromasts of three different larvae were deconvolved and
surface renderings were generated using Huygens. A region-of-interest
(ROI) sphere was fitted to the base of each hair cell (green channel) in a
given neuromast. Following that, the number of ribbons, size and ribbon x-y
coordinates within each sphere (hair cell) were collected in the red channel.
The inter-ribbon distance was then calculated as the Euclidian distance
between coordinates using the Matlab pdist function. The average ribbon
size and number was calculated for each neuromast using Microsoft Excel,
and the data was subsequently entered in GraphPad software to generate
graphs and for statistical analysis.

In Fig. 4, images of hair cells of three neuromasts in two different
larvae were acquired for each of the uncut and cut conditions. Using
Huygens software, the images were deconvolved, surface renderings were
generated and the ribbon size and number per neuromast was collected. In
this experiment, we did not use the ROI method to obtain the number of
ribbons per hair cell. Instead ribbon number and size was obtained at the
neuromast level and the number of ribbons per hair cell was calculated as
a ratio of total ribbons to the number of hair cells in the neuromast. The
average ribbon size and number was calculated in Microsoft Excel. The
data was then graphed and statistical analysis was performed using
GraphPad.

In Fig. 5, images of hair cells of three neuromasts in three different larvae
were acquired using Olympus FV1000, deconvolved using Huygens and the
ribbon number per each hair cell in each neuromast was visually counted
from images in 3D surface renderings. Any ribbon that in 3D surface
renderings was right next to the cell membrane was designated as basal. The
average ribbon number per neuromast was generated in Microsoft Excel and
the data was graphed in GraphPad.
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Cilia-Associated Genes Play Differing Roles in
Aminoglycoside-Induced Hair Cell Death
in Zebrafish
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ABSTRACT Hair cells possess a single primary cilium, called the kinocilium, early in development. While
the kinocilium is lost in auditory hair cells of most species it is maintained in vestibular hair cells. It has
generally been believed that the primary role of the kinocilium and cilia-associated genes in hair cells is in
the establishment of the polarity of actin-based stereocilia, the hair cell mechanotransduction apparatus.
Through genetic screening and testing of candidate genes in zebrafish (Danio rerio) we have found that
mutations in multiple cilia genes implicated in intraflagellar transport (dync2h1, wdr35, ift88, and traf3ip),
and the ciliary transition zone (cc2d2a,mks1, and cep290) lead to resistance to aminoglycoside-induced hair
cell death. These genes appear to have differing roles in hair cells, as mutations in intraflagellar transport
genes, but not transition zone genes, lead to defects in kinocilia formation and processes dependent upon
hair cell mechanotransduction activity. These mutants highlight a novel role of cilia-associated genes in hair
cells, and provide powerful tools for further study.
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Cilia are microtubule-based projections located on the apical surface of
cells. One class of cilia found on the majority of cells in multicellular
organisms, calledprimary cilia, are nonmotile and important for cellular
signaling (Satir and Christensen 2007; Berbari et al. 2009). Cilia are
formed and maintained through regulated microtubule-dependent
protein trafficking along their length, a process known as intraflagellar
transport (IFT). Anterograde IFT, transport from the cell body to the
ciliary tip, depends on kinesin-2 motors and the IFT-B complex of

adaptor proteins. Retrograde IFT, transport from the tip back to the
base, depends on dynein-2 motors and the IFT-A complex of adaptor
proteins (Scholey 2003; Pedersen et al. 2006). The entry and exit of
protein into the cilia is further controlled by a group of proteins local-
ized at the cilia base, in a region known as the transition zone, that act as
a molecular gate (Reiter et al. 2012; Blacque and Sanders 2014).

Mutations in cilia-associated genes lead to a broad spectrum of
diseases known as ciliopathies. These diseases affect a range of organ
systems with different symptoms associated with each disease. In some
cases, a single gene is implicated in multiple ciliopathies (Badano et al.
2006; Waters and Beales 2011). Mutations in IFT genes frequently lead
to skeletal ciliopathies characterized by a shortening of bones and, in
some cases, polydactyly (Huber and Cormier-Daire 2012). Mutations
in transition zone genes are frequently seen in ciliopathies associated
with renal disease and/or retinal degeneration (Czarnecki and Shah
2012). In a subset of cases, including those resulting in Alström Syn-
drome, Bardet-Biedl Syndrome, Usher Syndrome, and autosomal re-
cessive deafness DFNB66,mutations in cilia-associated genes have been
shown to cause hearing loss (Ross et al. 2005; Adams et al. 2007; Grati
et al. 2015).

Hair cells, the sensory cells of the auditory and vestibular systems,
contain a single primary cilium known as the kinocilium. Auditory hair
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cells of many species lose their kinocilia during development whereas
kinocilia aremaintained investibular hair cells (Tanaka and Smith 1978;
Lim and Anniko 1985; Ernstson and Smith 1986). The apical surfaces
of hair cells also contain actin-based stereocilia that develop in rows, in
order of ascending height. The stereocilia gate ions flow from the
surrounding medium in response to mechanical stimuli, thus activat-
ing hair cells through a process known as mechanotransduction
(Schwander et al. 2010). The kinocilium is adjacent to the tallest stereo-
cilia row. While kinocilia may play a role in hair cell activity at early
stages (Kindt et al. 2012), mechanotransduction activity in mature hair
cells is entirely due to the stereocilia (Hudspeth and Jacobs 1979). It is
generally believed that the primary role of the kinocilium and cilia-
associated genes in auditory hair cells is in the establishment of stereo-
cilia polarity (Ross et al. 2005; Jones et al. 2008), a process also known to
be dependent upon the planar cell polarity pathway (Montcouquiol
et al. 2003; Wang et al. 2005, 2006).

However, there are reasons to believe that cilia-associated genesmay
be playing additional roles in hair cells. In mice deficient in the ciliary
basal body gene responsible for Alström syndrome, Alms1, defects in
stereocilia morphology are present early in development, however,
hearing loss shows a delayed onset. This suggests the stereocilia mor-
phology defects are not solely responsible for hearing loss (Jagger et al.
2011). Recent evidence has shown that genes that are traditionally
thought of as cilia genes can also have cellular functions independent
of the cilium. IFT genes have been implicated in protein trafficking and
cytoskeletal organization in nonciliated cells (Finetti et al. 2009; Delaval
et al. 2011; Cong et al. 2014), and mutations in cilia-associated genes
have been shown to lead to increased DNA damage (Choi et al. 2013;
Slaats et al. 2015). This leaves open possible roles for cilia-associated
genes in hair cells after the developmental loss of the kinocilium. In-
deed, a number of cilia-associated genes remain expressed in mamma-
lian auditory hair cells after kinocilia loss (Liu et al. 2008).

It is well known that aminoglycoside antibiotics cause hearing loss
and vestibular dysfunction inhuman patients (Moore et al. 1984; Lerner
et al. 1986). Through genetic screening for modulators of sensitivity to
aminoglycoside exposure, using the zebrafish lateral line system, we
have discovered that mutations in multiple cilia-associated genes lead
to resistance to aminoglycoside-induced hair cell death. We have pre-
viously reported that amutation in the cilia transition zone gene cc2d2a
leads to resistance to the aminoglycoside neomycin (Owens et al. 2008).
Here, we report that mutations in the cilia transition zone genemks1, as
well as the basal body/transition zone gene cep290, also lead to mod-
erate protection against neomycin-induced hair cell death. Addition-
ally, mutations in the IFT genes dync2h1, wdr35, ift88, and traf3ip
strongly protect against neomycin-induced hair cell death. Mutations
in these genes appear to differently affect hair cells, as IFT but not
transition zone mutants show defects in kinocilia formation and ami-
noglycoside uptake. As stereocilia morphology appears grossly normal
in these mutants, we believe that this work reveals a novel role for cilia-
associated genes in hair cells. It also suggests that antibiotic resistance
may be a useful phenotype for discovering other cilia-related genes that
play a role in mature hair cells, while working toward uncovering the
full role of cilia-associated genes in regulating hair cell structure and
function.

MATERIALS AND METHODS

Animals
All experiments used 5 d post-fertilization (dpf)Danio rerio (zebrafish)
larvae, unless otherwise noted. Mutant alleles were maintained as het-
erozygotes in the !AB wild-type strain, and experiments were carried

out in this strain background. For arl13bhi459Tg, cc2d2aw38, cc2d2aw123,
dync2h1w46 , ift88tz288, and traf3iptp49d, mutants were separated from
wild-type siblings based on associatedmorphological phenotypes. Both

Figure 1 Identification of mutations in cilia-associated genes that confer
resistance to aminoglycoside-induced hair cell death. (A) Two mutations
have been identified in the cc2d2a gene. One mutation (w38) (W628X;
Owens et al. 2008) causes a premature stop codon in a coiled-coil (CC)
domain. The other (w123) leads to the retention of the intron between
exons 20 and 21 causing a frameshift. Both pink boxes are putative CC
domains. (B) Top: neomycin-resistant mutant allele w46 mapped to a re-
gion of approximately 0.5 Mb on chromosome 15. The microsatellite
markers used for mapping are shown, as well as the number of recombi-
nant animals at each position. Bottom: sequencing of the dync2h1 gene
contained in this region identified a G to A nucleic acid change in mutants
at residue 1452, leading to a premature stop codon in the N-terminus of
the protein (W484X). All green boxes represent AAA domains (ATPases
Associated with diverse cellular Activities). (C) Top: neomycin-resistant
mutant allele w150 mapped to a region of approximately 2.3 Mb on
chromosome 13. The microsatellite markers used for mapping are shown,
as well as the number of recombinant animals at each position. Bottom:
sequencing of the wdr35 gene contained in this region identified a T to A
nucleic acid change in mutants at residue 2426, leading to a premature
stop codon just upstream of the tetratricopeptide repeat TPR-Like domain
(L809X). (D and E) Frameshift mutations were generated in the N-terminus
of both Cep290 (D) and Mks1 (E) using genome editing techniques. The
cep290 mutation was a 2 bp deletion, resulting in a frameshift and trun-
cated coding sequence after A99, whereas the mks1 mutation was a
25 bp insertion causing a frameshift and truncated coding sequence after
S61. Due to the large range of sizes, the individual protein images are not
to the same scale. DHC, dynein heavy chain domain.
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ccd2d2a and dync2h1 mutants can be consistently identified by their
sinusoidal body shape (Owens et al. 2008; Ryan et al. 2013), whereas
arl13b, ift88, and traf3ip mutants had a c-shaped body (Tsujikawa
and Malicki 2004; Omori et al. 2008; Duldulao et al. 2009). For
mks1w152 and wdr35w150, genotyping was used to distinguish be-
tween mutants and wild-type siblings. For the cep290fh378 mutant
strain, genotyping was always performed to confirm animals as
wild-type siblings or mutants; however, in some experiments, ani-
mals were presorted based on body morphology. Genetic mapping
used the Wik strain. Larvae were raised in embryo media (EM)
consisting of 1 mM MgSO4, 150 mM KH2PO4, 42 mM Na2HPO4,
1 mMCaCl2, 500 mMKCl, 15 mMNaCl, and 714mMNaHCO3. The
University of Washington Institution Animal Care and Use Com-
mittee approved all experiments. Mutant strains used in this study
are available upon request.

Genetic screening
F2mutant families were generated as previously described (Owens et al.
2008). To screen F2 families, adult pairs were incrossed and 15–50
offspring per pair were treated with 200 mM neomycin at 5 dpf. Fish
were screened for neomycin resistance using the vital dye DASPEI [2-
(4-dimethylaminostyryl)-N-ethylpyridinium iodide] (Molecular Probes),
and the numbers of animals per clutch showing either a typical or atyp-
ical neomycin response were counted. Pairs where approximately one
quarter of all animals showed an atypical response were rescreened to
confirm the phenotype and then outcrossed with !AB wild-type fish.
Approximately 500 F2 families were screened with at least 4–6 pairs
screened per family when possible.

Genetic mapping
The molecular bases of mutations first found by phenotypic screening
were identified by genetic mapping using the polymorphic Wik strain.

Hybrid !AB/Wik mutant carriers were intercrossed to generate prog-
eny for linkage marker analysis. Mutant and wild-type fish were se-
lected based on susceptibility to 200 mM neomycin. Microsatellite
markers for each chromosome (Knapik et al. 1998; Shimoda et al.
1999) were amplified by PCR and tested for cosegregation with mutant
phenotypes. Pools of 20 mutants and 20 wild-type siblings were used
for bulk segregant analysis. Markers cosegregating with the mutant
allele were further evaluated with individual DNA from 213 mutants
and 16 wild-type siblings for the dync2hw46 mutation, and 508 mutants
and 73 wild-type siblings for thewdr35w150mutation. In addition to the
existingmicrosatellitemarkers, candidate simple sequence repeat (SSR)
marker primer pairs were generated using the Zebrafish Genome SSR
search website (Massachusetts General Hospital, Charlestown MA
02129; World Wide Web URL: http://danio.mgh.harvard.edu/
chrMarkers/zfssr.html). To sequence candidate genes following linkage
mapping, RNA was isolated from pools of 20 wild-type sibling or
mutant embryos using TRIzol Reagent (Ambion), and cDNA was pre-
pared using SuperScript III Reverse Transcriptase (Invitrogen). Genes
were amplified by PCR from the resultant cDNA and then sent to
Eurofins MWG Operon for sequencing.

CRISPR and TALEN mutagenesis
To generate mks1 mutants, guide RNA (gRNA) was designed to two
different target sites: 59-GGAGGCCGTCTGAGTGCTGA-39 and 59-
GTGTGATACTGACGCTCCAG-39. Targets were selected using the
design tool at http://crispr.mit.edu. Cas9 mRNA and gRNA were syn-
thesized as previously described (Shah et al. 2015). Embryos were in-
jected with 1 nl of a solution containing 200 ng/ml of Cas9 mRNA and
50 ng/ml each of the two gRNAs. Transmission of a genetic change at
the gRNA target site was screened for by performing a PCR using
primers flanking the target and running the product on a 3% lithium
borate gel (Brody et al. 2004) to look for size changes. Experiments were

n Table 1 Mutations in numerous cilia genes leads to resistance in neomycin-induced hair cell death

Wild-Type Sibling Mutant

Gene Control
200 mM
Neomycin % HCs Remaining Control

200 mM
Neomycin % HCs Remaining

Ciliary axoneme and
intraflagellar transport
dync2h1 (w46) 12.13 6 1.15 1.05 6 0.33 8.65 8.65 6 1.27 5.63 6 1.26 65.13

P , 0.0001 P , 0.0001
wdr35 (w150) 11.37 6 0.92 1.84 6 0.63 16.18 10.10 6 0.89 6.17 6 1.41 61.89

P = 0.0002 P , 0.0001
ift88 (tz288) 12.38 6 1.78 1.17 6 0.71 9.42 9.27 6 0.65 4.43 6 1.70 47.74

P , 0.0001 P , 0.0001
traf3ip1 (tp49d) 11.6 6 1.43 1.08 6 0.55 9.34 6.73 6 0.79 4.78 6 0.69 71.04

P , 0.0001 P , 0.0001
arl13b (hi459Tg) 11.78 6 1.54 1.65 6 0.85 14.00 11.92 6 1.01 1.30 6 0.37 10.88

P = 0.9556 P = 0.7145
Transition zone

cc2d2a (w38) 11.10 6 1.72 1.53 6 0.69 13.78 12.33 6 1.93 3.68 6 0.47 29.85
P = 0.0975 P = 0.0023

cc2d2a (w123) 12.78 6 2.5 1.17 6 0.38 9.13 12.73 6 2.24 3.05 6 0.48 23.95
P = 0.9973 P = 0.0373

mks1 (w152) 12.34 6 0.86 1.26 6 0.46 10.21 12.17 6 0.83 2.88 6 0.65 23.66
P = 0.6768 P , 0.0001

cep290 (fh378) 12.30 6 1.02 1.44 6 0.34 11.70 12.19 6 1.04 2.24 6 0.88 18.34
P = 0.7217 P = 0.0244

Numbers are average number of hair cells/neuromast 6 SD. Significance was calculated using an ANOVA (analysis of variance) and !Sídák multiple comparisons test.
n = 10 for dync2h1, ift88, traf3ip, arl13b, cc2d2aw38, and cc2d2aw123, n = 16 for cep290, n = 31–37 for wild-type siblings, and n = 8–14 for mutants of wdr35 andmks1.
HCs, hair cells.
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performed on larvae in the F3 generation containing a 25 bp insertion
at the first target site (Supplemental Material, Table S1).

To generate cep290 mutants, a pair of TALENs was designed for
exon 6 of the cep290 coding sequence. The first TALE binds the se-
quence 59-CTGCCTCACTTCCTGTCCA-39 and the second binds the
sequence 59-TTGTCTCCCCCTCCCATCA-39. TALENS were gener-
ated as previously described (Sanjana et al. 2012). TALEN mRNA was
generated and polyadenylated using the T7 ULTRA Transcription Kit
(Ambion), and RNA was purified using a standard phenol-chloroform
extraction. Zebrafish embryos were injected at the one-cell stage with
200 pg of each TALEN mRNA. F0 founders of fh378 were identified
and F1 heterozygotes were raised to establish the mutant strain.

Neomycin treatment
Fish were treated with the designated concentration of neomycin
(Sigma-Aldrich) dissolved in EM for 30min at 28.5!. They were then
washed three times in EM, and left to recover for 1 hr. At the end of
recovery, animals used for hair cell counts were fixed for immunos-
taining. Hair cells were counted in the OP1, M2, IO4, O2, MI2, and
MI1 neuromasts (Raible and Kruse 2000). All hair cell number and
neomycin response data were obtained through hair cell counts. For
hair cell data presented as the percentage of controls, the average
number of hair cells/neuromast was calculated for each individual
fish by dividing the total number of hair cells counted per fish by the
number of neuromasts analyzed. This number was then divided by
the average number of hair cells/neuromast for control animals, and
expressed as a percentage. Fish that were not treated with neomycin
were used as controls. Animals used for genetic mapping were

screened for neomycin resistance using the vital dye DASPEI (Mo-
lecular Probes). They were exposed to DASPEI at a final concentra-
tion of 0.05% for 15 min. Neuromasts SO1, SO2, IO1, IO2, IO3, IO4,

Figure 2 Mutations in intraflagellar transport (IFT) genes lead to
resistance to neomycin-induced hair cell death across a range of
neomycin doses. Mutants of the retrograde IFT genes dync2h1 (A)
and wdr35 (B), as well as the anterograde IFT genes ift88 (C) and
traf3ip (D), show strong resistance to neomycin-induced hair cell
death across a range of doses. Dose response curves for both wild-
type siblings and mutants were independently normalized to either
the wild-type sibling or mutant group of control fish not treated with
neomycin. Data are displayed as mean 6 SD. n = 10 fish for dync2h1,
ift88, and traf3ip. n = 10–20 for wdr35. !!!! P , 0.00001 by two-way
ANOVA and !Sídák multiple comparisons test. Mut, mutant; WT Sib,
wild-type sibling.

Figure 3 Mutations in transition zone genes lead to resistance to neo-
mycin-induced hair cell death across a range of neomycin doses. Mutants of
the transition zone genes cc2d2a (A), mks1 (B), and cep290 (C) show mod-
erate resistance to neomycin-induced hair cell death. Dose response curves
for both wild-type siblings and mutants were independently normalized to
their no neomycin control hair cell numbers. Data are displayed as mean6
SD. n = 10 fish for cc2d2a, n = 11–22 for cep290, and n = 8–14 for mks1.
!! P, 0.01, !!! P , 0.001, and !!!! P, 0.00001 by two-way ANOVA and
!Sídák multiple comparisons test. Mut, mutant; WT Sib, wild-type sibling.
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O2, M2, MI1, and MI2 were scored as previously described (Harris et al.
2003). Animals with a score of eight or higher were considered resistant.

Immunohistochemistry
Fish used for immunohistochemistry were fixed for 2 hr at room
temperature in 4% paraformaldehyde. Antibody labeling was carried
out as previously described (Stawicki et al. 2014). Fish used for hair
cell counts were labeled with a mouse anti-parvalbumin primary
antibody (Millipore, MAB1572) diluted at 1:500 in antibody block
(5% heat-inactivated goat serum in PBS, 0.2% Triton, 1% DMSO,
and 0.2% BSA). Fish used for the analysis of cilia morphology were
labeled with a mouse anti-acetylated tubulin primary antibody (Sigma-
Aldrich, 6-11B-1) diluted at 1:1000 in antibody block. For phalloidin
labeling, after fixation fish were incubated for 2 hr at room temperature
in Alexa Fluor 488 Phalloidin (Molecular Probes) diluted 1:100 in
antibody block. They were then washed two times in PBST, one time
in PBS, and stored in a 50:50 PBS and glycerol mixture prior to use.

Uptake experiments
Fish were treated with either 2.25mMFM1-43 FX (Molecular Probes) for
1min, or 25mMneomycin-Texas Red (TR) for 5min (neomycin-TRwas
made as previously described; Stawicki et al. 2014). They were then
washed three times in EM and anesthetized with MS222 for imaging.
Imageswere obtained and analyzed using SlideBook software on aMaria-
nas spinning disk confocal system (Intelligent Imaging Innovations). For
each animal, a single neuromast was imaged and analyzed. A stack of
30 1-mm optical sections was obtained and maximum projection images
were analyzed. The average fluorescence intensity of the cell bodies of the
neuromast was calculated and divided by the background fluorescence of
the image. The fluorescence measurements of mutant neuromasts were
then normalized to the average fluorescence intensity of wild-type sibling
controls imaged on the same day with the same imaging parameters.

Data availability
The authors state that all data necessary for confirming the conclusions
presented in the article are represented fully within the article.

RESULTS

Mutations in cilia-associated genes lead to resistance to
neomycin-induced hair cell death
To identify novel genes involved in aminoglycoside-induced hair cell
deathwe performed a genetic screen looking formutants resistant to the
effects of exposure to neomycin. Through this screen we identified two
mutants, w46 and w123, that showed a sinusoidal body pattern similar
to that previously seen in the sentinel mutant (cc2d2aw38; Owens et al.
2008). Through complementation testing we found that thew123 allele,
but not the w46 allele, failed to complement cc2d2aw38. Sequencing
showed that the intron between exons 20 and 21 is retained in cc2d2a
cDNA isolated from the w123 mutant, leading to a frame shift in the
protein (Figure 1A and Table S1).

Genetic mapping of the w46 allele localized the mutation to chro-
mosome 15 (Figure 1B). The body morphology of w46 mutants is
similar to a previously reported dync2h1 mutant (Ryan et al. 2013),
one of the genes in the mapped interval. Dync2h1 is believed to be the
motor protein responsible for retrograde IFT, the trafficking of protein
from the tip to the base of cilia (Pazour et al. 1999; May et al. 2005).
Sequencing of dync2h1 cDNA in w46 mutants identified a premature
stop codon in the 5’ region of the gene (Figure 1B and Table S1).

An additional mutant isolated in this screen, w150, had a grossly
normal body morphology; genetic mapping localized the mutation to a
region on Chromosome 13 containing the retrograde IFT gene wdr35
(Figure 1C). Wdr-35 is part of the IFT-A complex, a group of proteins
believed to serve as adaptors between the cargo and motors in retro-
grade IFT (Cole 2003; Mukhopadhyay et al. 2010). Sequencing of
wdr35 cDNA in the w150 mutant strain identified a premature stop
codon (Figure 1C and Table S1).

As three mutations identified in our screen are all implicated in cilia
function, we tested additional mutations in cilia-associated genes for
resistance to neomycin. We obtained existing mutations in the cilia gene
arl13b (Golling et al. 2002), and anterograde IFT genes ift88 (Tsujikawa
andMalicki 2004) and traf3ip (Omori et al. 2008). Arl13b localizes to the
cilia axonemal region and is believed to play roles in cilia formation and
Sonic hedgehog signaling (Sun et al. 2004; Caspary et al. 2007; Duldulao
et al. 2009; Larkins et al. 2011). Ift88 and Traf3ip are components of the
IFT-B complex, the protein adaptors for anterograde IFT, and are also
required for cilia formation (Pazour et al. 2000; Cole 2003; Kunitomo and
Iino 2008; Berbari et al. 2011). Additionally, we used genome editing
techniques to generate new mutations in the transition zone genesmks1
and cep290 (Figure 1, D and E and Table S1). Mks1 and Cc2d2a are both
part of a large complex of proteins implicated in human ciliopathies
localized to the transition zone of cilia (Garcia-Gonzalo et al. 2011;
Chih et al. 2012). Cep290 has also been shown to interact with Cc2d2a
(Gorden et al. 2008; Garcia-Gonzalo et al. 2011), and is believed to bridge
the basal body and transition zone (Yang et al. 2015).

We found that all IFT and transition zone genes tested showed
resistance to neomycin-induced hair cell death. In control animals,
approximately 9–14% of hair cells remained in each neuromast after
treatment with 200 mM neomycin. In IFT mutants, these numbers were
increased to 48–70% (Table 1), with significant protection seen across the
range of neomycin doses from 50–400 mM (Figure 2). Transition zone
mutants showed slightly less resistance to neomycin-induced hair cell
death than IFTmutants. cc2d2a andmks1mutants had 24–30% hair cells
remaining following treatment with 200 mM neomycin, and cep290
mutants had 18% remaining (Table 1). cc2d2a and mks1 mutants addi-
tionally showed significant protection across a range of neomycin doses
from 50–400 mM, whereas protection in cep290 mutants was limited to
100 and 200mMneomycin (Figure 3). arl13bmutants failed to show any

Figure 4 cc2d2a and cep290 mutations do not show synergistic inter-
actions. Hair cells per neuromast following 200 mM neomycin in ani-
mals with various combinations of cc2d2a and cep290 mutant alleles.
There does not appear to be any genetic interaction between the two
mutant alleles. + is a wild-type allele, and2 is a mutant allele. n = number
of fish for each group. Data are displayed as mean + SD.
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protection against neomycin-induced hair cell death (Table 1). IFT mu-
tants, but not transition zone mutants, additionally showed a decrease in
control hair cell numbers as compared to their wild-type siblings (Table
1). Decreases in hair cell number have previously been shown in the inner
ear of ift88 zebrafish mutants (Tsujikawa and Malicki 2004).

It has previously been reported that there was a synergistic genetic
interaction when cc2d2aw38 mutants were injected with cep290 mor-
pholino oligonucleotides (Gorden et al. 2008). To test if similar syner-
gism was seen in terms of resistance to neomycin-induced hair cell
death, potentially resulting in a level of resistance like that seen in
IFT mutants, we generated cc2d2a; cep290 double mutants. We found
that the presence of either one or two copies of the other gene’s mutant
allele had no additional synergistic effect on the amount of neomycin
resistance seen in cc2d2a or cep290 homozygous mutants (Figure 4), or
on the number of hair cells under control conditions (data not shown).

Kinocilia morphology is disrupted in IFT but not
transition zone mutants
To testwhat effects cilia genemutationshadonkinociliamorphology inhair
cells, we stained mutants with acetylated tubulin. It has been shown pre-
viously that zebrafish ift88 and traf3ip mutants show a loss of kinocilia
(Tsujikawa and Malicki 2004; Omori et al. 2008). We confirmed these
observations, and additionally saw a loss of kinocilia at 5 dpf in the retro-
grade IFT mutants dync2h1 and wdr35 (Figure 5A). Hair cells in arl13b
mutants maintain their kinocilia at 5 dpf, although in some cases the
kinocilia appear shortened as compared to wild-type siblings (Figure 5A).
These observations are in agreement with previous work that has shown
kidney ciliogenesis differs between IFT and arl13bmutants (Caspary et al.
2007;Duldulao et al. 2009). In contrast, all transition zonemutantswe tested
showed grossly normal kinocilia morphology (Figure 5B).

Zebrafish cilia gene mutations show a delayed effect on
hair cells
Cilia-associated genes are believed to play a role in the development of
stereocilia polarity in mammalian auditory hair cells (Ross et al. 2005;

Jones et al. 2008), but not vestibular hair cells (Sipe and Lu 2011).
Previous studies have also shown that stereocilia morphology of lateral
line hair cells is grossly normal in zebrafish ift88 mutants (Kindt et al.
2012). We examined stereocilia morphology in dync2h1 and cc2d2a
mutants using phalloidin labeling to visualize the actin-based stereo-
cilia. In both cases we observed no obvious defects (Figure 6A), suggest-
ing that gross defects in stereocilia formation are not the underlying
cause for aminoglycoside-resistance in these mutants.

Defects in kinocilia morphology and inner ear hair cell number get
worsewith age in zebrafish ift88mutants (Tsujikawa andMalicki 2004).
To test if this is also true for other cilia mutants, we examined dync2h1
mutants at additional developmental time points. While kinocilia are
never observed in 5 dpf dync2h1 mutants, grossly normal appearing
kinocilia were present in a subset of 3 dpf mutants (Figure 6B). Addi-
tionally, we found that at 3 and 4 dpf, unlike at latter ages, there was no
significant decrease in control hair cell numbers between dync2h1mu-
tants and wild-type siblings (Figure 6C). This delayed onset in defects
could be due to maternal expression of cilia-associated genes, and may
explain why stereocilia are able to develop normally. Maternal expres-
sion of cilia-associated genes is frequently observed in zebrafish (Huang
and Schier 2009; Duldulao et al. 2009; Cao et al. 2010). We find that
dync2h1mRNA is present in 2–4 cell zebrafish embryos, as assayed by
RT-PCR (data not shown), supporting the notion that dync2h1 is ma-
ternally expressed.

IFT but not transition zone mutants show decreased
mechanotransduction-dependent FM1-43 and
neomycin loading
Previous mutants identified through genetic screening for resistance to
neomycin-inducedhair cell deathhave showndefects inhair cell loading
of FM1-43and aminoglycosides (Hailey et al. 2012; Stawicki et al. 2014).
However, aminoglycoside loading appeared grossly normal in
cc2d2aw38 mutants (Owens et al. 2008). To test whether neomycin
loading was altered in cilia mutants, we treated fish with neomycin that
was covalently labeled with the fluorophore Texas Red (neomycin-TR),

Figure 5 Intraflagellar transport
(IFT) but not transition zone
mutants show defects in kinoci-
lia morphology. Neuromasts of
5 dpf zebrafish larvae stained
with acetylated tubulin to label
kinocilia. (A) Mutations in the
IFT genes dync2h1, wdr35, ift88,
and traf3ip cause a lack of
kinocilia in cells. A mutation in
the ciliary axoneme gene arl13b
causes a shortening, but not an
absence, of kinocilia. (B) Kinocilia
morphology appears unchanged
by mutations in the transition
zone genes cc2d2a, mks1, and
cep290. Images to the far left
are of representative wild-type
sibling. No differences were ob-
served among siblings of the
different mutants. Scale bar =
10 mm. Mut, mutant; WT Sib,
wild-type sibling.
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and quantified the fluorescent signal in the cell body of neuromast hair
cells. We found significant decreases in neomycin-TR loading in all
four IFT gene mutants tested, although the decrease was less dramatic
inwdr35mutants than othermutants (Figure 7A).Mutations in cc2d2a,
mks1, and cep290 do not result in a significant decrease in neomycin-TR
loading (Figure 7B).

The loading of aminoglycosides into hair cells requires mechano-
transduction-activity (Gale et al. 2001; Marcotti et al. 2005; Alharazneh
et al. 2011). To begin understanding why aminoglycoside uptake was

diminished in IFT mutants, we examined the rapid uptake of the vital
dye FM1-43. Previous work has shown that rapid uptake of FM-143
also requires mechanotransduction activity (Seiler and Nicolson 1999;
Gale et al. 2001; Meyers et al. 2003). We found that mutations in both
anterograde IFT genes ift88 and traf3ip, as well as the retrograde IFT
motor gene dynch21, lead to a significant decrease in FM1-43 loading;
however, a mutation in the retrograde IFT adaptor gene wdr35 had no
effect on FM1-43 loading (Figure 7C). Mutations in the transition zone
genes cc2d2a, mks1, and cep290 also had no effect on FM1-43 loading
(Figure 7D) as predicted from the neo-TR results (Figure 7B). These
results show that while both IFT and transition zone genes play a role in
aminoglycoside-induced hair cell death, their mechanisms of action in
hair cells differ.

DISCUSSION
Cilia-associated genes have long been believed to primarily function in
hair cells duringdevelopment.Here,wehave shown thatmultiple classes
of cilia-associatedgenesplay a rolemodulating the sensitivityofhaircells
to aminoglycosides.Mutations in the anterograde IFT adaptormolecule
genes ift88 and traf3ip, as well as the gene for the retrograde IFT motor
dync2h1, all lead to a decrease in control hair cell numbers, a strong
resistance to neomycin-induced hair cell death, loss of kinocilia, and a
decrease in hair cell loading of both FM1-43 and neomycin-TR, two
processes known to bemechanotransduction-dependent. The later sug-
gesting defects in mechanotransduction itself. A mutation in the retro-
grade IFT adaptor gene, wdr35, also caused a decrease in control hair
cell numbers, a loss of kinocilia, and a comparable level of protection
against neomycin-induced hair cell death as other IFT mutants. How-
ever, uptake of FM1-43 was not decreased in this mutant and the de-
crease in neomycin-TR loading was not as striking. There is precedence
for dync2h1 mutants showing different phenotypes than mutants in
IFT-A complex genes (Ocbina et al. 2011; Liem et al. 2012), and this
may be due to cargo differences between the different IFT-A adaptor
molecules (Mukhopadhyay et al. 2010).

Mutations in the transition zone genes cc2d2a,mks1, and cep290
lead to significant, but much more moderate, resistance in neomycin-
induced hair cell death. These mutants did not have significant
defects on control hair cell number, kinocilia morphology, or uptake
of FM1-43 and neomycin-TR. Cc2d2a and Mks1 are believed to be
in a complex at the cilia transition zone and to function similarly
(Williams et al. 2011; Garcia-Gonzalo et al. 2011; Chih et al. 2012).
In agreement with this observation, we see nearly identical levels of
protection against neomycin-induced hair cell death in these two
mutants, and a similar slight but insignificant reduction in neomy-
cin-TR loading into hair cells. Cep290 has also been shown to in-
teract with Cc2d2a (Gorden et al. 2008; Garcia-Gonzalo et al. 2011);
however, it is believed to occupy a different region of the transition
zone (Yang et al. 2015). The neomycin resistance we see in cep290
mutants is not as strong as the resistance seen in cc2d2a or mks1
mutants, suggesting that cep290 functions slightly differently than
the other two transition zone genes.

There have been conflicting reports on the role of transition zone
genes in cilia formation. Cep290, Cc2d2a, and Mks1 have been impli-
cated in ciliogenesis of cultured cells and a subset of ciliated tissues
in vivo (Dawe et al. 2007; Tallila et al. 2008; Kim et al. 2008;Weatherbee
et al. 2009; Garcia-Gonzalo et al. 2011). However, cilia formation has
been shown to be unaffected in zebrafish injected with cep290 antisense
morpholino oligonucleotides (Sayer et al. 2006), cc2d2a zebrafish mu-
tants (Bachmann-Gagescu et al. 2011), and the hair cells of Mks1
mutant mice (Cui et al. 2011). Here we show that these genes are also
not required for ciliogenesis in zebrafish hair cells. The tissue-specific

Figure 6 Early developmental defects are not seen in the hair cells of
zebrafish cilia mutants. (A) Phalloidin labeling of the stereocilia of 5 dpf
zebrafish hair cells show no gross morphological defects in dync2h1 or
cc2d2a mutants. Scale bar = 10 mm. (B) Earlier in development, at
3 dpf, dync2h1 mutants have grossly normal kinocilia. Scale bar =
10 mm. (C) Decreases in hair cell number in the absence of neomycin
in dync2h1 mutants is not seen until 5 dpf. Data are shown as mean 6
SD. n = 10 fish per group. !!!! P , 0.00001 by two-way ANOVA and
!Sídák multiple comparisons test. dpf, d post-fertilization; Mut, mutant;
WT Sib, wild-type sibling.
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role of transition zone genes in ciliogenesis highlights that this process
is not uniform across cell types.

While we have shown novel roles for cilia-associated genes in hair
cells through this work, a full understanding of the functions of these
genes in hair cells remains to be elucidated. IFT genes ift88, traf3ip, and
dync2h1 appear to be important for hair cell mechanotransduction
activity. We believe that their role in aminoglycoside-induced hair cell
death is therefore through regulating the uptake of aminoglycosides
into hair cells. While all three mutants lack kinocilia, we do not believe
the kinocilia itself is responsible for this defect because wdr35 mutants
lack kinocilia but still show normal FM1-43 loading. A recent study has
shown that IFT88 is important for the trafficking of Cadherin 23 and
Harmonin (Blanco-Sánchez et al. 2014), molecules important for hair
cell mechanotransduction activity (Di Palma et al. 2001; Söllner et al.
2004; Grillet et al. 2009). Hair cells containmicrotubule tracks through-
out their cytosol that extend into the actin-rich cuticular plate in the
apical region of the cell (Jaeger et al. 1994). Therefore, in addition to
anterograde IFT proteins’ role in kinociliary trafficking, theymaymove
gene products important for mechanotransduction along microtubule
tracks in the cytoplasm of hair cells to the apical region. As there is
turnover of proteins at the tips of stereocilia (Zhang et al. 2012), and
stereocilia tip link proteins Cadherin 23 and Protocadherin 15 are
known to be rapidly replaced after damage (Zhao et al. 1996;
Indzhykulian et al. 2013), retrograde IFT genes may also play a role
in clearing protein from the apical region.

wdr35mutants show comparable protection to neomycin exposure
as other IFT mutants, but no changes in hair cell loading of FM1-43,
and a reduced effect on neomycin loading. These observations suggest
that wdr35 functions via a distinct mechanism in aminoglycoside-in-
duced hair cell death compared to other IFT genes. Wdr35 has been
shown to play a role in mitochondria cell death signaling in cultured
cells (Fan et al. 2012), and mitochondria cell death signaling is believed

to be involved in aminoglycoside-induced hair cell death (Cunningham
et al. 2004; Matsui et al. 2004; Owens et al. 2007; Coffin et al. 2013). It is
currently unclear how wdr35 influences mitochondria cell death sig-
naling; however, one possibility is through a role in mitochondria
trafficking. IFT genes have been shown to be important for cytoplasmic
microtubule morphology and dynamics (Cong et al. 2014; Bizet et al.
2015), and mitochondria are known to traffic along microtubules
(Friede and Ho 1977; Frederick and Shaw 2007). An early step in
aminoglycoside-induced cell death is the transfer of Ca2+ from the
endoplasmic reticulum to the mitochondria (Esterberg et al. 2014).
This step may be altered if mitochondria are mislocalized, preventing
cell death from being initiated.

Finally, transition zone gene mutants appear to function distinctly
from IFTmutants in aminoglycoside-induced hair cell death as they do
not show as robust protection, and do not show a significant decrease in
FM1-43 or aminoglycoside loading. cep290 and cc2d2a have been
shown to be important for protein trafficking (McEwen et al. 2007;
Garcia-Gonzalo et al. 2011; Bachmann-Gagescu et al. 2015). While
neomycin levels do not appear to be significantly reduced in hair cells
of transition zone mutants, it is possible that the neomycin is being
trafficked abnormally within the cell and that this modulates its toxic-
ity. Further study into the mechanisms by which mutations in cilia-
associated genes lead to protection against neomycin-induced hair cell
death will help uncover the full role of cilia-associated genes in hair
cells.
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EDITORIAL

Hearing Loss Prevention Drug is 
Closer to Reality 
By Edwin W. Rubel, PhD 

M any hearing disorders 
result from the death of 
inner ear hair cells. As 
such, it’s not surprising 

for physicians to sometimes think: 
Wouldn’t it be wonderful if we could 
cure hearing and balance disorders by 
putting a drug in the ear? 

That dream became a potential real-
ity in the late 1980s when my labora-
tory, along with Doug Cotanche, PhD, 
discovered that birds regenerate the 
inner ear hair cells that are lost due to 
excessive noise exposure or ototoxic 
therapeutic drug treatments. Although a 
drug that could stimulate humans to re-
generate inner ear hair cells is still years 
away, drugs that can prevent hearing 
loss are much closer to reality. This is 
not a novel idea, but a new company 
developed a different approach and is 
preparing to test a new drug in patients.

Aminoglycoside (AG) antibiotics are 
some of the earliest and most effective 
antibiotics. They continue to be used 
worldwide to treat a variety of life- 
threatening bacterial infections, includ-
ing pulmonary infections in patients 
with cystic fibrosis, endocarditis, neona-
tal septicemia, pseudomonas respiratory 
infections, and multiple drug-resistant 
tuberculosis. However, AG use is 

 associated with ototoxicity that results 
in permanent hearing loss in as many as 
20 percent of the 2 million to 4 million 
individuals treated with parenteral AGs 
annually. Not only can this unwanted 
side effect cause untold pain and ex-
pense to the patients, but this serious 
liability can also cause an extremely ef-
fective class of medications to be with-
held from patients who might otherwise 
benefit from their use.

We believe that relief is in sight. My 
colleague, David Raible, PhD, and I took 
advantage of the externally located lat-
eral line hair cells in larval zebrafish to 
develop a high-throughput screening 
platform to evaluate drugs and drug-like 
small molecules that might alter the re-
sponse of hair cells to ototoxic medica-
tions. Using this model, we discovered a 
new chemical entity (NCE) that com-
pletely protects hearing in laboratory ani-
mals exposed to very high doses of 
amikacin, one of the most commonly 
used AG antibiotics. This NCE has now 
been patented by the University of Wash-
ington, and is exclusively licensed to a 
start-up biotechnology company, Oricula 
Therapeutics, LLC. Oricula has previ-
ously received grants from the National 
Institutes of Health to examine the pre-
liminary safety of the compound, which 

has been named ORC-13661. It demon-
strated a therapeutic index in excess of 
20-fold. In January 2016, Oricula was 
awarded a $2 million grant from the Na-
tional Institute of Allergy and Infectious 
Disease to manufacture ORC-13661 
and to advance it through preclinical 
safety and toxicology tests needed to 
get FDA approval for human testing. 

We expect the first-in-human testing 
of the compound by early 2018. These 
tests will only involve human volunteers 
exposed to ORC-13661, but not to AG 
antibiotics. The purpose is to demon-
strate the safety of the drug in humans 
and to estimate the appropriate dose to 
test in actual clinical trials. We also aim to 
identify the appropriate clinical indication 
for the initial testing of ORC-13661 as a 
hearing protectant. Indeed, we are ex-
cited about the prospect of saving peo-
ple from unnecessary hearing loss. 

Dr. Rubel is a professor in 
the Departments of Oto-
laryngology and Physiol-
ogy and Biophysics and 
adjunct professor in the 
Department of Psychol-
ogy at the University of 
Washington in Seattle. He 
is the founding Director 

of the Virginia Merrill Bloedel Hearing Re-
search Center and holds an endowed Chair. 
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Introduction
Aminoglycosides are a widely used and successful class of antibi-
otics (1, 2). Despite their potent antimicrobial efficiency, all ami-
noglycoside antibiotics currently approved for use by the FDA are 
toxic to the kidney and inner ear. While nephrotoxic effects of ami-
noglycoside exposure are typically thought to be reversible, oto-
toxic effects are permanent, as they damage mechanosensory hair 
cells within the ear that, in mammals, lack the ability to regenerate.

A unifying mechanism of aminoglycoside-induced ototoxicity 
remains elusive, but a number of observations indicate that dying 
hair cells present several hallmarks that are conserved across spe-
cies (3–5). An event frequently implicated in the degeneration of 
hair cells is the generation of cytotoxic levels of reactive oxygen 
species (ROS), bioreactive molecules derived from molecular oxy-
gen. Within the avian and rodent cochlea, elevated ROS levels have 
been detected within hair cells following aminoglycoside exposure 
(6–11). Augmentation with various antioxidants in vitro and in vivo 
has proven to be partially effective at ameliorating aminoglycoside 
ototoxicity (12–18), suggesting a causal link between ROS produc-
tion and hair cell death. However, antioxidants generally do not pro-
tect across a wide range of antibiotic doses and do not distinguish 
between the origins of ROS, leaving the source of ROS production 
during aminoglycoside-induced hair cell death an open question.

There remains extensive debate over whether mechanisms gov-
erning bactericidal toxicity are shared within mammalian cell types 
that are also susceptible to these drugs. In bacteria, aminoglycosides 
induce oxidative damage through disruption of the citric acid cycle 

and electron transport chain (19, 20). Although the impact of ROS 
generation on bactericidal effects is unclear, it has been suggested 
that these antibiotics can induce cellular dysfunction within mam-
malian cells through mitochondrial generation of ROS (21). As mito-
chondria generally impose the largest influence to the overall oxida-
tive state of the cell through their housing and regulation of the citric 
acid cycle and electron transport chain components (22, 23), they are 
a likely source of ROS during aminoglycoside-induced hair cell death.

ROS generated within mitochondria occur as the byproduct of 
metabolic activity, which is established in large part through Ca2+ 
signaling between endoplasmic reticulum and mitochondria (24). 
Mitochondrial Ca2+ regulates the flow of electron transport during 
oxidative phosphorylation (OXPHOS), and during the ensuing 
transfer of electrons, leakage at complexes I and III reduces O2 into 
superoxide (O2

• –). This highly toxic yet membrane-impermeable 
anion is subsequently detoxified within mitochondria into less reac-
tive, but membrane-permeable, hydrogen peroxide (H2O2) (25, 26).

Despite a link to ototoxicity, the source of ROS production 
following aminoglycoside exposure has remained largely unex-
plored. Here, we use the zebrafish lateral line system to study ROS 
generation and flow during hair cell death. Lateral line hair cells 
are sensitive to aminoglycosides (27, 28), and their external loca-
tion in clusters, termed neuromasts, makes them uniquely suited 
to follow dynamic events during hair cell death in vivo (29, 30). 
We have previously used this system to observe intracellular Ca2+ 
dynamics following aminoglycoside exposure, and have demon-
strated that mitochondrial Ca2+ influences mitochondrial activi-
ty in dying hair cells (31). In the experiments presented here, we 
have paired spectrally distinct indicators of mitochondrial oxida-
tion state and cytoplasmic ROS to monitor temporal progression 
of oxidative changes following aminoglycoside exposure. We 

Exposure to aminoglycoside antibiotics can lead to the generation of toxic levels of reactive oxygen species (ROS) within 
mechanosensory hair cells of the inner ear that have been implicated in hearing and balance disorders. Better understanding 
of the origin of aminoglycoside-induced ROS could focus the development of therapies aimed at preventing this event. In this 
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occurring within the same dying hair cell following exposure to aminoglycosides. The increased oxidation observed in both 
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scavengers. Our findings suggest that targeted therapies aimed at preventing mitochondrial oxidation have therapeutic 
potential to ameliorate the toxic effects of aminoglycoside exposure.
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and its substrate xanthine (32), cellROX fluorescence increased 
on average by 15% (Figure 1C) without inducing toxicity over the 
course of imaging (not shown), indicating the overall effectiveness 
of this indicator in detecting cell-wide changes in ROS.

Most dying cells displayed an increase in cellROX fluores-
cence in several intracellular structures, including the cyto-
plasm and nucleus (Figure 2 and Supplemental Video 1; supple-
mental material available online with this article; doi:10.1172/
JCI84939DS1). In contrast, an increase of cellROX fluorescence 
in cells that survived aminoglycoside exposure appeared to be 
largely non-nuclear (Figure 2).

CellROX reports nuclear and mitochondrial ROS generation 
through its ability to bind DNA. We reasoned that the non-nuclear 
changes we observed in cells reflected the interaction of cellROX 
with mitochondrial DNA, particularly as we previously reported a 
rapid increase in mitochondrial membrane potential (Δψ) in dying 
hair cells exposed to aminoglycosides (30). Given the interrelated-
ness between mitochondrial Δψ and mitochondrial ROS produc-
tion (33), we tested whether the increased ROS observed in hair 
cells exposed to aminoglycosides correlated with increased mito-
chondrial activity, using transgenic zebrafish expressing the H2O2 
biosensor HyPer (34) under the control of a hair cell–specific pro-
moter (Tg[myo6b:HyPer]; referred to here as HyPer). The behavior 
of the HyPer biosensor alone in response to aminoglycoside expo-
sure is shown in Supplemental Figure 2.

We colabeled hair cells of transgenic HyPer fish with tetrameth-
yl rhodamine ester (TMRE), a red fluorescent indicator of Δψ (35), 
to monitor these events within the same cell. As we do not observe 
increased mitochondrial activity in hair cells that survive aminogly-
coside exposure (30), we exposed hair cells to 400 μM neomycin, a 
concentration that is toxic to all hair cells within the neuromast (27). 

demonstrate that, in addition to elevated levels of ROS within 
cytoplasm, mitochondrial oxidative changes occur within dying 
lateral line hair cells exposed to aminoglycosides. Moreover, we 
demonstrate that elevated mitochondrial Ca2+ is necessary for 
both mitochondrial oxidation and cytoplasmic ROS observed 
during this process. Our data suggest that therapies aimed at pre-
venting dramatic oxidative changes within mitochondria may be 
more effective at stemming aminoglycoside-induced hearing loss 
than other approaches using general ROS scavengers.

Results
Oxidation of specific cellular compartments occurs within dying lat-
eral line hair cells following aminoglycoside exposure. To evaluate 
whether ROS was elevated within zebrafish lateral line hair cells 
following aminoglycoside exposure, we used the ROS indicator 
dye cellROX green, as it labels a number of intracellular com-
partments, including cytoplasm, nucleus, and mitochondria. We 
exposed zebrafish to 50 μM neomycin, a concentration that reli-
ably induces cell death in approximately 40% of hair cells within 
each neuromast (27), allowing us to compare the behavior of cell-
ROX between adjacent living and dying cells in the same envi-
ronment. Fluorescence of cellROX over background levels (F/F0) 
increased in most cells, regardless of their susceptibility to amino-
glycosides (Figure 1, A and B). Cells were categorized as living or 
dying based on their fragmentation and clearance from the neuro-
mast. Maximal fluorescence of dying cells was, however, greater 
than that of surviving cells by approximately 26%, and 50% higher 
than that of controls (P < 0.05; Figure 1C). Maximal fluorescence in 
surviving cells did not reach a level that was higher to a statistically 
significant degree than that of controls. In separate experiments, 
following addition of the superoxide generator xanthine oxidase 

Figure 1. Oxidative changes in lateral line hair cells following aminoglycoside exposure monitored with cellROX. (A) Transformed (F/F0) fluorescence  
intensity data of individual cells loaded with cellROX that die following exposure to 50 μM neomycin. Colors indicate individual hair cells. (B) Transformed  
(F/F0) fluorescence intensity data of individual cellROX-labeled cells that survive following exposure to 50 μM neomycin. The dotted line in A and B represents 
(F/F0) of 1, corresponding to preneomycin baseline levels. (C) Scatter plot of maximal cellROX fluorescence change in surviving or dying cells exposed to 50 μM 
neomycin. Horizontal line and error bar represent the mean ± 1 SEM. One-way ANOVA, Holm-Šidák multiple comparison post-test; **P < 0.01, ***P < 0.001. 
Individual points in C are mean neuromast fluorescence taken from fewer than 5 cells per neuromast and 1 to 3 neuromasts per animal. n = 15 (control),  
11 (xanthine), 13 (neomycin, living), and 13 (neomycin, dying) neuromasts. Data from neomycin experiments (living versus dying) are paired data.
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can be seen in Figure 4A; overall changes in mitoSOX fluorescence 
follow a time course similar to that of changes in TMRE fluores-
cence. Because mitoSOX signal is cumulative, with fluorescence 
remaining after ROS is dissipated, we could not perform mean-
ingful cross-correlation analysis as we did for TMRE and HyPer. 
However, we observed a strong correlation between mitoSOX and 
TMRE for both the onset of increased fluorescence (r = 0.8918,  
P < 0.0001; Figure 4B) and maximal (F/F0) values (r = 0.8315,  
P < 0.0001; Figure 4C). Together, these observations are consis-
tent with the idea that mitochondrial activity and ROS production 
are coregulated in dying cells exposed to aminoglycosides.

Mitochondrial Ca2+ uptake is necessary for mitochondrial and 
cytoplasmic oxidation during aminoglycoside-induced hair cell death. 
Mitochondrial Ca2+ can drive ROS production through stimulation 
of mitochondrial activity (33, 38, 39). We have previously shown 
that mitochondrial Ca2+ is increased within dying cells following 
aminoglycoside exposure in a manner resembling mitochondrial 
Ca2+ overload (36). To explore whether stimulation of mitochon-
drial activity by Ca2+ uptake could be responsible for driving cyto-
plasmic oxidation within dying hair cells, we combined spectrally 
distinct sensors to monitor their temporal progression. For this 
analysis we injected a transgenesis construct containing the red 
fluorescent Ca2+ indicator RGECO (40) targeted to mitochondria 
(Tg[myo6b:mitoRGECO]; referred to as mitoRGECO) (31) into 
transgenic HyPer fish.

Paired HyPer and TMRE fluorescence data from individual dying 
cells were aligned to the point of mitochondrial depolarization that 
reliably occurs within dying cells (denoted as TMREhalf-min) (30, 36). 
As seen in Figure 3A, overall changes in HyPer fluorescence follow 
a time course similar to that of increases in TMRE fluorescence. 
We next asked whether the time of fluorescence onset for each 
indicator was correlated. Because both indicators are dynamic and 
reversible, we were able to perform cross-correlation analyses on 
data extracted from each cell to assess the time delay between the 2 
signals. Our analysis indicated that TMRE fluorescence increased 
approximately 0 to 1 minute before increased HyPer signals (max-
imal r for TMRE was 0 minutes relative to HyPer, where r = 0.401, 
P = 0.011; Figure 3B). These data support the idea that some ROS 
production is linked to increased mitochondrial activity.

To evaluate mitochondrial redox state during aminoglycoside 
exposure more closely, we loaded hair cells with the dye mito-
SOX, a fluorescent indicator of mitochondrial oxidation (37) that 
is spectrally separable from TMRE. We initially characterized the 
behavior of mitoSOX alone in response to aminoglycoside expo-
sure, and observed a robust increase in fluorescence of dying cells 
consistent with an oxidized mitochondrial matrix (Supplemental 
Figure 3). We then loaded both mitoSOX and TMRE into hair cells 
to monitor the relationship between mitochondrial oxidation and 
Δψ. Paired mitoSOX and TMRE fluorescence data from individu-
al dying cells aligned to the point of mitochondrial depolarization 

Figure 2. Oxidative changes within lateral line hair cells following aminoglycoside exposure. Sequential time-lapse images of a transgenic Tg(atoh1a: 
 tdTomato)-labeled neuromast loaded with cellROX exposed to 50 μM neomycin. CellROX panels are shown as heat-mapped, while tdTomato panels are 
shown in gray scale. These time-lapse panels are representative of 10 movies taken in this background, and of more than 50 movies taken in the back-
ground of nontransgenic, wild-type larvae. Time indicates minutes:seconds following neomycin exposure. Scale bar: 20 μm.
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maximal fluorescence in cells that survived neomycin exposure 
(both P < 0.05). The overall reduction in fluorescence of these indi-
cators in the presence of Ru360, together with the timing of HyPer 
behavior relative to mitoRGECO, is consistent with the hypothesis 
that mitochondrial Ca2+ uptake plays an important upstream role 
in the oxidative changes occurring in mitochondria and cytoplasm 
during aminoglycoside-induced hair cell death.

Mitochondrial-targeted ROS sinks are effective at mitigating 
amino glycoside toxicity. We predicted that reducing ROS at their 
source would offer superior protection against aminoglycoside 
exposure when compared with a more ubiquitous ROS scavenging 
regimen. For this comparison we selected the superoxide scaven-
gers TEMPOL and mitoTEMPO, a TPP+-conjugated version of 
TEMPOL (42, 43). The positive charge resulting from the TPP+ link-
age is thought to enrich its presence in mitochondrial matrix 100- to 
1,000-fold (44). We first determined the optimal concentration for 
each compound that was maximally protective under conditions of 
neomycin exposure while also nontoxic when administered on its 
own (Figure 7A). We opted to use both compounds at 50 μM, since 
TEMPOL was slightly toxic to hair cells at increased concentrations. 
To determine the effectiveness at which these agents act as electron 
sinks, we incubated zebrafish larvae in either cellROX or mitoSOX 
while coexposing them to cyclosporin A (CsA). CsA induces mito-
chondrial oxidation via inhibition of the mitochondrial transition 
pore regulator cyclophilin D (45). CsA increased cellROX and mito-
SOX fluorescence by 300% and 377%, respectively, when com-

Changes in the behavior of paired mitoRGECO/HyPer fluo-
rescence in dying hair cells are aligned to cell clearance and are 
shown in Figure 5A. Because both indicators are reversible, we 
performed cross-correlation analyses on data extracted from each 
cell to assess the time delay between the 2 signals. Our analysis 
indicated that mitoRGECO increased approximately 0 to 3 min-
utes before increased HyPer signals (maximal r for mitoRGECO 
was at –1 minute relative to HyPer, where r = 0.411, P = 0.013; 
Figure 5B). These data support the idea that some of the oxida-
tive changes observed in the cytoplasm originate in mitochondria, 
and suggest that the mitochondria ROS increase is driven by mito-
chondrial Ca2+ uptake.

To further examine the hypothesis that mitochondrial Ca2+ is 
responsible for oxidative changes during aminoglycoside-induced 
hair cell death, we inhibited mitochondrial Ca2+ uptake with the 
ruthenium red analog Ru360 (41). We have previously shown that 
Ru360 reduces aminoglycoside toxicity (31). As found previous-
ly, we observed that fewer cells died when pretreated with Ru360 
before neomycin exposure (not shown). Of those cells that did die, 
maximal cellROX fluorescence was reduced by 29% in compar-
ison with neomycin exposure alone (P < 0.05; Figure 6A), indi-
cating that ROS levels were reduced in these cells. We observed 
similar results with mitochondrial and cytoplasmic indicators; 
maximal mitoSOX fluorescence and HyPer fluorescence of dying 
cells were also reduced by 39% and 13%, respectively (both P < 
0.05; Figure 6, B and C). Exposure to Ru360 also lowered HyPer 

Figure 3. Timing of cytoplasmic oxidation (HyPer) relative to mito-
chondrial membrane potential (TMRE) in dying hair cells exposed 
to aminoglycosides. (A) Mean HyPer fluorescence in dying lateral 
line hair cells colabeled with TMRE and exposed to 400 μM neomy-
cin. Data are aligned to TMREhalf-min, corresponding to dye redistribu-
tion from mitochondria into cytoplasm. (B) Mean cross-correlation 
values of HyPer relative to TMRE. An offset of t = 0 indicates that 
the events are inseparable. In this case, maximal cross-correlation 
value (R) was at 0 minutes (r = 0.401, P = 0.011), indicating that the 
initial onset of increased HyPer fluorescence coincides with the 
onset of increased TMRE fluorescence. Error bars = SEM; n = 39  
cells from 1 to 3 neuromasts per animal and 5 animals.

Figure 4. Timing of mitochondrial oxidation relative to mitochondrial membrane potential in dying hair cells exposed to aminoglycosides. (A) Mean 
mitoSOX fluorescence in dying lateral line hair cells colabeled with TMRE and exposed to 400 μM neomycin. Data are aligned to TMREhalf-min, corresponding 
to dye redistribution from mitochondria into cytoplasm. (B) Relationship between maximal mitoSOX and TMRE fluorescence. Points represent paired 
maximal fluorescence data from individual cells. (C) Relationship between rise in fluorescence signal of mitoSOX and TMRE relative to cell clearance. 
Points represent paired data from the time that either indicator reached its half-maximal value relative to the time of cell clearance. Error bars = SEM;  
n = 39 cells from 1 to 3 neuromasts per animal and 6 animals.
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fluorescence was increased within dying hair cells treated with both 
neomycin and CsA, with maximal levels approximately 300% high-
er than in dying cells treated with neomycin alone (Figure 7F). After 
inclusion of mitoTEMPO, HyPer fluorescence of dying cells treated 
with CsA and neomycin was similar to that observed in dying cells 
exposed to neomycin alone (Figure 7F). Together our results suggest 
that oxidative changes within mitochondria are a key component of 
aminoglycoside-induced hair cell death.

Discussion
Mitochondria are thought of as the primary generators of ROS with-
in most cell types, since they act as the core of a cell’s energy produc-
tion through OXPHOS (23, 46). As such they are heavily implicated 
as the source of ROS during aminoglycoside-induced hair cell death. 
We demonstrate here that mitochondrial oxidation occurs within 
hair cells following aminoglycoside exposure in a manner that is pre-
dictive of cell death. Such changes strongly correlate with both the 
intensity and the timing of cytoplasmic ROS detection, suggesting 
that mitochondria are a major source of ROS during this event.

Mitochondrial Ca2+ as a contributor to ROS during aminoglyco-
side-induced hair cell death. Within mitochondria, Ca2+ uptake, trans-
membrane potential, and ROS generation are extensively inter-
related (33, 38, 47). Mitochondrial Ca2+ can stimulate OXPHOS, 
promoting ROS generation from respiratory complexes I and III. 
This also leads to an increase in Δψ as protons accumulate within 
intermembrane space, and can promote additional Ca2+ uptake 
through the voltage-dependent anion channel (VDAC) (48–50). 
Relatively high Δψ is often associated with elevated mitochondri-
al ROS production (51, 52), and reduction of Δψ can reduce cellu-
lar ROS levels under conditions of cell stress (53). Thus, it is critical 

pared with controls (P < 0.001 for both; Figure 7B). TEMPOL did 
not alter cellROX fluorescence, but reduced mitoSOX fluorescence 
by 14% when compared with CsA alone (P < 0.01; Figure 7B). Mito-
TEMPO, on the other hand, reduced both cellROX and mitoSOX 
fluorescence by 30% and 45%, respectively, when compared with 
CsA alone (P < 0.001 for both; Figure 7B). These results indicate 
that in hair cells mitoTEMPO is more effective at reducing mito-
chondria-specific oxidative changes than TEMPOL.

We next asked whether the differential localization of these 
electron sinks alters aminoglycoside toxicity. TEMPOL had 
no discernible effect on hair cell number across a range of neo-
mycin concentrations, while mitoTEMPO protected hair cells  
(P < 0.0001; Figure 7C). We observed that cellROX fluorescence in 
dying cells treated with TEMPOL resembled that of dying cells not 
exposed to ROS sinks, while mitoTEMPO substantially reduced 
any changes in cellROX fluorescence (P < 0.001; Figure 7D).

We next wished to determine whether the protection we 
observed could be explained by the targeting of mitoTEMPO to 
mitochondria. To address this, we coincubated hair cells with CsA 
and mitoTEMPO to determine the combinatorial effect on amino-
glycoside-induced oxidation and subsequent toxicity. Consistent 
with our previous studies (36), pretreatment with CsA sensitizes 
hair cells to the toxic effects of aminoglycosides by exacerbating 
accumulation of Ca2+ in mitochondria, increasing hair cell death 
by approximately 30% across multiple neomycin concentrations  
(P < 0.0001; Figure 7E). Cotreatment with mitoTEMPO reduced the 
sensitizing effects of CsA on neomycin exposure (P < 0.0001; Fig-
ure 7E). To determine whether this sensitization could be explained 
by elevated ROS, we monitored the effects of CsA on HyPer fluo-
rescence in dying hair cells exposed to neomycin (Figure 7F). HyPer 

Figure 5. Cytoplasmic oxidation (HyPer) is correlated with mito-
chondrial Ca2+ uptake (mitoRGECO) during aminoglycoside-induced 
hair cell death. (A) Mean transformed (F/F0) intensity of HyPer and 
mitoRGECO within dying hair cells exposed to 400 μM neomycin 
aligned to the time at which they are cleared from the neuromast. 
The dashed line represents (F/F0) of 1, corresponding to preneomycin 
baseline levels. (B) Mean cross-correlation of transformed fluorescence 
intensity values of HyPer relative to mitoRGECO events occurring with-
in the same cell. Maximal cross-correlation value (R) was at –1 minute 
(r = 0.411, P = 0.013), indicating that the initial onset of increased 
mitoRGECO fluorescence (mitochondrial Ca2+ uptake) precedes HyPer 
by 1 minute. Error bars = ±1 SEM; n = 36 cells from 1 to 3 neuromasts 
per animal and 7 animals.

Figure 6. Pharmacological inhibition of mitochondrial Ca2+ uptake 
reduces overall change in oxidative state of hair cells exposed to ami-
noglycosides. (A–C) Maximal transformed (F/F0) fluorescence intensity 
of cellROX (A), mitoSOX (B), and HyPer (C) in cells following exposure 
to 50 μM neomycin and the mitochondrial uniporter inhibitor Ru360. 
Data shown are only for dying cells. Hair cells were first loaded with 
the indicated dye (if applicable) for 30 minutes, followed by 30-minute 
exposure to Ru360. They were then mounted on the microscope stage 
for imaging and exposed to Ru360 and/or neomycin, while fluorescence 
readings were recorded. Horizontal lines and error bars represent mean 
± 1 SEM (A–C) Student’s t test, Welch’s correction; *P < 0.05, **P < 0.01; 
n = 10 (A, neomycin alone) 16 (A, neomycin + Ru360), 11 (B, neomycin 
alone), 10 (B, neomycin + Ru360), 8 (C, neomycin alone), and 3 (C, neo-
mycin + Ru360) neuromasts.
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that OXPHOS intermediates are rapidly detoxified or otherwise 
removed from mitochondrial space. This is handled by the mito-
chondrial transition pore, which removes metabolites such as Ca2+ 
that increase Δψ (54, 55).

There is ample evidence to suggest that mitochondrial dys-
function occurs during aminoglycoside-induced hair cell death. 
Several laboratories, including ours, have noted swollen mito-
chondria in hair cells exposed to aminoglycosides (56–61). This 
type of morphology is consistent with mitochondrial Ca2+ over-
load (35, 62), and we have previously shown that mitochondrial 
Ca2+–driven increases in Δψ are both a necessary and a suffi-
cient component of aminoglycoside-induced hair cell death 
(36). Here we show that a functional consequence of this event 
is the oxidation of mitochondria and production of ROS. These 
findings are in general agreement with those of Chen et al. 
(2013), who demonstrated the important role of the mitochon-

drial O2
• – scavenger peroxiredoxin 3; when rendered inactive, 

intracellular ROS levels are elevated and murine cochlear hair 
cells are sensitized to aminoglycoside toxicity (63).

While many pathways from distinct cellular compartments 
intersect to govern redox homeostasis (64), our data suggest that 
mitochondria are perhaps the largest contributor to the oxidative 
changes observed during aminoglycoside-induced hair cell death. 
Modulation of mitochondrial Ca2+ uptake or release alters oxida-
tion within hair cells exposed to aminoglycosides in a manner con-
sistent with their central involvement in the process. Furthermore, 
aminoglycoside protection afforded by mitoTEMPO lies in stark 
contrast to that of TEMPOL despite the ability of both compounds 
to act as electron sinks (65–67).

It is likely that other sources of ROS (or also reactive nitro-
gen species) within the cell contribute to aminoglycoside toxicity. 
Work in various eukaryotic systems has shown that aminoglyco-

Figure 7. Mitochondrial-targeted electron sinks reduce mitochondrial and cytoplasmic oxidation following aminoglycoside exposure, and miti-
gate aminoglycoside toxicity. (A) Concentrations of TEMPOL and mitoTEMPO were determined by administration of either drug alone (solid lines) 
or with 200 μM neomycin (dashed lines). For subsequent experiments, cells were preincubated with 50 μM TEMPOL or mitoTEMPO for 30 minutes 
before neomycin exposure. n = 5 neuromasts from 5 animals per group. (B) Fluorescence intensity of cellROX or mitoSOX following pretreatment 
with TEMPOL or mitoTEMPO and coexposure to CsA. Hair cells were first loaded with indicator dye, then pretreated 30 minutes with TEMPOL or 
mitoTEMPO, followed by coexposure to CsA. One-way ANOVA, Tukey post-test. n = 15 (control), 19 (CsA), 21 (CsA + TEMPOL), and 20 (CsA + mito-
TEMPO) neuromasts from 3 to 5 animals per group. (C) Effects of TEMPOL or mitoTEMPO pretreatment on hair cell number following neomycin 
exposure. n = 5 neuromasts from 5 animals per group from 2 experiments. (D) Maximal cellROX fluorescence change in dying cells after 50 μM neo-
mycin exposure. n = 10 (neomycin), 7 (neomycin + TEMPOL), and 7 (neomycin + mitoTEMPO), from 3 animals per group. (E) Effects of mitoTEMPO 
cotreatment with CsA on hair cell number following neomycin exposure. n = 5 neuromasts from 5 animals per group. (F) Mean transformed (F/F0) 
HyPer intensity data in dying hair cells first exposed to mitoTEMPO, or CsA and mitoTEMPO, and then exposed to 50 μM neomycin. Fluorescence 
data were aligned to the point of cell clearance from the neuromast. The dashed bar represents (F/F0) of 1, corresponding to preneomycin baseline 
levels. n = 39 (50 μM neomycin, dying), 20 (CsA), and 11 (CsA + mitoTEMPO) cells from 1 to 3 neuromasts per animal. Two-way ANOVA in C and E, 
Tukey post-test. In D, 1-way ANOVA, Holm- Šidák post-test. In all instances, error bars = SEM; *P < 0.05, **P < 0.01, ***P < 0.001.
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sides are capable of forming complexes with membrane lipids 
(68–72) and free iron (73). Ternary complexes between these mol-
ecules are capable of propagating highly reactive ROS and reac-
tive nitrogen species from H2O2 (74, 75). Such observations are not 
necessarily incompatible with the notion that mitochondria are 
centrally involved in the process of ROS generation, as O2

• – pro-
duction generates an increase in free iron within mitochondria 
(76, 77) that can be inhibited with mitoTEMPO (78).

It is worth noting that ruthenium red has been reported as an 
inhibitor of the hair cell mechanotransduction channel (79). As an 
analog for ruthenium red, it is possible that the effects observed 
with Ru360 treatment are due to mechanotransduction chan-
nel inhibition and blockade of aminoglycoside entry into the cell. 
However, as there is a clear mitochondrial component to aminogly-
coside-induced toxicity, we are inclined to argue that alteration of 
mitochondrial ROS levels we observe with Ru360 treatment is due 
to a direct effect of its inhibition of the mitochondrial uniporter.

Drawing parallels with prokaryotic toxicity. Several recent studies 
have suggested that antibiotics induce bacterial metabolic shifts fol-
lowing interaction with their target. In the case of aminoglycosides 
these events occur after direct interaction with rRNA, stimulating 
bacterial respiration (80). Expression of genes involved in metabo-
lism and respiration is upregulated in the presence of aminoglyco-
sides, and metabolic rates appear to increase (20, 81). Increased res-
piration byproducts may therefore be central to the bacterial killing 
ability of aminoglycosides; indeed, decreased oxygen availability can 
dampen bactericidal efficiency (82). Furthermore, modulation of 
antioxidant response pathways also affects antibiotic efficacy. This 
suggests that increased metabolic activity through the citric acid cycle 
is a primary source of ROS during bacterial cell death downstream of 
their interaction with rRNA, and seems to parallel events underlying 
aminoglycoside toxicity observed in eukaryotic cells.

So then, do the underlying mechanisms of bacterial toxicity 
prevent selective killing of prokaryotic cells over hair cells when 
administered systemically? At first glance, it would appear so, as 
the secondary structure of rRNA through which they directly bind is 
similar in cytoplasmic and mitochondrial ribosomes of eukaryotes 
(83). However, recent data suggest that some mitochondrial dys-
function seen during ototoxicity may be due to off-target interac-
tions with mitochondrial rRNA that have no bearing on bactericidal 
efficacy. For example, Agris and colleagues have identified rRNA 
loops to which aminoglycosides bind strongly in mitochondria but 
not in prokaryotes (84). While this remains to be thoroughly evalu-
ated, aminoglycosides engineered for increased selectivity of pro-
karyotic rRNA (85) offer the expectation of reduced mitochondrial 
dysfunction and subsequent ROS generation within hair cells.

Therapeutic prevention of mitochondrial ROS. The behavior of 
cytoplasmic redox indicators in hair cells surviving neomycin expo-
sure indicates that moderate increases in cytoplasmic ROS are not 
necessarily toxic to hair cells. This observation contrasts with the 
more robust separation of mitoSOX behavior between living and 
dying cells. It suggests that a mode of action for proposed antiox-
idant therapies for attenuation of aminoglycoside toxicity (3, 86, 
87) lies within mitochondria, not in other compartments. Com-
pounds championed by these studies, such as reduced glutathi-
one, N-acetylcysteine, ubiquinone, and vitamin E, are known to be 
found at high levels within mitochondria and used there to main-

tain an appropriate redox balance (88–91); exogenous supplemen-
tation may boost their already high levels within mitochondria.

This work suggests that strategies directed at limiting mito-
chondrial ROS production may be of therapeutic value to patients 
taking large and/or prolonged courses of aminoglycoside antibiot-
ics. However, it is noteworthy that hair cell protection is incomplete 
in our zebrafish model, even when large increases in oxidation are 
inhibited. This may be due to specific sites or species of ROS genera-
tion that are particularly toxic to the cell, or other pleiotropic effects 
of aminoglycosides on cell death pathways (92). It is important to 
emphasize the variety of ROS species can be generated at multi-
ple sites within mitochondria. Furthermore, there exist substan-
tial and complex cellular networks tasked with maintaining redox 
homeostasis. In addition, from the studies described here and from 
our previous studies (36) it appears that dysregulations of Ca2+ are 
largely responsible for the ROS accumulation and subsequent hair 
cell death. Linking mitochondrial Ca2+ uptake to mitochondrial 
dysfunction and ROS generation within dying hair cells exposed to 
aminoglycosides is an important step forward, as specifically target-
ing Ca2+ uptake and mitochondrial ROS generation may be a more 
effective strategy than generalized antioxidant therapies.

Methods
Fish. Experiments were carried out on zebrafish larvae 5–7 days after 
fertilization in E3 embryo medium (14.97 mM NaCl, 500 μM KCl, 42 
μM Na2HPO4, 150 μM KH2PO4, 1 mM CaCl2 dehydrate, 1 mM MgSO4, 
0.714 mM NaHCO3, pH 7.2) at 28.5°C, unless otherwise indicated. All 
animals were of the AB strain. Larvae were used before the stage at 
which sex is determined in zebrafish.

Transgenesis. The transgenic line Tg(atoh1a:tdTomato) has been 
described (93), and was provided as a gift from Cecilia Moens (Fred 
Hutchinson Cancer Research Center, Seattle, Washington, USA). The 
genetically encoded H2O2 indicator HyPer (34) was cloned using the 
Gateway system (Invitrogen) to generate constructs under control of 
the hair cell–specific myosin6b promoter (94). Tg[myo6b:HyPer]w120 was 
maintained as a transgenic line. The transgenic construct driving hair 
cell–specific expression of mitochondrial-targeted RGECO (mitoRGE-
CO; [myo6b:mitoRGECO]) has been previously described (36). Supple-
mental Table 1 further describes the nature of these indicators.

Indicator dyes. To detect changes in mitochondrial trans-
membrane potential, zebrafish were incubated at 28.5°C in 10 nM 
tetramethyl rhodamine ester (TMRE; dissolved in DMSO; Thermo 
Fisher) in E3 medium. To detect redox changes, zebrafish were incu-
bated at 28.5°C in 1 μM mitoSOX or 2 μM cellROX (both dissolved 
in DMSO; Thermo Fisher) in E3 medium. Incubation times varied 
between 30 and 90 minutes, as we observed lot-to-lot variation in 
loading/labeling times. After loading, zebrafish were washed once in 
E3 media, and subjected to imaging as described below. Supplemen-
tal Table 1 further describes the nature of these indicators.

Compound treatment. Neomycin (Sigma-Aldrich) was used at indi-
cated concentrations in embryo media. For all experiments, animals were 
exposed to aminoglycoside for 30 minutes for hair cell survival analyses 
at 28.5°C, or for the amount of time indicated during imaging (typically 
60 minutes). We have previously demonstrated the ability of Ru360 (500 
nM final concentration in water; Tocris Biosciences) and CsA (200 nM 
final concentration as SandImmune; Novartis) to modulate mitochondri-
al Ca2+ as well as hair cell survival in the presence of neomycin (36).
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a 488-nm laser and 617/73 emission filter. Controls were performed 
to ensure that cross-talk between indicators was less than 5% of signal 
when multiple channels were captured for an experiment.

Time-lapse images were aligned using either ImageJ (NIH) or 
3i SlideBook software. Fluorescence data were extracted by drawing 
of regions of interest around individual cells, where mean fluores-
cence intensity within the area of the region of interest was exported 
for analyses. Fluorescence intensities were calculated relative to the 
mean baseline intensity of each individual hair cell before aminogly-
coside exposure. Cells were categorized as living or dying based on 
their fragmentation and clearance from the neuromast following 60 
minutes of aminoglycoside exposure. Clearance is a hallmark of hair 
cell death in the lateral line, and provides a binary means to define 
a hair cell as “surviving” or “dying” when used in conjunction with 
time-lapse imaging. The use of clearance as an endpoint is supported 
by previous studies: (a) Hair cell “corpses” are not present in neuro-
masts exposed to aminoglycosides, suggesting that hair cells pres-
ent in a neuromast are “alive.” In support of this we have previously 
reported that calcium dynamics continue to change in dying cells up 
until the point of cell clearance (30), and that cell membranes remain 
intact until minutes before cell clearance (31). (b) Early work from our 
group has shown that virtually all of the lateral line hair cell death in 
unanesthetized, free-swimming larvae occurs within an hour follow-
ing neomycin exposure (27). We have compared the dose-response 
curves of unanesthetized, free-swimming larvae with those of larvae 
anesthetized and mounted for imaging and find the 2 are not statis-
tically different (not shown). We therefore feel confident that we are 
not erroneously categorizing cells based on events that occur outside 
of our imaging window.

For analysis, living and dying cells were chosen randomly at the 
end of each time lapse. For imaging during mitochondrial Ca2+ or ROS 
modulation, animals were exposed to modulators 30 minutes prior to 
recording of baseline fluorescence and coadministered with neomy-
cin at the indicated concentrations.

For each treatment condition, at least 3 replications were performed 
on different days, and fluorescence intensities of no more than 5 cells 
per neuromast and 3 neuromasts per animal were used in analyses. Our 
analyses indicate that individual cells from the same neuromast were 
prone to a mild-to-moderate intra-clustering bias that was eliminat-
ed by calculation of the mean fluorescence intensity of cells within a 
neuromast before performance of group-wise comparisons. This type 
of approach is an appropriate correction for potential intra-clustering 
biases (97–99). Supplemental Figure 1 illustrates maximal fluorescence 
intensity of cells expressing the biosensor HyPer compared across sev-
eral grouping methods: cells within a neuromast, neuromasts within an 
animal, and cells across animals. Note that when mean neuromast val-
ues are presented, intra-clustering correlation (ICC) scores approach 0, 
indicating very little ICC bias, and these scores are actually lower than 
that of individual cells compared across animals. Individual cells were 
used to calculate timing events between pairwise indicators.

Statistics. GraphPad Prism 5.0 software was used for all statisti-
cal analyses except ICC calculations and cross-correlations. Overall 
analyses and post hoc tests are indicated in figure legends. Student’s 
t test was performed as 2-tailed. ICC values were calculated accord-
ing to ref. 98 using data from 1-way ANOVAs performed in Prism, and 
cross-correlation analyses were performed in Microsoft Excel. A P val-
ue less than 0.05 was considered significant.

To evaluate the response of cellROX, xanthine oxidase (Cayman 
Chemical) was dissolved to 0.1 U/ml in embryo media with MS-222 for 
imaging. A 5× solution of 2.5 μM xanthine (Sigma-Aldrich) was added 
to the imaging chamber following the baseline period. Imaging was 
performed as described below.

In the comparison of ROS scavengers, the concentration of mito-
chondrial-targeted mitoTEMPO that was sufficient to protect approx-
imately 50% of lateral line hair cells from 200 μM neomycin exposure 
was first determined (50 μM; Figure 7A). This concentration was then 
used in experiments in the comparison of TEMPOL and mitoTEMPO. 
At these concentrations, both compounds were capable of reducing 
fluorescence of ROS indicator dyes following exposure to both CsA 
and neomycin (Figure 7, B and D).

To evaluate the effectiveness of ROS scavengers on mitochondrial 
oxidation, larvae were first incubated in cellROX and mitoSOX alone 
or in combination with scavenger for 30 minutes, then exposed to CsA 
alone or in combination with scavenger for 60 minutes. Larvae were 
then anesthetized, mounted, and imaged as described below.

Hair cell counts. Animals were pretreated in ROS modulators for 30 
minutes, followed by coadministration with the specified concentration 
of neomycin for 30 minutes. They were then washed 3 times in E3 and 
allowed to recover for 30 minutes. Hair cells were then either detected 
using the vital dye Yo-Pro (2 μM in DMSO; Thermo Fisher) with addi-
tional washout (28), or fixed with 4% paraformaldehyde and subjected 
to antibody labeling with anti-parvalbumin antisera (MAB1572; Milli-
pore) (95). Mean hair cell counts across 6 neuromasts (IO4, M2, MI1, 
O1, O2, OC1; ref. 96) were calculated from at least 5 animals. Control 
E3 contained 0.2% DMSO.

Imaging and analysis. Imaging and analysis were performed as 
previously described (30). Briefly, 5–7 days after fertilization, zebrafish 
were immersed in E3 containing 0.2% MESAB (MS-222; ethyl-3-am-
inobenzoate methanesulfonate) and stabilized using a slice anchor 
harp (Harvard Instruments) so that neuromasts on immobilized ani-
mals had free access to surrounding media. We chose neuromasts 
that were positioned parallel to our imaging cover glass as this type of 
positioning allows us to visualize behavior of most of the cells within 
the neuromast, as well as visualize changes that might be restricted to 
apical or basolateral regions of the cell. Because each fish is mounted 
differently, we were unable to restrict our imaging to particular neuro-
masts. We imaged both anterior and posterior lateral line neuromasts 
in our analyses. Imaging was performed at ambient temperature, typ-
ically 24°C to 25°C. Baseline fluorescence readings were taken prior 
to aminoglycoside exposure in 30-second intervals for 2.5 minutes. 
Aminoglycoside then was added as a 4× concentrated stock to achieve 
the final indicated concentration, and fluorescence intensity readings 
were acquired in 30-second intervals for 60 minutes. A motorized 
stage with set x, y, and z coordinates enabled acquisition from multiple 
neuromasts per fish during each imaging session. Camera intensifica-
tion was set to keep exposure times less than 50 ms for mitoGCaMP; 
150 ms for HyPer, cellROX, or mitoRGECO; and 350 ms for TMRE or 
mitoSOX, while keeping baseline pixel intensity less than 25% of satu-
ration. Camera gain was set at maximum to minimize photobleaching. 
Z axis optical sections were taken at 2-μm intervals through the depth 
of the neuromast, typically 12 μm. HyPer and cellROX fluorescence 
was acquired with a 488-nm laser and 535/30 emission filter. TMRE 
and RGECO fluorescence was acquired with a 561-nm laser and 
617/73 emission filter, while mitoSOX fluorescence was acquired with 
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Chapter 11
Modifying Dendritic Structure After
Function

Yuan Wang and Edwin W. Rubel

Abstract Neurons develop highly specialized dendritic architecture for certain
operations of information processing in the brain. In this chapter, we review the
development and regulation of characterized patterns of dendritic morphology and
arrangement of bipolar neurons in the auditory brainstem, an excellent example of
highly specialized dendritic architecture for their function in temporal coding and
coincidence detection. We describe dramatic dynamics of the dendrites in both
developing and mature systems and discuss the role of afferent synaptic input in
influencing both the size of dendritic tree and the pattern of dendritic arborizations.
The unique dendritic structure of these neurons provides an advantageous model for
further understanding of the specific roles of neurotransmission, calcium signaling,
protein synthesis, and cytoskeletal regulation in this important form of brain
dynamics. Importantly, these neurons are highly conserved structurally and func-
tionally across vertebrates including humans, emphasizing stereotyped dendritic
regulation that is evolutionarily conserved for fundamental information processing
operations in the vertebrate brain.

Keywords Neuronal morphology • Dendritic regulation • Afferent influence •
Auditory brainstem • Sound localization • Bipolar neurons • Development •
Nucleus laminaris • Medial superior olive

Functional neural circuits require that neurons develop their dendritic architecture
to maximize information processing specific to that circuit. For a distinct neuronal
cell type, dendritic architecture is determined not only by dendritic morphology of
individual neurons but also by the way in which dendrites of all neurons within a
neural circuit are arranged as a population. The former underlies how information is
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received and integrated within individual neurons, while the latter enables effective
communication between neurons of the same or different types within a local
network. Specialized dendritic architectures usually form gradually during devel-
opment and may remain flexible after they mature. Such structural dynamics is
presumed to be important for changes in perception, cognition, learning, and
memory, but may also result in neurological dysfunction and degeneration at any
stage of the life cycle.

An excellent example of highly specialized dendritic architecture with dramatic
dynamics in both developing and mature systems is observed in bipolar neurons of
the auditory brainstem. These neurons are located in the nucleus laminaris (NL) of
reptiles and birds and in the medial superior olive (MSO) of mammals (Fig. 11.1).
Across vertebrate species, these bipolar neurons are highly comparable in their
dendritic morphology and arrangement, afferent and efferent connectivity, bio-
chemistry particularly specialized levels of expression of a number of functionally
specialized proteins, as well as physiology. They act as coincidence detectors for
processing temporal properties of the incoming signals from the two ears and are
exquisitely sensitive to interaural time differences (ITDs), the time disparities in the
arrival of low-frequency information between the two ears. This ITD sensitivity is
believed to be essential for normal sound localization in low-frequency hearing
species including reptiles, birds, some rodents, primates, and humans (reviewed in
Grothe 2000; Grothe and Pecka 2014). In addition, bipolar neurons in NL and MSO
respond in a comparable manner to chronic changes in their environment, partic-
ularly to altered afferent input through manipulations of their excitatory input from
the ears. These similarities emphasize stereotyped dendritic regulation that is
evolutionarily conserved for fundamental information processing operations in
the vertebrate brain.

Fig. 11.1 Comparable patterns of cellular organization and major afferent excitatory projections
in the chicken NL and mammalian MSO. Note the bipolar morphology and laminar organization
of both NL and MSO. Afferent inputs from the left and right ears are colored in blue and green,
respectively. Dendritic domains of NL and MSO neurons are colored corresponding to their
afferent input. Individual neurons in NL and MSO receive information about acoustic signals at
the same specific sound frequencies from both ears. The drawings are meant to represent an
iso-frequency dimension. Abbreviations: NM nucleus magnocellularis, NL nucleus laminaris,
AVCN anterior ventral cochlear nucleus, MSO medial superior olive
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This chapter focuses on the development and regulation of dendritic architecture
in the chicken NL, which has been most extensively studied owing to its simple
anatomy and well-defined organization. We first describe a number of structural
and organizational specializations of NL dendrites that are exquisitely tailored for
its function as coincidence detectors and precise temporal processing. This is
followed by a discussion of how these specializations are established during
development and how they are regulated after onset of function, with a focus on
the role of excitatory afferent input in these structural dynamics.

11.1 Structural and Organizational Specializations of NL
Dendrites

11.1.1 Bipolar Configuration and Differential Innervation

The following description is of the chicken NL, and it should be recognized that
variations of this basic plan are seen in other avian species (Carr and Code 2000).
The somata of NL neurons are aligned into a single sheet, resulting in separate
dorsal and ventral dendritic neuropil layers (Figs. 11.2a and 11.3a, b; Rubel
et al. 1976; Seidl et al. 2010). These dendritic layers are largely free of glial cells
but surrounded by a high density of glial cells just beyond the border of the
dendritic arbors (Fig. 11.2c). At the single-cell level, the most characteristic
structural property of the chicken NL neurons is their bipolar morphology with
two segregated dendritic domains (Fig. 11.2b; Ram!on y Cajal 1909; Smith and
Rubel 1979; Wang and Rubel 2012). The two domains are largely comparable in
their size and shape, as well as in their fine structure such as synapse distribution
and organelle organization (Deitch and Rubel 1989a, b). Dendritic arbors are
generally spineless but sometimes roughly surfaced. Distal dendritic endings are
often characterized with an enlarged bulge with or without narrow filopodial-like
extensions (Fig. 11.2d).

This bipolar configuration and the single-cell body layer provide the architecture
for the organization of afferent inputs, which is critical for coincidence detection.
NL receives glutamatergic excitatory inputs solely from the nucleus
magnocellularis (NM) on both sides of the brain (Fig. 11.1). NM is a primary target
of the cochlear ganglion cells and homologous to the mammalian anterior ventral
cochlear nucleus (AVCN). This projection is arranged in a strict topographic
manner resulting in a precise map of sound frequencies (tonotopic) in NL (Rubel
and Parks 1975). NL neurons responsible for encoding high-frequency information
are located in the rostromedial pole, and neurons that are optimally activated by
lower-frequency sound are positioned in progressively caudolateral regions of the
nucleus. Ipsilateral and contralateral terminals from the same parent neuron in NM
target identical tonotopic positions in NL on the two sides of the brain, but
segregate onto dorsal and ventral dendritic domains, respectively (Parks and

11 Modifying Dendritic Structure After Function 247



Fig. 11.2 Dendritic morphology and arrangement in the chicken NL. (a) MAP2 immunoreactivity
(a somatodendritic marker) in NL. The plane of the section is approximately parallel to the
caudolateral-rostromedial axis of the nucleus. Thus, this photo covers a large, although not the
entire, range of the tonotopic axis. Note the spatial gradient of dendritic extension along this axis,
as well as the three-layer configuration of the nucleus. The lowest and highest characterized
frequencies recorded from the chicken NL are indicated (Rubel and Park 1975). (b) Examples of
individual dye-filled NL neurons. These bipolar neurons vary their dendritic length and arboriza-
tion pattern as a function of the location. A neuron responding optimally to low-frequency sounds
is shown on the left, with neurons responding to progressively higher frequencies to the right.
Axons are indicated by yellow arrowheads. (c) Nissl staining demonstrating that NL dendritic
neuropil regions are largely glia-free (red stars). (d) Morphology of distal dendritic endings of NL
neurons, characterized by an enlarged bulge (red arrows) with or without narrow extensions
(yellow arrows). Scale bar: 10 μm in (b) (applies to a and b), 50 μm in (c), and 5 μm in (d)
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Rubel 1975; Young and Rubel 1983). With this arrangement, individual NL
neurons receive information about acoustic signals at the same specific sound
frequencies from both ears.

To perform coincidence detection of action potential input from the two ears,
ipsilateral and contralateral terminal arbors of each NM neuron form radically
different and highly stereotyped morphologies. The ipsilateral axon bifurcates to
provide equivalent axon length to dorsal dendrites of NL neurons along an
iso-frequency dimension (Young and Rubel 1983). The contralateral axon, how-
ever, extends across the midline and bifurcates several times to create an orderly,
serial set of axonal branches to ventral dendrites along a matching iso-frequency
lamina of NL on the opposite side of the brain. This arrangement of innervation,
predominately along the medial to lateral dimension, results in medial NL neurons
receiving contralateral inputs from the shortest input axons and lateral NL neurons
receiving from the longest axons. This systematic increase in axonal length across
the ventral dendritic field effectively establishes a series of delay lines. The
combination of these delay lines formed by the serial branching and differential
conduction velocities of the ipsilateral and contralateral circuit compensates for
time delays between the two ears as sound emanates from different positions in
azimuth (Jeffress 1948; Young and Rubel 1983, 1986; Overholt et al. 1992; Seidl
et al. 2010, 2014).

11.1.2 Spatial Gradient

In addition to their bipolar morphology, another dendritic specialization of NL
neurons is its highly stereotyped dendritic gradient (Fig. 11.2a, b; Smith and Rubel
1979; Smith 1981; Deitch and Rubel 1984). This gradient is evident not only in the
total dendritic branch length of individual neurons but also in the distance from the
most distal dendritic branches to the soma, i.e., the “width” or dorsal-ventral extent
of the dendritic field. The dendritic gradient conforms precisely to the tonotopic
axis with an 11-fold increase in total dendritic branch length and approximately
fivefold increase in the width of the dendritic band from high- to low-frequency
neurons. Along with these parameters, the number of primary dendrites decreases
about 13-fold from high-frequency to low-frequency coding regions of NL. While
there is no evidence of spatial gradient in dendritic size and shape in the mammalian
MSO, both dendritic extension and arbor density exhibit a dramatic gradient in the
alligator NL (Wang et al. 2014).

This dendritic length gradient in NL appears to be an adaptation for ITD
processing for particular sound frequencies. Low- and middle-frequency neurons,
which have the longer dendrites, may exhibit dendritic filtering resulting from their
large surface area (Kuba et al. 2005). A possible advantage of this filtering property
is that it may enhance the electrical isolation of dorsal and ventral dendrites and,
thus, the inputs from each ear. Indeed, basic biophysical modeling of NL neurons
demonstrates that NL dendrites act as current sinks, improving coincidence
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detection by allowing a nonlinear summation between the segregated inputs from
the ipsilateral and contralateral NM (Agmon-Snir et al. 1998).

11.1.3 High Dendritic Activity

NL dendrites are highly active. In quite conditions, average multiunit spike rate is
usually over 1000 per second in NM and NL (Born et al. 1991), while single units in
NM spike around 100 times per second (Fukui et al. 2010). With acoustic stimu-
lation, the maximal instantaneous spike rate of NM and NL neurons reaches up to
several folds of their spontaneous activity. As required by this high spiking activity,

Fig. 11.3 Specialized proteins and cellular organelles in neuronal dendrites of the chicken
NL. Images are taken from sections stained for Nissl (a), immunoreactivity for microtubule-
associated protein 2 (MAP2, b), cytochrome oxidase (CO, c), and immunoreactivities for plasma
membrane calcium ATPase type 2 (PMCA2, d), high voltage-gated potassium channel 3.1b
(Kv3.1b, e), fragile X mental retardation protein (FMRP, f), gephyrin (g), and PSD 95 (h). NL
dendrites contain high levels of CO, PMCA2, Kv3.1b, and FMRP and both excitatory and
inhibitory synapses, indicated by PSD 95 and gephyrin staining. In b–h note that all of these
highly expressed dendritic proteins are symmetrically distributed in the two dendritic domains.
i An ultrastructural image illustrating a high density of mitochondria (m) in NL dendrites. Scale
bar: 50 μm in (h) (applies to a–h) and 1 μm in (i)
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NL neurons contain a high density of mitochondria throughout their dendrites
(Fig. 11.3i; Deitch and Rubel 1989a). In addition, as in other central auditory
neurons, NL is characterized by a high level of cytochrome oxidase (CO,
Fig. 11.3c), a mitochondrial enzyme supplying ATP to the cell and thus an indicator
for the amount of energy consumption (Dezs€o et al. 1993). CO activity in NL is
most intense in dendritic layers and adjacent glial regions containing NM axons.
Similarly, NL exhibits strong glucose uptake in these regions as measured by
2-deoxyglucose method (Lippe et al. 1980; Heil and Scheich 1986). Studies with
cochlea destruction reveal that this high metabolic level of NL is partially due to
neuronal spiking which completely depends on cochlea integrity (Born et al. 1991)
and is partially due to intrinsic cellular events as indicated by still higher CO level
in NL (and other auditory nuclei) than most other regions in the brain even after
bilateral cochlea removal (Dezs€o et al. 1993). In addition, the brainstem region
containing NM and NL is rich in blood vessels, and the amount of blood flow to this
region is reduced following cochlea removal (Richardson and Durham 1990).

Consistently, these highly active NL dendrites exhibit strong localization of ion
channels including high voltage-gated potassium channel 3.1b (Kv3.1b)
(Fig. 11.3e), local protein translation regulators such as fragile X mental retardation
protein (FMRP, Fig. 11.3f; see more details in 3.1—Molecular signals and path-
ways), as well as both excitatory and inhibitory synapses, indicated by PSD 95 and
gephyrin staining (Fig. 11.3g, h). Importantly, NL dendrites adopt a number of
cellular mechanisms to handle the challenges associated with this high activity. One
such challenge is extensive calcium influx during action potentials (spikes), which
could lead to calcium toxicity if overaccumulated. As one important mechanism for
maintaining basal calcium homeostasis, NL dendrites are heavily loaded with the
plasma membrane calcium ATPase type 2 (PMCA2, Fig. 11.3d), the fastest calcium
efflux pump that expels calcium out of the cell and sets the resting calcium
concentration (Wang et al. 2009).

11.2 Formation and Regulation of NL Dendrites During
Development

11.2.1 Normal Development

Chickens can hear well before they hatch (about 21 days of incubation). Similar to
other auditory neurons, the major developmental events in NL occur in ovo
(Fig. 11.4). Detailed reviews of these developmental events are provided elsewhere
(Rubel and Parks 1988; Wang et al. 2010). Below we highlight the main time course
of dendritic and axonal development within NL.

NL neurons are formed at embryonic days 3–4 (E3–4) from the rhombomeres
5–6 of the neural tube (Rubel et al. 1976; Cramer et al. 2000). Following migration
from the ventricular surface into the caudal brainstem, NL and NM are first
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identifiable as a nucleus at E8–9. At this time, the morphology and organization of
NL and its input from NM have exhibited a number of principles of their mature
architecture. Although the somata of NL neurons have not yet aligned into a single
layer at this time, the glia-free margin surrounding it has already became apparent
(Rubel et al. 1976). Individual NL neurons are recognizably bipolar, often with
dorsally and ventrally oriented dendrites, characterized by dense branching of thin
processes and wispy filopodia (Smith 1981). The connection between NM and NL
is formed and organized topographically, although NM terminals appear immature
in morphology and size of terminal field (Young and Rubel 1986). One important
aspect of immaturity, though, is the apparent absence of spatial gradient of dendritic
length and extension across the nucleus (Smith 1981).

Subsequently, NL neurons undergo dramatic changes in dendritic morphology
(Smith 1981). Starting at E10, there is a spatiotemporal gradient of proliferation of
numerous fine dendritic processes from rostromedial to caudolateral. This is
followed by a spatiotemporal gradient of the elimination of dendritic processes
along the same spatial direction. Such changes along with growth of dendritic trees
as a function of the location result in the emergence of the distinct spatial gradient
of remaining dendrites. This gradient is evident at E15 and becomes prominent by
E19. During the same period of dendritic proliferation and elimination, the incom-
ing NM axons gradually adjust their dorsal and ventral terminal fields to achieve the
tonotopic specificity (Young and Rubel 1986). In addition, the maturation of
intrinsic and synaptic properties of NL neurons also takes place primarily between
E9–17 through extensive recomposition and relocalization of synaptic receptors
and ion channels in dendrites (Kuba et al. 2002; Gao and Lu 2008; Sanchez
et al. 2010, 2012). By E19, NL dendrites and their NM inputs are mature like
structurally and physiologically, although the dendritic gradient continues to

Fig. 11.4 Developmental time course of the chicken NL dendrites. Schematic drawings of
dendritic morphology at three time points are illustrated below. For each time point, the three
cells from left to right are examples from the caudal, middle, and rostral NL (These drawings are
modified from Smith (1981))
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develop after hatchling, as does the correlation of dendritic length between the two
domains of individual neurons (Smith 1981).

11.2.2 Role of Afferent Input

In the chicken, onset of hearing and synaptogenesis in NL take place at E11–14
(Saunders, et al. 1973; Jackson et al. 1982; Rebillard and Rubel 1981). The
development of these highly specialized structural features of NL dendrites appears
temporally correlated with the establishment of synaptically driven neuronal activ-
ity and may be influenced by the level and pattern of this activity. Interestingly,
spontaneous activity in the embryonic auditory brainstem emerges before the onset
of sound-evoked activity (Lippe 1994, 1995). Possible roles of afferent activity,
synaptically driven and/or spontaneous, in dendritic development of NL neurons
are supported by significant effects on NL dendrites of otocyst (embryonic precur-
sor of the inner ear) removal at E3. This manipulation prevents the formation of the
inner ear and thus completely removes excitatory afferent input to the ipsilateral
NM and then to the dorsal NL dendrites ipsilaterally and ventral NL dendrites
contralaterally. As compared to normal development, unilateral otocyst removal
produces 44% reduction in total dendritic length of NL neurons at E17–18 (Parks
1981). Unexpectedly, bilateral otocyst removal produces a smaller (14%) reduction
(Parks et al. 1987). On the other hand, the spatial gradient of NL dendrites is
unaffected following either unilateral or bilateral manipulation, indicating molec-
ular factors inherent to the nucleus.

The more dramatic effect of unilateral otocyst removal on NL dendrites than that
induced by the bilateral manipulation may suggest that symmetrical afferent input
is more important to the regulation of NL dendritic length than the absolute level of
this input during development. However, the underlying mechanism might be
complicated if one considers potential involvement of newly formed neuronal
connection induced by the manipulation. Early removal of one otocyst induces
formation of a functional aberrant axonal projection to the ipsilateral NM from the
contralateral NM (Jackson and Parks 1988). This projection is excitatory and
maintains the tonotopic map in NM and NL on both sides of the brain (Lippe
et al. 1992; Zhou and Parks 1993; Parks 1997) and thus may compensate, at least
partially, the lost afferent input to the initially deprived NL dendrites. The forma-
tion of this aberrant projection is not unique to birds; a similar projection from the
contralateral AVCN to the deprived ipsilateral AVCN is formed following early
ablation of one cochlea in gerbils (Kitzes et al. 1995). Another new source of
excitatory afferent input to the deprived NL dendrites may arise directly from axons
of the contralateral NM, which are normally restricted to the opposite domain of NL
dendrites (Rubel et al. 1981).

In support of the importance of afferent input to NL development, acoustic
enrichment by overstimulation of species-specific and music sound during the
prenatal period increases neuronal and glial cell numbers in the chicken NM and
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NL, as well as the volume of NL neuropil regions (Wadhwa et al. 1999), although
exact effect on NL dendritic architecture is not studied. In summary, it is clear that
molecular markers, whose expression is genetically controlled, determine the
principles of NL dendritic architecture. It is also evident that excitatory afferent
input affects dendritic growth and/or maintenance during development.

11.3 Afferent Influence of NL Dendrites Following
Maturation

After NL neurons become structurally and functionally mature, the dendritic
arborizations maintain their ability to rapidly and dramatically change their archi-
tecture in response to changes in their environment. One such change is altered
excitatory afferent input, evident by dramatic effects of afferent deprivation on the
behavior, structure, and biochemistry of mature NL dendrites in young chickens.

11.3.1 Effects of Afferent Deprivation on Dendritic Structure

Direct Deafferentation The most direct way of depriving a postsynaptic target of
afferent physiological input is to physically disconnect incoming axons to their
postsynaptic targets. Of course deafferentation initiates a series of events beyond
the elimination of activation of postsynaptic receptors. Nevertheless, it is a direct,
repeatable, and productive manipulation and often reveals important information on
the roles of a specific presynaptic input on postsynaptic cellular and subcellular
elements. The location and organization of NL neurons and incoming NM axons
allow complete elimination of excitatory to ventral NL dendrites in vivo by surgical
transection of the crossed dorsal cochlear tract (XDCT) at the midline, which
contains contralateral NM axons (Fig. 11.5a). Since dorsal and ventral NL dendrites
receive excitatory input almost exclusively from ipsilateral or contralateral NM
axons, respectively, XDCT transection does not directly alter the excitatory input to
dorsal dendrites of the same NL neurons. In addition, there is no evidence of
retargeting of damaged contralateral NM axons or sprouting of fibers from the
ipsilateral NM to the ventral NL dendrites within 3 months (Rubel et al. 1981).
Thus, this differential manipulation allows examination of the subcellular spatial
resolution of the response to deafferentation.

XDCT transection produces rapid and progressive retraction of deafferented ventral
dendrites in NL (Benes et al. 1977; Deitch and Rubel 1984; Wang and Rubel 2012).
Within just 2 hours (h), total branch length of the ventral dendrites is 20% shorter
than those on the dorsal side of the same neurons or the ventral dendrites in control
animals. Loss of ventral dendrites continues over the time, such that by 16 days
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Fig. 11.5 Effects of afferent manipulations on dendritic length of NL neurons. (a–c) Schematic
drawings of the chick brainstem illustrate the affected dendritic fields following XDCT transection
(a), unilateral cochlea removal (b), and unilateral TTX treatment (c). Red color indicates the
surgical site or drug application location for each manipulation, as well as deafferented axons and
dendrites influenced by each manipulation. For TTX treatment, TTX is injected into the perilymph
of the vestibular system to avoid disrupting the integrity of the middle ear or cochlear fluids (Born
and Rubel 1988; Canady and Rubel 1992). (d) Effects and time course of TTX treatment on
auditory brainstem response (ABR). ABR threshold is plotted as a function of the frequency of
sound stimulation. ABR thresholds in response to sounds presented to the injected ear increase
dramatically across chicken’s entire hearing frequency range immediately after the TTX injection
and remain so at 8 hours (h) (TTX 8 h, green) and then return to the control levels (black) by 24 h
(TTX 24 h, red). (e) Change in total branch length of the deprived dendrites of individual NL
neurons is plotted as a function of the manipulation. These changes are calculated as the
differences of the deprived dendritic domain as compared to the intact domain of the same
neurons. Error bar is standard deviation. At 8 h following XDCT transection (XDCT 8 h), unilateral
cochlea removal (CR 8 h), or local TTX treatment (TTX 8 h), deprived dendrites exhibit 20–30%
reduction in total branch length (pink, blue, and green bars). Neurons at 48 h following TTX treatment
(TTX 48 h) have more than 24 h with restored afferent activity, and the dorsal and ventral domains
are no longer significantly different (gray bars), similar to control neurons (black bar)
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following XDCT transection, 60% of the ventral dendrites have disappeared.
Quantitative analyses reveal that the changes in dendritic branches are very fast
during the first 12 h (on average 2% reduction per hour) and slow down later (less
than 0.25% reduction per hour, Fig. 11.6). The short-term changes appear charac-
terized by a rapid decrease in the density of dendritic cytoskeleton (microtubule and
neurofilament), while the late phase exhibits no further changes in cytoskeletal
density but shows a reduced density of cellular organelles (Deitch and Rubel 1989a,
b). Importantly, at any given time point within 16 days following the manipulation,
the percentage, not the absolute amount, of dendritic lost is the same across the
tonotopic axis of the nucleus. Hence, the tonotopic gradient of ventral dendrites
remains, but this gradient is “flattened” because the large (low-frequency coding)
neurons loose more total dendrite than the smaller (high-frequency coding) den-
drites. This observation is consistent with the notion that both the formation and
maintenance of dendritic gradient in NL are largely independent of excitatory
afferent input, but the overall size of any specific dendritic arbor is dramatically
regulated by presynaptic activity.

Careful ultrastructural examination of synapses and axonal structure was unable
to reveal degeneration during the early stage of ventral dendritic reorganization
following XDCT transection (Deitch and Rubel 1989a). This result is consistent
with the interpretation that the early changes in dendritic structure are due to the
loss of excitatory synaptic input onto the ventral dendrite and not the result of
degeneration of the afferent elements, per se. Surprisingly, no evidence of

Fig. 11.6 Time course of dendritic retraction following XDCT transection in the chicken NL. The
y-axis is the percent change per hour of total dendritic branch length of the deprived ventral
dendrites of individual NL neurons as compared to the intact dorsal dendrites of the same neurons.
The time course of dendritic change appears to have two phases, which differ in the retraction rate
of dendritic branches, in cytoskeletal reorganization and in somatic alternations. The retraction
rates are recalculated from Deitch and Rubel (1984). Changes in soma and cytoskeleton are
described by Deitch and Rubel (1989a, b)
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degeneration of dendritic plasma membrane is evident until at least 2 days follow-
ing XDCT transection. Examination of the soma, however, reveals an increase in
volume within hours, which is maintained up to 8 days following the lesion (Deitch
and Rubel 1989b). This result suggests that resorption of dendritic plasma mem-
brane is apart of the process of dendritic remodeling, at least the early decrease in
ventral dendritic length.

The most important observation from these experiments is that the changes in
dendrites are confined to the ventral (deafferented) domain (Benes et al. 1977;
Deitch and Rubel 1984, 1989a). There is no evidence of altered morphology or
structure in the dorsal dendrites of the same NL neurons, indicating that the cellular
response is confined to the dendritic surface which is directly deafferented. This
specificity provides a clear example of the fact that afferent excitatory inputs can
independently regulate different parts of the same neuron, an observation that has
now been confirmed in a variety of other neuronal systems. Detailed quantitative
studies in NL have demonstrated that structural difference between the two
domains of the same neuron reliably predicts the actual change in the deprived
domain following differential afferent deprivation. Thus NL provides a convenient
model to study local dynamics of dendrites with the benefit of a matched control for
structural properties within the same neuron.

Transneuronal Afferent Deprivation The rapidity and domain specificity of den-
dritic retraction following XDCT transection raise the possibility that these post-
synaptic changes, at least the short-term changes, are exclusively or primarily due
to the cessation of presynaptic action potentials. This possibility is confirmed by
comparable changes in NL dendrites following transneuronal deprivation of affer-
ent activity. As the cochlea provides the only excitatory input to the ipsilateral NM,
unilateral cochlea removal eliminates presynaptic action potentials to the ipsilateral
NM and then to the dorsal dendrites of the ipsilateral NL and ventral dendrites of
the contralateral NL, without directly damaging NM axons (Fig. 11.5b; Born
et al. 1991). By 8 h following unilateral cochlea removal, the total dendritic length
of deprived NL dendrites decreases by ~30% as compared to the intact dendritic
domain of the same neurons, comparable to that following XDCT transection
(Wang and Rubel 2012). The similar retraction rate following the two manipula-
tions strongly suggests that presynaptic activity, instead of lesion-related events, is
responsible for maintaining dendritic arbors at the early stage.

The short-term modifications of deprived NL dendrites are fully reversible, as
evidenced by complete recovery of normal dendritic length and dorsal-ventral
symmetry following restoration of normal afferent activity (Wang and Rubel
2012). Local exposure of one ear with tetrodotoxin (TTX) completely blocks action
potentials in the auditory nerve, totally silences action potential generation of NM
neurons, and is completely reversible (Fig. 11.5c; Born and Rubel 1988; Canady
and Rubel 1992). TTX treatment with carefully adjusted amount of the drug allows
complete blockage of activity for at least 8 h, followed by rapid recovery; the level
of activity and hearing thresholds return to control levels by 24 h and are
maintained thereafter (Fig. 11.5d; Wang and Rubel 2012). NL dendrites deprived
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of excitatory input for 8 h by this manipulation show comparable retraction to that
seen following cochlea removal or XDCT transection (Fig. 11.5e), further
confirming presynaptic action potentials as a key afferent component in regulating
postsynaptic dendrites. These dendrites then regrow to their normal size by 48 h
following the onset of TTX treatment, by which time NM neurons have had at least
24 h with restored normal activity. This rapid recovery of dendritic structure
demonstrates that retracting NL dendrites, following afferent deprivation, maintain
a high degree of plasticity and actively respond to changes in afferent input in either
direction.

In the paragraphs above, we only consider the early phase of dendritic changes
following afferent deprivation and argue that these changes are mostly or entirely
due to the deprivation of action potentials, presumably glutamate release and
activation of postsynaptic receptors on the local postsynaptic elements (dendrites).
On the other hand, integrity of presynaptic axons, in addition to their activity, may
contribute to dendritic regulation during the later phases of dendritic remodeling
following afferent axon elimination. To assess this hypothesis, we further studied
the effects of unilateral cochlea removal. It is well known that unilateral cochlea
removal in young chickens leads to extensive, but not complete, neuronal death in
the ipsilateral NM (Born and Rubel 1985). Therefore, this manipulation produces
partial deafferentation of specific dendritic domains in both ipsilateral and contra-
lateral NL. The variation between animals in the amount of neuronal loss allowed
us to compare the amount of dendritic retraction in the affected dendritic domains
of NL neurons with the amount of NM cell loss in each animal. Across animals, the
degree of dendritic retraction in NL exhibits a highly significant correlation
(r¼ 0.76, p< 0.01) with the percentage of cell death in NM at 4 days following
unilateral cochlea removal (Fig. 11.7). One interesting possibility is that the main-
tenance of remaining dendrites is affected by the integrity of NM neurons that
continue to innervate these dendrites. Alternatively, cell survival in NM and long-
term dendritic maintenance in NL may be influenced by similar mechanisms that
depend on action potential-mediated signals.

While the MSO of low-frequency hearing mammals presents many of the same
advantages for dendritic analyses as NL, detailed structural and temporal analyses
are not yet available. Nonetheless, similar dendritic changes have been observed in
MSO of young rats (Feng and Rogowski 1980) and adult gerbils (Russell and
Moore 1999). Unilateral cochlea ablation also produces domain-specific changes
in dendritic structure days and months later; whether these relatively long-term
changes correlate with neuronal survival in AVCN and whether there are earlier
changes in MSO dendrites have not been examined.

Dendritic Properties Regulated by Afferent Input To understand functional signif-
icance or consequence of afferent-regulated dendritic dynamics in NL, we need to
identify the major dendritic properties that are both sensitive to changes in afferent
input and essential to the function of the neuron. Two such properties have been
identified, the size of dendritic surface which helps define the number of synapses
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that can be formed and the dendritic arborization pattern which contributes to the
way synapses are distributed and how inputs are integrated.

Quantitative analyses at the single-cell level following XDCT transection reveal
no changes in the average diameter of dendritic branches (Deitch and Rubel 1984;
Wang and Rubel 2012). Consistently, the overall size of dendritic surface correlates
with total dendritic length in both control and deprived dendrites (Smith and Rubel
1979; Deitch and Rubel 1984). As a result, afferent activity influences dendritic
surface area by dynamically regulating dendritic length.

Afferent activity also influences the arborization pattern of NL dendrites by
reorganizing the dendritic tree in a branch-specific manner. First, the number of
primary dendrites is unaffected by afferent deprivation (Deitch and Rubel 1984;
Wang and Rubel 2012), suggesting that retraction mostly takes place in higher-
order dendritic arbors. This suggestion is also supported by in vitro time-lapse
imaging studies showing that deafferentation-induced dendritic retraction is
observed primarily at the distal portion of the NL dendritic arborizations (Sorensen
and Rubel 2006, 2011). Second, the number of dendritic endings or segments is

Fig. 11.7 Correlation of cell survival in NM with dendritic maintenance in NL. All images were
taken at 4 days following unilateral cochlea removal. (a–h) Photomicrographs of coronal sections
labeled with MAP2 immunoreactivity through NM (a, b, e, f) and NL (c, d, g, h). (a–d)Were taken
from one animal, and e–h from the second animal. Left (a, c, e, g) and right (b, d, f, h) columns are
from the contralateral and ipsilateral side, respectively. In both cases, the ipsilateral NM has a
notable reduction in cell number as compared to the contralateral NM of the same case. Within
NL, the ventral dendrites of the contralateral side and the dorsal dendrites of the ipsilateral side
show clear retraction as compared to the other domain of the same side. The difference between
the two cases is that the first case (a–d) exhibits a much larger degree of cell death in the ipsilateral
NM as compared to the second case (e–h). Correlated to this difference in transneuronal NM cell
death, dendritic retractions in NL are more dramatic in the first case than in the second case. Solid
lines in a, b and e, f outline the borders of NM (Images are modified from Wang and Rubel
(2012)). Scale bar: 100 μm in (f) (applies to a, b and e, f) and 20 μm in (h) (applies to c, d and g, h)
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regulated by afferent activity in such a way that it reliably predicts changes in total
branch length of both retracing and regrowing dendrites (Wang and Rubel 2012).
This finding indicates that selective elimination of a number of distal arbors and
addition of new branches contribute substantially to the overall changes in total
branch length. In vitro time-lapse imaging further demonstrates that individual
dendritic arbors of a particular neuron are always dynamic (Sorensen and Rubel
2006). At any time over any 30-min period, about 50% of the dendritic branches
remain stable (less than 10% change) in length. This statement holds true under
both normal (balanced) and imbalanced conditions of afferent activity. The other
50% of the dendritic branches either grow or retract by over 10%. Over a 7-h
imaging period, most or all terminal branches could be found growing or retracting.
Changes in total branch length result from changes in the balance of arbors that are
growing, retracting, or remaining stable at any time, not a sudden surge of growth or
retraction. Thus, afferent-regulated dendritic reorganization does not take place
uniformly along all affected dendritic branches and may occur in a branch-specific
manner by which the fate (growing, retracting, or remaining stable) of individual
branches is influenced by a combination of afferent inputs and intrinsic properties
of each branch. This suggestion is consistent with the compartmentalization of
electrical, calcium, and other biochemical signaling with single branch specificity
in neuronal dendrites (Rinzel and Rall 1974; Rinzel 1975; Sj€ostr€om et al. 2008;
Branco and Häusser 2010; Siegel and Lohmann 2013). Similar regulatory patterns
have been reported in visual neurons for dendritic growth induced by sensory
stimulation and for dendritic retraction following neurotransmission inactivation
(Rajan and Cline 1998; Rajan et al. 1999; Sin et al. 2002).

Responsible Components of Afferent Activity Both XDCT transection and unilat-
eral transneuronal manipulations deprive presynaptic activity to one, but not both,
dendritic domain of NL neurons. Thus, changes in either the balance or the overall
level of activity, or both, could be responsible for induced changes in postsynaptic
NL dendrites.

In vitro studies using acute slice preparations of the chicken NL support the
importance of the balance of afferent activity to the two dendritic domains of the
same neurons (Sorensen and Rubel 2006, 2011). Slices of the brainstem were
maintained in artificial CSF for several hours with bipolar stimulating electrodes
on both auditory nerves, while individual fluorescently labeled NL neurons were
images with a multiphoton microscope (Fig. 11.8). Two control conditions were
included: (1) both auditory nerves were stimulated at a rate of 10 Hz for 7 h and at a
level that reliably evoked action potentials in NL neurons or (2) neither auditory
nerve was stimulated for the same period of time. In both of these conditions, NL
neurons exhibited very little changes in the total dendritic length over the 7 h,
although the arbors were continuously growing and retracting. This observation
indicates that NL neurons maintain their dendrites in the absence of presynaptic
action potentials to both dendritic domains in vitro. In contrast, unilateral electrical
stimulation, activating NM axons to only one set of NL dendrites (either dorsal or
ventral), results in the unstimulated dendrites losing total dendritic branch length
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and the stimulated dendrites of the same NL neurons exhibiting a net growth. This
result suggests that imbalanced input results in differential changes in the two sets
of dendrites in a way that dendritic real estate can rapidly be shifted from inactive
inputs to active inputs.

On one hand, these studies are consistent with the importance of the balance of
afferent activity. On the other hand, dendritic growth or retraction during changes in
afferent activity may depend on differences in the exact level and pattern of
presynaptic activity elicited by electrodes as compared to that derived from the
intact ears in vivo. That is, it is possible that both the balance between the two
afferent inputs and the specific properties (level and/or pattern) of each input
influence the maintenance of NL dendrites.

Molecular Signals and Pathways Examining effects of afferent alternations on
dendritic biochemistry helps identify intracellular signals and pathways involved in
afferent-regulated dendritic reorganization, especially if such effects show similar
domain specificity as exhibited by changes in structure following differential
afferent manipulations.

One such pathway is calcium-mediated microtubule regulation (Fig. 11.9).
Following XDCT transection, one of the first changes in the fine structure of the
deafferented ventral dendrites is dramatic reduction in the density of microtubules
(Deitch and Rubel 1989b), a major cytoskeletal component of neuronal dendrites.
This reduction may be associated with rapid decrease in the microtubule-associated

Fig. 11.8 Differential effects of balanced and imbalanced afferent inputs on dendritic length of
the chicken NL. The y-axis is the changes in total branch length of NL dendrites. Control
conditions on the left show that there is no significant change in the dorsal or ventral dendrites
in response to no stimulation (neither 1 nor 2) or bilateral stimulation (both 1 and 2) at 10 Hz for
7 h. In contrast the data on the right show that unilateral (either 1 or 2) stimulation using the same
parameters of afferent input from NM causes dramatic and opposite changes in branch lengths of
the dorsal and ventral dendrites (Data are derived from Sorensen and Rubel (2006, 2011))
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protein 2 (MAP2) that is confined to afferent-deprived NL dendrites (Wang and
Rubel 2008). MAP2 is essential for microtubule stabilization and is believed to play
a fundamental role in regulating dendritic morphology in developing and adult
brains (reviewed in Dehmelt and Halpain 2005). Importantly, changes in MAP2 are
correlated with changes in the plasma membrane calcium ATPase type 2 (PMCA2),
a high-affinity calcium efflux protein, in deprived NL dendrites (Wang et al. 2009).
Neurons with a larger change in PMCA2 immunoreactivity tend to have a larger

Fig. 11.9 Effects of afferent deprivation on dendritic levels of PMCA2 and MAP2 in the chicken
NL. (a) A low-magnification photomicrograph showing the overall pattern of PMCA2 immuno-
reactivity in NM and NL. Note high PMCA2 level in NL dendritic layers. Also shown in
Fig. 11.3d. (b, c) Immunoreactivities for PMCA2 (b) and MAP2 (c) in NL neurons at 6 h following
XDCT transection. The levels of PMCA2 and MAP2 are reduced dramatically in deprived ventral
dendrites as compared to the intact dorsal dendrites of the same NL neurons. (d) Time courses of
percent reductions in dendritic levels of PMCA2 (blue line), MAP2 (red line), and microtubule
density (green line) following XDCT transection (Recalculated from Wang and Rubel (2008),
Wang et al. (2009), and Deitch and Rubel (1989a)). (e) Scatter plot showing relationship between
changes in PMCA2 and MAP2 in deprived NL dendrites following unilateral cochlea removal.
Each data point represents an individual case. Animals with a larger change in PMCA2 immuno-
reactivity tend to have a larger change in MAP2 immunoreactivity. Abbreviations: PMCA2 plasma
membrane calcium ATPase type 2, MAP2 microtubule-associated protein 2. Scale bar: 200 μm in
(a) and 25 μm in (c) (applies to b and c)
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change in MAP2 immunoreactivity. Changes in PMCA2 start as early as 30 min
following afferent deprivation, prior to detectable changes in MAP2 and the
structure of these dendrites. This temporal property provides a potential mechanism
by which deprivation can change calcium transport that, in turn, may be important
for rapid, domain-specific dendritic remodeling. This possibility is strongly
supported by the well-known regulation of MAP2 and microtubule by calcium
signaling (Vaillant et al. 2002), as well as with the pivotal role of intradendritic
calcium signals in activity-dependent dendritic regulation (Lohmann and Wong
2005; Redmond and Ghosh 2005). Further support for an important role of this
pathway is provided by the observations that afferent or sensory deprivation leads
to changes in the expression of a number of calcium-binding proteins (parvalbumin,
calretinin, and calbindin) in the mammalian MSO in adults (Caicedo et al. 1997;
Alvarado et al. 2004). These data naturally lead to the speculation that deprivation
of afferent excitatory activity leads to chronic changes in dendritic Caþþ regulation
in the affected dendrite, a hypothesis supported by the observation that [Caþþ]i
appears to be independently regulated in the dorsal and ventral dendritic domains
(Blackmer et al. 2009). This is an important area for further investigation using
modern imaging methods.

Another intracellular signaling pathway that may be involved in afferent regu-
lation of dendritic structure is fragile X mental retardation protein (FMRP,
Fig. 11.10). FMRP is an mRNA-binding protein, associated with a highly selected
group of mRNAs (Darnell et al. 2011). A major function of FMRP is thought to be
regulating local protein synthesis of its mRNA targets, particularly in neuronal
dendrites (reviewed in Santoro et al. 2012). Loss of FMRP protein leads to
abnormal dendritic structure and reduced dendritic dynamics in response to neuro-
nal activity (Galvez et al. 2003, 2005; Restivo et al. 2005; Zarnescu et al. 2005;
Thomas et al. 2008; Santoro et al. 2012). We have recently shown that dendritic
FMRP is expressed at unusually high levels in NL and MSO across a wide range of
low-frequency hearing vertebrates (alligator, chicken, gerbil, and human; Wang
et al. 2014). Remarkably, dendritic FMRP in NL and MSO neurons accumulates at
branch points and enlarged distal tips, loci known to be critical for branch-specific
dendritic arbor dynamics. This localization pattern raises the possibility that FMRP
may play an important role in determining the fate of individual branches either
branching out, retracting, or staying unchanged and/or provides quick supplies of
required proteins for such cellular events on an individual branch basis. In support
of this possibility, in neurotrophin-stimulated neurites of PC12 cells, FMRP gran-
ules are predominantly localized to swellings along developing neurite, often
locations where new branches are generated (De Diego Otero et al. 2002). Finally,
it is interesting to note that FMRP mechanisms may be linked with calcium and
microtubule regulation in NL and MSO dendrites as both mRNAs encoding
PMCA2 and MAP2 show a very high binding affinity with FMRP (Darnell
et al. 2011). In addition, Kv3.1b, a functionally specialized protein in NL dendrites
(Fig. 11.3e), is also an identified target of FMRP (Darnell et al. 2011).

Given the activity dependency of afferent-regulated dendritic structure, it is
reasonable to argue for a critical role of neurotransmission in this regulation.
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Indeed, in the chicken NL, blocking excitatory neurotransmission using glutamate
receptor inhibitors produces dendritic retraction (Sorensen and Rubel 2006), and
unilateral cochlea removal also affects GABAa receptor expression (Code and

Fig. 11.10 Intense and specialized dendritic localization of FMRP in NL and MSO neurons. (a)
High expression levels of dendritic FMRP immunoreactivity in human and gerbil MSO, as well as
in alligator and chicken NL, as compared to the surrounding regions. (b) Complimentary pattern of
MAP2 and FMRP in NL dendrites of the chicken. Note the strong accumulation of FMRP
immunoreactivity in branch points (arrowheads) and terminal endings (arrows) and the relatively
low level of MAP2 in these locations. Abbreviations: FMRP fragile X mental retardation protein.
Scale bar: 100 μm in (a) (all panels) and 5 μm in (b)
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Churchill 1991). In the mammalian MSO, unilateral cochlea removal leads to
significant changes in GABA and glycine release and uptake, as well as in the
regulatory signaling of neurotransmitter release (Suneja et al. 1998a, b, 2000;
Mo et al. 2006; Yan et al. 2007).

11.3.2 Other Regulatory Factors

NL and MSO neurons are among neuronal cell types with a high sensitivity to cues
in the environment, including but not limited to changes in afferent input from the
ear. For example, alcohol exposure affects dendritic length and structure in the
chicken NL (Pettigrew and Hutchinson 1984) and neuronal number of the monkey
MSO (Mooney and Miller 2001). Interestingly, this change in neuronal number
may be exclusive to MSO, as compared to relatively smaller changes in other
auditory regions in the brainstem. As another example, both the number and
extension of MSO dendrites are reduced in underfed rats as compared to rats
normally nourished (Salas et al. 1994). Similarly, aging-associated neurochemical
changes are observed in the MSO but not other auditory groups in the monkey
brainstem (Gray et al. 2014), and in the brainstem of humans with autism spectrum
disorder (ASD), neuronal loss and disorganization appear most dramatic in MSO as
compared to other auditory neurons (Kulesza 2007). This high vulnerability of
MSO neuronal morphology and neuronal survival is consistent with reduced sound
localization ability as a hallmark of age-related hearing deficits and as a common
phenotype in a number of neurological disorders.

11.4 Conclusion

Afferent synaptic input is one important factor regulating neuronal structure includ-
ing dendritic architecture in developing and mature brains. Bipolar neurons in NL
and MSO present an example of dendritic architecture highly specialized for their
function in temporal coding and coincidence detection. These neurons are also
highly sensitive to cues in their environment, particularly variations in afferent
input during both development and in the mature brain. Relatively brief changes in
presynaptic glutamate-driven synaptic activity dramatically influences both the size
of dendritic surface and the pattern of dendritic arborizations, and these changes
appear largely localized to the precise regions of the altered input, providing
unparalleled access to the membrane compartments undergoing plasticity with
appropriate control compartments in the same neurons. The unique dendritic
structure of NL and MSO neurons provides an advantageous model for further
understanding of the specific roles of neurotransmission, calcium signal, protein
synthesis, and cytoskeletal regulation in this important form of brain dynamics.
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Glial cells, previously thought to have generally supporting roles in the central nervous
system, are emerging as essential contributors to multiple aspects of neuronal circuit
function and development. This review focuses on the contributions of glial cells
to the development of auditory pathways in the brainstem. These pathways display
specialized synapses and an unusually high degree of precision in circuitry that enables
sound source localization. The development of these pathways thus requires highly
coordinated molecular and cellular mechanisms. Several classes of glial cells, including
astrocytes, oligodendrocytes and microglia, have now been explored in these circuits in
both avian and mammalian brainstems. Distinct populations of astrocytes are found over
the course of auditory brainstem maturation. Early appearing astrocytes are associated
with spatial compartments in the avian auditory brainstem. Factors from late appearing
astrocytes promote synaptogenesis and dendritic maturation, and astrocytes remain
integral parts of specialized auditory synapses. Oligodendrocytes play a unique role
in both birds and mammals in highly regulated myelination essential for proper timing
to decipher interaural cues. Microglia arise early in brainstem development and may
contribute to maturation of auditory pathways. Together these studies demonstrate
the importance of non-neuronal cells in the assembly of specialized auditory brainstem
circuits.

Keywords: nucleus laminaris, nucleus magnocellularis, medial nucleus of the trapezoid body, astrocyte,
oligodendrocyte, delay line, microglia, calyx of Held

INTRODUCTION

Our ability to localize sound sources relies in large part on specialized circuitry in the auditory
brainstem. Unlike other sensory modalities, such as the visual and somatosensory systems, in which
spatial information is encoded in the sensory epithelium, the cochlea is unique in that it instead
contains an orderly representation of frequency selectivity. This frequencymap is conveyed through
spiral ganglion cells to the brainstem, and interaural time and intensity differences are computed
through specialized circuitry in the superior olivary complex. The development of these specialized
neural pathways requires coordination of multiple molecular and cellular mechanisms. Several
classes of axon guidance molecules have been identified that contribute to the formation of synaptic
connections with precisely selected targets. Emerging evidence has shown that several classes of
glial cells, including astrocytes, oligodendrocytes and microglia, play important roles in nervous
system development (Stevens, 2008; Allen, 2013; Clarke and Barres, 2013; Edmonson et al., 2016).
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Here we review recent studies that have begun to demonstrate
the contributions of these non-neuronal cells to multiple aspects
of auditory brainstem circuit assembly.

CHICK AUDITORY BRAINSTEM
PATHWAYS

In vertebrates, sound stimuli are transduced in the ear, where
auditory hair cells in the cochlea are spatially ordered according
to their preferred stimulus frequency. Hair cells synapse onto
peripheral processes of cochlear ganglion cells, whose central
processes enter the brainstem through the eighth cranial nerve
(nVIII) and contact the cochlear nuclei, preserving tonotopy.
Birds and mammals both use interaural time differences (ITDs)
and interaural level differences (ILDs) to varying degrees to infer
the locations of sound sources in space.

ITD Circuitry in the Chick
The chick pathway, shown in Figure 1, demonstrates the
specialized spatial arrangement of auditory brainstem
connectivity that allows for computation of ITDs. The key
circuit element is the projection from nucleus magnocellularis
(NM; Figure 1A), which receives ipsilateral nVIII input, to
nucleus laminaris (NL), which contains a sheet of bitufted
neurons with dorsal and ventral dendrites (Smith and Rubel,
1979; Jhaveri and Morest, 1982). NM neurons project through a
bifurcated axon to NL on both sides of the brainstem. Ipsilateral
NM axon branches synapse onto the dorsal NL dendrites,
whereas contralateral NM axon branches synapse onto ventral
NL dendrites (Parks and Rubel, 1975; Hackett et al., 1982; Young
and Rubel, 1983). The contralateral NM axon branches introduce
delay lines so that conduction time is longer to reach more lateral
NL neurons than the more medial neurons (Overholt et al.,
1992). Highly coincident input from the two NMs is needed for
NL neuronal firing. The arrangement of the NM-NL pathway
results in a correlation between the sound source and the
location of NL neurons receiving coincident input (Figure 1B).
Sounds presented close to one ear will result in coincident input
and activation of lateral NL neurons contralateral to that ear,
while sounds presented directly ahead will activate medial NL
neurons on both sides of the brain (Carr and Konishi, 1990;
Hyson, 2005).

Several additional organizing features enhance the function
of the NM-NL pathway in ITD computation (Ohmori, 2014).
Coincidence detection in NL neurons is improved with
inhibitory input, which arises mainly from axons of the superior
olivary nucleus (SON) in the ventral region of the auditory
brainstem (Lachica et al., 1994; Yang et al., 1999; Burger et al.,
2011). The spatial arrangement of best ILDs is orthogonal to
the frequency axis, in which high frequencies are represented
in rostromedial NL and low frequencies are represented in
caudolateral NL. While NL dendrites generally show symmetry
for the dorsal and ventral sides, a steep gradient of dendritic
arbor size emerges late in embryonic development (Smith and
Rubel, 1979; Smith, 1981). Mature NL neurons have fewer and
longer dendrites in the low frequency region and numerous short
dendrites in the high frequency region. This specialization is

FIGURE 1 | Auditory brainstem pathways used in sound localization in
the chick. (A) Auditory nerve axons innervate ipsilateral nucleus
magnocellularis (NM) neurons, which in turn innervate nucleus laminaris (NL)
bilaterally. Ipsilateral and contralateral NM axon branches make contact with
dorsal and ventral NL dendrites, respectively. Ventral NM axon branches
display delay lines and dorsal axon branches course around NM before
making their contacts. Inhibitory input is largely provided by the superior
olivary nucleus (SON), shown on the left side. (B) Delay lines in NM axons and
coincidence detection in NL neurons are key factors in determination of
interaural time difference (ITD) determination. Coincidence detection in NL
neurons varies along the mediolateral axis depending on the location of the
sound source relative to the animal. NL neurons with coincident input and the
corresponding locations are shown here in matching colors.

thought to optimize coincidence detection for each frequency
(Agmon-Snir et al., 1998).

Astrocytes in the Developing Chick
Auditory Brainstem
Glial cells are found throughout the auditory brainstem during
the formation and maturation of the NM-NL pathway and are
well positioned to contribute to most of the spatially ordered
features of the auditory circuitry described above. Astrocytes
are seen in the brainstem when NM and NL are still part
of a common cell group known as the auditory anlage, at
about embryonic day (E) 8. Glial fibers express the intermediate
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filament vimentin, a marker for radial glia. At E10, when NM-NL
connections form, vimentin expression is limited to the dorsal
region of NL (Korn and Cramer, 2008), coinciding with the
ipsilateral NM input. This intriguing pattern suggests a potential
role for glial fibers in appropriate segregation of ipsilateral and
contralateral NM axon branches to dorsal and ventral regions
of NL.

NM Axons and NL Glia
Further suggestion of a role for glia in NL axon guidance is
seen in the glial cell bodies around NL. NM and NL separate
from each other in the auditory anlage at about E10, and
NL forms a monolayer surrounded by neuropil composed of
dendrites, axonal terminal processes and glial processes that is
largely devoid of cell bodies. This neuropil region is surrounded
by a dense margin of small glial cells (Rubel et al., 1976)
that remain outside the neuropil until later embryonic ages
(Figure 2A). These glial cells were shown to express the axon
guidance molecule ephrin-B2 (Person et al., 2004). Moreover,
the expression of ephrin-B2 displays a concentration gradient
corresponding with the tonotopic axis of NL, alongside a similar
ephrin-B2 expression gradient in the adjacent neurons of NL.
The role of NL glial cells in axon guidance has not been critically

FIGURE 2 | The glial margin surrounding NL is disrupted by
deafferentation. (A) Normal Nissl stained coronal section illustrating NM and
the monolayer of cell bodies in NL (arrow). A relatively cell body-free neuropil
zone is bordered by densely packed, small glial cells. (B) Eight days after a
tract cut at the midline, a massive movement of glial cells into the denervated
ventral region was observed. Adapted from Rubel et al. (1981). Scale bar,
50 µm, applies to both panels.

tested. However, when Eph family proteins were experimentally
inhibited during development, we found that mistargeting of NM
axons was accompanied by disruption of NL morphogenesis,
suggesting that the structural integrity of NL and its glial
margin are linked to axon growth (Cramer et al., 2004; Allen-
Sharpley and Cramer, 2012). This link is further supported by
experiments in which the crossing NM axon branches were
severed (Figure 2B), resulting in deafferentation of the ventral
NL dendrites (Rubel et al., 1981). The resulting rapid atrophy of
these dendrites was accompanied by a substantial invasion of glial
cells into the ventral cell-free neuropil region. NL glia thus define
a boundary around the nuclei, and the integrity of this boundary
is dependent on innervation from NM.

Morphology of NL Dendrites
The topographic gradient of ephrin-B2 in glia surrounding
NL suggests a potential role for these cells not only in axon
targeting, but perhaps also in other features that are graded
along the frequency axis. We explored one such feature, the
gradient of NL dendritic arbor morphology that emerges in
late embryonic development. We reasoned that the relatively
late appearance of glial fibrillary acidic protein (GFAP)-positive
astrocytes coincides with this process, and we tested the effect
of GFAP-positive astrocyte conditioned medium (ACM) on
dendritic maturation in an organotypic auditory brainstem slice
culture that permitted repeated imaging of individual labeled
dendrites (Korn et al., 2011). We prepared slices from E13
embryos, when few GFAP-positive astrocytes are seen, and
exposed them to ACM from astrocytes purified from more
mature brainstems. We found that in slices cultured with ACM,
dendrites in NL exhibited a loss of primary dendrites, with a
greater effect in caudolateral (low frequency) regions, whereas
control cultures did not show a significant change over the
same period. The results suggest that this aspect of dendritic
maturation is regulated by secreted signals from astrocytes. The
graded nature of the effect, obtained with bath application of
ACM, indicates that NL cells vary in their responsiveness to
astrocytic factors. Orthogonal to this axis, the dorsoventrally
oriented glial fibers seen in mature NL have been postulated
to contribute to the bidirectional orientation of NL dendrites
(Kalman et al., 1998). Glial influences may thus contribute to
several aspects of dendrite arbor morphology.

Inhibitory Synapses in NL
In addition to these studies of dendritic regulation, we used
our organotypic preparation to study the effects of ACM on
synaptogenesis (Korn et al., 2012). We found that inhibitory
synapses begin forming in NL later than excitatory synapses,
and they become more abundant at ages when GFAP-positive
astrocytes are present. Inhibitory inputs from SON were
quantified with counts of puncta immunolabeled for the vesicular
GABA transporter (VGAT). We found that ACM resulted
in a significantly enhanced rate of inhibitory synaptogenesis
compared to control cultures. Notably, the treated cultures
added inhibitory synapses at a time course similar to that seen
in vivo, suggesting that astrocyte secreted factors may mediate
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progression of inhibitory synapse formation. The identity of
these factors remains to be determined.

Myelination and its Regulation in Sound
Localization Pathways
Conduction timing in the NM-NL pathway is a critical factor
in ITD detection. It is especially complicated by the fact that
coincidence is needed from two distinct inputs, one from
the nearby ipsilateral NM and the other from the distant
contralateral NM. Early studies showed that the ipsilateral NM
axon branch loops around NM before arriving in NL (Young
and Rubel, 1986), thereby increasing the conduction time to
make it more similar to the contralateral branch. However,
several additional factors are needed to adjust this timing.
Recently, precise measurements of axon length incorporating 3-
dimensional reconstructions showed that the contralateral NM
axon branches are roughly twice the length of the ipsilateral
branch in the chick (Seidl et al., 2010; Seidl, 2014). Remarkably,
the two NM axon branches differed in diameter and in the
spacing between nodes of Ranvier, resulting in differences in
conduction velocity to optimize temporal integration (Seidl et al.,
2014). The regulation of axon thickness and internodal distance
demonstrates a critical role for myelinating oligodendrocytes in
the establishment of the functional pathway.

While the mechanisms that regulate spacing between
nodes of Ranvier in this pathway are not known, some
of the factors that guide myelination during development
are beginning to be understood. Myelination is regulated
by activity-dependent communication between neurons and
oligodendrocytes, both during initial development and in adult
life (Barres and Raff, 1993; Lin and Bergles, 2004; Fields,
2015; Hines et al., 2015). Myelination of NM axons in the
chick embryo (Korn and Cramer, 2008) and particularly in
the barn owl (Cheng and Carr, 2007) occurs relatively late
in development, after the onset of neuronal activity. The link
between neuronal activity and myelination may result directly
from the non-synaptic release of neurotransmitters that bind
to receptors on oligodendrocytes. Activity may also act by
increasing expression of molecules that have necessary roles
in myelination, such as brain derived neurotrophic factor
(BDNF) and the cell adhesion molecule L1CAM (Barbin
et al., 2004; Wong et al., 2013; Purger et al., 2015). The
remarkable and important contribution by the studies on the
chick and mammalian studies (see below) on the brainstem
ITD pathways is that the ipsilateral and contralateral processes
of the same axon are independently regulated. These findings
indicate that the molecular cues must act locally on individual
branches rather than through the cell bodies of the glial
cells.

MAMMALIAN AUDITORY BRAINSTEM
PATHWAYS

As in birds, the mammalian auditory brainstem displays precise
innervation and specialized synaptic structures that facilitate
sound source localization. Glial cells contribute to thematuration
and function of these pathways.

Myelination and its Regulation in
Mammalian Pathways
Action potential timing is also important in mammalian sound
localization pathways, shown in Figure 3. In the mammalian
ITD pathway (Figure 3A), spherical bushy cells (SBCs) in the
anterior ventral cochlear nucleus (VCN) send axons that branch
andmake excitatory contacts with neurons in themedial superior
olive (MSO) on both sides of the brain. A recent study in
gerbils demonstrated that, like NM axons, contralateral SBC
axon branches projecting to MSO have thicker axon diameters
and longer internode distances (Seidl and Rubel, 2016). The
difference in axon thickness was first observed at postnatal day
(P) 20. In contrast, the difference in internode distance was
already evident at P10, which is prior to hearing onset (Woolf
and Ryan, 1984). If activity-dependent regulation is important
for this aspect of myelination, it may rely on spontaneous
neuronal activity, which is generated early in development
(Tritsch et al., 2010; Wang and Bergles, 2015). It is also
important to consider later maturation because the relative

FIGURE 3 | Neuroanatomy of mammalian auditory brainstem pathways
used in sound localization. (A) In the ITD pathway, neurons in the ventral
cochlear nucleus (VCN) project axons that branch and provide excitatory input
to the medial superior olive (MSO) on both sides of the brain, with ipsilateral
and contralateral inputs to lateral and medial MSO dendrites, respectively.
Globular bushy cells (GBCs) in VCN synapse with neurons in the medial
nucleus of the trapezoid body (MNTB) on the contralateral side, where they
terminate in the calyx of Held, shown on the left side. MNTB provides one
source of inhibitory input to MSO neurons. (B) In the interaural level difference
(ILD) pathway, lateral superior olive (LSO) neurons receive excitatory input from
spherical bushy cells (SBCs) in ipsilateral VCN and inhibitory input from
ipsilateral MNTB. Because sounds are louder near the sound source, the LSO
on the side of the sound source receives more excitation and less inhibition,
while the opposite holds in the LSO more distant from the sound source.
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timing between the two ears will be altered by changes in head
size. This aspect has not been studied to date and it will likely
involve a change in the distribution of nodes that depends on
activity.

In the ILD pathway (Figure 3B), SBCs project to the
lateral superior olive (LSO) on the ipsilateral side. A major
component of both pathways includes inhibition from the
ipsilateral medial nucleus of the trapezoid body (MNTB), a
sign reversing relay nucleus that receives excitatory input from
globular bushy cells (GBCs) in contralateral VCN (Kuwabara
and Zook, 1991; Grothe and Sanes, 1993, 1994; Pecka et al.,
2008). The long axon of the GBC neuron terminates in MNTB
in a large specialized synaptic ending known as the calyx of
Held (Held, 1893; Kuwabara and Zook, 1991; Kuwabara et al.,
1991). LSO neurons receive excitatory input from the ipsilateral
side, and inhibitory input originating from the contralateral
side, and the balance of excitation and inhibition is used
to determine ILDs (Tollin, 2003). Although the disynaptic
inhibitory input from MNTB is longer and subject to synaptic
delay, it arrives at the same time as the monosynaptic excitatory
inputs, and even early in MSO (Roberts et al., 2013, 2014).
A recent study (Ford et al., 2015) demonstrated that GBCs
have thicker axon diameters and increased internodal distances
compared to SBCs, accounting for this disparity. Additionally,
they found systematic differences in these properties that
varied with GBC projections along the mediolateral (high
frequency to low frequency) axis of MNTB and showed that
these variations provide optimal conduction times for these
tonotopic locations. Thus in both ITD and ILD pathways,
axon thickness and myelination are adjusted to generate precise
timing.

Ontogeny of Glial Cells in the Auditory
Brainstem
Because of the wide range of glial functions involved in neuronal
development, we characterized glial cell populations at key
stages of auditory brainstem development. Oligodendrocytes and
their precursors, identified with expression of oligodendrocyte
transcription factor 2 (OLIG2), are seen in VCN and MNTB
during the first postnatal week in mice (Dinh et al., 2014; Kolson
et al., 2016). In rats, myelin basic protein is expressed in MNTB
beginning at about P9 (Saliu et al., 2014), consistent with previous
reports that myelination begins at about that age (Leão et al.,
2005). In gerbils, myelin associated proteins are expressed in LSO
during the first postnatal week, after which they display oriented
patterns consistent with a role in guiding dendritic orientation of
LSO neurons (Hafidi et al., 1996).

Along with oligodendrocytes, subpopulations of astrocytes
are found in auditory nuclei during the early postnatal period
in mice. As early as P0 we identified astrocytes in VCN and
MNTB that were immunolabeled for aldehyde dehydrogenase
1 family member L1 (ALDH1L1), a specific marker that
broadly labels astrocytes (Cahoy et al., 2008; Dinh et al.,
2014; Kolson et al., 2016) and these cells increased in number
during brainstem maturation. In contrast, we did not observe
expression of the calcium binding protein, S100ß, or the

intermediate filament, GFAP, two other astrocyte markers, in
either nucleus at P0. S100ß-positive astrocytes were abundant
in both VCN and MNTB by P6 (Dinh et al., 2014). In rats,
S100ß-positive astrocytes were found in MNTB during the first
postnatal week, where expression of this protein appears to
be temporally correlated with the appearance of a group of
non-neuronal cells that proliferate in the nucleus at this age
(Saliu et al., 2014). As we found in chick embryos, GFAP
expression was seen at later ages, with expression in VCN
and MNTB first evident at about P14–23 in mice (Dinh
et al., 2014). The GFAP expression revealed astrocytic fibers
that coursed throughout the nucleus. In contrast, ALDH1L1
immunolabel at these ages appeared to coalesce densely around
MNTB principal neurons. Vital labeling of astrocytes using
sulforhodamine showed that they are present in LSO as
early as P3, arranged in dense clusters of cells that express
both GABA and glycine transporters and sequester inhibitory
neurotransmitters (Stephan and Friauf, 2014). Together these
studies reveal multiple populations of astrocytes throughout
development. Their varied appearance and unique expression
patterns suggest a range of functions in these developing
nuclei.

A distinct population of glial cells, themicroglia, also populate
the auditory brainstem nuclei at early ages (Dinh et al., 2014).
These cells, visualized with an antibody that recognizes the
ionized calcium binding adaptor molecule 1 (IBA1), are found
in small numbers in VCN at P0 and in MNTB at P6. Microglia
in VCN and MNTB increase in number and in the abundance of
ramified processes until they peak at about P14 and subsequently
taper off in number. Both astrocytes and microglia are thus
present at the time of hearing onset and both cell types are found
in close apposition to the developing calyx of Held.

Glial Cells and the Calyx of Held
Glial cells form close associations with the calyx of Held.
In mature animals, the calyx has a fenestrated morphology,
with astrocytic processes labeled in openings in the calyx
(Ford et al., 2009). Along with S100ß, ALDH1L1 and GFAP,
astrocytes associated with the mature calyx also express
glutamate transporters that result in sequestration of glutamate
and release of glutamine, which would improve temporal
precision at the calyx. (Ford et al., 2009; Uwechue et al.,
2012; Dinh et al., 2014). Both astrocytes and microglia are
seen in close apposition with the developing calyx of Held
(Dinh et al., 2014), and ultrastructural studies have shown
that long glial processes cover MNTB neurons at early
postnatal ages, in some cases interposed between nascent
calyxes and the postsynaptic neuronal surface (Holcomb et al.,
2013). Similar associations with astrocytic processes are seen
in the large synaptic endings of auditory nerve inputs to
VCN known as the endbulbs of Held. These astrocytic
processes are remarkably dynamic. Studies in the chick cochlear
nucleus showed that the astrocytic process grow and retract
dramatically within hours after changes in eighth nerve activity
(Canady and Rubel, 1992; Rubel and MacDonald, 1992). An
ultrastructural analysis further showed that when activity is
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dramatically reduced glial process rapidly intercalate between
the axonal contacts and the postsynaptic neurons (Canady et al.,
1994).

While GBC projections to MNTB are usually limited to the
contralateral side, early unilateral removal of the cochlea leads to
loss of VCNneurons on the lesioned side (Trune, 1982; Hashisaki
and Rubel, 1989; Mostafapour et al., 2000) and subsequent
branching of intact VCN axons that leads to induction of calyceal
terminations in their ipsilateral MNTB (Kitzes et al., 1995;
Russell and Moore, 1995; Hsieh et al., 2007). Both astrocytes and
microglia show a similar proximity to the developing induced
calyces (Dinh et al., 2014). The rapid appearance of the ipsilateral
calyx and its association with glial cells precedes a measurable
glial response to the injury. Glial cells in MNTB thus appear to
have a distinct role in synaptic development, and this role can
be activated for ipsilateral inputs when the normally occurring
contralateral inputs are lost.

CONCLUDING REMARKS

While specialized auditory pathways engage glial cells for their
mature function, glial cells also contribute significantly to
the assembly of these pathways. Recent studies have shown
roles for glial cells in synaptogenesis and dendrite maturation.

Additionally, developmental regulation of myelination and
internode distance are critical factors in establishing conduction
times required for temporal processing in sound localization
pathways of birds and mammals. While much remains to be
discovered on the mechanisms of neuron-glial communication
in these developmental processes, progress has been made
determining the effects of this communication at numerous
points of contact. Glial cells are integral components of
functioning auditory brainstem pathways. These recent studies
suggest that subpopulations of glia contribute to brainstem
development and to their integration into these circuit elements.
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Introduction
Aminoglycosides (AGs) are broad-spectrum antibiotics that kill 
aerobic Gram-negative bacteria and mycobacteria (e.g., Mycobac-
terium tuberculosis). AG treatments are known to damage both the 
kidney and mechanosensory hair cells (HCs) of the inner ear, with 
the latter resulting in hearing and balance disorders. Structural 
modifications and improved treatment paradigms have reduced 
the incidence of side effects, but kidney damage and inner ear 
damage still occur, and AGs are contraindicated in a number of 
scenarios where they would otherwise be useful. Nonetheless, 
AGs remain a primary treatment in many life-threatening situ-
ations, including Pseudomonas infection, multi-drug-resistant 
tuberculosis, neonatal sepsis, complicated urinary tract infections, 
and endocarditis (1–3). While the incidence of kidney damage can 
be reduced with modified dosing paradigms, inner ear damage 
remains a common and permanent side effect of AG treatment.

Though it has been known for well over 50 years that AGs 
cause hearing loss, the mechanisms that underlie AG-induced HC 
toxicity are still debated. Previous studies implicate a number of 
possibilities. In prokaryotes, antimicrobial activities of AGs have 
been attributed to binding of the 30S ribosomal subunit (4–6). In 
eukaryotic cells, AG toxicity may occur through interactions with 
the related 12S mitochondrial ribosomal RNA subunit (7). This is a 
parsimonious explanation for why mutations in mitochondrial ribo-
somal RNAs can severely sensitize patients to AG exposure. Other 

studies suggest that AG interactions with the plasma membrane — 
specifically affecting metabolic regulation of phosphoinositides — 
cause cell damage (8, 9). A wealth of reports indicate that AGs acti-
vate cell death cascades through diverse signaling pathways (10, 
11), and both caspase-dependent (12, 13) and -independent (14) 
routes are implicated. Our recent studies suggest that AG-induced 
calcium flow between endoplasmic reticulum and mitochondria 
results in reactive oxygen species and subsequent cell death (15, 
16). The many reported activities of AGs make it challenging to 
identify clear targets to block AG-induced HC death (17).

One fundamental property of cells that are vulnerable to 
AG-induced damage is their tendency to take up and retain AGs. 
While AGs are rapidly cleared from serum, both kidney proximal 
tubule and inner ear HCs accrue AG antibiotics (17). It has been 
proposed that the main entry of AGs into kidney cells is through 
endocytosis (18, 19). However, enrichment of AGs in HCs requires 
mechanotransduction (MET) (20). These studies suggest that AGs 
may enter through several routes, each of which may have differ-
ent toxicity outcomes.

We examined intracellular trafficking of different AGs and 
asked whether altering those pathways influences their relative 
toxicity. We followed labeled AGs in live functioning HCs in the 
zebrafish lateral line (LL) sensory system. LL sensory HCs of lar-
val zebrafish are convenient for these types of studies because 
they reside externally on the head and body surface of larval 
zebrafish (21). The LL informs nonmammalian aquatic verte-
brates about proximal movements in the water. These move-
ments are detected by superficial mechanosensory HC clusters 
that are innervated by the distal ends of afferent fibers that proj-
ect to the hindbrain (22, 23). LL HCs are morphologically and 
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localization of gentamicin labeled by immunohistochemistry, 
and is toxic to HCs (30). Furthermore, unconjugated gentami-
cin competes with Gent-TR, supporting its use as a proxy for the 
unlabeled form (31). Here we used Texas red labeling to follow 
the behavior of AGs as they enter and distribute to intracellular 
compartments in zebrafish LL HCs.

To validate the labeled AGs, we assessed their toxicity and 
specificity. Supplemental Video 1 (supplemental material avail-
able online with this article; doi:10.1172/JCI85052DS1) shows 
the very specific enrichment of Texas red–labeled neomycin 
(Neo-TR) in functional LL HCs. To assess toxicity, we generated 
dose-response functions for both labeled and unlabeled forms — 
a standard approach in zebrafish HC studies (32). Dose-response 
functions revealed that tagged AGs show a small decrease in tox-
icity but retain characteristics of their respective unlabeled com-
pounds. The toxicity of both neomycin and Neo-TR is rapid and 

structurally similar to HCs in the mammalian inner ear, and are 
sensitive to drugs and small molecules known to cause hearing 
loss in humans (e.g., the AGs, cisplatin, and copper) (24–28). Our 
results demonstrate distinct pathways of AG uptake that appear 
to confer different levels of toxicity, and further suggest that 
altering AG trafficking can protect HCs from damage. Signatures 
for less toxic AGs may also facilitate screening for new AGs that 
are now being developed (29).

Results
Vetting tagged AGs. To follow entry and intracellular trajectories 
of AGs, we made AGs that incorporated a fluorescent tag. The 
use of fluorescent analogs of AGs is well established. Previous 
studies using gentamicin tagged with the fluorescent moiety 
Texas red (Gent-TR) revealed delivery routes taken by AGs to the 
mouse inner ear. Gent-TR injected into mice recapitulates the 

Figure 1. Fluorescently labeled AGs are effective 
proxies for unlabeled AGs. (A) Dose-response 
functions for gentamicin and Gent-TR. Zebra-
fish 5 days after fertilization were treated for 
30 minutes with indicated concentrations of 
gentamicin or Gent-TR. Following a 1-hour recov-
ery, surviving HC nuclei were labeled with SYTOX 
Green (ThermoFisher) and counted. Each graphed 
symbol represents 5 fish, 5 neuromasts per fish. 
Percentages indicate HCs that survived the treat-
ment relative to HCs present in untreated fish. 
(B) Dose-response functions for neomycin and 
Neo-TR. (As described for A.) (C) Dose-response 
functions for Neo-BODIPY and Neo-TR. (As 
described for A.) (D) Overlap of signals from AGs 
with structurally distinct fluorescent tags. Image 
of HCs pulse-labeled with a mix of 25 μM Neo-TR 
and 25 μM Neo-BODIPY. (E) Labeled AGs do not 
enter HCs that lack MET activity. Differential 
interference contrast and fluorescent images of a 
neuromast in a WT sibling (top) or a sputniktj264a 
(cdh23 loss-of-function mutant) zebrafish that 
lacks MET (bottom). Scale bars: 5 μm. Error bars 
for all plots: ± 1 SD.
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Characterizing entry and intracellular distribution of AGs. To 
visualize AG entry and distribution in LL HCs, we first moni-
tored HCs in 5 days post fertilization (dpf) zebrafish that were 
chronically exposed to Neo-TR. Zebrafish were anesthetized 
with tricaine, immobilized under mesh, and imaged on an 
inverted microscope. During the course of iterative imaging, 
50 μM Neo-TR was added to the media (Figure 2A and Supple-
mental Video 2). Within 5 minutes of exposure, Neo-TR appears 
in the apical region of HCs, in both the kinocilia and the ste-
reocilia. The labeling of these 2 apical compartments occurs 
simultaneously (Figure 2B and Supplemental Video 3). While 
this rapid labeling may indicate AG interaction with the outer 
leaflet of apical membranes, kinocilia labeling does not disap-
pear when Neo-TR is washed out, and labeling of the kinocilia 
and stereocilia is orders of magnitude brighter than any other 
cell labeling on the surface of the fish. Labeling of kinocilia also 
requires active MET, suggesting that labeling is not simply a 
“sticky” interaction. Stereocilia labeling is consistent with tran-
sit through MET channels reported to be in the stereocilia, but 
why kinocilia labeling occurs is unclear at this time. Notably, 
recent work shows that mutations in several kinocilia proteins 
affect AG toxicity (37). Following appearance in the apical HC 

extensive. Comparable short-term exposures to gentamicin and 
Gent-TR damage a smaller fraction of the HCs, consistent with 
previous work characterizing the different toxicity profiles of the 
unlabeled forms of these AGs (ref. 33 and Figure 1, A and B). To 
further address whether addition of Texas red affects the behav-
ior of conjugated AGs, we evaluated AGs tagged with another 
fluorescent moiety, BODIPY, that is structurally unlike Texas 
red. Conjugation with BODIPY does not alter dose-response 
characteristics (Figure 1C), and AG-BODIPY conjugates com-
pletely colocalize with AG–Texas red conjugates in exposed HCs 
(Figure 1D). Like unconjugated AGs, fluorescently tagged AGs 
readily enter HCs, and their entry is abolished in HCs that lack 
MET activity, such as the cadherin 23 (cdh23) mutant sputniktj264a 
(Figure 1E and refs. 34, 35). This observation is consistent with 
reports showing that MET activity is necessary for AG HC toxicity 
(20, 36). Additionally, neither unconjugated Texas red nor uncon-
jugated BODIPY alone enters HCs (Supplemental Figure 1). Last-
ly, unlabeled AGs compete with labeled AGs in uptake assays 
(Supplemental Figure 2). Taken together, these data indicate that 
Texas red– and BODIPY-conjugated AGs are reasonable proxies 
for unlabeled AGs, supporting their use as tools for studying the 
behaviors of AGs within LL HCs.

Figure 2. Fluorescent neomycin preferentially 
enters and kills LL HCs. (A) A neuromast in a 
sedated 5 days post fertilization (dpf) zebra-
fish imaged during chronic exposure to 50 
μM Neo-TR. Neo-TR was added to the media 
at time 0. Neo-TR first enters the kinocilia 
and stereocilia (6 minutes) and subsequently 
the HC body in both puncta (yellow arrows) 
and diffuse pools (9 minutes 30 seconds). 
Note that non-HCs in the fish do not take 
up Neo-TR. HCs with high concentrations of 
Neo-TR show blebbing at the apical region and 
kinocilia (asterisks: 21 minutes 30 seconds; 28 
minutes), and separation of the apical region 
from the HC body (bracket: 21 minutes 30 sec-
onds). (See also Supplemental Video 3.) Scale 
bar: 10 μm. (B) Neo-TR time series in a brn3c-
GFP transgenic zebrafish, treated as in A. The 
appearance of Neo-TR on the stereocilia (plus 
symbol) and kinocilia (asterisk) occurs nearly 
simultaneously and prior to detectable Neo-TR 
throughout the HC body (yellow arrow). Scale 
bar: 10 μm. (See also Supplemental Video 3.)
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neuromasts. These experiments were done in a zebrafish line 
that expresses cytosolic GFP in HCs. We wrote a MATLAB script 
to identify the GFP-positive HC volume using automated Otsu 
thresholding on 16-bit image Z-stacks (38, 39). AG–Texas red 
signal was then calculated within this HC volume (Figure 3A). 
Data are shown as the average Neo-TR signal within the neu-
romast volume divided by the average non-neuromast Neo-TR 
background signal. Consistent with the reported requirement for 
MET activity for AG loading, mutants that lack MET activity (the 
cadherin 23 mutant sputniktj264a and the myosin VIIAa [myo7aa] 
mutant marinerty220; refs. 35, 40) show a striking reduction in 
Neo-TR loading to near background levels (Figure 3B). In zebra-
fish treated with the known MET activity inhibitors amiloride 
and benzamil (41), Neo-TR was reduced to levels comparable to 
those in the MET activity mutants (Figure 3B).

region, Neo-TR enters the cell body, where it is present in diffuse 
and punctate pools. Intensity in the puncta is strikingly higher 
than in the diffuse pool, indicating that AGs are concentrated 
in these structures. Signals in both the diffuse and punctate 
pools steadily increase during chronic exposure. In the subset 
of HCs that are killed by 50 μM Neo-TR, diffuse Neo-TR signal 
abruptly rises just before HC death. We suggest that this abrupt 
rise corresponds with the loss of membrane integrity that occurs 
before death (15). All labeled AGs that we monitored show these 
same properties — namely, the initial appearance at the apical 
region, the movement into diffuse and punctate pools, and the 
increased diffuse signal just before cell death.

Quantifying AG loading. To quantify AG loading into HCs, 
we exposed active unsedated zebrafish to a 5-minute pulse of 50 
μM Neo-TR, washed out the zebrafish, and immediately imaged 

Figure 3. Small molecules and mutations protect HCs from AG exposure by affecting MET and AG loading. (A) Example images from a Z-series showing 
technique to quantify AG loading. myo6-GFP zebrafish have labeled LL HCs (left panels). Otsu segmentation of the GFP signal generates an HC-specific 
mask (right panels). This is used to quantify the Neo-TR signal in HCs (middle left panels). Scale bar: 5 μm. (B) Diverse types of small molecules protect 
HCs from AG exposure by inhibiting AG entry, as is seen in the sputniktj264a and marinerty220 MET mutants. Neo-TR uptake is quantified as described in A. 
Each graphed symbol represents 1 fish, 5 neuromasts per fish. (C) Example images from Neo-TR pulse-labeled HCs either untreated, treated with the MET 
inhibitor amiloride, or treated with ractopamine. Scale bar: 5 μm. (D) The MET inhibitor amiloride impedes HC entry of the MET activity indicator FM1-43 in 
a dose-dependent manner. Zebrafish (5 dpf) were pretreated with amiloride at the indicated concentrations for 5 minutes, exposed to amiloride plus 500 
nM FM1-43 for 5 minutes, washed 3 times, and imaged. FM1-43 fluorescence in neuromasts was quantified and expressed as signal relative to background 
outside HCs. (E) The dose-dependent reduction of Neo-TR loading mimics the reduction in MET activity in D. (Quantified as in D, but with 50 nM Neo-TR 
replacing FM1-43.) Error bars for all plots: ± 1 SD.
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strate dose-dependent effects of amiloride on FM1-43 entry 
(Figure 3D). This same range of amiloride concentrations shows 
a graded effect on Neo-TR entry into LL HCs (Figure 3E).

Characterizing puncta. Treatment with compounds at concen-
trations that appear to completely block AG entry prevents the 
appearance of both the diffuse pool in the cytosol and the pool pres-
ent in puncta. However, when the rate of AG entry is delayed but 
not blocked, these intracellular pools could play differential roles in 
toxicity. To characterize these different intracellular AG pools, we 
first sought to identify the Neo-TR puncta that appear shortly after 
exposure. The reported binding of the 12S mitochondrial ribosomal 
subunit (7) suggests that AGs might accrue in mitochondria. How-
ever, mitochondria labeled by either transgenic expression of mito-
chondrial-targeted GCaMP (15) or the vital dye MitoTracker Green 
contained no detectable Neo-TR signal (Supplemental Figure 3A). 
Previous studies using kidney cell culture lines indicate that AGs 
can transit the secretory system and the Golgi (46, 47). However, in 
LL HCs, we did not find any detectable Neo-TR signal in the Golgi 
of LL HCs labeled by transgenic expression of mannosidase 2–GFP 
(Supplemental Figure 3B). Additionally, we saw no effect on the 
intracellular distributions of Neo-TR when the Golgi organelle was 
disrupted by brefeldin A treatment (48). Based on reports of endo-
cytic uptake of AGs, we also evaluated Neo-TR localization in the 
HCs of transgenic zebrafish expressing the early endosome mark-
er GFP-Rab5. Rab5 marks early stages of many endocytic routes, 
most of which utilize clathrin. Detectable Neo-TR did not appear in 
Rab5-positive endosomes (Supplemental Figure 3C). Notably, not 
all early endocytic routes employ Rab5 (49), including routes that 

Using this technique, it is straightforward to quantitatively 
evaluate whether other compounds previously shown to protect 
HCs from AG exposure affect AG loading. Many such com-
pounds have been identified in LL zebrafish screens (42–44). 
Here we show results for benzamil, raloxifene, ractopamine, 
and dynasore. All of these compounds reduce loading to lev-
els seen when MET activity is absent or blocked (Figure 3B). 
Images comparing untreated, amiloride-treated, and ractopa-
mine-treated neuromasts are shown in Figure 3C. Compounds 
that inhibit AG loading comprise a diverse set of functions; 
here, compounds reported as sodium channel blockers (ami-
loride and benzamil), a selective estrogen receptor modula-
tor (raloxifene), an epinephrine mimetic (ractopamine), and a 
dynamin inhibitor (dynasore) all strongly inhibit AG loading. 
The loading of AGs into HCs is sensitive to a diverse array of 
small molecules that do not share an obvious pharmacological 
target. In our studies to date, protective compounds like ben-
zamil, raloxifene, ractopamine, and dynasore that inhibit AG 
entry also inhibit FM1-43 uptake (data shown for amiloride in 
Figure 3E and benzamil discussed below), consistent with MET 
activity being critical for AG loading, as has been reported in 
other systems (20).

To characterize the relationship between MET activity and 
loading of AGs, we evaluated Neo-TR and FM1-43 loading in 
zebrafish mutants treated with a range of amiloride concentra-
tions. FM1-43 entry through MET channels depends on the open 
probability of the channels (45), and we were able to identify a 
range of amiloride concentrations (0 to 1,000 μM) that demon-

Figure 4. Fluorescent AGs label lysosomes. (A) Neo-TR–labeled puncta 
in exposed HCs also label with lysosomal markers. 5 dpf zebrafish were 
simultaneously exposed to 50 μM Neo-TR and LysoTracker Green before 
washout and imaging. Most LysoTracker-positive puncta contain Neo-TR 
(see yellow arrows as examples). Note that some immature HCs label 
with LysoTracker but not appreciable Neo-TR (right cell). Scale bar: 5 μm. 
(B) Neo-TR puncta colocalize with a genetically encoded late endosome/
lysosome marker, GFP-Rab7. Transgenic zebrafish ubiquitously expressing 
GFP-Rab7 were exposed to Neo-TR. Most Neo-TR–positive puncta also 
have accumulations of GFP-Rab7 (see yellow arrows as examples). Scale 
bar: 5 μm. (C) Zoom of an intracellular region of an HC with GFP-Rab7/
Neo-TR double-labeled puncta. Scale bar: 3 μm. (D) Neo-TR is present in 
the lumen of lysosomes. In large lysosomes where the outer membrane 
and lumen can be resolved, GFP-Rab7 marks membranes that surround 
Neo-TR signal within the lumen. Scale bar: 2 μm. (E) Quantification of 
overlap of markers with Neo-TR signal in puncta. Neo-BODIPY and GFP-
Rab5 show results of markers where there is either near-complete or 
near-absent overlap (error bars: ± 1 SD). Data taken from 10 neuromasts. 
****P < 0.0001 based on Holm-Šidák multiple comparison analysis after 
Kruskal-Wallis test. (See Figure 1 and Supplemental Figure 3C for represen-
tative Neo-BODIPY and GFP-Rab5 images.)
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utilize dynamin and routes that deliver substrates from the extra-
cellular environment to lysosomes (50, 51). Lastly, we evaluated 
whether lysosomes are enriched in Neo-TR. In HCs of the neonatal 
chick, accumulations of injected kanamycin were previously found 
in lysosomes identified by acid phosphatase cytochemistry (52), 
and dramatic increases in the density of lysosomes following gen-
tamicin exposure are seen in chick hair cells prior to hair cell death 
(53, 54). We assessed whether Neo-TR was present in lysosomes 
labeled with the vital dye LysoTracker Green. LysoTracker Green 
consistently labeled puncta that also contained Neo-TR (Figure 
4A). Since LysoTracker dyes also label other low-pH organelles like 
synaptic vesicles (55), we further discriminated whether the puncta 
were lysosomes by surveying the late endosome/lysosome mark-
er Rab7. Rab7 transiently binds to late endosomal and lysosomal 
membranes (56, 57). In transgenic zebrafish that express GFP-
Rab7 under a ubiquitous promoter, GFP-Rab7 is expressed in all 
cells (not just HCs), and a large fraction of the protein is cytosolic. 
This accounts for the prominent diffuse background seen through-
out the neuromast. A majority of puncta enriched for GFP-Rab7 

in HCs also contained Neo-TR following a pulse exposure (Figure 
4B). An enlarged image of just the HC region is shown in Figure 
4C. In large GFP-Rab7–labeled lysosomes, we could resolve Neo-
TR signal inside the lysosomal lumen, demarcated by GFP-Rab7 
membrane labeling (Figure 4D). Colocalization of GFP-Rab7 with 
Neo-TR puncta is apparent from the time we are first able to detect 
puncta. The degree of overlap of LysoTracker Green and GFP-
Rab7, compared with the degree of overlap with Neo-BODIPY 
(which we expect to overlap completely) and Rab5 (which does not 
significantly overlap), is quantified in the graph in Figure 4E. Our 
results demonstrate that a significant fraction of AGs are retained 
in lysosomes. This is consistent with previous work in other model 
systems (52, 58). Neo-TR puncta that do not show colocalization 
with lysosomal markers are most likely endocytic carriers that are 
not positive for Rab7 and do not have sufficiently low pH to retain 
LysoTracker label. At this time, we have not been able to further 
characterize these endocytic carriers. However, the early appear-
ance of all puncta is blocked when dynamin-dependent endocyto-
sis is inhibited (discussed below).

Figure 5. Labeled AGs transit from the diffuse intracellular pool into lysosomes. (A) Time-lapse imaging of Neo-TR in pulse-labeled HCs shows a 
progressive accumulation of Neo-TR in puncta and loss of diffuse signal in the cytosol. Redistribution is apparent within 20 minutes of exposure. Scale 
bar: 5 μm. (See also Supplemental Video 4.) (B) Total intracellular Neo-TR fluorescence following pulse exposure does not decrease, indicating that loss of 
Neo-TR signal from the cytosol is likely due to redistribution to lysosomes and not export from cells. NM, neuromast. (C) An example of image masks (in 
blue) used to monitor the lysosomal and cytosolic fractions of Neo-TR. Image captured immediately after Neo-TR exposure. Scale bar: 5 μm. (D) Neo-TR 
added 30 minutes after Neo-BODIPY pulse exposure accumulates in the Neo-BODIPY–prelabeled structures. Image captured 10 minutes after Neo-TR 
exposure. Scale bar: 5 μm. (E) Quantification of loading into lysosomes following a Neo-TR pulse. After 30 minutes, intensity within the lysosomal mask is 
approximately 5-fold higher than intensity in the cytosol. Each graphed symbol represents 1 fish, 3 neuromasts per fish. Error bars: ± 1 SD. Flp, Fluorescence 
in puncta;  Fld, diffuse fluorescence.
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Characterizing delivery of AGs into lysosomes. Immediately after 
pulse exposure and washout, all labeled AGs we evaluated show a 
prominent diffuse pool present in the cytosol. This diffuse signal 
decreases with time, and the loss of diffuse signal occurs concur-
rently with increased signal in lysosomes (Figure 5A; see also Sup-
plemental Video 4). We do not detect a net loss of signal from the 
entire HC (Figure 5B); the drop in the diffuse signal appears to be 
the result of delivery of Neo-TR to lysosomes rather than export of 
Neo-TR from the cell. To quantify movement of Neo-TR from the 
cytosol to lysosomes, we took advantage of 2 observations: (a) Neo-
BODIPY and Neo-TR label the same puncta (shown in Figure 1D), 
indicating that these 2 visually separable compounds are trafficked 
to the same structures; and (b) lysosomes previously labeled with 
Neo-BODIPY also label with Neo-TR from a later pulse exposure, 
indicating that the AGs are delivered to preexisting puncta (Figure 
5D). To quantify rates of AG loading into lysosomes, we exposed 
HCs to a low-concentration (20 μM) pulse of Neo-BODIPY for 5 
minutes, and washed and transferred zebrafish to fresh medium 
for an additional 30 minutes. This first Neo-BODIPY pulse marks 
lysosomes with green signal. We then re-exposed these zebra fish 
to a pulse of Neo-TR, and asked how quickly green lysosomes 
acquire red Neo-TR from the second pulse (Figure 5C), using the 

green signal to make an image mask. We quantified the red signal 
within the green lysosome mask (Figure 5C, top panel), and com-
pared this with the red signal outside the lysosome mask (Figure 
5C, bottom panel). We used these values to determine the relative 
amount of Neo-TR signal in the lysosomes: the mean Neo-TR sig-
nal present in the lysosomes divided by the mean Neo-TR signal 
in HCs excluding the lysosome signal. This ratio steadily increases 
with time following a pulse exposure to Neo-TR (Figure 5E), which 
we can represent as a sloped line (dashed line, Figure 5E). We use 
the slope of the line representing change from 0 to 30 minutes to 
compare different treatment conditions and different AGs below.

Mechanisms of AG delivery into lysosomes. A number of intracel-
lular trafficking routes could deliver AGs to lysosomes. AGs could 
be captured from the extracellular space by endocytic carriers that 
fuse with lysosomes (18). Alternatively, AGs could be delivered 
from the cytosol to the lysosome by autophagic processes (59). To 
determine whether these general pathways are involved, we first 
asked whether endocytosis regulates AG lysosomal delivery. We 
monitored Neo-TR entry while inhibiting vesicle budding from 
the plasma membrane. The conserved GTPase dynamin forms 
a constrictive ring that releases vesicles from membranes, and is 
utilized by many endocytic processes (60, 61). Its activity can be 

Figure 6. Inhibiting endocytosis 
with Dynole prevents the rapid 
delivery of Neo-TR to lysosomes 
without affecting MET activity. 
(A) HCs were exposed to Neo-TR 
in either the absence (top panels) 
or presence (bottom panels) of 
the dynamin inhibitor Dynole 34-2 
and imaged immediately after 
exposure. Inhibition of dynamin 
activity abolishes rapid appearance 
of Neo-TR–labeled puncta. Scale 
bar: 5 μm. (B) HCs were exposed to 
a pulse of FM1-43 as described in 
Figure 3B. Treatment with Dynole 
34-2 does not significantly inhibit 
FM1-43 loading, either immedi-
ately or 15 minutes after Dynole 
pulse exposure. This is in contrast 
to amiloride treatment, which is 
also reversible, unlike Dynole 34-2. 
Each column: 3 fish, 5 neuromasts 
per fish. (C) Images of HCs exposed 
to FM1-43 in either the absence 
or presence of Dynole 34-2. Like 
Neo-TR, the rapid appearance of 
FM1-43 puncta is abolished. Scale 
bar: 5 μm. (D) Twenty-five micro-
molar Dynole 34-2 is sufficient to 
block the appearance of almost 
all puncta. Note that Dynole 34-2 
activity is not rapidly reversible; 15 
minutes after Dynole 34-2 wash-
out, Neo-TR still does not appear 
in puncta following exposure (far 
right bar). Error bars: ± 1 SD. Each 
graphed symbol represents 3 fish, 
5 neuromasts per fish.
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not appear to be due to effects via MET activity. This inhibition 
is dose dependent over a range from 6 to 25 μM (Figure 6D). At 
25 μM, almost no puncta can be seen, either when zebrafish are 
exposed to a pulse of Neo-TR immediately following the Dynole 
34-2 treatment, or 15 minutes after the treatment (indicating that 
the effects of Dynole 34-2 are not readily reversible). We note that 
a different dynamin inhibitor — dynasore — does act like a MET 
inhibitor and blocks all FM1-43 and Neo-TR entry into HCs (see 
Figure 3B and Supplemental Figure 4).

Using Dynole 34-2, we evaluated how endocytosis con-
tributes to the lysosomal delivery of AGs by comparing Neo-
TR delivery to lysosomes in untreated versus Dynole-treated 
HCs. Because the effects of Dynole are irreversible over the 
time scales needed for these experiments, we pretreated HCs 
with Dynole and then transferred fish to media with Neo-TR 
for pulse labeling. We then transferred pulse-labeled fish to 
fresh medium, and evaluated lysosome delivery rates. Neo-TR 
delivery into lysosomes is delayed when endocytosis is inhib-
ited by Dynole 34-2 treatment (compare Figure 7A and Figure 

blocked by Dynoles (Tocris Biosciences), a group of bisindolylma-
leimides that specifically inhibit the GTPase activity of dynamin, 
and thereby its fission activity (62).

We pretreated zebrafish with 25 μM Dynole 34-2 for 5 min-
utes, and then exposed them to 50 μM Neo-TR. In HCs imaged 
immediately after Neo-TR exposure, Neo-TR was present in the 
HCs, but puncta were almost completely absent (Figure 6A). The 
level of diffuse signal present in the cytosol was comparable to that 
seen in HCs not treated with Dynole. The specific loss of puncta 
but not cytosolic signal suggests that AGs entering HCs traverse 
at least 2 routes — a dynamin-sensitive and a dynamin-insensitive 
route. We further assessed the effect of Dynole 34-2 by evaluat-
ing loading of FM1-43, a readout for MET activity. As with Neo-
TR, Dynole 34-2 treatment blocks FM1-43 delivery to puncta, 
but not entry into the diffuse pool (Figure 6, B and C). The effect 
of Dynole treatment is strikingly different from the effect of the 
MET inhibitor amiloride. Amiloride treatment severely inhibits 
all FM1-43 loading. Furthermore, amiloride’s effects are revers-
ible, unlike those of Dynole. Dynole’s inhibition of puncta does 

Figure 7. Endocytic inhibition delays lysosomal loading of 3 AGs. (A) Quantification of Neo-TR loading into lysosomes (method described in Figure 5C). 
Intensity within lysosomes is initially approximately 2.5-fold higher in puncta compared with cytosol. This value increases to approximately 5-fold after 30 
minutes. Error bars: ± 1 SD. Each graphed symbol in A, B, D, and E represents 1 fish, 3 neuromasts per fish. (B) HCs treated with Dynole 34-2 show reduced 
rates of Neo-TR delivery into lysosomes (compare with A). Error bars: ± 1 SD. (C) Images of HCs exposed to a 50-μM pulse of either Neo-TR or Gent-TR 
(GTTR). Compared with Neo-TR, GTTR shows more signal in puncta, and less in the cytosol. Scale bar: 5 μm. (D) Quantification of delivery of labeled neo-
mycin, gentamicin, and G418 to lysosomes immediately after pulse exposure and 30 minutes later. Error bars: ± 1 SD. (E) HCs pretreated with Dynole 34-2 
show delayed delivery of neomycin, gentamicin, and G418 to lysosomes relative to HCs not treated with Dynole. Error bars: ± 1 SD. (F) Summary plot of 
lysosomal loading rates for the 3 tested AGs, each with and without Dynole pretreatment. +Graphed values indicate the change in relative amount of signal 
in lysosomes compared with the cytosol between 0 and 30 minutes (e.g., the slopes of purple dashed lines in A and B). Error bars: ± 1 SD for 3 replicates.  
*P < 0.05 based on Mann-Whitney U test.
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the cytosol into autophagic vesicles that then fuse with lysosomes. 
3-Methyladenine (3-MA), a PI3K inhibitor, is routinely used to 
inhibit macroautophagy (63) and has been used previously in live 
zebrafish (64). We found that 3-MA treatment dramatically blocks 
the slower delivery of AGs into lysosomes following a Neo-TR 
pulse exposure when dynamin activity is inhibited (Figure 8A, 
right panels). 3-MA treatment does not block rapid puncta forma-
tion if dynamin is not inhibited (not shown), nor does it affect the 
total amount of AGs loaded into HCs (Figure 8B). Based on these 
findings, it appears that autophagosomes capture AGs directly 
from the cytosol and fuse with lysosomes, and that this route is 
separate from the dynamin-dependent endocytic route.

Evaluating how lysosomal delivery of AGs affects HC toxicity. 
We next asked whether lysosomal delivery alters the toxicity of 
different AGs. Lysosomes can release pro-death signals (65, 66), 
or alternatively they can sequester molecules away from toxic tar-
gets. Previous work has shown that over short time frames (30–60 
minutes), neomycin is more toxic to HCs than gentamicin (28). As 
shown above, Gent-TR is more efficiently delivered to lysosomes 
than Neo-TR (Figure 7F), suggesting that lysosomal capture is at 
least initially cytoprotective. To test this idea, we treated zebra-
fish with Dynole 34-2 to delay lysosomal delivery of neomycin or 
gentamicin, and evaluated how this affected the toxicity of these 
2 AGs. Dose-response functions for zebrafish pretreated with 
Dynole revealed that delaying lysosomal delivery has little effect 
on the toxicity of neomycin (Figure 9A), but significantly increases 
the toxicity of gentamicin, most notably at higher concentrations 
(Figure 9B). We also compared the amount of labeled AG in the 
cytosol with and without Dynole 34-2 treatment. Dynole 34-2 
treatment increases the amount of Gent-TR present in the cyto-
solic fraction 15 minutes after a pulse exposure by 16.1% (Supple-
mental Figure 5). We do not detect an increase in the cytosolic 
fraction for Neo-TR, where the larger cytosolic pool may make 
the additional signal difficult to measure. These observations may 
explain why inhibiting endocytosis is more effective at altering the 
HC toxicity profile of gentamicin compared with neomycin.

Evaluating relationships between MET activity, HC loading rates, 
lysosomal delivery rates, and AG toxicity. Drugs that block FM1-43 
loading, a proxy for MET activity, prevent entry of Neo-TR (Figure 
3C). At lower concentrations, many of these drugs have intermedi-
ate effects. We next evaluated the effects of 1 drug — benzamil — a 
close structural relative of the epithelial sodium channel blocker 
amiloride that also inhibits MET (67, 68). Previous work shows 
that a 50-μM pretreatment and coexposure to benzamil protects 
HCs from both neomycin and gentamicin (44). We evaluated Neo-
TR loading in HCs exposed to a range of benzamil concentrations 
that show partial to nearly complete block of Neo-TR loading — 0 

7B). These results demonstrate that AG entry into lysosomes is 
dependent on endocytosis, but over time AGs do accumulate in 
lysosomes in an endocytosis-independent manner.

We next asked whether the lysosomal delivery rates of struc-
tural variants of AGs are distinct. Pulse exposures of Neo-TR 
show a prominent diffuse signal in the cytoplasm (Figure 7C, top). 
Gent-TR, in contrast, shows a prominent signal in lysosomes and 
a less obvious diffuse pool (Figure 7C, bottom). To test whether 
this distribution reflects more efficient delivery to lysosomes, we 
quantified lysosomal delivery rates for both gentamicin and the 
structurally closely related AG G418, and compared these with the 
behavior of neomycin. Lysosomal delivery rates of both Gent-TR 
and G418-TR are significantly higher than rates for Neo-TR (Fig-
ure 7D). For all of these AGs, Dynole 34-2 treatment reduces the 
delivery rate to lysosomes over a 30-minute period (compare Fig-
ure 7D and Figure 7E; and see summary plot, Figure 7F). Different 
AG structures show different relative rates of accrual in diffuse 
and lysosomal compartments, and dependence on endocytic pro-
cesses for delivery to the lysosome.

While Dynole 34-2 treatment abolishes puncta that appear 
rapidly after exposure to Neo-TR (within 5 minutes; Figure 6A), 
puncta do appear in the cytosol at later times. They are easily 
detected 20 minutes after the Neo-TR pulse in Dynole 34-2–treat-
ed HCs (Figure 8A, left panels). This is not due to reversibility of 
the Dynole 34-2 treatment. Exogenous Neo-TR added 15 min-
utes after Dynole 34-2 treatment and washout still does not rap-
idly appear in puncta in HCs imaged immediately after the pulse 
(Figure 6D). The later appearance of puncta indicates a lysosomal 
delivery route that is independent of dynamin-mediated endo-
cytosis from the plasma membrane. This delivery also occurs in 
the absence of any extracellular Neo-TR because it occurs after 
washout of the Neo-TR pulse — likely indicating direct delivery 
from the cytosolic pool to lysosomes. We evaluated whether this 
delivery is via macroautophagy — the capture of components in 

Figure 8. An autophagic pathway delivers Neo-TR to lysosomes and is 
independent of endocytosis. (A) HCs exposed to Dynole 34-2, washed out, 
and then exposed to Neo-TR in the absence or presence of the macroauto-
phagy inhibitor 3-methyladenine (3-MA). In the absence of 3-MA, Neo-TR 
accumulates in lysosomes less than 5 minutes after the Neo-TR pulse (left 
panels). 3-MA abolishes the accumulation of Neo-TR in the lysosomes of 
HCs pretreated with Dynole 34-2 (right panels). Scale bar: 5 μm. (B) Treat-
ment with 3-MA does not affect loading of Neo-TR. The loss of labeling in 
puncta is not due to an overall reduction in Neo-TR entry. Error bars: ± 1 SD. 
Each graphed symbol represents 1 fish, 5 neuromasts per fish.
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ing HCs, AGs preferentially enter mechanosensory hair cells of the 
lateral line (LL) system compared with other tissues. AGs enter api-
cally through several processes that are all gated by MET. An endo-
cytic route requires dynamin activity and rapidly delivers AGs to 
lysosomes. A route independent of dynamin-mediated endocytic 
events delivers AGs directly to the cytosol, presumably through the 
MET channel. A fraction of this cytosolic pool is also delivered to 
lysosomes through a PI3K-dependent, macroautophagic process. 
These data are summarized in the schematic in Figure 11.

Endocytosis and AG toxicity. In HCs, the role of endocytosis in 
AG entry is unclear. In the kidney (thought to lack the mechano-
sensitive channel present in HCs), the involvement of endocytic 
processes is well established. AGs in proximal tubule cells bind to 
megalin, a multiligand endocytic receptor (19). When exposed to 
gentamicin, the kidneys of megalin-deficient mice show severely 
reduced gentamicin levels. Megalin-deficient mice also exhibit 
hearing loss, but this has been attributed to effects on margin-
al cells of the stria vascularis; megalin expression is not seen in 
cochlear HCs (71). Previous studies have evaluated whether inhib-
iting endocytosis protects HCs, with the hypothesis that blocking 
this entry path will block overall AG entry and protect HCs (52). 
This prediction is consistent with work in the kidney, where AG 
endocytosis underlies AG toxicity (19). However, we show that 
in zebrafish LL HCs, endocytic processes rapidly sequester AGs 
into lysosomes. The fact that there is no change in overall load-
ing when endocytosis is inhibited suggests that endocytic and 
nonendocytic routes compete. Consistent with this, the relative 
cytosolic fraction increases when HCs are exposed to higher AG 
concentrations. It appears therefore that the endocytic route can 
be overwhelmed. Our work suggests that endocytosis and lyso-
somal delivery sequester AGs away from cytotoxic targets. In this 
scenario, inhibiting endocytosis should increase AG toxicity, and 
we see this for gentamicin at short treatment times and high con-
centrations. Consistent with lysosomal delivery routes sequester-
ing AGs from toxic targets, promoting lysosomal delivery through 
autophagy of AGs is cytoprotective in the kidney (72).

Role of MET in AG entry. A number of studies suggest that AG 
entry into inner ear hair cells occurs directly through the MET 
channel (36, 73). Delivery through the MET channel should not 
require endocytic machinery, and could account for the diffuse 
pool of cytosolic AGs we see in exposed HCs. Movement of AGs 

Figure 9. Inhibition of endocytosis differ-
entially affects AG-induced HC death. (A) 
Dose-response functions for 1 hour neomy-
cin exposure with and without Dynole 34-2 
pretreatment. Inhibiting endocytosis before 
exposure to neomycin does not significantly 
affect HC survival in exposed zebrafish.  
(B) Dose-response functions for 1 hour gen-
tamicin exposure with and without Dynole 
34-2 pretreatment. In contrast to neomycin, 
gentamicin toxicity is affected. At higher 
concentrations of gentamicin, inhibiting 
endocytosis increases HC death. Error bars: ± 
1 SD. Each graphed symbol represent 5 fish, 5 
neuromasts per fish. ANOVA P < 0.01 for sig-
nificance of Dynole treatment to protection 
from gentamicin.

to 200 μM. In HCs pretreated for 5 minutes with 200 μM benzamil 
and then cotreated with Neo-TR and benzamil, almost no Neo-TR 
is detectable (Figure 10A). At 25 μM benzamil, the average total 
amount of loaded Neo-TR was reduced by roughly half in com-
parison with untreated HCs. To test how this range of benzamil 
concentrations also affects MET activity, we looked at this same 
dose-response function for FM1-43 uptake. Data for FM1-43 are 
more variable, but show a response similar to the Neo-TR uptake 
response (Figure 10B). We next looked at a narrower range of ben-
zamil concentrations (0–50 μM), and evaluated how incomplete 
reductions in Neo-TR loading affect the delivery of Neo-TR to 
lysosomes. Exposure to benzamil at concentrations that reduce 
but do not block either MET activity or Neo-TR loading appears 
to alter how Neo-TR transits different intracellular pathways. As 
the total amount of Neo-TR loading is reduced by benzamil, the 
relative amount of Neo-TR in lysosomes increases (Figure 10C). 
Fifty-micromolar benzamil treatment results in a roughly 2-fold 
increase in the relative fraction in lysosomes compared with 
untreated cells. Lastly, we evaluated how this same concentration 
range of benzamil affects HC survival. There is a clear inverse rela-
tionship between the effects of benzamil on Neo-TR loading and 
on HC survival. These data suggest that reducing AG entry results 
in synergistic protective effects. Both overall amounts of AGs in 
HCs are lowered, and larger fractions of cytosolic AGs are seques-
tered in lysosomes.  Both of these activities restrict AG access to 
cytotoxic targets.

Discussion
Understanding AG toxicity has proven challenging. AGs can 
interact with many cellular components (e.g., phospholipids in 
the plasma membrane, mitochondrial components, proteins in 
ER membranes, etc.) (8, 7, 69). It is clear, however, that cellular 
entry is a key component of toxicity. AGs do not accumulate in 
most cell types, though inner ear HCs and kidney cells are excep-
tions (30, 70). Understanding AG entry and accumulation in HC 
compartments may therefore shed light on the cellular events 
underlying AG toxicity.

By imaging superficial HCs in living intact fish, we were able 
to monitor AG loading when the extracellular environment regu-
lating ion flow was unperturbed, MET channels were functioning, 
and junctions with surrounding cells were intact. In these function-
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exposure time increases, and as concentration increases; that is, 
first derivatives of loading curves have positive slopes.

A number of alternative entry mechanisms have been pro-
posed in addition to the MET channel or through endocytosis. It 
has been suggested that AGs enter through other channels includ-
ing transient receptor potential channels (75–77). The sodium glu-
cose transporter SLC5A2 may also play a role in AG transport in 
the kidney (78). Whatever additional mechanisms of uptake are 
active, our data suggest that these mechanisms are universally 
under control of MET activity in hair cells.

Mechanism of protection of small-molecule protectants. Having 
characterized the routes of AG entry, we asked how protective 
molecules alter these processes. A suite of unrelated compounds 
block both MET activity and AG entry. These molecules span 
structures that do not share known targets or obvious chemical 
characteristics. Channels passing AGs are broadly permissive to 
disparate kinds of molecules that impede normal flux (79); these 
molecules may compete with AGs for channel access. Another 
possibility is that the molecules perturb lipid tension in the apical 
region. The architecture of stereocilia may maximize conversion 
of mechanical movement into membrane deformation. Altering 
lipid tension where channels reside could regulate their activity, as 
has been reported for other channel proteins (80). AG entry could 
then be especially sensitive to molecules that interact with the api-
cal lipid bilayer, not necessarily just the channel itself (81). At this 

directly through the MET channel readily explains why loss of 
functional MET activity protects HCs from AG exposure (20). 
However, it is not clear why loss of MET activity should prevent 
dynamin-dependent endocytic uptake of AGs, which we see as 
loss of punctate accumulations immediately after pulse exposure. 
Alterations in local calcium in the stereocilia could alter calci-
um-dependent endocytic processes. Alternatively there may be a 
direct movement of AGs from within the channel into membranes 
that are then endocytosed. Notably, though, AGs are present in 
the lumen of lysosomes and do not appear to be enriched on lyso-
somal membranes (where they would be predicted to arrive if they 
moved to the lysosome through membrane fusion events), and the 
charge of AGs does not favor this scenario. It is also possible that 
there are a class of apical endosomes that rapidly acquire AGs after 
passage through the channel that could be sensitive to Dynole 34-2 
treatment. However, the effect of Dynole 34-2 treatment is nearly 
instantaneous, so presumably these endosomes would have to be 
very dynamic to be sensitive at that time scale.

Many studies report that AGs themselves physically block the 
channel and impede MET activity — inhibiting electrophysiologi-
cal responses of stimulated HCs (36, 73, 74). When we expose LL 
HCs to AG concentrations that do not cause obvious HC damage, 
we do not observe inhibition of further AG loading. In fact, at non-
cytotoxic concentrations, AGs in LL HCs appear to promote their 
own entry. Exposed HCs show increased loading rates both as 

Figure 10. Inhibiting MET activity decreases the rate of 
AG loading into HCs, increases the relative amount of 
AGs delivered to lysosomes, and protects HCs from AG 
exposure. (A) Benzamil, an inhibitor of MET, impedes entry 
of Neo-TR into HCs in a dose-dependent manner. Zebrafish 
were pre-exposed for 5 minutes to indicated concentrations 
of benzamil, and then cotreated with 50 μM Neo-TR for 5 
minutes, washed, and imaged. Neo-TR signal was quanti-
fied as described in Figure 3A. (B) Treatment with benzamil 
also impedes FM1-43 entry into HCs in a dose-dependent 
manner, similarly to its analog amiloride, shown in Figure 
3B, and consistent with its activity as a MET inhibitor. 
(C) The relative amount of Neo-TR loaded into lysosomes 
increases with increasing benzamil concentrations. Loading 
of Neo-TR into lysosomes was assayed as described in 
Figure 5C. (D) This same range of benzamil concentrations 
shows an increasing degree of HC protection from a 1-hour, 
200-μM neomycin exposure. HC survival was assessed as 
described in Figure 1. Error bars: ± 1 SD. Each graphed sym-
bol represents 1 fish, 5 neuromasts per fish.
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Implications for other studies. In the mammalian inner ear, 
punctate accumulations of AGs have been observed in many stud-
ies, although they have not been extensively characterized. In mice 
exposed to systemic Gent-TR, fluorescent AGs appear to transit 
vestibular vasculature to first reach dark and transitional cells, 
where they appear as very bright puncta (defined in this study as 
6+-pixel structures that exceed the 99% quantile of fluorescence 
intensity). Puncta are evident within 30 minutes of systemic expo-
sure (85). In sensory hair cells, fluorescent signal is predominantly 
diffuse, but localized accumulations are present. Notably, after 
exposure, fluorescent Gent-TR can persist in transitional cells for 
more than 28 days — likely trapped in lysosomes (86). The details 
of how AGs reach sensory cells and the kinetics of their entry into 
those cells are complicated in the mammalian ear. Here we show 
that zebrafish studies can identify likely intracellular trafficking 
routes transited in sensory hair cells.

This work also demonstrates more broadly how labeling a 
compound of interest and following its behavior at high resolu-
tion in live differentiated tissues can potentially inform us about 
how the compound behaves in a specific physiological context. 
Such studies can identify cellular processes in specific cell types 
that may provide tractable targets for combinatorial drug ther-
apies. High-resolution studies can reveal processes that can 
be targeted in order to either enhance or restrict cell entry and 
metabolic processing (here, the separable dynamin-depen-

time, the mechanism is unclear, but MET activity is certainly per-
turbed by many compounds, and when it is blocked, LL HCs are 
protected from AG exposure. AGs then do not enter HCs, through 
either endocytic or nonendocytic routes.

When AG loading is reduced but not blocked, how protection 
occurs is more complicated. We previously identified both drug 
treatments and genetic mutations that impede AG entry (42, 82, 
83). Here we show that reducing the total amount of AGs entering 
the cell also results in a larger relative fraction of AGs being deliv-
ered to the lysosomal compartment. Furthermore, this lysosomal 
delivery appears to be cytoprotective, at least in short-term exper-
iments. Using approaches described here, we could potentially 
quantify lysosomal delivery rates for many different AGs. These 
assays may help classify which AGs are less damaging to HCs.

In further studies, it would be interesting to assess the long-term 
consequences of AG sequestration in lysosomes. LL HCs that are 
exposed to a nontoxic pulse of Neo-TR still have signal in lysosomes 
7 days after washout (Supplemental Figure 6). This is consistent 
with our quantitative studies and others showing that labeled AGs 
are not readily exported from HCs (84). HCs exposed continuously 
for 7 days to nontoxic neomycin levels (20 μM) look morphological-
ly normal (Supplemental Figure 6) and have active MET based on 
their uptake of FM1-43. However, effects of chronic lysosome accu-
mulation will need to be further evaluated over longer time courses 
in systems that do not replace HCs.

Figure 11. Schematic summarizing entry 
and distribution of AGs in live LL HCs, and 
the effects of compounds that alter these 
processes. AGs initially appear in the apical 
region, first labeling stereocilia, and kinocilia. 
They next appear in both diffuse and punc-
tate intracellular pools. Different AGs exhibit 
different delivery rates to these different 
pools. When MET activity is blocked (e.g., by 
pretreatment and cotreatment with amiloride), 
all AGs fail to enter HCs. When dynamin-depen-
dent endocytosis is inhibited (e.g., by Dynole 
34-2 pretreatment), rapid delivery of AGs to the 
cytosol still occurs, but AG-labeled puncta are 
initially absent. Puncta do appear later. These 
late-forming puncta do not appear when both 
dynamin-dependent endocytosis and macro-
autophagy are inhibited (by pretreatment with 
Dynole 34-2 and pre- and cotreatment with the 
macroautophagy inhibitor 3-MA).
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to an imaging chamber containing E3/0.2% MESAB. Neuromasts were 
immediately located by eye with transmitted differential interference 
contrast (DIC), and fluorescent images were then captured.

Quantification of AG uptake. To quantify total AG loading into 
HCs, we wrote a MATLAB script that opens 3D 2-channel 16-bit image 
stacks, identifies the HC volume (by identifying green signal in myo6-
GFP–expressing fish), extracts the red (AG–Texas red) signal in this 
HC volume, and finally compares the mean AG–Texas red signal with 
the mean background signal (extracted from the region without myo6-
GFP signal). The script uses Otsu analysis to automatically determine 
a thresholding value that identifies HCs, and then uses this to generate 
a binary mask. Analyzed image stacks each contain 1 neuromast. At 
least 5 neuromasts were analyzed from at least 5 fish. Data are shown 
as average signal/background with standard deviations. Analyses 
were run in MATLAB version R2014b.

Quantification of lysosomal delivery. To quantify the rate of AG 
delivery to lysosomes, 5-day-old zebrafish were exposed to a pulse of 
20 μM Neo-BODIPY for 3 minutes and washed 3 times in E3 media. 
Zebrafish were maintained in E3 for 30 minutes, exposed to 25 μM 
Neo-TR for 5 minutes, and then washed 3 times in E3. Image stacks 
were taken (as described for AG loading) at the indicated times fol-
lowing the Neo-TR pulse exposure. Neo-BODIPY–labeled lysosomes 
were identified by Otsu thresholding of the green channel; this signal 
was used to define an image mask. Red signal from Neo-TR was then 
quantified in this region, as well as in the image outside of this region 
but diffusely in the HCs.

Figure preparation. Figures were prepared using Adobe Photoshop, 
Illustrator CS6, and GraphPad Prism 7.

Statistics. Statistical analyses were done using GraphPad Prism 
7.0. Specific analyses are indicated in the figure legends. Kruskal-Wal-
lis analysis followed by Holm-Šidák multiple comparison tests was 
used to compare indicated sets. ANOVA was used to evaluate dose 
responses. P values less than 0.05 were considered significant.

Study approval. Experiments were approved by the University of 
Washington Institution Animal Care and Use Committee.

Author contributions
DWH, RE, THL, EWR, and DWR designed the studies. DWH and 
THL conducted experiments. DWH, RE, and DWR analyzed data. 
DWH, EWR, and DWR wrote the manuscript.

Acknowledgments
The authors thank David White for fish care and Lalita Ramakrish-
nan, Brian Link, and Teresa Nicolson for the zebrafish lines 
(described in Methods). The Open Microscopy Environment 
(OME) provides downloadable MATLAB scripts to import 4D 
16-bit OME formatted files into the MATLAB environment. We 
called these subroutines in our script to analyze fluorescent AG 
loading into HCs. MATLAB “bioformats” scripts are available at 
https://www.openmicroscopy.org/site/products/bio-formats. 
Work was supported by National Institute on Deafness and Other 
Communication Disorders grants DC012881 and DC05987.

Address correspondence to: David W. Raible, University of Wash-
ington, Department of Biological Structure, Health Sciences Build-
ing H-501, 1959 NE Pacific Street, Seattle, Washington 98195-
7420, USA. Phone: 206.616.1048; E-mail: draible@uw.edu.

dent endocytic, nonendocytic, and autophagic routes). The 
activity of labeled compounds needs to be validated if they 
are being used as proxies for unlabeled compounds. However, 
labeling frequently does not disrupt activity of the target mol-
ecule, and many compounds of interest are fluorescent them-
selves. Advances in both labeling technologies and live-imaging 
modalities will continue to improve our ability to evaluate how 
cells respond to bioactive compounds.

Methods
Fish. Adult Danio rerio (zebrafish) were maintained in the Universi-
ty of Washington zebrafish facility. Experiments were carried out on 
zebrafish 5 days post fertilization (dpf). Zebrafish were maintained in 
E3 embryo media (14.97 mM NaCl, 500 μM KCl, 42 μM Na2HPO4, 150 
μM KH2PO4, 1 mM CaCl2 dihydrate, 1 mM MgSO4, 0.714 mM NaHCO3, 
pH 7.2) unless otherwise noted. The following genetic lines were used: 
brn3c-GFP [Tg(pou4f3:GAP-GFP)s273tTg] (87); sputniktj264 (also known as 
cdh23tj264) (35); and myo6-GFP (myo6b:eGFPw186). GFP-Rab7 fish were 
provided by the L. Ramakrishnan laboratory (Cambridge University, 
Cambridge, United Kingdom). They express the EGFP-Rab7 ORF 
from the Brian Link laboratory (Medical College of Wisconsin, Mil-
waukee, Wisconsin, USA). sputniktj264 fish were provided by T. Nicol-
son (Oregon Health and Science University, Portland, Oregon, USA).

Transgenesis constructs. Standard Gateway (Invitrogen) cloning 
techniques were used to generate transgenesis constructs under the 
control of either the HC-specific myosin 6b promoter (88) or the 

-actin (actb2) promoter (38).
Vital dye staining. Live swimming zebrafish were incubated in the 

indicated vital dyes, washed 3 times in embryo media, and immobi-
lized for imaging as described below. MitoTracker Green FM (Life 
Technologies) was used at 100 nM for 3 minutes. LysoTracker Green 
DND-26 (Life Technologies) was used at 50 nM for 3 minutes. FM1-43 
was used at 500 nM for 5 minutes.

Imaging. 5 dpf zebrafish were placed on their side in chambered 
coverglass wells containing E3 media with 0.2% MESAB (tricaine; 
MS-222; ethyl-m-aminobenzoate methanesulfonate). Fine nylon 
mesh and a brain slice anchor harp (Harvard Instruments) were 
placed over sedated zebrafish for stability during imaging. Imaged 
neuromasts on immobilized zebrafish had free access to surrounding 
media. Image stacks were captured at 16-bit depth with a Marian-
as spinning disk system (Intelligent Imaging Innovations) equipped 
with an Evolve 10-MHz EMCCD camera (Photometrics), Zeiss 
C-Apochromat ×63/1.2NA Water Objective, and a piezoelectric 
motorized stage (ASI). Camera intensifications were set to achieve 
exposure times less than 50 ms and maximum pixel intensities less 
than 75% of saturation, and were held constant across any experi-
ments that were directly compared. Tests were run to confirm lin-
ear sensitivity of the camera over detected intensity ranges. Image 
volumes were acquired at 0.8-μm intervals over 25 μm along the z 
axis (greater than the depth of the neuromast). GFP, green dyes, and 
FM1-43 fluorescence were acquired using 490 nm excitation and 
535/30 emission. Texas red fluorescence was acquired using 561 nm 
excitation and 617/73 emission.

AG pulse exposure. Live swimming zebrafish were transferred to 
wells containing indicated concentrations of labeled AGs. After the 
incubation period, zebrafish were pipette-transferred to 3 sequential 
wells containing E3 media for 30 seconds in each, and finally transferred 
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Weatherstone JH, Kopp-Scheinpflug C, Pilati N, Wang Y,
Forsythe ID, Rubel EW, Tempel BL. Maintenance of neuronal
size gradient in MNTB requires sound-evoked activity. J Neuro-
physiol 117: 756 –766, 2017. First published November 23, 2016;
doi:10.1152/jn.00528.2016.—The medial nucleus of the trapezoid
body (MNTB) is an important source of inhibition during the com-
putation of sound location. It transmits fast and precisely timed action
potentials at high frequencies; this requires an efficient calcium
clearance mechanism, in which plasma membrane calcium ATPase 2
(PMCA2) is a key component. Deafwaddler (dfw2J) mutant mice have
a null mutation in PMCA2 causing deafness in homozygotes (dfw2J/
dfw2J) and high-frequency hearing loss in heterozygotes (!/dfw2J).
Despite the deafness phenotype, no significant differences in MNTB
volume or cell number were observed in dfw2J homozygous mutants,
suggesting that PMCA2 is not required for MNTB neuron survival.
The MNTB tonotopic axis encodes high to low sound frequencies
across the medial to lateral dimension. We discovered a cell size
gradient along this axis: lateral neuronal somata are significantly
larger than medially located somata. This size gradient is decreased in
!/dfw2J and absent in dfw2J/dfw2J. The lack of acoustically driven
input suggests that sound-evoked activity is required for maintenance
of the cell size gradient. This hypothesis was corroborated by selective
elimination of auditory hair cell activity with either hair cell elimina-
tion in Pou4f3 DTR mice or inner ear tetrodotoxin (TTX) treatment.
The change in soma size was reversible and recovered within 7 days
of TTX treatment, suggesting that regulation of the gradient is
dependent on synaptic activity and that these changes are plastic
rather than permanent.

NEW & NOTEWORTHY Neurons of the medial nucleus of the
trapezoid body (MNTB) act as fast-spiking inhibitory interneurons
within the auditory brain stem. The MNTB is topographically orga-
nized, with low sound frequencies encoded laterally and high frequen-
cies medially. We discovered a cell size gradient along this axis:
lateral neurons are larger than medial neurons. The absence of this
gradient in deaf mice lacking plasma membrane calcium ATPase 2

suggests an activity-dependent, calcium-mediated mechanism that
controls neuronal soma size.

PMCA2; calyx of Held; synaptic transmission; auditory brain stem;
tonotopic gradients

ACTION POTENTIALS generated from both ears are transmitted to
the superior olivary complex via the globular and spherical
bushy cells of the anterior ventral cochlear nucleus. Ipsilateral
excitatory and contralateral inhibitory projections are inte-
grated in the lateral superior olive (LSO) to calculate interaural
intensity differences (see Tollin 2003 for review). Although the
excitatory input to the LSO is direct, the inhibitory circuit
includes a signal inversion upon transmission through the
medial nucleus of the trapezoid body (MNTB). These projec-
tions must converge in temporal register (Tollin 2003) and
hence require fast transmission in the globular bushy cell-
MNTB pathway to compensate for the additional synapse
(Taschenberger and von Gersdorff 2000; Wang et al. 1998).
MNTB neurons are driven by large glutamatergic synapses, the
calyces of Held (Schneggenburger and Forsythe 2006; von
Gersdorff and Borst 2002), and can sustain in vivo instanta-
neous firing rates of "300 spikes/s (Kopp-Scheinpflug et al.
2008). With such high firing frequencies, presynaptic residual
calcium must be cleared rapidly to avoid synaptic facilitation
and/or depression. Similarly, calcium accumulation must also
be controlled in the postsynaptic MNTB neuron.

PMCA2, the most efficient of the plasma membrane calcium
ATPases, is localized in the stereocilia of sensory hair cells in
the cochlea and is necessary for hair cell survival (Dumont et
al. 2001; Kozel et al. 1998, 2002; McCullough and Tempel
2004; Street et al. 1998; Takahashi and Kitamura 1999; Ya-
moah et al. 1998). Spontaneous mutations in the gene that
encodes PMCA2 decrease expression and are associated with
hearing loss in both humans and mice (Brini et al. 2007;
Ficarella et al. 2007; McCullough et al. 2007; Schultz et al.
2005). These mutations in mice provide a valuable genetic tool
to study PMCA2 in a mammalian model. The first PMCA2
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mutant discovered was deafwaddler (dfw), which results in a
phenotype with auditory and vestibular deficits. The dfw point
mutation renders the PMCA2 pump 60% less efficient com-
pared with the wild type (WT) (Penheiter et al. 2001; Street et
al. 1998). Another example is the dfw2J mutation, which is a
frameshift mutation resulting in a premature stop codon (Street
et al. 1998). Homozygous dfw2J mutants (dfw2J/dfw2J) produce
no PMCA2 protein, causing a more severe phenotype of
deafness and ataxia, while heterozygous mutants (!/dfw2J)
exhibit a phenotype limited to high-frequency hearing loss
(McCullough et al. 2007). PMCA2 is highly expressed in avian
brain stem neurons involved in sound localization, and its
expression is regulated by synaptic activity (Wang et al. 2009),
but little is known about PMCA2 expression and function in
the central auditory pathway of mammals.

Here we used anatomical, pharmacological, and electrophys-
iological methods to study the expression and function of
PMCA2 in the MNTB. We show that, unlike in the peripheral
auditory system, PMCA2 is not necessary for neuronal survival
in the MNTB. Unexpectedly, we discovered a tonotopically
organized cell size gradient in the MNTB that is regulated by
sound-evoked activity and is absent in deaf PMCA2 mutants.

MATERIALS AND METHODS
Animals. Adult (5–7 wk old) CBA/CaJ deafwaddler (dfw2J), CBA/

CaJ deafwaddler (dfw) (Street et al. 1998), and Pou4f3 DTR (Golub et
al. 2012; Mahrt et al. 2013; Tong et al. 2015) mice of either sex were
obtained from the University of Washington breeding colonies. Mice
were genotyped with DNA obtained from tail biopsies. PCR ampli-
fication of the mutation (dfw) or insertion [diphtheria toxin receptor
(DTR)] were electrophoresed through an agarose gel, and samples
were detected with ethidium bromide and a transilluminator. For
dfw2J mutants, genotyping was done with a TaqMan SNP genotyping
assay (Applied Biosciences). Detailed protocols are available online
(http://depts.washington.edu/tempelab/Protocols/DFW2J.html). All
manipulations were carried out in accordance with protocols approved
by the University of Washington Animal Care Committee and were
performed in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals.

Diphtheria toxin treatment. Diphtheria toxin (DT) was adminis-
tered to DTR mice, genetically engineered to express the human DTR
selectively in hair cells (Tong et al. 2015). A single 25 !g/kg dose of
DT (List Biological Laboratories, no. 150) was delivered via intra-
muscular injection to 4-wk-old DTR mice. Within 6 days after DT
injection, DTR mice lose all of their hair cells and are completely deaf
(Tong et al. 2015). After DT injection, DTR mice were allowed to
survive for 2 wk before tissue collection.

Histology. The animals were anesthetized with an overdose of
Nembutal and perfused with a saline-heparin solution followed by 4%
paraformaldahyde. The brains were exposed in the skull and stored in
4% paraformaldahyde overnight. The brains were then dissected from
the skull and postfixed for an additional hour. The tissue was trans-
ferred to 10% sucrose in 0.1 M phosphate buffer until sinking, which
took #3 h. The tissue was transferred again to 30% sucrose in 0.1 M
phosphate buffer, where it remained until sinking, which took #24 h.
Coronal sections of 10- or 40-!m thickness were cut through the brain
stem with a cryostat or freezing stage on a sledge microtome.
Free-floating sections were stored in phosphate-buffered saline (PBS;
pH 7.4).

Immunocytochemistry. The fixed sections were treated with pri-
mary antibody for PMCA2 (dilution 1:250) in PBS with 0.3% Triton
X-100 for 2 h at room temperature and washed in PBS overnight at
4°C. The sections were then incubated with microtubule-associated
protein 2 (MAP2) primary antibody at 1:1,000 in PBS with 0.3%

Triton X-100 for 1.5 h at room temperature. The sections were washed
in PBS before incubation in Alexa Fluor secondary antibodies (1:200;
Molecular Probes, Eugene, OR) for 2 h at room temperature. The
sections were treated with DAPI before being coverslipped with
Fluoromount-G (Southern Biotech).

Primary antibodies. Polyclonal anti-PMCA2 (catalog no. PA1-915,
rabbit) was purchased from Affinity Bioreagents (Golden, CO). The
immunogen was a synthetic peptide corresponding to amino acid residues
5–19 of human PMCA2 protein, sequence: TNSDFYSKNQRNESS.
This sequence is conserved between human and mouse PMCA2. Mono-
clonal anti-MAP2 (catalog no. MAB3418, mouse) was purchased from
Chemicon International. The immunogen was bovine brain microtubule
protein and binds to MAP2a and MAP2b.

Nissl staining. Alternate sections from each animal were mounted
and stained with thionine for 5 min and then dehydrated in xylene,
mounted, and coverslipped with DPX (Sigma).

Confocal microscopy. Images for the immunocytochemistry exper-
iment were taken with an Olympus FV-1000 confocal microscope
with an oil $100 objective. A 5.6-!m-thick z stack was deconvolved
with the Huygens deconvolution system. The image was cropped to
contain one cell (#1/4th of original image). Brightness and contrast
were adjusted to maximize visualization of the calyx.

Light microscopy. Images for morphology experiments were taken
with a Zeiss Axioplan 2ie using a $10 or $40 objective. Each section
was positioned so that the midline was perpendicular or parallel to the
x-axis of the image. The focal plane selected for these images was
approximately in the center of the section thickness to the nearest
micrometer. For $10 magnification one image was taken. For $40
magnification 1–16 images were taken covering the entirety of the
MNTB in that section. The $40 images were used to generate a montage
with MosaicJ in ImageJ and saved as one image.

Profile counts. To determine the number of neurons in each
MNTB, all neurons in the MNTB of stained sections were counted
online with a counting grid. The slides were randomized to blind the
counter to the genotype of the tissue. The experimenter focused up
and down with a $40 objective in each square of the counting grid.
Only neurons with a nucleus and a nucleolus were counted. The total
number of neurons present in each MNTB was estimated by multi-
plying by 2, since only half of the slices were analyzed (see Fig. 2A).

MNTB volume. The volume of the nucleus was determined with the
cross-sectional area of the MNTB in each thionine-stained section.
Images of the MNTB in each section were taken with a $10 lens and
randomized for blind analysis. The MNTB was outlined with ImageJ;
only cells that were darkly stained and %20 !m from their nearest
neighbor were included in the MNTB perimeter. This outline was
used to calculate the area of the MNTB in each section. The volume
of the MNTB was estimated by multiplying each MNTB area by 40
!m. This value was doubled, since only every other section of the
MNTB was analyzed. These individual areas were summed to find the
total volume of each MNTB (see Fig. 2B).

Neuron size. Neuron size was measured with $40 montaged
images of coronal sections such that the montage included the entire
extent of the nucleus in any given section. Each montaged image was
given a random number file name to blind the experimenter to
genotype and subject identity. All cells in the montaged image that
contained a defined nucleus, nucleolus, and unobstructed cell mem-
brane were analyzed. The cross-sectional area of the neuron as well as
the x- and y-coordinates of the region of interest’s central pixel within
the image were obtained with the algorithm provided by ImageJ (Fig.
2C). The x- and y-coordinates were then used to calculate the distance
from the midline of the brain section for each individual neuron.

Tonotopic axis. The tonotopic gradient in the MNTB extends from
neurons encoding high frequencies dorsomedially to neurons encod-
ing low frequencies ventrolaterally (Sonntag et al. 2009). Therefore
the tonotopic axis was defined as the longest dorsomedial-to-ventro-
lateral line that could be drawn through the MNTB to estimate the
expected tonotopic axis in each montaged image of the coronal
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sections. This line was divided into thirds, and then two additional
lines were drawn perpendicular to the tonotopic axis to delineate
medial, central, and lateral areas.

Slice preparations. Mice (postnatal days 13–20) were killed by
decapitation in accordance with the UK Animals (Scientific Proce-
dures) Act 1986, and brain stem slices containing the superior olivary
complex were prepared as previously described (Tong et al. 2013).
Transverse slices (200 !m thick) containing the MNTB were cut in a
low-sodium artificial CSF (aCSF) at #0°C. Slices were maintained in
a normal aCSF at 37°C for 1 h, after which they were stored at room
temperature (#20°C) in a continually recycling slice maintenance
chamber. Composition of the normal aCSF was (mM) 125 NaCl, 2.5
KCl, 26 NaHCO3, 10 glucose, 1.25 NaH2PO4, 2 sodium pyruvate, 3
myo-inositol, 2 CaCl2, 1 MgCl2, and 0.5 ascorbic acid; pH was 7.4,
bubbled with 95% O2-5% CO2. For the low-sodium aCSF, NaCl was
replaced by 250 mM sucrose and CaCl2 and MgCl2 concentrations
were changed to 0.1 and 4 mM, respectively. Experiments were
conducted at a temperature of 36 & 1°C with a Peltier-driven envi-
ronmental chamber (constructed by University of Leicester Mechan-
ical and Electronic Joint Workshops) or with a CI7800 (Campden
Instruments) feedback temperature controller.

Patch-clamp recording. Whole cell patch-clamp recordings were
made from visually identified MNTB neurons ($40 water-immersion
objective, differential interference contrast optics) with an Axopatch
200B amplifier/Digidata 1440 (synaptic physiology) or a Multiclamp
700B amplifier (capacitance measures) and pCLAMP 10 software
(Molecular Devices, Sunnyvale, CA), sampling at 50 kHz and filtering
at 10 kHz. Patch pipettes were pulled from borosilicate glass capil-
laries (GC150F-7.5, OD: 1.5 mm; Harvard Apparatus, Edenbridge,
UK) with a two-stage vertical puller (PC-10; Narishige, Tokyo,
Japan). Their resistance was #3.0 M' when filled with a patch
solution containing (mM) 97.5 K gluconate, 32.5 KCl, 40 HEPES, 5
EGTA, 1 MgCl2, and 5 Na2 phosphocreatine; pH was adjusted to 7.2
with KOH. Osmolarity was #300 mosM. Voltage signals were not
corrected for the liquid junction potential ((11 mV). Whole cell
series resistances were %10 M', compensated by 70%, and record-
ings in which the series resistance changed "2 M' were eliminated
from analysis. Excitatory postsynaptic currents (EPSCs) were elicited
by stimulation through a bipolar platinum electrode positioned across
the midline. The stimulating electrode was connected to a voltage
stimulator (DS2A; Digitimer) delivering 200-!s, 5- to 50-V pulses at
a rate of 0.25 Hz. The voltage stimulus was adjusted to give a large
synaptic response from one calyceal input in each recording. EPSCs
were recorded in the presence of 10 !M bicuculline, 0.5–1 !M
strychnine, and 50 !M 2-amino-5-phosphonopentanoic acid (D-AP5).
Tetrodotoxin (TTX; 0.5 !M) was added in addition to the above
cocktail to record miniature EPSCs (mEPSCs). All chemicals and
drugs were obtained from Sigma UK, with the exception of bicucul-
line and D-AP5 from Tocris (Bristol, UK). EPSC decay times and
amplitudes were measured from averaged traces (10–15 records).
mEPSC decay times were measured from averaged traces (20 re-
cords). The holding potential was set to (40 mV.

Capacitance measures. Cell capacitance was assessed in whole cell
voltage-clamp recordings with pCLAMP 10 software. For each neu-
ron the capacitance value was read out directly as the telegraphed
signal from the amplifier. At the end of each recording, a low-
magnification ($4) image was taken to document the location of the
pipette tip (still in the cell) with respect to the midline. These images
were then used to divide the MNTB into medial, central, and lateral
divisions as introduced above.

In vivo recordings. Spontaneous and sound-evoked MNTB neuron
responses were recorded from 16 adult mice (3 dfw2J/dfw2J, 13 WT
CBA/Ca). During surgical preparation and recording, animals were
anesthetized by intraperitoneal injection of a mixture of ketamine
hydrochloride (100 mg/kg body wt) and xylazine hydrochloride (5
mg/kg body wt). The level of anesthesia was maintained by hourly
subcutaneous injections of one-third of the initial dose. MNTB single-

unit recordings characteristically possess a prepotential, followed by a
biphasic postsynaptic action potential, and in WT responded to
sound from the contralateral ear (Kopp-Scheinpflug et al. 2003).
The characteristic waveform allowed identification of spontaneous
MNTB neuron firing even in the deaf mice. Spontaneous firing was
recorded for a period of 4 s. Synaptic delay was measured from
peak to peak between the prepotential and the postsynaptic action
potential (Fig. 1F).

TTX experiments. All measurements for the TTX experiments were
carried out with tissue previously collected by Pasic and Rubel (Pasic
et al. 1994; Pasic and Rubel 1991). These studies used adult Mongo-
lian gerbils of either sex. Cochlear ablations were performed by
removing the pinna, incising the tympanic membrane of one ear, and
removing the malleus. The bony walls of all three turns of the cochlea
were then opened, the cochlear contents were crushed and aspirated,
and the modiolus was fractured. For TTX treatment, TTX crystals
(Sigma Chemicals, St. Louis, MO) were suspended and placed on a
disk of ethylene vinyl acetate copolymer resin (Elvax). Small pieces
of the disk (0.1 g) containing #500 ng of TTX were cut with a
17-gauge stub adapter. TTX blockade of eighth nerve activity was
obtained by making an incision posterior to the ear canal, opening the
mastoid bulla, and placing the disk with TTX in the round window
niche of the middle ear, resting against the round window membrane.
In animals receiving TTX treatment for 48 h, the TTX disk was
replaced after 24 h to ensure adequate maintenance of the block.
Animals in the group that survived for 7 days had the disk containing
TTX removed 20 or 44 h after insertion. Previous experiments showed
that soma size of neurons in the cochlear nucleus is unaffected by
placing polymer without TTX in the round window (Pasic and Rubel
1989) and that blockade reliably lasts for 4 h after removal of the disk
(Pasic and Rubel 1991). All treatment was unilateral, and the MNTB
contralateral to the treated ear was used for analysis. See Pasic and
Rubel (1989, 1991) for complete methods.

Data analysis and statistical methods. Statistical analyses of the
data were performed with SigmaStat/SigmaPlot (SPSS Science, Chi-
cago, IL) or Prism (GraphPad, La Jolla, CA). Results are reported as
means & SE; n ) the number of animals for histological data and the
number of neurons recorded from at least three different animals for
electrophysiology data. Statistical comparisons between different data
sets were made by unpaired Student’s t-test or ANOVA. Differences
were considered statistically significant at P % 0.05.

RESULTS

PMCA2 is involved in regulation of presynaptic transmitter
release at calyx of Held. Immunocytochemistry experiments
demonstrated that PMCA2 is expressed throughout the
MNTB. High-resolution images showing cross sections
through a single MNTB neuron and the calyx of Held show
that PMCA2 is present both presynaptically and postsynap-
tically (Fig. 1, A and B). The cross section through the calyx
shows the inner and outer membrane of the calyx. PMCA2 is
clearly present in the calyx, indicating that it is involved in
presynaptic calcium clearance. PMCA2 is also present in the
soma of postsynaptic neurons, where it is likely to be involved
in postsynaptic calcium clearance or to be transported into the
downstream synapses.

A presynaptic rather than postsynaptic action of PMCA2
was supported by the analysis of mEPSCs during in vitro
whole cell patch-clamp recordings. The lack of presynaptic
PMCA2 in the dfw2J/dfw2J mice caused an increase in mEPSC
frequency from 16.6 & 6.0 Hz (n ) 4) in WT to 38.1 & 4.6 Hz
(n ) 4; P ) 0.029) in the dfw2J/dfw2J, suggesting a presynaptic
increase in transmitter release (Fig. 1C). The amplitude of the
mEPSCs remained unaltered (WT: 55.3 & 10.2 pA, dfw2J/
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dfw2J: 50.8 & 13.8 pA; P ) 0.791). Activation of the calyx of
Held input via electric fiber stimulation at the midline showed
an increase in "-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onic acid receptor (AMPAR) conductance from 132.7 & 16.0
nS (n ) 18) in WT to 187.9 & 14.5 nS (n ) 17; P ) 0.015)
in dfw2J/dfw2J, while decay time constants were unchanged
between genotypes (Fig. 1D). Extracellular recordings of sin-
gle MNTB neurons in vivo in the dfw2J/dfw2J mice revealed no

sound-evoked activity while stimulating the contralateral ear
with either pure tones or noise pulses up to 90 dB SPL (data not
shown). However, the in vivo recordings allowed the acquisi-
tion of spontaneous firing rates that were significantly in-
creased in the dfw2J/dfw2J mice (81.9 & 21.70 Hz; n ) 13)
compared with their WT controls (25.7 & 4.0 Hz; n ) 65, P )
0.001; Fig. 1E). The large somatic calyx synapses that inner-
vate each MNTB neuron give rise to a typical complex wave-
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Fig. 1. PMCA2 regulates transmitter release in the MNTB. A and B: immunohistochemical labeling for MAP2 and PMCA2 in the MNTB (A) and in an individual
MNTB neuron (B). A cross section through the calyx is marked “calyx.” Arrows show where PMCA2 appears to be localized presynaptically in the outer
membrane of the calyx. C: voltage-clamp recordings from postsynaptic MNTB neurons in acute brain slices show a higher frequency of miniature excitatory
postsynaptic currents (mEPSCs) in the MNTB of dfw2J/dfw2J mice compared with wild type (WT). D: calyceal EPSCs evoked by midline stimulation are larger
in dfw2J/dfw2J mice compared with WT. Stimulus artifacts have been deleted for clarity. WT data include 7 medial cells, 3 lateral cells, and 8 cells with no
information about location in the MNTB. dfw2J/dfw2J data include 7 medial cells, 6 lateral cells, and 4 cells with no information about location in the MNTB
(see also Fig. 4C). E and F: in vivo single-unit recordings of MNTB neurons measured higher spontaneous firing rates (E) and shorter synaptic delays (F) in
dfw2J/dfw2J mice compared with WT. ***P # 0.001, **P # 0.01, *P # 0.05, n.s., Not significant.
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form from in vivo extracellular recordings (Guinan and Li
1990; Kopp-Scheinpflug et al. 2003) consisting of a presynap-
tic potential (prepotential) and a postsynaptic action potential
(recording traces in Fig. 1F). The prepotential and the post-
synaptic action potential are separated by a synaptic delay,
which was shorter in the dfw2J/dfw2J mice (0.38 & 0.01 ms;
n ) 13) compared with WT (WT: 0.47 & 0.02 ms; n ) 14,
P ) 0.002; Fig. 1F).

Together these data support the hypothesis that PMCA2 is
involved in the regulation of presynaptic transmitter release at
the calyx of Held. To test whether PMCA2 is necessary for
neuronal survival or normal neuronal morphology, MNTB neuron
number (Fig. 2A), nucleus volume (Fig. 2B), and neuron size
(Fig. 2C) were measured in Nissl-stained sections from !/!
littermates and !/dfw2J and dfw2J/dfw2J mice. Each MNTB
contained on average 2,551 (WT), 2,436 (!/dfw2J), and 2,563
(dfw2J/dfw2J) neurons. Average MNTB volumes were 0.42
mm3, 0.43 mm3, 0.35 mm3, and 0.39 mm3 in WT, !/dfw2J,
dfw/dfw, and dfw2J/dfw2J mice, respectively. Statistical analy-
sis confirmed that there was no significant difference in neuron
number (Fig. 2, A and D; F ) 0.1310; P ) 0.8797) or in the
volume of the MNTB nucleus (Fig. 2, B and E; F ) 1.965; P )
0.4508) between the genotypes.

Cell size gradient discovered in wild-type mice is absent in
PMCA2 mutants (deafwaddler mice). MNTB neurons were
significantly smaller in dfw2J/dfw2J (128.36 & 7.54 !m2) than
in WT (151.89 & 1.11 !m2; Fig. 2, C and F; F ) 5.894; P )
0.04). To determine whether these differences showed any
tonotopic relationship, the nucleus was divided into thirds and
neurons were assigned to medial, central, and lateral groups
(Fig. 3A). We defined PMCA2 function as the percentage of

PMCA2 protein, determined by the number of functional
alleles possessed by an animal, multiplied by the PMCA2
pumping efficiency, determined by biochemical assay (Pen-
heiter et al. 2001) and compared to WT. We tested a range of
PMCA2 function from WT (which have 100% protein),
!/dfw2J with #50% protein, dfw/dfw with #30% function as
measured by a calcium clearance assay (Penheiter et al. 2001),
and dfw2J/dfw2J, which have no functional PCMA2 protein
(Table 1). In WT animals, medial neurons were significantly
smaller (136.01 & 2.66 !m2) than lateral neurons (157.71 &
5.05 !m2; Fig. 3B; P ) 0.02). In !/dfw2J, the location-
dependent difference in neuronal cell size was decreased and
no longer significant (Fig. 3B; P ) 0.08). The size difference
was decreased further in dfw/dfw and was absent in the dfw2J/
dfw2J mice (Fig. 3B). Although absolute neuronal soma size
varied slightly between animals, comparing the size difference
in medial and lateral neurons for each individual mouse con-
firmed the presence or absence of the overall size gradient in
the different genotypes (Fig. 3C). Neuronal soma size data of
all measured individual neurons from one WT MNTB and one
dfw2J/dfw2J MNTB are shown as an example in Fig. 3D. The
slope of the linear regression for neuronal soma size is signif-
icantly nonzero in WT mice (Fig. 3D; P ) 0.01), while no
relationship between neuronal soma size and tonotopic location
was found in dfw2J/dfw2J, demonstrating that there is a neuro-
nal cell size gradient in WT that is absent in dfw2J/dfw2J.

Medial-to-lateral increase in membrane capacitance is ac-
companied by larger synaptic input in wild type but not in
dfw2J mutants. As a complementary measure of neuronal soma
size, somatic surface area was assessed by determining the cell
membrane capacitance (Cm) in voltage-clamp recordings of
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Fig. 2. MNTB morphology is similar in wild type and dfw2J mutants. A–C: Nissl-stained coronal sections were used to estimate cell number (A), MNTB volume
(B), and average cell size (C) in wild type and !/dfw2J and dfw2J/dfw2J mutants. Red circles and numbers in C indicate examples of measured MNTB cells.
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MNTB neurons and comparing it across the tonotopic axis (see
MATERIALS AND METHODS). In WT mice, medial MNTB neurons
had a smaller capacitance (Cm: 9.75 & 2.47 pF; n ) 28) than
lateral MNTB neurons (Cm: 13.75 & 0.72 pF; n ) 28; Fig. 4B;
P ) 0.001), corroborating the size gradient measured in the
histological experiments. The difference in Cm between medial
and lateral neurons was completely abolished in !/dfw2J mice
[medial Cm: 11.87 & 0.55 pF (n ) 14); lateral Cm: 12.72 &
1.03 pF (n ) 9); P ) 0.463] as well as in dfw2J/dfw2J mice
[medial Cm: 11.14 & 0.54 pF (n ) 16); lateral Cm: 11.79 &
0.42 pF (n ) 16); P ) 0.344]. When compared across geno-
types the differences in capacitance between medial neurons or
lateral neurons were not significantly different (repeated-mea-
sures ANOVA). No systematic changes in input resistance
between medially and laterally patched cells in the MNTB of
WT, !/dfw2J, or dfw2J/dfw2J mice were observed (repeated-
measures ANOVA: P ) 0.257). In contrast, membrane time
constants ($) in WT MNTB were significantly faster in medial
(7.4 & 0.7 ms; n ) 16) than in lateral (10.8 & 1.0 ms; n ) 16;
P ) 0.007) neurons, while no such correlation was found in the
!/dfw2J or dfw2J/dfw2J mice (data not shown).

The difference in soma size between medial and lateral
MNTB neurons raised the question of whether the synaptic
current or the neuronal output firing also varied across the
tonotopic axis. Our initial experiments (Fig. 1) comparing
overall EPSCs between WT and dfw2J/dfw2J mice already
showed larger EPSCs in the dfw2J/dfw2J mice. Sorting the
EPSCs according to the location of the neurons within the
MNTB revealed significantly larger EPSCs in lateral, low-
frequency MNTB neurons (8.4 & 0.4 nA; n ) 3) than in
medial, high-frequency neurons (4.2 & 0.7 nA; n ) 7, P )
0.007; Fig. 4C). In the dfw2J/dfw2J mice calyceal inputs to
medial and lateral neurons were equally large (medial: 7.7 &
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Fig. 3. Medial-to-lateral soma size gradient in the MNTB is absent in dfw2J

mutants. A: cells were defined as medial if located in the medial third of the
MNTB or lateral if located in the lateral third of the MNTB. B: there was a
significant increase in the size of lateral cells compared with medial cells in the
wild-type animals (*P # 0.001). There was no significant increase in the size
of lateral cells in !/dfw2J, dfw/dfw, dfw2J/dfw2J, or DTR mice. Error bars show
SE. C: individual average cell size for medial and lateral cells in each MNTB.
D: scatterplot of location along the tonotopic axis vs. cross-sectional surface
area for 1 MNTB from a wild-type and a dfw2J/dfw2J mouse. The linear
regression is significantly different from zero for wild type (P ) 0.01) but not
for dfw2J/dfw2J.

Table 1. Comparison of PMCA2 function in deafwaddler mutants
and DTR mice

Genotype Hearing Phenotype
PMCA
Protein

PMCA
Efficiency

PMCA
Function

Wild type Normal 100% 100% 100%
!/dfw2J High-frequency loss #50% 100% #50%
dfw/dfw Deaf 100% #30% #30%
dfw2J/dfw2J Deaf 0% 0% 0%
DTR Deaf 100% 100% 100%

The % of PMCA protein is calculated based on the number of functional
alleles possessed by an animal, assuming that all alleles produce the same
amount of protein. Because of the premature stop codon in the dfw2J mutation,
no protein is produced. The efficiency of PMCA2 was calculated by Penheiter
and colleagues with a calcium clearance assay in the dfw mutants (Penheiter et
al. 2001). In !/dfw2J heterozygotes the efficiency of the existing PMCA will
be wild type like, but its overall function in the animal only amounts to 50%.
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0.7 nA; n ) 7; lateral: 7.5 & 1.3 nA; n ) 6; P ) 0.931). Larger
EPSCs in lateral, low-frequency MNTB neurons could affect
either firing rates or temporal precision or both. In vivo
recordings in WT MNTB neurons showed no significant cor-
relation of characteristic frequency (i.e., location along the
medial-to-lateral axis) with either spontaneous (Pearson corre-

lation: P ) 0.53) or maximum (Pearson correlation: P ) 0.73;
Fig. 4D) firing rates. In contrast, a significant correlation
(Pearson correlation: P ) 0.008) between the coefficient of
variation of the first spike latency to sound-evoked responses
and the characteristic frequency was found in WT mice (Fig.
4D). The deafness phenotype of the dfw2J/dfw2J mice did not
permit a similar analysis in the mutant.

Lack of auditory activity reversibly eliminates neuronal cell
size gradient in MNTB. In vivo recordings of MNTB neurons
revealed that the dfw2J/dfw2J mice had no measurable re-
sponses to sound but maintained spontaneous action potential
firing activity (Fig. 1F), which is known to be generated in and
propagated from the cochlea (Lippe 1994; Tritsch et al. 2010).
To determine whether the elimination of cochlear activity
could also cause a change in the neuronal cell size gradient, we
used three different approaches (Table 1): First, we eliminated
all cochlear hair cells by administering DT to mice that
selectively express the human DTR in their hair cells (Tong et
al., 2015). These mice showed an overall decrease in MNTB
neuronal cell size by #30% compared with WT and no
significant difference in size between medial and lateral neu-
rons (Fig. 3, B and C). Second, we used tissue from animals
either 24 or 48 h after cochlear ablation. These experiments
were performed in gerbils, which are slightly larger than mice;
this simplifies the surgery and at the same time allows a
generalization of the activity-dependent neuronal cell size
gradient to a mammal that hears in the lower frequency range.
Similar to the data from WT mice, we found that medial
neurons (151.26 & 2.03 !m2) in the gerbil MNTB are signif-
icantly smaller than lateral neurons (177.51 & 3.32 !m2; Fig.
5; P # 0.001). Twenty-four hours after cochlear ablation the
difference in size between medial and lateral neurons was still
significant (Fig. 5A; P ) 0.01), but 48 h after cochlear ablation
the difference was no longer significant, indicating that the size
gradient had decayed (Fig. 5). The third approach to eliminate
cochlear activity asked whether the loss of the neuronal soma
size gradient following sensory deprivation was reversible. The
sodium channel blocker TTX, which prevents the generation of
action potentials in the spiral ganglion cells and therefore
eliminates all cochlear driven activity, was applied via the
round window (see MATERIALS AND METHODS). After 24 h of
TTX treatment the size difference between medial and lateral
neurons was no longer significant, and by 48 h the soma size
was indistinguishable between medial and lateral cells (Fig. 5).
Data for the average sizes for medial, central, and lateral
neurons are shown for each individual gerbil in Fig. 5B.

The pharmacological blockade of sodium channels by TTX
was reversible, so that after TTX was removed the cochlea
recovered and activity resumed. In animals that were allowed
to recover for 7 days from a 48-h TTX treatment, the size
gradient was restored and lateral neurons were again larger
than medial neurons (Fig. 5; P ) 0.02).

DISCUSSION

The results of this study show a medial-to-lateral cell size
gradient in the MNTB. This gradient is dependent on afferent
activity and can be reversibly abolished when the input activity
is lost. While TTX and DT treatment or cochlear ablation
completely eliminates all input activity, the deafwaddler mu-
tation maintains spontaneous firing but cannot transmit addi-
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Error bars show SE. C: calyceal EPSCs are larger in lateral than in medial
MNTB wild-type neurons. No significant difference was found between EPSC
amplitudes of medial and lateral neurons in dfw2J/dfw2J mutants. D: in in vivo
recordings of single MNTB neurons in wild types, characteristic frequency is used
as a measure for medial-to-lateral position. No significant correlation was found
between medial-to-lateral position and firing rate. E: the coefficient of variation for
the first spike latency (FSL) showed a positive correlation with characteristic
frequency. Unfortunately, because of the deafness phenotype these data could not
be acquired in the dfw2J/dfw2J mutants. ***P # 0.001, n.s., not significant.
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tional sound-evoked activity. All of these manipulations led to
smaller cells. If there was a simple or linear correlation be-
tween firing rate and cell size, then we would have predicted a
uniformly large cell size in the dfw2J mutants, given the high
spontaneous firing rates of the mutant mice. However,
general afferent activity (spontaneous firing) alone did not
lead to larger lateral neurons. Therefore our observations
suggest a more complex control of soma size, perhaps
including the release of calcium-dependent signals control-

ling the size of the lateral neurons. Sound-frequency specific
input characteristics seem necessary to induce and maintain
the neuronal size gradient, and PMCA2 is involved in
regulating these inputs.

Tonotopic gradients in the auditory system. Tonotopic or-
ganization is first established in the cochlea, where the location
of hair cells along the basilar membrane dictates the charac-
teristic frequency to which the hair cells respond through both
physical resonance and molecular signaling mechanisms. This
organization is propagated to many higher levels of the audi-
tory brain stem and all the way to the auditory cortex. Tono-
topic gradients in cell morphology and size as well as gradients
involving ion channels and receptors are well established for
many different parts of the auditory pathway: The hair cells in
the cochlea show differences in stereocilium length and somata
size. Apical cells, responding best to low frequencies, have
longer stereocilia and larger somata, while basal cells, respond-
ing to high sound frequencies, have shorter stereocilia and
smaller somata (Ashmore and Gale 2000; Corwin and Warchol
1991; Tilney et al. 1987). For example, in the spiral ganglia
there is a tonotopic arrangement of synaptic proteins associated
with greater expression of "-GluR2/3 in high-frequency neu-
rons than in low-frequency neurons (Flores-Otero and Davis
2011). In the MNTB ion channel gradients of Kv3 decrease
across the medial-to-lateral tonotopic axis (Leao et al. 2006;
von Hehn et al. 2004) while an inverse Kv1 gradient increases
from medial to lateral MNTB (Gazula et al. 2010; Leao et al.
2006). These tonotopic gradients have been recognized
throughout the developing and mature auditory pathways
(Rubel 1978; Smith and Rubel 1979) and are considered
essential features for each neuron to optimally perform spe-
cialized tasks (within the context of achieving temporal preci-
sion and information transmission across a range of firing). In
this study we have characterized a cell size gradient in the
MNTB that is dependent on auditory activity. As summarized
in Fig. 6, four independent approaches were employed to test
whether maintenance of the gradient requires active auditory
inputs. Two methods utilized mouse transgenic mutants, and
two used surgical and pharmacological manipulation of the
cochlea in gerbils. The TTX treatment in gerbils provided a
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reversible procedure that demonstrated that the neuronal size
gradient in the MNTB is able to recover after a period of
sensory deprivation. A previous publication noted a difference
in MNTB cell size between medial and lateral cells (Pasic and
Rubel 1991). However, at that time we were unable to relate a
continuous gradient to the tonotopic organization of MNTB.
Previous reports have eliminated all cochlea-driven activity
(both sound evoked and spontaneous), but the dfw2J/dfw2J

model used in the present study allowed distinction between
the influence of spontaneous and sound-evoked activity. Mu-
tant dfw2J/dfw2J mice are deaf (Street et al. 1998), and no
acoustically driven activity could be recorded in the MNTB of
these mice. However, high levels of spontaneous activity are
maintained and were recorded in the MNTB of dfw2J/dfw2J

mice. Further investigations will be required to determine
whether the size gradient develops if either high- or low-
frequency input is eliminated before hearing onset.

How PMCA2 could affect gradients of MNTB function along
medial-to-lateral axis. Knowledge of PMCA2 expression
along the medial-to-lateral axis in the MNTB would provide
insight into how PMCA2 could influence MNTB function.
However, immunohistochemical labeling is difficult to quan-
tify, and the MNTB is too small to provide sufficient protein
for Western blot analysis of medial and lateral divisions,
especially given that this method could also not distinguish
between calyceal and somatic PMCA2. Therefore in the pres-
ent study we used physiological parameters to test postulates
concerning PMCA2 expression within the MNTB. Lateral
neurons of WT animals have larger EPSC amplitudes that in
vivo can cause either a higher MNTB firing rate or higher
temporal precision or both. We plotted the in vivo firing rates
against the tonotopic (medial to lateral) axis and found no
significant correlation. In contrast, plotting the coefficient of
variation of the first spike latency (as a measure of temporal
precision) against the tonotopic axis showed low coefficients of
variation in the low-frequency (lateral) MNTB neurons. Un-
fortunately, the deafness phenotype of the dfw2J/dfw2J mice did
not allow a similar analysis in the mutant, but the WT data
corroborate the idea that low-frequency (lateral) calyx syn-
apses express less PMCA2, which results in less suppression,
larger EPSCs, and well-timed action potentials in the low-
frequency neurons. Rather than arguing for an “increased”
EPSC amplitude in medial MNTB of dfw2J mice, we interpret
this result as less suppression of the EPSCs, compared with
their WT counterparts. The amplitude of the synaptic response
strongly depends on basal and dynamic presynaptic calcium
concentrations in the terminal (Billups and Forsythe 2002;
Bollmann et al. 2000; Kochubey et al. 2009). PMCA2 in the
WT calyx of Held contributes to calcium clearance from
the terminal, while in the dfw2J mutant the lack of PMCA2 in
the calyx of Held slows calcium extrusion rates and raises basal
intracellular calcium concentrations, creating a complex inter-
action with multiple mechanisms of short-term plasticity
(Muller et al. 2010) and causing increased transmitter release.
Applying similar logic to the differences in EPSC size between
medial and lateral MNTB neurons in the WT leads to the
conclusion that PMCA2 is more highly expressed in the medial
MNTB and this causes the smaller EPSC amplitudes in medial
neurons. Such a distribution of PMCA2 in vivo causes larger
EPSCs with shorter synaptic delay and less timing jitter in
lateral neurons. Higher PMCA2 expression in medial neurons

would increase calcium clearance, causing EPSCs with chron-
ically depressed amplitudes, which are sensitive to recent
history but poorly timed (Lorteije et al. 2009).

The lack of PMCA2 in both the medial and the lateral
MNTB neurons in the dfw2J could be interpreted as medial
dfw2J neurons lacking the chronic depression present in WT
(thus generating larger EPSC amplitudes in the mutant). Al-
though it is not our intention to exclude a peripheral component
to the net changes in auditory processing induced by the loss of
PCMA2, the larger amplitude of the calyx of Held EPSC in the
mutant mice strongly supports a local and central mechanism
of action, since each EPSC is generated by the action of a
single synaptic input (the calyx), which has arisen from the
globular bushy cell in the anterior ventral cochlear nucleus.
Similar effects (increased EPSCs) in the periphery (at the hair
cell or endbulb) might increase the frequency of action poten-
tial firing in the bushy cell axons but would not directly
influence the amplitude of evoked synaptic currents at the
calyx. This interpretation is consistent with previous reports
that the deafness phenotype of the dfw mutant arises in the
cochlear hair cells as initially described (Street et al. 1998),
while we conclude that the central expression of PMCA2
further affects transmitter release and neuronal cell size in the
auditory brain stem (see below).

Balance between input size and cell size. EPSC frequency
and size are influenced by the available calcium in the presys-
naptic terminal. Eliminating PMCA2 from the calyx of Held
terminal will raise presynaptic calcium concentrations, increas-
ing transmitter release and causing larger EPSCs, whereas in
WT MNTB PMCA2 will maintain lower basal intracellular
calcium concentrations, and thereby fine-tune synaptic strength
(Billups and Forsythe 2002; Borst et al. 1995; Felmy and
Schneggenburger 2004; Felmy and von Gersdorff 2006).

Cm is proportional to the surface area of a cell, and higher
capacitance slows the neuronal membrane time constant: $ )
Rm $ Cm (where Rm is the resistance of the membrane), so that
smaller neurons will fire more rapidly than large neurons
(Franzen et al. 2015). The soma size gradient in the MNTB
implies that medial cells (which are smaller than lateral cells)
will fire more rapidly than lateral cells. However, there are
other demands on neurons; for example, one reason for larger
cell bodies in the lateral, low-frequency region of the MNTB
might be a higher metabolic rate in these neurons. High
metabolic rate is often associated with larger cells, and it has
been suggested that neurons that process signals with a high
temporal resolution have especially high metabolic demands
(Attwell and Laughlin 2001). The present results suggest the
possibility of a homeostatic adjustment in which larger synap-
tic inputs, which enable high temporal precision of the lateral
MNTB neurons, are complemented by larger postsynaptic cells
and suggestive of higher metabolic demand.

Consequently, not only the cell size but also increasing
the rate or amplitude of the synaptic inputs increases the
energy demands of the cell (Sengupta et al. 2013). We
conclude that PMCA2 expression in these giant synapses
innervating medial MNTB neurons causes synaptic suppres-
sion (compared with their lateral counterparts). This might
reduce the energy demand of the medial neurons and trigger
a reduction in neuronal size. Further work will be necessary
to test these hypotheses.
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ABSTRACT
The fragile X mental retardation protein (FMRP) plays

an important role in normal brain development.

Absence of FMRP results in abnormal neuronal mor-

phologies in a selected manner throughout the brain,

leading to intellectual deficits and sensory dysfunction

in the fragile X syndrome (FXS). Despite FMRP impor-

tance for proper brain function, its overall expression

pattern in the mammalian brain at the resolution of

individual neuronal cell groups is not known. In this

study we used FMR1 knockout and isogenic wildtype

mice to systematically map the distribution of FMRP

expression in the entire mouse brain. Using immunocy-

tochemistry and cellular quantification analyses, we

identified a large number of prominent cell groups

expressing high levels of FMRP at the subcortical levels,

in particular sensory and motor neurons in the

brainstem and thalamus. In contrast, many cell groups

in the midbrain and hypothalamus exhibit low FMRP lev-

els. More important, we describe differential patterns of

FMRP distribution in both cortical and subcortical brain

regions. Almost all major brain areas contain high and

low levels of FMRP cell groups adjacent to each other

or between layers of the same cortical areas. These dif-

ferential patterns indicate that FMRP expression

appears to be specific to individual neuronal cell groups

instead of being associated with all neurons in distinct

brain regions, as previously considered. Taken together,

these findings support the notion of FMRP differential

neuronal regulation and strongly implicate the contribu-

tion of fundamental sensory and motor processing at

subcortical levels to FXS pathology. J. Comp. Neurol.

525:818–849, 2017.
VC 2016 Wiley Periodicals, Inc.

INDEXING TERMS: fragile X syndrome; whole brain analyses; cortical laminar heterogeneity; subcortical sensory sys-

tems; sensory information processing; RRID:AB_10805421; RRID:AB_1157880; RRID:AB_476743

Loss of the fragile X mental retardation protein

(FMRP) leads to fragile X syndrome (FXS) in children,

the leading known genetic cause of autism spectrum

disorders (Verkerk et al., 1991; Penagarikano et al.,

2007; Bagni et al., 2012; Santoro et al., 2012). FMRP is

encoded by the X-linked gene FMR1. Transcriptional

silencing of FMR1 leads to loss of FMRP protein and

abnormal neuronal structure and function (Rudelli et al.,

1985; Hinton et al., 1991; Braun and Segal, 2000; Irwin

et al., 2001, 2002; Galvez et al., 2003, 2005; McKinney

et al., 2005; Levenga et al., 2011; Till et al., 2012).

Phenotypically, patients exhibit intellectual disability

including learning and memory deficits, communication

and social difficulties, as well as sensory and motor

dysfunction. Consistent with these observations, FMRP

is highly expressed in healthy brains, particularly in

neuronal structures (Devys et al., 1993; Hinds et al.,

1993; Gholizadeh et al., 2015).

To explore FMRP mechanisms in normal brain devel-

opment and function, as well as the contribution of

FMRP loss to FXS phenotypes, it is important to under-

stand the expression patterns of FMRP in the brain.

Earlier studies reported intensive FMRP expression in

the hippocampus, cerebellum, nucleus basalis, cerebral

cortex, and olfactory bulb, while reporting minimal or
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generally low levels of FMRP in other brain areas such

as corpus callosum, brainstem, and thalamus (Hinds

et al., 1993; Devys et al., 1993; Abitbol et al., 1993;

Bakker et al., 2000; Zangenehpour et al., 2009). More

recent studies, however, demonstrated that FMRP is

distributed throughout the brain and is expressed in

most, if not all, neurons (Feng et al., 1997; Christie

et al., 2009). In certain cases, the expression level of

FMRP appears highly heterogeneous. Hinds et al.

(1993) reported a “dense yet patchy” labeling pattern

of FMR1 hybridization in the mouse cortex. In the visual

thalamus, a high FMRP expression level is detected in

the magnocellular, but not parvocellular, neurons of the

primate lateral geniculate nucleus (Kogan et al.,

ABBREVIATIONS

ACA Anterior cingulate area
ACB Nucleus accumbens
aco Anterior commissure, olfactory limb
AOB Accessory olfactory bulb
AON Anterior olfactory nucleus
BAC Bed nucleus of the anterior commissure
BLA Basolateral amygdalar nucleus
BMA Basomedial amygdalar nucleus
BMAa Basomedial amygdalar nucleus, anterior part
BMAp Basomedial amygdalar nucleus, posterior part
CA1 Field CA1
CA3 Field CA3
ccg Genu of corpus callosum
CEA Central amygdalar nucleus
CLA Claustrum
COA Cortical amygdalar area
CP Caudoputamen
cst Corticospinal tract
CU Cuneate nucleus
DCO Dorsal cochlear nucleus
DG Dentate gyrus
DMH Dorsomedial nucleus of the hypothalamus
DMX Dorsal motor nucleus of the vagus nerve
DN Dentate nucleus
ECU External cuneate nucleus
EP Endopiriform nucleus
fa Corpus callosum, anterior forceps
FN Fastigial nucleus
fr Fasciculus retroflexus
GP Globus pallidus
GR Gracile nucleus
GRN Gigantocellular reticular nucleus
gVIIn Genu of the facial nerve
IA Intercalated amygdalar nucleus
IC Inferior colliculus
ICc Inferior colliculus, central nucleus
ICe Inferior colliculus, external nucleus
IGL Intergeniculate leaflet of the lateral geniculate complex
IO Inferior olivary complex
IP Interposed nucleus
IRN Intermediate reticular nucleus
isl Islands of Calleja
LA Lateral amygdalar nucleus
LAV Lateral vestibular nucleus
LGd Dorsal part of the lateral geniculate complex
LGv Ventral part of the lateral geniculate complex
LH Lateral habenula
LM Lateral mammillary nucleus
LP Lateral posterior nucleus of the thalamus
LRNm Lateral reticular nucleus, magnocellular part
LSc Lateral septal nucleus, caudal (caudodorsal) part
LSO Lateral superior olive
LSr Lateral septal nucleus, rostral (rostroventral) part
LSv Lateral septal nucleus, ventral part
MARN Magnocellular reticular nucleus
MEA Medial amygdalar nucleus
MEApv Medial amygdalar nucleus, posteroventral part
MEV Midbrain trigeminal nucleus
MG Medial geniculate complex
MH Medial habenula
MM Medial mammillary nucleus
MMl Medial mammillary nucleus, lateral part
MMm Medial mammillary nucleus, medial part
MOB Main olfactory bulb
MOBgl Main olfactory bulb, glomerular layer
MOBgr Main olfactory bulb, granule layer
MOBmi Main olfactory bulb, mitral layer
MOBopl Main olfactory bulb, outer plexiform layer
moV Motor root of the trigeminal nerve
MSO Medial superior olive

MV Medial vestibular nucleus
NDB Diagonal band nucleus
NLL Nucleus of the lateral lemniscus
NLLd Nucleus of the lateral lemniscus, dorsal part
NLLh Nucleus of the lateral lemniscus, horizontal part
NLLv Nucleus of the lateral lemniscus, ventral part
NLOT Nucleus of the lateral olfactory tract
NTB Nucleus of the trapezoid body
NTS Nucleus of the solitary tract
och Optic chiasm
OT Olfactory tubercle
PA Posterior amygdalar nucleus
PAG Periaqueductal gray
PAR Parasubiculum
PALv Pallidum, ventral region
PBG Parabigeminal nucleus
PF Parafascicular nucleus
PG Pontine gray
PIR Piriform area
PMv Ventral premammillary nucleus
PO Posterior complex of the thalamus
POST Postsubiculum
PRE Presubiculum
PRN Pontine reticular nucleus
PRP Nucleus prepositus
PSTN Parasubthalamic nucleus
PSV Principal sensory nucleus of the trigeminal
py Pyramid
RN Red nucleus
RO Nucleus raphe obscurus
RPA Nucleus raphe pallidus
RSPd Retrosplenial area, dorsal part
SC Superior colliculus
SCig Superior colliculus, motor related, intermediate gray layer
SCiw Superior colliculus, motor related, intermediate white layer
SCm Superior colliculus, motor related
SCop Superior colliculus, optic layer
SCs Superior colliculus, sensory related
SCsg Superior colliculus, superficial gray layer
SCzo Superior colliculus, zonal layer
SEZ/RC subependymal zone
SF Septofrimbrial nucleus
sm Stria medullaris
SNc Substantia nigra, compact part
SNr Substantia nigra, reticular part
SOC Superior olivary complex
SPIV Spinal vestibular nucleus
SPO Superior paraolivary nucleus
SPV Spinal nucleus of the trigeminal
SS Primary somatosensory area
STN Subthalamic nucleus
SUM Supramammillary nucleus
SUV Superior vestibular nucleus
TMv Tuberomammilliary nucleus, ventral part
TRN Tegmental reticular nucleus
TU Tuberal nucleus
V Motor nucleus of the trigeminal
VCO Ventral cochlear nucleus
VENT Ventral group of the dorsal thalamus
VI Abducens nucleus
VII Facial motor nucleus
VIIn Facial nerve
VIS Primary visual area
VL Lateral ventricle
VNC Vestibular nuclei
VP Ventral posterior complex of the thalamus
VPM Ventral posteromedial nucleus of the thalamus
VTA Ventral tegmental area
XII Hypoglossal nucleus
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2004a). Importantly, this difference is consistent with

selective visual deficits of the magnocellular pathway in

FXS individuals (Kogan et al., 2004a,b). In the brain-

stem, our recent studies have identified high levels of

FMRP in auditory neurons as compared to other neuro-

nal cell types in adjacent areas (Beebe et al., 2014;

Wang et al., 2014), which is consistent with other

reports in FMR1 knockout mice showing reduced cell

size, altered synaptic connectivity, and reduced dynam-

ics in ion channel regulation of auditory brainstem neu-

rons (Strumbos et al., 2010; Rotschafer et al., 2015). In

addition, reduced FMR1 expression leads to structural

abnormalities of dendritic spines in the hippocampus

CA1, but not CA3 (Levenga et al., 2011). These studies

emphasize the importance of identifying FMRP-rich neu-

ronal cell types in normal brains, as they could poten-

tially be the prominent targets of FMRP loss and thus

reasonable candidates for exploring FXS pathology.

Although systematic maps of a specialized presynap-

tic format of FMRP has been previously reported (Chris-

tie et al., 2009; Akins et al., 2012), the overall FMRP

distribution in the entire mammalian brain at the resolu-

tion of individual neuronal cell groups is not known.

Using immunocytochemistry, the current study provides

a detailed analysis of FMRP distribution in the whole

brain of FVB mice, as the FMR1 knockout strain on this

genetic background is commonly used for studying

FMRP loss-induced neuronal deficits and for testing

drug candidates for rescuing FXS phenotypes (for exam-

ple, Bakker et al., 1994; Fisch et al., 1999; Chen and

Toth, 2001; Irwin et al., 2002; Strumbos et al., 2010;

La Fata et al., 2014). When compared to their isogenic

wildtype mice, FMR1 knockout mice on FVB back-

ground exhibit volume changes in more brain regions

than FMR1 knockout mice on C57BL/6 background

(Lai et al., 2016) and they show more dramatic behav-

ioral alterations (Pietropaolo et al., 2011).

The data presented in this study identify a number of

distinct neuronal cell types that are particularly rich in

FMRP at the subcortical levels, as well as differential

patterns of FMRP distribution in both the cortical and

subcortical brain regions.

MATERIALS AND METHODS
Animals

FMR1 knockout (Hemi FVB.129P2-Pde6b1; #004624)

mice and their wildtype littermates (FVB.129P2-Pde6b1;

#004828) were purchased from the Jackson Laboratory

(Bar Harbor, ME). Six wildtype and four knockout animals

of 5–6 weeks old were used in this study. All procedures

were approved by the Florida State University

Institutional Animal Care and Use Committee and con-

formed to National Institutes of Health (NIH) guidelines.

Immunocytochemistry
The animals were anesthetized with a mixture of

100 mg/kg ketamine and 15 mg/kg xylazine and trans-

cardially perfused with 0.9% saline followed by 4% para-

formaldehyde in 0.1 M phosphate buffer (PB). The

brains were removed from the skull and postfixed over-

night in the same fixative. The brains were then trans-

ferred to 30% sucrose in PB until they sank, frozen on

the stage of a sliding microtome, and then sectioned

either coronally (three wildtype and two knockout) or

parasagittally (three wildtype and two knockout) at 30

lm. Sections were collected in 0.01 M phosphate-

buffered saline (PBS) into four alternate sets of serial

sections and stained for Nissl substance or

immunocytochemistry.

For FMRP immunostaining, the sections were

mounted on gelatin-coated slides and dried at 378C
overnight. Sections were then washed in PBS for 15

minutes, pretreated with 0.1% sodium borohydride in

PBS for 10 minutes, washed in PBS for 15 minutes,

incubated in heated 10 mM citrate buffer (pH 6.0) for

20 minutes in a water steamer, washed in PBS for 10

minutes, followed by 50 mM ammonium chloride in PBS

for 15 minutes, then finally washed in PBS for 10

minutes. Sections were then incubated with primary

antibody solutions diluted 1:500 in PBS with 0.3% Triton

X-100 overnight at 48C, followed by biotinylated goat

anti-IgG antibodies (1:200; Vector Laboratories, Burlin-

game, CA) for 1 hour at room temperature. Sections

were incubated in avidin-biotin-peroxidase complex

solution (ABC Elite kit; Vector Laboratories) diluted

1:100 in PBS with 0.3% Triton X-100 for 1 hour at room

temperature. For visualization, sections were incubated

for 3–7 minutes in 0.015% 3-30-diaminobenzidine (Sig-

ma, St. Louis, MO), either with 0.01% hydrogen perox-

ide in PB or with 0.03% hydrogen peroxide, 125 mM

sodium acetate, 10 mM imidazole, and 100 mM nickel

ammonium sulfate. Sections were then dehydrated,

cleared, and coverslipped with DPX mounting medium

(EMS, Hatfield, PA).

Antibody characterization
A number of monoclonal and polyclonal antibodies

have been produced to detect FMRP. All of these anti-

bodies detect FMRP bands on Western blot. However,

many of them are not specific, as evidenced by extra

bands on Western blot in addition to FMRP. While these

antibodies provide a useful tool for Western blot and

immunoprecipitation studies which separate FMRP from

other proteins of different molecular weights or

D.A.R. Zorio et al.
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structure, they are less useful for studying cellular and

subcellular protein localization in intact tissue samples

using immunocytochemistry. Out of 13 commercially

available anti-FMRP antibodies tested in our lab, we

chose two antibodies, 7G1 and 2F5, to use for immuno-

cytochemistry, as they show the most specific detec-

tion of the mouse FMRP in both Western blot and

immunocytochemistry.

Monoclonal anti-FMRP antibody 7G1 was first gener-

ated by Brown et al. (2001) by immunizing FMR1

knockout mice with hexahistidine-tagged FMRP. The

FMRP-epitope recognized by 7G1 is amino acid 354–

368 of the mouse FMRP, in a region with no homology

to the fragile X-related paralogs. The specificity of the

antibody was characterized by Western blot in Brown

et al. (2001) and further tested by both Western blot

and immunocytochemistry in the current study (see

Results).

Monoclonal anti-FMRP antibody 2F5 was produced

by Gabel et al. (2004) by immunizing FMR1 knockout

mice with an N-terminal fragment of human FMRP (resi-

dues 1–204). Immunocytochemical and Western blot

analyses of wildtype and FMR1 knockout mice demon-

strate that 2F5 is specific for FMRP, as first character-

ized in Gabel et al. (2004) and confirmed in the current

study (see Results). The 2F5 antibody used in the cur-

rent study was initially provided generously by Dr. Jenni-

fer Darnel at the Rockefeller University and then

purchased from the Developmental Studies Hybridoma

Bank (DSHB, Iowa City, IA).

It is worthy to note that neither 7G1 nor 2F5 reveals

substantial dendritic staining by light microscopy,

except of the most proximal part of dendrites in some,

but not all, neurons. Our previous study with a polyclon-

al antibody ab17722 (Abcam; San Francisco, CA)

reveals prominent FMRP clusters throughout dendritic

branches in the brainstem (Wang et al., 2014). Unfortu-

nately, subsequent batches of the antibody lost specif-

icity when compared to the first batch that we used,

exhibiting non-FMRP staining throughout the FMR1

knockout mouse brain. Due to limited visualization of

dendritic staining, the current study focuses on the

description of somatic FMRP staining.

Mouse monoclonal anti-b-actin was used as a loading

control in Western blot analysis. This antibody recog-

nizes an epitope located on the N-terminal end of the

b-isoform of actin. It specifically labels b-actin in a

wide variety of tissues and species, as tested by West-

ern blot (manufacturer’s data sheet) and on mouse

brains in the current study.

The optimal antibody concentration was obtained by

running a series of concentration tests to avoid floor or

ceiling truncation, including a negative control by omit-

ting primary antibody. Immunogen, host species, clone

type, manufacturer’s information, as well as dilution

used for each antibody in each species, are listed in

Table 1.

Western blot
Protein samples were harvested from flash-frozen

brain tissue from wildtype and FMR1 knockout mice.

Samples were homogenized in EDTA buffer (62.5 mM

Tris-HCl pH 6.8, 2% sodium dodecyl sulfate [SDS], 10%

glycerol, 5% b-ME, 10 mM EDTA) using the Ultra-Turrax

T10 homogenizer (IKA Works, Wilmington, NC). For

each sample, 50 lg of protein in SDS buffer (2% SDS,

50 mM Tris pH 7.6, 5% glycerol and 0.025% bromophe-

nol blue) was incubated at 708C for 10 minutes,

resolved in NuPAGE 4–12% Bis-Tris Gels (Life Technolo-

gies, Carlsbad, CA), and then transferred onto PDVF

membranes (GE Healthcare, Chicago, IL). After blocking

in 5% milk in PBS with 0.05% Tween (PBS-T) for 30

minutes at room temperature, membranes were probed

against a primary anti-FMRP antibody or b-actin for

loading control overnight at 48C in 1% milk in PBS-T.

Specific secondary horseradish peroxidase (HRP)-conju-

gated antibodies were used at 1:2,500 dilution (Santa

Cruz, Biotechnology, Dallas, TX) and blots were devel-

oped with SuperSignal West Pico Chemiluminescent

Substrate (Thermo Scientific, Waltham, MA) and

exposed to X-ray film.

TABLE 1.

Primary Antibodies Used for Immunocytochemistry (ICC) and Western Blots (WB)

Antigen

Host, monoclonal

or polyclonal, dilution Manufacturer, catalog number

7G1 amino acid 354-368 (KHLDTKENTHFSQPN)
of mouse FMRP-6X-his fusion protein

mouse, monoclonal,
1:500 (ICC); 1:500 (WB)

Developmental Studies Hybridoma
Bank (DSHB) at the University of
Iowa (Iowa City, IA)

2F5 amino acid 1-204 (N-terminus) of human
FMRP-6X-His-tagged fusion protein

mouse, monoclonal,
1:500 (ICC); 1:775 (WB)

DSHB (Iowa City, IA)

b-actin slightly modified b-cytoplasmic actin
N-terminal peptide, G, conjugated to KLH

mouse, monoclonal,
1:5000 (WB)

Sigma, A5316
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Data analysis
From each brain, every fourth section was stained for

7G1 immunoreactivity, 2F5 immunoreactivity, and Nissl.

For each set of staining, there were a total of 105–115

coronal sections from the spinal cord to the olfactory

bulb or 50–60 parasagittal sections from the lateral sur-

face to the midline. To avoid staining variations across

slides and sections, sections within the same series

were treated the same way and simultaneously whenev-

er possible. For each section, image tiles were captured

at 16 bits with a 203 lens and an Axiocam 503 color

camera mounted on a Zeiss Imager M2 microscope.

While imaging, an autofocus function in the Zeiss Zen

software was applied to ensure all image tiles were in

focus. The image tiles were then montaged using the

titling function of the Zeiss Zen software. This imaging

protocol generated a single image of the entire section

at a high resolution. All sections were captured and

subsequently processed using the same parameters, so

that the optical density of the background was within

1% deviation across images. Here the background is

referred to a region on the slide without brain tissue

present. Image brightness and contrast adjustments

were performed using Adobe PhotoShop (Adobe

Systems, Mountain View, CA). All drawings were pro-

duced in Adobe Illustrator (Adobe Systems).

All subsequent quantitative analyses were based on

measurements from 7G1 immunostaining. To reveal

FMRP-rich cells throughout the mouse brain, we per-

formed a pixel-based threshold analysis. The tiled image

of an entire section was converted to 8 bit in black and

white and used to generate a threshold image at the

pixel brightness point of 114 using Fiji software (v.

1.50e; National Institutes of Health, Bethesda, MD).

This threshold was chosen to reveal high intensities of

FMRP staining and was applied to all sections analyzed.

To compare FMRP expression levels between cell

groups, we performed an intensity analysis on FMRP

immunostaining at the individual cell level in 85 select-

ed neuronal cell groups. For each cell group, all 7G1-

labeled coronal sections containing a significant portion

of this cell group were identified. The most middle sec-

tions through each cell group were used to determine

the cells to be measured based on the following crite-

ria: 1) its location can be unambiguously identified with-

in the border of the cell group; 2) this cell has an

identifiable cell boundary and a well-defined nucleus;

and 3) the cross-sectional cell body area of this cell is

Figure 1. Antibody characteriza-

tion for FMRP in the mouse brain.

A: Western blot of 2F5 and 7G1

on brain samples from wildtype

(WT) and FMR1 knockout (KO)

mice. Fifty lg of protein was load-

ed to each lane with b-actin as

the loading control. B–D: 7G1

immunostaining in the WT (C) and

FMR1 KO (B,D) mouse brain. Note

the nonspecific staining in the lat-

eral ventricle (VL; D). E: 2F5

immunostaining in the WT mouse

brain. Scale bars 5 2 mm in E

(applies to B,C,E); 500 lm in D.

D.A.R. Zorio et al.
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more than 40 lm2. To analyze a minimum of 30 cells

from each cell group, a single section was used for

large cell groups, while multiple sections were used for

smaller cell groups. Once a section was included in the

analysis for a particular cell group, all cells matching

the above criteria were measured.

For each selected cell, the mean optical intensity of

FMRP immunostaining within the cell body was mea-

sured in the Fiji software (v. 1.50e; NIH). After back-

ground subtraction, the optical intensity of each

measured cell was normalized to the average optical

intensity of all measured cells in the ventral premammil-

lary nucleus (PMv), the cell group with the smallest

average optical intensity among all measured cell

groups. The background was measured in a region

where there was no tissue present. Statistical analyses

between cell groups were performed in the Prism soft-

ware (v. 6; GraphPad Software, La Jolla, CA) using

either an unpaired Student’s t-test or one-way analysis

of variance (ANOVA) followed by Tukey’s multiple com-

parisons test. Only cell groups presented and measured

from the same sections were compared statistically to

minimize false positives.

To avoid individual bias in selecting cells to be mea-

sured and in outlining the border of the cell body, we

selected 13 out of 85 cell groups and had them mea-

sured independently by three individual experimenters.

The three sets of measurements generated demon-

strate similar results in comparing FMRP staining inten-

sity between the 13 cell groups, indicating that

individual bias, if any, does not affect the main conclu-

sion of the study. All data presented in the Results sec-

tion resulted from the measurements from one

experimenter.

One consideration is to what degree the cellular

quantification performed here represents the entire

neuronal population in the mouse brain. The goal of the

current study was to provide qualitative and quantita-

tive comparisons of FMRP expression levels across the

whole brain from brainstem and midbrain to thalamus

and cortex. This breadth of objectives limits the depth

of the analyses. First, our description and measure-

ments focus on the most prominent cell groups readily

identifiable based on FMRP immunostaining. Therefore,

neuronal cell groups that are small or without discrete

borders from surrounding areas were not taken into

Figure 2. FMRP (7G1) immunos-

taining in the sagittal plane at

the medial level of the wildtype

mouse brain. This level is compa-

rable to Lateral 0.60 mm accord-

ing to the Mouse Brain Atlas

(Paxinos and Franklin, 2013). The

7G1 immunostaining (A) and the

Nissl stain (B) were taken from

two sections at the comparable

level. Note differential FMRP lev-

els across brain regions, high in

the olfactory bulb, cerebral cor-

tex, hippocampus, thalamus, and

cerebellum, and generally low in

the hypothalamus and midbrain.

The brainstem contains many dis-

tinct cell groups that are rich in

FMRP. Scale bar 5 2 mm. [Color

figure can be viewed at wileyonli-

nelibrary.com]

Fmrp distribution in the mouse brain

The Journal of Comparative Neurology |Research in Systems Neuroscience 823

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


account. Our series of illustrations throughout the

entire brain help identify some of these cell groups. For

further reference, high-resolution images of FMRP (7G1)

immunostaining was deposited in the Biolucida Cloud

server maintained by MBF Biosciences (Williston, VT).

Second, many of the cell groups selected for the analy-

ses have heterogeneous internal organization with mul-

tiple subdivisions and/or cell types. We did not attempt

to differentiate these subdivisions or cell types unless

they are readily identifiable and they differ in their

FMRP staining pattern. Third, our cell sampling (n 5 30–

60 neurons per cell group) is approximately from the

middle of each cell group in coronal sections, rather

than random sampling from the entire population of the

cell group. Finally, to preferentially represent neuronal

vs. glial populations, we analyzed cells with a minimal

cross-sectional cell body area of 40 lm2. This approach

does not take into account neurons of smaller sizes

and glial cells of larger sizes. Taken together, our analy-

ses provide a general sampling from these cell groups,

with the hope to stimulate more elaborative studies in

specific brain areas in conjunction with functional

studies.

RESULTS
Characterization of FMRP antibodies

Two monoclonal anti-FMRP antibodies, 7G1 and 2F5,

were tested for their specificity of recognizing mouse

FMRP in our preparations (Fig. 1). The antigens are

located in the N-terminal and exon 11 for 2F5 and 7G1,

respectively, both of which are common for the 12

mouse FMRP isoforms identified by Brackett et al.

(2013). On Western blots, both antibodies detect FMRP

bands on wildtype mouse brain samples (WT in Fig.

1A). These bands are absent on FMR1 knockout mouse

brain samples except for a weak low-molecular band

for 7G1 detection (KO in Fig. 1A). The specificity of the

two antibodies was further evaluated by immunocyto-

chemistry. Throughout the entire brain of FMR1 knock-

out mice, no detectable immunostaining was found for

7G1 and 2F5 antibodies (Fig. 1B) except for a strong

7G1 signal in the ependymal and subendymal layers of

the lateral ventricle, sometimes called “olfactory ven-

tricle” (Fig. 1C). Consistently, the olfactory ventricle is

labeled in the wildtype mouse brain for 7G1 but not for

2F5 (Fig. 1D,E). We conclude that this 7G1 staining in

the olfactory ventricle is not specific for FMRP.

Figure 3. FMRP (7G1) immunos-

taining in the sagittal plane at the

middle level of the wildtype mouse

brain. This level is comparable to

Lateral 1.80 mm according to the

Mouse Brain Atlas (Paxinos and

Franklin, 2013). The 7G1 immu-

nostaining (A) and the Nissl stain

(B) were taken from two sections

at the comparable level. The two

inserts were taken from a section

at the level of Lateral 2.04 mm,

corresponding to the location

marked with * and 1, respective-

ly. Scale bar 5 2 mm. [Color figure

can be viewed at wileyonlineli-

brary.com]
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Except for the olfactory ventricle, the distribution pat-

tern of the immunostaining is comparable between 7G1

and 2F5 throughout the wildtype mouse brain, consis-

tent with the assumption that both antibodies recognize

all major isoforms of the mouse FMRP. With our stain-

ing protocol, 7G1 demonstrates a larger dynamic range

of immunostaining intensity than 2F5. In other words,

7G1 illustrates differential patterns of FMRP distribution

across brain regions in a more dramatic manner. The

subsequent description, illustrations, and quantification

are thus based on 7G1 immunostaining.

General distribution pattern of FMRP
immunoreactivity

Although FMRP immunoreactivity is presented

throughout the entire brain, the low-magnification

images nicely demonstrate that the intensity of FMRP

staining varies largely across brain regions. Figures 2–4

illustrate FMRP staining on three parasagittal sections

as well as Nissl stain on adjacent sections. For the

purpose of description, we divide the mouse brain into

seven major portions: 1) the brainstem; 2) the midbrain;

3) the cerebellum; 4) the thalamus; 5) the hypothala-

mus; 6) the cerebral cortex, which contains the isocor-

tex, hippocampus, olfactory bulb, and cortical subplate;

and 7) the cerebral nuclei, which contains striatum and

pallidum. Consistent with a previous study (Hinds et al.,

1993), the most prominent FMRP staining at low magni-

fication is seen in the olfactory bulb, isocortex, hippo-

campus, thalamus, and cerebellum. In contrast, the

staining level is generally low in the hypothalamus and

midbrain. The entire thalamus stands out with high and

relatively uniform levels of FMRP immunoreactivity, sur-

rounded by the generally pale staining in the hypothala-

mus and midbrain. The brainstem, which contains a low

density of neuronal cell bodies and a large number of

axonal fibers as demonstrated by Nissl stain, is charac-

terized with many distinct FMRP-rich cell groups.

Figures 5–14 illustrate FMRP staining on 12 coronal

sections from caudal (the spinal cord) to rostral (the

olfactory bulb). Each figure contains the original

Figure 4. FMRP (7G1) immunos-

taining in the sagittal plane at

the lateral level of the wildtype

mouse brain. This level is compa-

rable to Lateral 2.28 mm accord-

ing to the Mouse Brain Atlas

(Paxinos and Franklin, 2013). The

7G1 immunostaining (A) and the

Nissl stain (B) were taken from

two sections at the comparable

level. Scale bar 5 2 mm. [Color

figure can be viewed at wileyonli-

nelibrary.com]
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photomicrograph and the threshold image of FMRP stain-

ing. This pixel-based threshold analysis provides a readily,

quantitative demonstration of the cells with high FMRP

levels. A list of the most prominent FMRP-rich neuronal

cell groups is summarized in Table 2. For naming individu-

al neuronal cell groups, we adopt the nomenclature of

the Allen Mouse Brain Atlas (http://atlas.brain-map.org).

For identifying the rostral-caudal and the lateral-medial

levels of the illustrated images, we compare our sections

with the Mouse Brain Atlas (Paxinos and Franklin, 2013).

To further quantify the differential expression levels

of FMRP among individual neuronal cell groups, we

measured and compared the intensity of FMRP immu-

noreactivity in individual cell bodies in 85 selected neu-

ronal cell groups (Fig. 15). At the cellular level, FMRP is

most extensively localized in the cytoplasm of cell bod-

ies. Labeled cell bodies vary greatly in size. It is a

reasonable assumption that the majority of small cell

bodies in the white matter are glial cells, while large

cell bodies in the gray matter are mostly neuronal. In

general, FMRP staining intensity is consistently low in

the white matter. Our quantification and subsequent

description focus on FMRP distribution pattern in the

gray matter with respect to individual cell groups listed

in the brain atlas. These cell groups are commonly

called nuclei or neuronal cell groups, as they are gener-

ally identified based on packaging patterns of neuronal

cell types. Within individual neuronal cell groups, we

did not attempt to differentiate glial from neuronal

cells. Our cellular quantification analyses include only

labeled cell bodies with a cross-sectional cell body area

larger than 40 lm2, which excludes a large percentage

of glial cells and, thus, preferentially represents neuro-

nal population.

Figure 5. FMRP (7G1) immunostaining in the coronal plane through the spinal cord and caudal brainstem. A: Schematic drawing showing

the levels of the coronal sections illustrated in Figs. 5–14 (red vertical lines). The black lines outline the mouse brain in the sagittal plane.

The numerical rostral-caudal levels of each section is indicated on the top of the drawing, determined by comparing to the Mouse Brain

Atlas (Paxinos and Franklin, 2013). B,C: An example of the original image (B) and generated threshold image (C) at a high magnification.

D,E: The photomicrograph (D) and the threshold image (E) of 7G1 immunostaining in the spinal cord. The threshold image was generated

as described in the Materials and Methods. The pixels with an optical intensity at or above the threshold are in red. The border of the

brain section is outlined with black lines. F,G: The photomicrograph (F) and the threshold image (G) of FMRP immunostaining in the caudal

brainstem at the level of the inferior olive complex (IO). Scale bars 5 100 lm in B; 1 mm in G (applies to D–G). [Color figure can be

viewed at wileyonlinelibrary.com]
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In the following sections of the Results, we describe

the distribution patterns of FMRP in each brain area and

present high-magnification images of selected brain areas

in Figures 16–27. It is worth noting that the distribution

pattern of FMRP appears comparable across the six male

mice of 5–6 weeks old examined in this study. Images

illustrated in Figures 5–14 and 16–27 are from the same

animal, while Figures 2–4 are from a different animal.

FMRP staining in the brainstem and
spinal cord

Our samples include only the most rostral portion of

the spinal cord containing C1–2 segments. In this por-

tion, the spinal cord contains FMRP-rich cells of various

sizes throughout the gray matter (Fig. 16A). Labeled

cells were detected in both dorsal and ventral horns,

indicating that both sensory and motor neurons contain

FMRP. A group of large cells display particularly intense

staining in the ventral horn (Fig. 16B, arrows), intermix-

ing with cells with relatively lighter staining (Fig. 16B,

arrowheads). The white matter of the spinal cord con-

tains weakly labeled small cells, presumably glial cells

(Fig. 16C, arrowheads).

In the caudal brainstem (Fig. 17), the inferior olive

complex (IO), the magnocellular part of the lateral retic-

ular nucleus (LRNm), the nucleus raphe pallidus and

obscurus (RPA and RO), the external cuneate nucleus

(ECU), and the dorsal motor nucleus of the vagus nerve

(DMX) all stand out prominently, with a remarkably high

Figure 6. FMRP (7G1) immunos-

taining in the coronal plane at

the level of the cerebellum and

cochlear nuclei. A: The photomi-

crograph. B: The threshold image.

Gray shades indicate the ventri-

cle and areas without brain tis-

sue. Scale bar 5 1 mm. [Color

figure can be viewed at wileyonli-

nelibrary.com]
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intensity of FMRP staining (Fig. 17A–I). Darkly labeled

cells are also found in the gracile nucleus (GR), the

cuneate nucleus (CU), the giganticellular reticular nucle-

us (GRN), the abducens nucleus (VI), the facial motor

nucleus (VII), and the spinal nucleus of the trigeminal

(SPV). The SPV contains several subdivisions with a

wide span along the rostrocaudal dimension. FMRP-rich

cells are detected throughout this complex, mixed with

cells with relatively low intensities of FMRP immunore-

activity. Similarly, the reticular nucleus contain both

darkly and weakly labeled cells. In contrast, most cells

are weakly labeled in the hypoglossal nucleus (XII) and

the nucleus of the solitary tract (NTS), which are imme-

diately adjacent to DMX (Fig. 17J,K). Quantification

Figure 7. FMRP (7G1) immunos-

taining in the coronal plane at

the level of the inferior colliculus.

A: The photomicrograph. B: The

threshold image. Gray shades

indicate the ventricle and areas

without brain tissue. Scale

bar 5 1 mm. [Color figure can be

viewed at wileyonlinelibrary.com]
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analysis confirms a significantly higher intensity of

FMRP immunoreactivity in DMX than XII at the individu-

al cell level (P < 0.0001; Fig. 15A).

At more rostral levels, where the vestibulocochlear

nerve enters the brainstem (Fig. 18), auditory nuclei

exhibit high levels of FMRP, including the dorsal and

ventral portions of the cochlear nucleus (DCO and VCO;

Fig. 18A), the superior olivary complex (SOC; Fig. 18E),

the nucleus of the trapezoid body (NTB; Fig. 18E), and

the nuclei of the lateral lemniscus (NLL; Fig. 18B). The

two portions of the cochlear nucleus, DCO and VCO,

exhibit different staining patterns. VCO contains distinct

darkly labeled cell bodies throughout the nucleus, while

cells in DCO are more closely packed and exhibit a

wide range of FMRP staining intensity. The intensity of

FMRP immunostaining is significantly higher in VCO

than in DCO (P < 0.0001; Fig. 15A). A differential

FMRP staining pattern is also seen between SOC and

NTB. The staining intensity of NTB cells appears higher

than that of the adjacent SOC nuclei including the later-

al superior olive (LSO), the medial superior olive (MSO),

and the superior paraolivary nucleus (SPO). This obser-

vation is confirmed with quantitative comparison

between NTB and LSO (P < 0.05; Fig. 15A). Similarly,

FMRP intensity in the vestibular nuclei is not uniform.

The medial portion of the vestibular nucleus (MV)

shows lower FMRP staining intensities than the lateral,

superior and spinal portions (LAV, SUV, and SPIV; Fig.

18C,D). These differences are statistically significant (P

< 0.01–0.0001; Fig. 15A).

Figure 8. FMRP (7G1) immunos-

taining in the coronal plane at

the level of the superior collicu-

lus. A: The photomicrograph. B:

The threshold image. Gray shade

indicates the ventricle. Scale

bar 5 1 mm. [Color figure can be

viewed at wileyonlinelibrary.com]
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The most rostral portion of the brainstem (Fig. 19) is

largely occupied by the pontine reticular nucleus (PRN).

PRN is low in FMRP immunostaining in general,

although scattered neurons with strong labeling are

also found (see Fig. 7). The tegmental reticular nucleus

(TRN) and the pontine gray (PG) are heavily loaded with

FMRP, in high contrast to the surrounding areas in the

brainstem and midbrain (Fig. 19A). The principal senso-

ry nucleus of the trigeminal (PSV) and the motor nucle-

us of trigeminal (V) also contain a high density of

FMRP-rich cells (Fig. 19B). It is interesting to note a

group of intensely stained cells embedded in the motor

root of the trigeminal nerve. These cells are smaller

and more darkly labeled than the cells in the adjacent

motor nucleus of trigeminal (Figs. 15B, 19B).

FMRP staining in the midbrain
FMRP staining is generally low in the midbrain (Fig.

20). Nevertheless, a number of cell groups containing

substantial FMRP immunoreactivity are detected. First,

cells in both the external and central nuclei of the infe-

rior colliculus (ICe and ICc) are darkly labeled, with

comparable staining intensities (Fig. 15A, 20A–C). In

contrast, cells in the adjacent periaqueductal gray

(PAG) are weakly labeled (Fig. 20D). Second, the large

cells of the midbrain trigeminal nucleus (MEV) show

strong staining and are among the darkest cells for

FMRP immunostaining in the entire brain (Figs. (15 and

20)D). Third, the intermediate gray layer of the superior

colliculus (SCig) exhibit a uniquely strong staining for

FMRP (Fig. 20E,F), as compared to other SC layers

Figure 9. FMRP (7G1) immunos-

taining in the coronal plane at

the level of the isocortex and

caudal thalamus. A: The photomi-

crograph. B: The threshold image.

Gray shades indicate the ventri-

cle and areas without brain tis-

sue. Scale bar 5 1 mm. [Color

figure can be viewed at wileyonli-

nelibrary.com]
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above and below (P < 0.0001; Fig. 15B). Fourth, most

cells in the parabigeminal nucleus (PBG) exhibit distinct-

ly high levels of FMRP immunostaining (Fig. 20G). FMRP

intensity in PBG is significantly higher than that in SCig

(P < 0.0001; Fig. 15B). Finally, darkly labeled cells are

detected in the compact part of the substantia nigra

(SNc; Fig. 19C) and the red nucleus (RN; Fig. 2).

FMRP staining in the thalamus
The entire thalamus displays high and relatively uni-

form levels of FMRP immunoreactivity (Fig. 21). Nota-

bly, differential FMRP intensities are detected in two

thalamic areas. The first differential pattern is seen in

the lateral geniculate complex (LG). The ventral LG

division (LGv) and the intergeniculate leaflet (IGL) show

significantly lower FMRP staining intensities than the

dorsal LG division (LGd; Fig. 21A–C; P < 0.001–

0.0001; Fig. 15D). The second differential pattern is

seen in the epithalamus where the lateral habenula

(LH) is stained notably lighter than the medial habenula

(MH; Fig. 21D). However, cellular quantification reveals

no significant difference in FMRP intensity of individual

cell bodies between MH and LH (P 5 0.10; Fig. 15D),

indicating that the stronger staining in MH is primarily

due to a higher cell density in MH rather than higher

FMRP intensities of individual cell bodies (Fig. 21E,F).

Nonetheless, FMRP intensity in both MH and LH are

significantly lower than that in the ventrally located par-

afasciular nucleus (PF; P < 0.001; Figs. 15D, 21D).

Figure 10. FMRP (7G1) immunos-

taining in the coronal plane at

the level of the isocortex and

middle thalamus. A: The photomi-

crograph. B: The threshold image.

Gray shades indicate the ventri-

cle and areas without brain tis-

sue. Scale bar 5 1 mm. [Color

figure can be viewed at wileyonli-

nelibrary.com]
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FMRP staining in the hypothalamus
In contrast to the adjacent thalamus, most of the

hypothalamus exhibits strikingly lower FMRP intensity

(Fig. 22). A number of cell groups in the mammillary

body, however, show strong FMRP immunostaining,

including the lateral mammillary nucleus (LM; Fig. 22A),

the ventral part of the tuberomammillary nucleus (TMv;

Fig. 22B), and the medial part of the medial mammillary

nucleus (MMm; Fig. 22D). In contrast, FMRP staining is

weak in the adjacent ventral premammillary nucleus

(PMv; Fig. 22F). Additional hypothalamic nuclei contain-

ing darkly labeled cells for FMRP are the dorsomedial

nucleus of the hypothalamus (DMH, Fig. 22C), the

tuberal nucleus (TU; Fig. 22E), the parasubthalamic

nucleus (PSTN, Fig. 22G), and the subthalamic nucleus

(STN; Fig. 22H).

FMRP staining in the cerebellum
Purkinje neurons at the interface between the granu-

lar and the molecular layers of the cerebellum have

been reported as one of the neuronal cell types that

are most reactive to FMRP immunocytochemistry

(Devys et al., 1993). Here we show the average staining

intensity within the cell bodies of the Purkinje neurons

is medium to strong (Figs. 15B, 23A). Prominent stain-

ing is also seen in the granular layer, which consists of

small neurons, while in the molecular layer only few

cells show strong labeling. Cells in the three cerebellar

Figure 11. FMRP (7G1) immunos-

taining in the coronal plane at

the level of the isocortex and ros-

tral thalamus. A: The photomicro-

graph. B: The threshold image.

Gray shades indicate the ventri-

cle and areas without brain tis-

sue. Scale bar 5 1 mm. [Color

figure can be viewed at wileyonli-

nelibrary.com]
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nuclei, the fastigial nucleus (FN), interposed nucleus

(IP), and dentate nucleus (DN) are stained strongly at

comparable levels (Figs. 15B, 23B).

FMRP staining in the cerebral cortex:
isocortex

Throughout the entire isocortex, intense FMRP stain-

ing is seen in almost all areas and in every layer (Fig.

24). Careful examination with high-power images, how-

ever, reveals heterogeneous internal patterns of FMRP

distribution within specific isocortex areas. For example,

in the rostral portion of the primary somatosensory cor-

tex, small granular cells in layer 4 exhibit notably lower

FMRP intensities as compared to other layers, while

cells in layers 2–3 appear more darkly labeled than oth-

er layers (Fig. 24A). A more dramatic pattern of low

FMRP intensities of layer 4 granular cells is seen in the

retrosplenial area, in particular its ventral part (RSPv,

called the area 29) (Fig. 24B). In contrast, cells in layer

4 of the visual area exhibit similar levels of staining as

compared to other layers of the same area (Fig. 24C).

As another example of heterogeneous FMRP distribu-

tion in the isocortex, a unique group of neurons with

particularly intense FMRP staining are found in the

anterior cingulate area (ACA; Fig. 24D). These cells

span layers 2/3 and 5 but are not usually found in lay-

er 6. These cells are among the most darkly stained

cells in the entire brain. At the level of caudal cortex, it

is also noted that FMRP staining intensity is generally

Figure 12. FMRP (7G1) immunos-

taining in the coronal plane at

the level of the caudal striatum.

A: The photomicrograph. B: The

threshold image. Gray shades

indicate the ventricle and areas

without brain tissue. Scale

bar 5 1 mm. [Color figure can be

viewed at wileyonlinelibrary.com]
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lower in the parasubiculum (PAR), postsubiculum

(POST), and presubiculum (PRE) than other cortical

areas (Fig. 8).

We quantified FMRP intensity at the individual neuron

level in four isocortical areas using one-way ANOVA fol-

lowed with Tukey’s test for multiple comparisons (Fig.

15C). The intensities of FMRP immunoreactivity are sig-

nificantly different between layers within each cortical

area (P < 0.0001). Subsequent comparisons further

reveal that layer 4 in area 29 of the retrosplenial area

has significantly lower intensity in FMRP than any other

layers (P < 0.0001). In addition, FMRP intensity in layer

6a is significantly lower than the adjacent layers 5 and

6b (P < 0.01–0.0001). In the primary visual cortex,

cells in layers 1 and 6b have significantly higher FMRP

intensities than other layers (P < 0.0001). As expected,

layer 4 of the primary somatosensory cortex at the level

of the major body of the caudoputamen shows signifi-

cantly lower FMRP intensity than layers 1, 2/3, and 5

(P < 0.0001), but not layers 6a and 6b. Similar to the

somatosensory area, the anterior cingulate area (ACA)

shows lower FMRP staining in deep layers 5 and 6 than

the more superficial layers 1–3. As expected, FMRP

intensity of the darkly labeled cells (DN in Fig. 15C)

spanning layers 2–5 is significantly higher than any oth-

er layers of this cortical region (P < 0.01–0.0001).

Figure 13. FMRP (7G1) immunos-

taining in the coronal plane at

the level of the rostral striatum.

A: The photomicrograph. B: The

threshold image. Gray shades

indicate the ventricle and areas

without brain tissue. Scale

bar 5 1 mm. [Color figure can be

viewed at wileyonlinelibrary.com]
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FMRP staining in the cerebral cortex:
cortical subplate

The cortical subplate contains the cell groups in the

ventral and adjacent medial to the cortical isocortex,

including the claustrum (CLA), the endopiriform nucleus

(EP), and several amygdalar nuclei. FMRP immunostain-

ing is strong in most of these cell groups except in the

posterior amygdalar nucleus (PA) and the anterior por-

tion of the basomedial amygdalar nucleus (BMAa; Fig.

25). Cellular quantification confirms that FMRP intensity

in PA is significantly lower than the adjacent basolateral

amygdalar nucleus (BLA; P < 0.0001; Fig. 15B) and

FMRP intensity in BMAa is significantly lower than the

posterior BMA (BMAp; P < 0.0001; Fig. 15B).

FMRP staining in the cerebral cortex:
hippocampus and olfactory bulb

In all regions of the hippocampus, the pyramidal layer

of CA1–3 and the granule cell layer of the dentate

gyrus exhibit strong FMRP staining (Fig. 26). In particu-

lar in CA1, FMRP immunoreactivity accumulates inten-

sively in the ventral portion of the pyramidal cell

bodies, giving rise to a dark line in FMRP staining at

the interface of the pyramidal layer and the stratum

radiatum layer (Fig. 26A). This dark line is not seen in

other regions of the hippocampus including CA3 and

the dentate gyrus (Fig. 26B,C). FMRP can also be

detected in the proximate portion of the dendrites

extending from the CA1 pyramidal layer (arrows in Fig.

26A). In addition, darkly labeled cells were found scat-

tered in other layers of the hippocampus, including the

stratum oriens and radiatum layers of CA1–3, as well

as the molecular and polymorph layers of the dentate

gyrus (Fig. 26A–C).

All portions of the olfactory area are rich in FMRP

immunoreactivity, including the main olfactory bulb

(MOB), the accessory olfactory bulb (AOB), the anterior

olfactory nucleus (AON), the piriform area (PIR), the cor-

tical amygdalar area (COA), and the nucleus of the lat-

eral olfactory tract (NLOT; Fig. 14C,D). Within the MOB,

the staining intensity of the cell bodies is lower in the

glomerular layer than the mitral layer (Figs. 15D, 26D).

FMRP staining in the cerebral nuclei:
striatum and pallidum

The cortical nuclei contain two major groups, the stri-

atum and pallidum. Most cells in the two groups con-

tain FMRP immunoreactivity at low to medium levels.

Figure 14. FMRP (7G1) immunos-

taining in the coronal plane at

the level of the rostral cortex

(A,B) and olfactory bulb (C,D).

A,C: The photomicrographs. B,D:

The threshold images. Scale

bar 5 1 mm. [Color figure can be

viewed at wileyonlinelibrary.com]
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The caudoputamen (CP), the largest striatum cell group,

is clearly less stained than the adjacent isocortex and

the cell groups in the cortical subplate (Figs. 15B, 25E–

G, 27A,B). Nonetheless, cells are more darkly stained in

CP in general than the nucleus accumbens (ACB) and

the fundus of striatum. Within the lateral septal com-

plex, the caudodorsal part of the lateral septal nucleus

(LSc) exhibits notably higher FMRP intensities than oth-

er cell groups of the complex (see Fig. 11). Among the

striatum-like amygdalar nuclei, the central and medial

amygdalar nuclei (CEA and MEA) exhibit low levels of

staining, while the intercalated amygdalar nucleus (IA)

contains prominent FMRP staining (Figs. 25D–G, 27F).

All layers of the olfactory tubercle (OT) are rich in

FMRP immunoreactivity, including the embedded

islands of Calleja (Figs. 12–14, 1997C). In the pallidum,

the most prominent FMRP-rich cells are found in the

globus pallidus (GP) and the diagonal band nucleus

(NDB; Fig. 27D,E).

DISCUSSION
In this study we provide a systematic map of the cellular

distribution of the fragile X mental retardation protein

(FMRP) throughout the mammalian brain. We show that

the FMRP expression level is highly differential among indi-

vidual neuronal cell groups in young mature brains. This

finding leads to important implications regarding FMRP

function in normal brains and may shed light on under-

standing the pathology of the fragile X syndrome (FXS).

Differential expression of FMRP in young
mature brains

There are two current notions regarding the expres-

sion pattern of FMRP in the mammalian brain. The first

notion is that FMRP expression is high in some brain

areas and low in other regions (Abitbol et al., 1993;

Devys et al., 1993; Hinds et al., 1993; Khandjian et al.,

1995; Verheij et al., 1995). This “regional distribution”

TABLE 2.

FMRP-Rich Neuronal Cell Groups in the Mouse Brain

Neuronal cell groups Neuronal cell groups Neuronal cell groups

Spinal Cord Cerebellum Cerebral Cortex
Gray matter Dentate nucleus (DN) Isocortex – all areas

Fastigial nucleus (FN) Basolateral amygdalar nucleus (BLA)
Brainstem Interposed nucleus (IP) Basomedial amygdalar nucleus,
Abducens nucleus (VI) Granular cells posterior part (BMAp)
Dorsal motor nucleus Purkinje neurons Claustrum (CLA)

of the vagus nerve (DMX) Cortical amygdalar area (COA)
External cuneate nucleus (ECU) Midbrain Endopiriform nucleus (EP)
Facial motor nucleus (VII) Inferior colliculus (IC) Lateral amygdalar nucleus (LA)
Gigantocellular reticular nucleus (GRN) Midbrain trigeminal nucleus (MEV)
Gracile nucleus (GR) Parabigeminal nucleus (PBG) Cerebral Nuclei
Inferior olivary complex (IO) Red nucleus (RN) Caudoputamen (CP)
Lateral reticular nucleus, Substantia nigra, compact part (SNc) Diagonal band nucleus (NDB)

magnocellular part (LRNm) Superior colliculus, intermediate gray layer (SCig) Globus pallidus (GP)
Motor nucleus of the trigeminal (V) Intercalated amygdalar nucleus (IA)
motor root of the trigeminal nerve (moV) Thalamus Islands of Calleja (isl)
Nucleus of the lateral lemniscus (NLL) Lateral geniculate complex, dorsal part (LGd) Medial amygdalar nucleus,
Nucleus of the trapezoid body (NTB) Lateral habenula (LH) posteroventral part (MEApv)
Nucleus raphe obscurus (RO) Lateral posterior nucleus of the thalamus (LP) Olfactory tubercle (OT)
Nucleus raphe pallidus (RPA) Medial geniculate complex (MG)
Pontine gray (PG) Medial habenula (MH) Hippocampus
Principal sensory nucleus Parafascicular nucleus (PF) Dentate gyrus (DG)

of the trigeminal (PSV) Posterior complex of the thalamus (PO) Field CA1 (CA1)
Spinal nucleus of the trigeminal (SPV) Ventral group of the dorsal thalamus (VENT) Field CA2 (CA2)
Superior olivary complex (SOC) Ventral posterior complex of the thalamus (VP) Field CA3 (CA3)

Lateral superior olive (LSO)1

Medial superior olive (MSO)1 Hypothalamus Olfactory
Superior paraolivary nucleus (SPO)1 Dorsomedial nucleus of the hypothalamus (DMH) Accessory olfactory bulb (AOB)
Tegmental reticular nucleus (TRN) Lateral mammillary nucleus (LM) Anterior olfactory nucleus (AON)
Ventral cochlear nucleus (VCO) Medial mammillary nucleus, medial part (MMm)1 Main olfactory bulb (MOB)
Vestibular nuclei (VNC) Parasubthalamic nucleus (PSTN) glomerular layer (MOBgl)

Lateral vestibular nucleus (LAV) Subthalamic nucleus (STN) granule layer (MOBgr)
Spinal vestibular nucleus (SPIV) Tuberal nucleus (TU) mitral layer (MOBmi)
Superior vestibular nucleus (SUV) Tuberomammilliary nucleus, ventral part (TMv) Nucleus of the lateral olfactory tract (NLOT)

1The cell groups whose name is not included in the Allen Mouse Brain Atlas (http://atlas.brain-map.org).
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Figure 15. Cellular quantification

of FMRP intensity in selected

neuronal cell groups. A: The spi-

nal cord and cell groups in the

caudal brainstem and vestibular

and auditory nuclei. B: Cell

groups in the rostral brainstem,

midbrain, cerebellum, as well as

the cortical subplate and nuclei.

C: Layers of isocortical areas. D:

Cell groups in the olfactory bulb,

hippocampus, thalamus, and

hypothalamus. FMRP intensities

were normalized as described in

the Materials and Methods.

Higher intensities indicate higher

levels of FMRP staining at the

individual cell level. For each cell

group, 30 neurons were mea-

sured and averaged. Measure-

ments for each cortical area

were taken at levels comparable

to Fig. 24. Error bars are SD. *P

< 0.01. **P < 0.001. ***P <
0.0001. “ns,” not significant.
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pattern has led to extensive studies of FMRP function

in brain regions with high overall FMRP levels, such as

the hippocampus and cortex. The second notion consid-

ers FMRP expression at the individual cell level and

emphasizes that many neuronal types throughout the

brain are as intensely stained for FMRP as the neurons

in the hippocampus and cortex (Feng et al., 1997;

Christie et al., 2009). This “universal distribution” con-

cept argues that strong FMRP signals in some brain

regions such as the hippocampus may be related to

neuron size and density. This notion is supported by

accumulating evidence of altered neuronal structure

and function throughout the brain following FMRP loss

or reduction, including the brainstem (Brown and Kacz-

marek, 2011; Rotschafer et al., 2015) and thalamus

(Kogan et al., 2004a).

Using systematic mapping of FMRP immunoreactivity

in the entire brain and quantitative analyses at the indi-

vidual cell level, the current study confirms the wide-

spread distribution of FMRP-rich cells throughout the

mammalian brain. More important, this study demon-

strates a highly differential pattern of FMRP expression

with regard to individual neuronal cell groups. In almost

all major brain areas from the brainstem and midbrain

to the thalamus and forebrain, cell groups high in FMRP

expression are found to be located adjacent to cell

groups low in FMRP expression. One of the most strik-

ing examples is that the FMRP expression level can dif-

fer notably between layers of the same cortical areas

and between adjacent cortical areas of the same layers.

The overall strong FMRP signal seen in the cortex and

hippocampus is partially due to relatively higher percen-

tages of neurons (and probably large glial cells) rich in

FMRP in these areas than in other brain regions, in

addition to the size and density of general neuronal

population, as suggested by Feng et al. (1997).

It is interesting to speculate about the relationship of

FMRP expression with other cellular properties of mature

neurons. Clearly, the FMRP expression level of a neuron

is not simply related to its general function. In the spinal

cord and brainstem, both sensory and motor neurons

contain high levels of FMRP. Equally important, not all

nuclei involved in sensory processing and motor control

express high levels of FMRP (see more discussion below).

Consistently, sensory neurons in the thalamus express

comparable levels of FMRP to most cortical and hippo-

campal neurons for cognitive and memory processing. In

particular, two nuclei located adjacent to each other and

involved in similar functional operations can vary dramati-

cally in the level and pattern of FMRP expression. Exam-

ples include the dorsal and ventral portions of the

cochlear nucleus, the primary targets of auditory nerve

from the inner ear (Brown and Ledwith, 1990), as well as

the anterior and posterior portions of the basomedial

amygdalar nucleus, which both are a part of the fear

response pathway (Rosen, 2004).

FMRP expression is also not specific to the type of

neurotransmitters a neuron releases or to the

Figure 16. High-magnification images of FMRP (7G1) immunostaining in the spinal cord. A: The spinal cord at the approximate level of C-2

segment. Closer looks of the boxes are displayed in B,C. Dashed lines indicate the borders between the white and gray matters. B: The

gray matter contains darkly (arrows) and relatively lightly (arrowheads) stained cells. C: The white matter contains small immunoreactive

cell bodies (arrowheads), presumably glial cells. Scale bars 5 500 lm in A; 100 lm in C (applies to B,C).
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expression of a number of biomarkers that characterize

specialized neuronal cell types. For example, FMRP lev-

el is comparably high in principle neurons of the medial

nucleus of the trapezoid body that release glycine

(Bledsoe et al., 1990), hippocampal pyramidal neurons

that use glutamate as a neurotransmitter (Deng et al.,

2013), and GABAergic Purkinje neurons in the cerebel-

lum (Saito et al., 1974). Similarly, nearly all neurons in

the inferior olive strongly express both FMRP and cal-

bindin (Yu et al., 2014), while the cerebellar molecular

layer contains numerously darkly labeled small granular

cells for FMRP, mostly known to be calbindin-negative

(Schwaller et al., 2002). This broad overlap of FMRP

expression with neuronal function and other cellular

properties, along with the differential pattern of FMRP

between individual cell groups, highlight the importance

of FMRP signal in a wide range, but highly selected,

brain activities. Exploring the underlying mechanisms of

this selection is an important avenue for future investi-

gations and is expected to dramatically enhance our

understanding of FMRP regulation in the brain.

Implications related to FMRP function and
FXS pathology

If a cell is normally rich in FMRP, it suggests an

increased susceptibility of cell structure and function to

the loss or reduction of this protein, as compared to

Figure 17. High-magnification images of FMRP (7G1) immunostaining in the caudal brainstem. A,B: High FMRP levels in the inferior olive

complex (IO; A) and the magnocellular part of the lateral reticular nucleus (LRNm; B). C: The dorsal motor nucleus of the vagus nerve

(DMX) exhibits stronger FMRP staining than the adjacent hypoglossal nucleus (XII). These two nuclei are also illustrated in J and K. D,E:

The giganticellular reticular nucleus (GRN) contains darkly labeled neurons. E is at a higher magnification than D. F,G: The external cune-

ate nucleus (ECU) is rich in FMRP at both the rostral (F) and caudal (G) levels. H,I: FMRP immunoreactive neurons in the facial motor

nucleus (VII; H) and the abducens nucleus (VI; I). J,K: 7G1 immunostaining (J) and the Nissl stain (K) on the adjacent sections containing

DMX and XII. Note the relatively lower level of FMRP in XII as compared to the DMX. A–I are coronal sections while J–K are sagittal sec-

tions. Scale bar 5 200 lm for A (applies to B,D,F–H,J,K); 200 lm for C,I; 100 lm in E.
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other cells that do not express the protein or require

lower levels of FMRP for healthy function. It is impor-

tant to note that the distribution pattern of FMRP

described here is in young mature brains of 5–6-week-

old mice. Although FMRP expression in the brain begins

early in development and continues throughout life

(Hinds et al., 1993), the FMRP level appears to be asso-

ciated with specific developmental events (Tessier and

Broadie, 2008; Cook et al., 2011; Gholizadeh et al.,

2015). Special care should be taken when attempting

to associate the distribution pattern of FMRP in mature

brains to structural, physiological, and behavioral abnor-

malities found in FXS patients and FMR1 knockout ani-

mals. These abnormalities are accumulated

consequences of constitutive FMRP reduction during

the entire development as well as the acute influence

of insufficient FMRP regulation after maturity. Further-

more, FMRP has been proposed to play distinct func-

tions at specific developmental stages, from regulating

neuronal differentiation during early development, medi-

ating dendritic and synaptic pruning later in develop-

ment, and to controlling activity-dependent neuronal

plasticity after maturity (Till, 2010; Telias et al., 2013;

Chaudhury et al., 2016). Characterization of FMRP cel-

lular distribution patterns at critical developmental

stages is essential for exploring specific contributions

of various FMRP regulatory mechanisms to normal brain

function. Below we discuss how FMRP expression levels

in mature brains might be associated with physiological

and behavioral outcomes in FXS patients and animals,

with an emphasis on activity-dependent neuronal plas-

ticity. This discussion is focused on three brain areas of

high interest.

Subcortical sensory processing
Sensory information processing has recently received

an increasing amount of attention in studying FXS

pathology in humans and animal models (Sinclair et al.,

2016). Abnormal sensory processing is common not

only to individuals with FXS but also to autism spec-

trum disorders in general. One novel finding of our

report is the identification of a large number of cell

Figure 18. High-magnification images of FMRP (7G1) immunostain-

ing in the vestibular and auditory brainstem nuclei. A: FMRP stain-

ing in the dorsal and ventral cochlear nuclei (DCO and VCO). B:

FMRP staining in the three subnuclei of the nucleus of the lateral

lemniscus (NLLd, NLLh, and NLLV). C,D: FMRP staining in the medi-

al, spinal, lateral, and superior portions of the vestibular nucleus

(MV, SPIV, LAV, and SUV). D was taken from a section more rostral

than C. E: FMRP staining in the superior olive complex and the

nucleus of the trapezoid body (NTB). Scale bar 5 500 lm.

Figure 19. High-magnification images of FMRP (7G1) immunostaining in the rostral brainstem. A: Intense FMRP staining in the tegmental

reticular nucleus (TRN) and the pontine gray (PG). Dashed line indicates the midline. B: FMRP staining in the principal sensory nucleus of

the trigeminal (PSV) and the motor nucleus of the trigeminal (V). Note particularly high FMRP levels in neurons embedded in the motor

root of the trigeminal nerve (moV). C: FMRP immunoreactive neurons in the compact pact of the substantia nigra (SNc). Scale bars 5 200

lm in A,B; 100 lm in C.
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groups with strong FMRP expression in the brainstem,

midbrain, and thalamus. Many of these cell groups are

involved in fundamental sensory information processing,

including auditory, visual, and somatosensory, or in

motor control. It is important to note that not all senso-

ry and motor neurons at these subcortical levels are

normally rich in FMRP. Most auditory and somatosenso-

ry nuclei in the brainstem, midbrain, and thalamus

strongly express FMRP. Visual nuclei, on the other

hand, exhibit a more selected manner of FMRP expres-

sion. Consistent with previous observation in primates

(Kogan et al., 2004a), high levels of FMRP are seen in

the mouse dorsolateral geniculate nucleus, the major

thalamic target of the ascending pathway from the reti-

na. In contrast, FMRP intensity is relatively low in the

superficial layers of the superior colliculus, a retinal

Figure 20. High-magnification images of FMRP (7G1) immunostaining in midbrain cell groups. A–C: FMRP immunoreactivity in the external

and central nuclei of the inferior colliculus (ICe and ICc). B,C: At a higher magnification than A. D: FMRP staining is weak in the adjacent peria-

queductal gray (PAG). Note darkly labeled neurons in the midbrain trigeminal nucleus (MEV). E,F: Intense FMRP staining in the intermediate

gray layer (ig), but not other layers, of the superior colliculus (SC). F is a closer look of the box in E. G: Neurons in the parabigeminal nucleus

are darkly labeled for FMRP immunocytochemistry. Scale bars 5 250 lm in A,D,E; 50 lm in C (applies to B,C); 100 lm in F,G.

Figure 21. High-magnification images of FMRP (7G1) immunostaining in the thalamus. A: Strong FMRP staining in most thalamic cell

groups but not the ventral portion of the lateral geniculate complex (LGv) and the intergeniculate leaflet (IGL). B,C: Closer looks of the

neurons in the dorsal portion of the LG (LGd; B) and LGv (C). D: FMRP staining appears stronger in the medial habenula (MH) than the lat-

eral habenula (LH). E,F: Closer looks of the neurons in the LH (E) and MH (F). Note FMRP intensity at the individual cell level is compara-

ble between these two cell groups, although MH has a higher cell density. Dashed lines outline the approximate location of different cell

groups. Scale bars 5 500 lm in A (applies to A,D); 50 lm in F (applies to B,C,E,F).
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target in the midbrain (Butler et al., 2011). Similarly,

not all motor neurons are normally rich in FMRP. Strik-

ing differences in FMRP level are seen between the

adjacent dorsal motor nucleus of the vagus nerve

(DMX) and the hypoglossal nucleus (XII), two primary

cell groups of cranial nerves. Taken together, FMRP is

selectively expressed at high levels in subcortical sen-

sory and motor neurons in mature brains.

If FMRP-rich sensory neurons are significant targets

in FXS, one might expect to see that these neurons

exhibit structural and/or functional plasticity in

response to changes in neuronal activity in normal

brains and that such activity-dependent plasticity is

compromised when FMRP is absent. Indeed, hearing

loss or abnormal hearing induced by tinnitus leads to

extensive alternations in cellular properties of auditory

Figure 22. High-magnification images of FMRP (7G1) immunostaining in the hypothalamus. FMRP staining is strong in the lateral mammil-

lary nucleus (LM; A), the ventral part of the tuberomammillary nucleus (TMv; B), the dorsomedial nucleus of the hypothalamus (DMH; C),

the medial part of the medial mammillary nucleus (MMm; D), the tuberal nucleus (TU; E), the parasubthalamic nucleus (PSTN; G), and the

subthalamic nucleus (STN; H). In contrast, FMRP staining is weak in the ventral premammillary nucleus (PMv; F). Note that FMRP staining

is weaker in the lateral part of the medial mammillary nucleus (MMl) than in the MMm (D). Dashed lines outline the approximate location

of different cell groups. Scale bar 5 100 lm.

Figure 23. High-magnification images of FMRP (7G1) immunostaining in the cerebellum. A: Strong FMRP staining in Purkinje neurons

(arrows) and granular layer but not in the molecular layer. B: FMRP staining in the three cerebellar nuclei. Dashed lines outline the approx-

imate location of these nuclei. Scale bars 5 100 lm in A; 200 lm in B.
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neurons throughout the brain (Rubel and Fritzsch,

2002; Parks and Rubel, 2004; Saunders, 2007; Berger

and Coomber, 2015; Tong et al., 2015; Ryugo, 2015;

Bayat et al., 2016). In FMR1 knockout mice, auditory

brainstem neurons show altered synaptic connectivity

and reduced activity-dependent regulation of ion chan-

nel expression and conductance (Brown and Kacz-

marek, 2011; Rotschafer et al., 2015). In primates and

humans, FMRP expression in the magnocellular layers

of the lateral geniculate nucleus (LGN) is stronger than

that in the parvocellular layers of LGN (Kogan et al.,

2004a). Consistently, FXS patients show selective visual

deficit of the magnocellular, but not parvocellular visual

pathway, although the role of neuronal activity in this

visual function is not clear. Similarly, in the olfactory

bulb, where FMRP is strongly expressed, neuronal den-

dritic dynamics in response to alterations of sensory

experience are reduced in FMR1 knockout mice (Dar-

oles et al., 2015), including deficits in learned olfactory

function (Larson et al., 2008; Sudhakaran et al., 2014;

Nitenson et al., 2015).

Taken together, these studies strongly implicate the

importance of FMRP regulation in selected aspects of

fundamental sensory information processing in mature

brains at the subcortical levels. This implication argues

that there are two avenues whereby FXS can influence

cortical function, where the sensory perception is

thought to be generated. One is the influence of FMRP

on the development and maintenance of the cortical

neurons themselves. The second is through altered sen-

sory signals they receive due to abnormal functioning

and/or abnormal connectivity of sensory neurons in the

brainstem, midbrain, and thalamus. Therefore, in addi-

tion to studies of cortical neurons, investigations of

Figure 24. High-magnification

images of FMRP (7G1) immunos-

taining in the isocortex. A,B: The

primary somatosensory area tak-

en from the level comparable to

Fig. 12. B: Closer looks of individ-

ual layers in A. C,D: The ventral

part of retrosplenial area taken

from the level comparable to Fig.

9. D: Closer looks of individual

layers in C. E,F: The primary visu-

al area taken from the level com-

parable to Fig. 9. F: Closer looks

of individual layers in E. G,H: The

anterior cingulate area taken

from the level comparable to Fig.

12. H: Closer looks of individual

layers in G. Note that neurons in

layer 4 are more lightly stained

than other layers in the somato-

sensory (A,B) and retrosplenial

(C,D), but not in the visual (E,F),

areas. Neurons in layers 2–3

exhibit stronger staining than

other layers in the somatosenso-

ry (A,B) and visual (E,F) areas.

Arrowheads in H indicate the

neurons with uniquely strong

staining. Scale bars 5 200 lm in

A (applies to A,C,E,G); 50 lm in

B (applies to B,D,F,H).
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FMRP function at subcortical levels may be both experi-

mentally advantageous and clinically significant; sensory

processing circuits at the subcortical levels are often

more thoroughly characterized and may be more con-

served across vertebrate species than cortical neural

circuits.

Figure 25. High-magnification images of FMRP (7G1) immunostaining in the cortical subplate and striatum. A–G: Serials images throughout

the cortical subplate from caudal (A) to rostral (G). Dashed lines outline the approximate boundaries of a number of nuclei. Scale

bar 5 500 lm.

Figure 26. High-magnification

images of FMRP (7G1) immunos-

taining in the hippocampus and

the main olfactory bulb (MOB). A:

FMRP staining in the hippocam-

pus CA1. Arrows indicate stained

dendrites of the pyramidal neu-

rons. B: FMRP staining in the

dentate gyrus (DG). C: FMRP

staining in the hippocampus CA3.

D: FMRP staining in the MOB.

Scale bar 5 100 lm.
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Hypothalamus
The hypothalamus is in general low in FMRP in

mature brains with the exception of a number of cell

groups of the mammillary body. The mammillary body is

closely related to the hippocampus and plays an impor-

tant role in spatial memory (Vann and Nelson, 2015).

The finding of a high FMRP level in the mammillary

body is of particular interest in light of memory and

learning deficits in FXS individuals and extensive docu-

mentation on reduced neuronal plasticity of hippocam-

pal neurons in FMR1 knockout mice (Mercaldo et al.,

2009). The current study found varied FMRP expression

levels among distinct cell groups of the mammillary

body, suggesting differential contribution of each cell

group to memory deficits in FXS.

Data on neuroendocrine function of the hypothala-

mus are seemingly disparate. Hypothalamic nuclei are

known to control food intake, body temperature,

fatigue, sleep, and circadian rhythms (Bakos et al.,

2016). A number of neuroendocrine studies implicated

hypothalamic dysfunction in FXS, including abnormal

activation of the hypothalamic–pituitary–adrenal axis

(Hessl et al., 2004). In addition, significantly reduced

neuronal activity was reported in the hypothalamus of

FMR1 knockout mice of 5-week-old mice (Michalon

et al., 2013). These studies may help to explain the

abnormal stress responses, sleep abnormalities, and

physical growth patterns commonly seen in affected

individuals (Bregman et al., 1990; Hessl et al., 2004).

Low FMRP expression in most hypothalamic nuclei at

comparable ages appears inconsistent with these

behavioral studies. This could also be showing us one

of the differences in FMRP expression in mice and

human brains. Alternatively, it may suggest the impor-

tance of FMRP to hypothalamus during development

rather than at relatively more mature stages. Consistent

with this idea is the significant increase in the gray

matter volume in hypothalamus found in 1–3-year-old

(Hoeft et al., 2008) but not older (Gothelf et al., 2008)

children with FXS based on magnetic resonance imag-

ing studies. It is clear that further research is needed

to consolidate these seemingly disparate findings, but it

does raise the possibility that FMRP may be differential-

ly expressed at different levels in developing hypotha-

lamic nuclei.

Cortex layer 4
Reduced neuronal plasticity of various cortical cell

types is repeatedly reported in FMR1 knockout animals

(for example, Li et al., 2002; Gocel et al., 2012; Pad-

mashri et al., 2013; Yang et al., 2014; Koga et al.,

2015; Martin et al., 2016; Nagaoka et al., 2016). FMRP

is strongly expressed in almost all layers throughout

the neocortex in mature brains. However, the FMRP

protein level is not uniform. For example, small granule

neurons of layer 4, the primary cortical targets of

ascending thalamic inputs, exhibit significantly lower

FMRP levels as compared to other layers in area 29

and some somatosensory areas. Interestingly, layer 4 is

uniquely highly developed in area 29, with a

Figure 27. High-magnification images of FMRP (7G1) immunostaining in the striatum and pallidum. FMRP staining is stronger in the caudo-

putamen (CP; A), the islands of Calleja (isl; C), the diagonal band nucleus (NDB; D), and the globus pallidus (GP; E), than in the nucleus

accumbens (ACB; B) and the central amygdalar nuclei (CEA; F). Arrows in B indicate two more darkly labeled neurons in ACB. Dashed line

in C outlines the boundary of one island of Calleja. Scale bar 5 100 lm.
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corresponding reduction of layers 2 and 3 (Brodmann,

1909). Area 29, a portion of the retrosplenial cortex, is

thought to participate in memory, navigation, and other

cognitive functions (Vann et al., 2009). In the somato-

sensory area, Till et al. (2012) reported alterations in

dendritic and spine morphology of spiny stellate neu-

rons of layer 4. Whether structural changes occur to

small granule cells in the same layer is unknown, proba-

bly due to the difficulty of studying this cell type (see

discussion in Wang et al., 2010). Layer-specific expres-

sion of FMRP is also found in another laminar structure,

the superior colliculus. Although the significance and

implications of these differential expression patterns in

FMRP neurobiology and FXS pathology are unknown, it

amplifies the importance of studying FMRP mechanisms

with the resolution of individual layers and cell types.

CONCLUSION
The findings presented in this study provide funda-

mental background information for understanding FMRP

function in the mature brain. Additional complementary

studies assessing cellular distribution patterns at criti-

cal developmental stages will be essential for exploring

specific contribution of various FMRP regulatory mecha-

nisms to normal brain function. In addition, our findings

emphasize the need and advantages of studying senso-

ry information processing at subcortical levels for

understanding FMRP functions in normal and FXS

brains.
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Abstract
The avian nucleus laminaris (NL) is a brainstem nucleus necessary for binaural processing, analo-

gous in structure and function to the mammalian medial superior olive. In chickens (Gallus gallus),

NL is a well-studied model system for activity-dependent neural plasticity. Its neurons have bipolar

extension of dendrites, which receive segregated inputs from two ears and display rapid and

compartment-specific reorganization in response to unilateral changes in auditory input. More

recently, fragile X mental retardation protein (FMRP), an RNA-binding protein that regulates local

protein translation, has been shown to be enriched in NL dendrites, suggesting its potential role in

the structural dynamics of these dendrites. To explore the molecular role of FMRP in this nucleus,

we performed proteomic analysis of NL, using micro laser capture and liquid chromatography tan-

dem mass spectrometry. We identified 657 proteins, greatly represented in pathways involved in

mitochondria, translation and metabolism, consistent with high levels of activity of NL neurons. Of

these, 94 are potential FMRP targets, by comparative analysis with previously proposed FMRP tar-

gets in mammals. These proteins are enriched in pathways involved in cellular growth, cellular

trafficking and transmembrane transport. Immunocytochemistry verified the dendritic localization

of several proteins in NL. Furthermore, we confirmed the direct interaction of FMRP with one

candidate, RhoC, by in vitro RNA binding assays. In summary, we provide a database of

highly expressed proteins in NL and in particular a list of potential FMRP targets, with the goal of

facilitating molecular characterization of FMRP signaling in future studies.

K E YWORD S

autism spectrum disorders, cytoskeletal proteins, dendritic plasticity, gene ontology, RNA binding

protein, RhoC, RRID: AB_94856, RRID: AB_776174, RRID: AB_297884, RRID: AB_357520, RRID:

AB_309663, RRID: AB_2277755, RRID: AB_2155806, RRID: AB_1859928, RRID: AB_10615780,

RRID: AB_2620155

1 | INTRODUCTION

Local translation of mRNAs occurs in dendrites in response to changes

in neuronal activity (Martin & Zukin, 2006; Steward & Falk, 1985;

Steward, Farris, Pirbhoy, Darnell, & Driesche, 2014). Fragile X mental

retardation protein (FMRP) is an RNA binding protein, which plays an

important role in proper dendrite development by mechanisms of local

translation (Santoro, Bray, & Warren, 2012). Loss of FMRP leads to

fragile X syndrome (FXS), a neurodevelopmental disorder with sensory,

learning, and social difficulties (Penagarikano, Mulle, & Warren, 2007).

We have yet to understand the exact mechanism underlying these

difficulties, but evidence suggests that abnormal dendritic plasticity is

involved. Postmortem analyses of the brains of FXS patients as well as

knock-out animal models reveal abnormalities of dendrites (Galvez,

Gopal, & Greenough, 2003; Galvez & Greenough, 2005; Hinton,

Abbreviations: eEF1a, eukaryotic elongation factor 1a; eEF2, eukaryotic
elongation factor 2; MAP1B, microtubule-associated protein 1B; MAP2,
microtubule-associated protein 2; Mve, medial vestibular nucleus; NM,
nucleus magnocellularis; NL, nucleus laminaris; NA, nucleus angularis; SpVe,
spinal vestibular nucleus; SERCA, arco/endoplasmic reticulum Ca21-ATPase;
TuJ-1, neuron-specific class III beta-tubulin; XDCT, dorsal crossed cochlear
track.
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Brown, Wisniewski, & Rudelli, 1991; Irwin, Galvez, & Greenough, 2000;

Zarnescu, Shan,Warren, & Jin, 2005).

We have previously shown that FMRP is enriched in the dendrites

of chick nucleus laminaris (NL) as well as in its equivalent structure, the

medial superior olive (MSO), in mammals, including humans (Wang

et al., 2014). NL and MSO are important for detecting temporal coinci-

dence of afferent input between the two ears, which is believed to be

essential for encoding the location of sound source along the azimuth

(reviewed in Ashida & Carr, 2011; Grothe, 2000; Joris & Yin, 2007;

Kuba, 2007). As a fundamental substrate for computing interaural time

differences (ITDs), NL and MSO neurons form bipolar dendrites that

are innervated differentially by segregated afferent inputs from the

two ears. The evolutionary conservation in FMRP expression in NL and

MSO dendrites suggests its importance in auditory temporal process-

ing. Consistently, FXS patients exhibit problems with communication,

hypersensitivity to auditory stimuli and inability to habituate to

repeated auditory stimuli (Rotschafer & Razak, 2014). FMRP knock-out

mice also display hypersensitivity to auditory stimuli (Chen & Toth,

2001).

NL/MSO dendrites display compartment-specific plasticity in

structure and in protein levels, consistent with the functional role of

FMRP in regulating dendritic and synaptic modifications via spatially

controlling translation of its mRNA targets. Dendrites of NL and MSO

neurons are highly dynamic. For example, unilateral deafening causes

retraction of the dendrites receiving input from the affected side but

not the other dendrites of the same neurons (Benes, Parks, & Rubel,

1977; Deitch & Rubel, 1984). Changes in dendrites, including the short-

ening of terminal dendritic branches, occur rapidly, within hours, and

importantly, these changes are reversible in response to changes in

afferent activity (Sorensen & Rubel, 2006, 2011; Wang & Rubel, 2012).

Accompanying the structural changes, altered expression levels of a

number of proteins in these dendrites also occur within a similar time-

scale (Wang & Rubel, 2008). These rapid and highly localized changes

suggest that very rapid mechanisms are taking place perhaps by local

protein translation or degradation.

Thus, NL/MSO provides a suitable model for studying neuroplastic-

ity in dendrites, particularly for studying the molecular and cellular

events regulated by FMRP signaling, with functional and clinical rele-

vance to understanding the auditory and communication related behav-

ioral deficits in FXS. Several hundred potential mRNA targets of FMRP

have been predicted from tissue samples homogenized from whole

mouse brains (Brown et al., 2001; Darnell et al., 2011; Ascano et al.,

2012). In the current study, we take advantage of the simple anatomy

of the chicken NL, which allows for the specific tissue collection from

one neuronal cell type and its incoming afferent axons (Figure 1). We

first identified the proteins expressed in NL by mass spectrometry using

a shotgun proteomic approach and then performed comparative analy-

ses to identify potential FMRP targets in NL. In addition, we verified the

dendritic localization of a number of the identified candidates using

immunocytochemistry and confocal imaging. Finally, we confirmed the

direct interaction of one such candidate with FMRP using in vitro RNA

electrophoretic mobility shift assay (REMSA). Our results provide a list

FIGURE 1 Proteins identified from nucleus laminaris (NL) and
dorsal brainstem (BS). (a) Schematic of a coronal section of the
brainstem is shown. Signals from the cochlea are transmitted via
the eighth cranial nerve to NM. NM neurons then project to the
dorsal aspect of ipsilateral NL and decussate to target the ventral
aspect of contralateral NL. Axons and neurons innervated by the
right cochlea are indicated in red color. (b) A low-magnification
image taken from the caudal brainstem at the level of NL in the
coronal plane. The section is immunostained for microtubule-
associated protein 2 (MAP2) to illustrate the location of the cell
groups. Proteomic analysis was performed on unstained tissue
block containing auditory brainstem (green box) or just NL col-
lected by laser microdissection of cryosections (blue lines). 657
proteins identified from NL are a subset of 2,339 proteins identi-
fied from BS. 202 proteins are putative FMRP targets. (c, d) Pie
charts demonstrate the distribution of identified proteins from NL
(c) and BS (d) that were identified in one, two, three or four biolog-
ical samples. Abbreviations: NM, nucleus magnocellularis; NL,
nucleus laminaris; NA, nucleus angularis; MVe, medial vestibular
nucleus; SpVe, spinal vestibular nucleus; XDCT, dorsal crossed
cochlear track. Scale bars5500 mm in (a) [Color figure can be
viewed at wileyonlinelibrary.com]
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of promising FMRP targets in NL dendrites that may be important to

structural dynamics of NL dendrites.

2 | MATERIALS AND METHODS

This study was performed on White Leghorn chick hatchlings (Gallus gal-

lus) of less than 10-day age. All procedures were approved by the Florida

State University and University of Washington Institutional Animal Care

and Use Committees, and carried out in accordance with the National

Institutes of Health Guide for the Care and Use of Laboratory Animals.

2.1 | Tissue collection for mass spectrometry

Two types of tissue samples were collected from the brainstem of newly

hatched chickens (postnatal day 0–4; n518 total). The first sample type

was collected specifically from the NL cell group (Figure 1b; blue lines).

After decapitation, the brains were quickly removed from the skull. The

brainstem was blocked and immersed in optimal culture temperature

(OCT) compound (Thermo Scientific, Inc., Waltham, MA), snap frozen in

liquid nitrogen and stored at2808C. Coronal sections (20 mm thick) con-

taining NL were collected from the brainstem block using a cryostat and

mounted on 0.9 mm Polyesther (POL)-membrane slides (Leica Microsys-

tems, Buffalo Grove, IL). Under a laser micro-dissection microscope

(LMD-6000; Leica Microsystems), the NL was outlined at 203 magnifi-

cation, containing cell bodies and dendritic layers of NL with minimal

inclusion of surrounding tissues. The outlined tissue was dissected with

a laser (laser line width of 2 mm; laser power at 128, cutting speed at 1

mm per section) and dropped into a sterile 0.6 ml microtube. Dissected

NL pieces from both sides of the brainstem from two animals were com-

bined in one microtube and considered as one biological sample labeled

as “NL”. In total, we collected four NL biological samples from eight ani-

mals. These samples were stored at2808C until protein extraction. The

number of animals needed was based on howmuch protein was needed

to identify!500–2,000 proteins.

The second type of tissue sample was collected from the dorsal

brainstem at the caudorostral level of NL (Figure 1b; green lines). After

the brain was removed from the skull, a 3 mm thick block was manually

collected from the brainstem and placed flat in a petri dish. The dorsal

brainstem at the level of the crossed dorsal cochlear tract was separated

from the ventral brainstem. This sample contains three auditory nuclei

(NL, nucleus magnocellularis, and nucleus angularis) as well as several ves-

tibular cell groups (medial, lateral, spinal, and ventral vestibular nuclei).

Similarly, tissue samples from two animals were combined as one biologi-

cal sample labeled as “BS” (brainstem). In total, we collected five BS

biological samples from ten animals. These samples were snap frozen in

OCT in liquid nitrogen and stored at2808C until protein extraction.

2.2 | Protein preparation for mass spectrometry

For BS samples, tissues were thawed on ice in T-buffer (20 mM Tris,

150 mM NaCl, 1 mM EDTA, 1 mM EGTA), sonicated in 2 3 10 s pulses

in 500–1000 ml volume, centrifuged at 2,300 3 g for 10 min to remove

cellular debris. Supernatant was diluted to 1 mg/ml and then

ultracentrifuged at 100,000 3 g for 1 hr. To improve the identification

of low abundance membrane proteins, the membrane pellet and cyto-

solic supernatant were collected separately and processed independ-

ently as one biological sample each. Both were solubilized at 608C in

sodium dodecyl sulfate (SDS) at a final concentration of 0.1%, incu-

bated in 5 mM dithiothreitol (DTT) for 30 min at 608C followed by

15 mM Iodoacetamide (IAA), an alkylating agent, for 30 min at the

room temperature in the dark, and then digested with 2 mg trypsin

(Sigma, proteomic grade) overnight at 378C to hydrolyze specifically at

the carboxyl side of arginine and lysine residues. Samples were hydro-

lyzed with 100 mM HCl for 5 min at 378C. Detergent was then

removed with Oasis MCX cleanup kit (Waters Corporation; Milford,

MA).

For NL samples which were attached to POL membrane pieces,

samples were incubated with 0.1% rapigest/Tris-buffer for 5 min at

958C. As described above, tissues were treated with DTT and IAA. Pro-

teins were digested with trypsin and then the detergent was hydro-

lyzed with HCl. Samples were centrifuged twice at 16,000 3 g for 5

min each to remove the POL membrane debris. The solution was dried

to a volume of 20 ml with a speedvac before mass spectrometry.

2.3 | Mass spectrometry (MS) and protein
identification

Purified peptide samples were loaded onto 30 cm by 75 mm width silica

columns packed with 4 mm Jupitor 90Å beads and 2 mm length Kasil trap

with 3 mm Jupitor 90Å beads. Flow pressure was kept !1,500 psi at

0.250 ml/min flow. The LTQ-FT Ultra (ThermoFisher Scientific) mass spec-

trometer was used. Spectra were acquired using a cycle of one high-

resolution MS scan (400–1400 m/z) followed by five data-dependent

MS/MS scans at low resolution, repeated continuously throughout the

analysis. Spectra were matched to peptide sequences using SEQUEST

(Eng, McCormack, & Yates, 1994) (non-tryptic ends). Peptide-spectrum

match (PSM) and peptide identifications were obtained from Percolator

(v2.01) (Käll, Canterbury, Weston, Noble, & MacCoss, 2007). Peptides

with Percolator with q-value <0.01 were given as input to ID Picker

(Zhang, Chambers, & Tabb, 2007) for protein identification. We used a

decoy database using scrambled Gallus gallus genome sequence (build 12/

17/11). We required at least 2 peptides per protein, each with a q-value

(false discovery rate) of <0.01 (estimated 1% rate of false discoveries

among the accepted peptides). At least four biological replicates with three

technical replicates each were performed. We required each peptide to

present in every technical replicate (n53) and at least 2 peptides per pro-

tein for identification. Because of the multiple technical replicates, we

pooled the proteins identified in each of the biological samples. Figure 1c,

d demonstrates the percentages of proteins identified in multiple biologi-

cal samples. Protein identification comparisons among different experi-

ments were made usingMSDaPl (Sharma, Eng, MacCoss, & Riffle, 2012).

2.3.1 | Gene ontology analyses

Several software programs were used to perform gene ontology analy-

ses of the identified proteins. The first is the DAVID Bioinformatics

Resources 6.8 (National Institute of Allergy and Infectious Diseases,
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National Institute of Health; https://david.ncifcrf.gov/). We used this

resource for protein functional annotation and gene ID conversion.

Ensembl Bio-mart software (http://www.ensembl.org/biomart/mart-

view/) was also used for gene ID conversion. For identifying transmem-

brane proteins, we used the TMHMM program version 2.0 located at:

http://www.cbs.dtu.dk/services/TMHMM/. Finally, we used the Inge-

nuity pathway analysis at http://www.ingenuity.com/as an alternative

approach to DAVID for identifying enriched pathways.

2.4 | Western blot

Protein samples were harvested from flash frozen chicken brainstem

tissue. Samples were homogenized in EDTA buffer (62.5 mM Tris-HCl

pH 6.8, 2% SDS, 10% Glycerol, 5% b-ME, 10 mM EDTA) using the

Ultra-Turrax® T10 homogenizer (IKA® Works, Inc., Wilmington, NC).

50 lg of protein lysate in SDS buffer (2% SDS, 50 mM Tris pH 7.6, 5%

glycerol, and 0.025% bromophenol blue) was incubated at 708C for 10

min, resolved in NuPAGE 4–12% Bis-Tris Gels (Life Technologies,

Carlsbad, CA), and then transferred onto PDVF membranes (GE

Healthcare, Chicago, IL). After blocking in 5% milk in PBS with 0.05%

Tween (PBS-T) for 30 min at room temperature, membranes were

probed against the primary antibodies (Tab. 1) overnight at 48C in 1%

milk in PBS-T. Specific secondary HRP-conjugated antibodies were

used at 1:2,500 dilutions (Santa Cruz, Biotechonology®, Inc., Dallas,

TX) and blots were developed with SuperSignalTM West Pico

Chemiluminescent Substrate (Thermo Scientific, Inc., Waltham, MA)

and exposed to X-ray film.

2.5 | Immunostaining

Immunocytochemistry was used to verify the expression of a number

of MS-identified proteins in NL neurons and examine their subcellular

localization. Chickens (P0–P4) were transcardially perfused with 0.9%

saline followed by 4% paraformaldehyde in 0.1 M phosphate buffer

(PB). The brains were removed from the skull, post fixed overnight in

the same fixative, and transferred to 30% sucrose in 0.1 M PB. Brains

were then sectioned in the coronal plane at 20–30 mm on a freezing

sliding microtome or a cryostat and collected in PBS. Sections contain-

ing NL were immunostained using the primary antibodies listed in

Table 1. The staining procedure was described previously (Wang, Cun-

ningham, Tempel, & Rubel, 2009). Briefly, blocking was performed by

4% normal goat serum in PBS overnight at 48C or with a blocking solu-

tion (PerkinElmer FP1020; Waltham, MA) at room temperature for 30

min. Sections were incubated with primary antibody solutions diluted

in PBS with Triton X-100 (at a concentration of 0.3% or 0.5%) over-

night at 48C followed by AlexaFluor secondary antibodies (1:200) for

1–2 hr at room temperature. Secondary antibodies were purchased

from either Molecular Probes (Eugene, OR) or Jackson ImmunoRe-

search (West Grove, PA). Sections were coverslipped with

Fluoromount-G (SouthernBiotech, Birmingham, AL).

TABLE 1 Primary antibodies used for immunocytochemistry and other staining

Immunogen
Manufacturer, catalog number,
Host, monoclonal or polyclonal; RRID, Concentration

Anti-MAP2 Bovine brain MAP2 (aa 997–1332) Millipore (Billerica, MA), MAB3418;
Mouse monoclonal; RRID:AB_94856

1:1,000 (ICC); 1:1,000 (WB)

Anti-MAP2 Synthetic peptide rat MAP2 (aa 1-100) Abcam (Cambridge, MA), ab32454;
Rabbit polyclonal;
RRID:AB_776174

1:1,000 (ICC)

Anti-MAP1B Full length rat brain MAP1B Abcam, Ab11266; Mouse
monoclonal IgG1 clone AA6;
RRID:AB_297884

1:10,000 (ICC); 1:1,000 (WB)

Anti-TuJ-1 Rat brain tubulin beta-3 R&D Systems (Minneapolis, MN), MAB1195;
Mouse monoclonal IgG2a;
RRID:AB_357520

1:10,000 (ICC); 1:1,000 (WB)

Anti-eEF1a Crude calmodulin-binding
proteins from Trypanosoma
brucei chromatography

Millipore, 05–235;
Mouse monoclonal IgG1k clone CBP-KK1;
RRID:AB_309663

1:1,000 (ICC); 1:1,000 (WB)

Anti-p-eEF2 Synthetic phosphopeptide
surrounding Thr56 of human
eEF2, GETRFtDTRK

Cell Signaling Technology (Danvers, MA),
No. 2331; Rabbit polyclonal;
RRID:AB_2277755

1:1,000 (ICC)

Anti-NSF-1 Recombinant human full length NSF. Abcam, ab16681; Mouse monoclonal IgG;
RRID:AB_2155806

1:1,000 (ICC); 1:1,000 (WB)

Anti-RhoC Synthetic peptide human
RhoC (aa 100-C-term)

Abcam, ab64659; Rabbit polyclonal;
RRID:AB_1859928

1:1000 (ICC); 1:1000 (WB)

Anti-SERCA2 Purified canine cardiac
sarcoplasmic reticulum.

Millipore, MAB2636; Mouse
monoclonal IgG1k clone IID8;
RRID:AB_10615780

1:1,000 (ICC); 1:1,000 (WB)

Abbreviations: ICC: immunocytochemistry; WB: Western blot.
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2.6 | Antibody characterization

Table 1 lists the primary antibodies used in the current study, including

the immunogen, host species, clone type, manufacturer’s information,

as well as dilution used for each antibody.

We used the microtubule-associated protein 2 (MAP2) as a dendri-

tic marker. MAP2 expression and immunohistochemistry using a mouse

monoclonal antibody (Millipore, MAB3418) in NL dendrites has been

well characterized (Wang & Rubel, 2008; Wang et al., 2014). In this

study, we also used a second rabbit polyclonal antibody for MAP2

(Abcam, ab32454) to facilitate double staining with other antibodies

raised in the mouse. Double staining with both the rabbit and mouse

anti-MAP2 antibodies demonstrated identical staining pattern in NL

(see Figure 5). In this study, we verified the specificity of the mouse anti-

MAP2 antibody with Western blot in chicken brain tissue (Figure 2).

Mouse monoclonal anti-MAP1B (clone AA6) was produced using

rat brain MAP. This antibody recognizes a conserved nonphosphory-

lated and nonphosphorylatable epitope on MAP1B (DiTella, Feiguin,

Carri, Kosik, & C!aceres, 1996; Paglini et al., 1998). It reacts with all iso-

forms of MAP1B, in both Western blot and immunofluorescence appli-

cations (Franzen et al., 2001; Impens et al., 2008; Eriksson et al., 2010).

Based on the datasheet provided by the manufacturer, this antibody

does not react with tubulin or other microtubule associated proteins. In

chicken brain tissue, we verified the specificity of the antibody recog-

nizing the chicken MAP1B protein by western blot (Figure 2).

The clone TuJ-1 of the anti-beta-III tubulin monoclonal antibody was

raised against rat microtubules and purified from hybridoma culture super-

natant. This antibody recognizes neuron-specific beta-III tubulin specifically,

as verified by both Western blot and immunocytochemistry in human,

mouse, and rat brains (see the datasheet provided by the manufacturer). In

this study, we further verified the specificity of the antibody in chicken

brain tissue, demonstrating a singleWestern blot band at approximately 55

kDa (Figure 2), the predicted molecular weight for chicken beta-III tubulin.

The clone CBP-KK1 of the anti-eEF1a monoclonal antibody was

produced against crude calmodulin-binding proteins from Trypanosoma

brucei (T. brucei) isolated using calmodulin-affinity chromatography.

This antibody binds to eEF1 alpha by lambda library from T. brucei

(Kaur & Ruben, 1994). In this study, we confirmed that the antibody

recognizes the chicken eEF1a at !50 kDa protein (Figure 2), corre-

sponding to the predicted molecular weight.

The anti-phosphorylated-eEF2 (anti-p-eEF2) antibody was raised

against the phosphor peptide surrounding Thr56 of human eEF2. We

have previously characterized this antibody by Western blot in chicken

brain samples (McBride, Rubel, & Wang, 2013). This anti-p-eEF2 anti-

body recognizes chicken p-eEF2 at !95 kDa.

Monoclonal antibody to NSF protein was raised against recombi-

nant human NSF and previously characterized by Western blotting

(Bostr€om et al., 2007). In this study, we identified a single band at

approximately 80 KDa on Western blot for the chicken brain tissue

(Figure 2), corresponding to the predicted molecular weight.

Anti-RhoC rabbit polyclonal antibody was raised against the syn-

thetic peptide corresponding to the C-terminal end (aa100-C-term) of

human RhoC. The manufacturer tested the antibody in human and

mouse cells by Western blot. In this study, we verified that this antibody

recognizes a 21 kDa band on Western blotting (Figure 2), corresponding

to the predicted chicken RhoC protein. In addition, there is a second,

strong unexpected band of higher molecular weight at !30 kDa.

The IgG1k clone IID8 of the anti-SERCA2 monoclonal antibody

was developed against canine cardiac sarcoplasmic reticulum and rec-

ognizes human SERCA2 (Chami et al., 2001). In this study, we con-

firmed the specificity of the antibody in the chicken brain by Western

blot, showing a band of approximately 105 kDa (Figure 2), correspond-

ing to the predicted molecular weight of the chicken SERCA2.

2.7 | Phalloidin staining

Phalloidin is a well characterized chemical used for staining filamentous

actin (F-actin). Following immunocytochemistry for a MAP2 antibody,

the sections were incubated in Alexa Fluor 647 Phalloidin (Life Tech-

nology; Eugene, OR) diluted in 1:100 in PBS for 30 min in the dark at

the room temperature. Staining was stopped by washing the sections

in PBS.

FIGURE 2 Western blotting for antibody characterization in the chicken brain. Fifty micrograms (lg) of protein lysate from brain tissue
was loaded to each lane. Molecular weight standards (right to each lane) were used to determine relative sizes of labeled protein bands.
Arrows point to the bands of the protein of interest with predicted molecular weight. See Table 1 and the Methods for more information
on these antibodies
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2.8 | Imaging

Images were captured either with a Zeiss M2 microscope for bright-

field and epi-fluorescent images, or with the Zeiss LSM 880 confocal

microscope. Epi-fluorescent images taken with the M2 microscope

were treated with the Zeiss Apotome, an optical sectioning approach

using structured illumination for reducing out-of-focus information in

epi-fluorescent images (Neil, Juskaitis, & Wilson, 1997; Neil, Squire,

Juskaitis, Bastiaens, & Wilson, 2000). Photomontages were applied in

the Zeiss Zen blue software. Image brightness, gamma, and contrast

adjustments were performed in Adobe Photoshop (Adobe Systems,

Mountain View, CA). All adjustments were applied equally to all images

of the same set of staining from the same animal unless stated

otherwise.

2.9 | Recombinant chicken HIS tagged FMRP
expression and purification

Chicken FMRP isoform 2, sequence-optimized for expression in

Escherichia coli, was cloned into the NdeI/XhoI restriction sites in the

expression vector pET-21a (1) (Merck Millipore Corp., Billerica, MA)

containing a histidine (His) tag. BL21 E. coli cells were transformed via

electroporation and glycerol stocks were stored at 2808C. Cells were

plated on 2YT/Amp plates and incubated for 16 hr at 378C. 1 L of

2YT/Amp culture was inoculated from fresh confluent plate and grown

to OD595 between 0.6 and 0.7 at 378C with vigorous shaking. Isopropyl

b-D-1-thiogalactopyranoside (IPTG) was added to final concentration

of 1 mM and cells were grown at 308C with vigorous shaking for 3 hr.

Cells were pelleted by centrifugation at 4,000 rpm for 15 min at 48C.

Cell pellets were resuspended in Lysis buffer (20 mM HEPES pH 7.5,

200 mM NaCl, 10 mM b-mercaptoethanol, 25 mM Imidazole) plus pro-

tein inhibitors: 0.5 mM PMSF, 2mg/mL of Aprotinin, 0.5 mg/mL of Leu-

peptin and 1 mg/mL of Pepstatin, frozen in dry ice and stored at 2808C

freezer. Cells were thawed at 378C and kept on ice for 15 min. Prote-

ase inhibitors were added and Bugbuster® plus Lysonase (Merck Milli-

pore) were added and incubated at 48C for 20 min in a nutator. Triton

X-100 was added to final concentration of 1% and incubated for 10

min at 48C in the nutator. Cell lysate was centrifuged at 15,000 3 g for

30 min at 48C. Supernatant was added to 1 mL of Ni-NTA resin (Qia-

gen, Inc., Hilden, Germany) pre-washed in lysis buffer and batch bind-

ing was performed at 48C for 2 hr. Resin was washed with 40 volumes

of Lysis buffer plus 0.5% NP40 and resuspended in 40 vol of Lysis

buffer containing 40 mM of Imidazole. The ressuspended beads were

added to a column and settled by flow gravity. His-FMRP protein was

eluted with 4 3 1 mL of Lysis buffer plus 100 mM Imidazole. Eluates

were pooled and dialyzed against dialysis buffer (20 mM HEPES

pH 7.5, 1 mM EDTA, 2 mM DTT, 100 mM NaCl, 0.05% NP40 and

20% Gycerol). Protein concentration was measured using standard

techniques, aliquoted and stored at 48C.

2.10 | RNA gel electrophoretic mobility shift assay

To test for direct interaction between FMRP and RhoC, we looked at

the RNA sequence for RhoC and identify several of putative FMRP

binding domains based on previous work by Anderson, Chopra, Suhl,

Warren, and Bassel (2016). We then chose a region that contained at

least six putative binding sites and designed an RNA probe for RhoC

containing these putative binding sites. The 50 biotin-labeled and unla-

beled RhoC RNAs were chemically synthesized (GenScript, Picataway

NJ) with the following sequence: 50 GAACUACAUCGCCGACAUU-

GAGGUGGAUGGGAAGCAGGUGGAGCUGGCG 230. RNA binding

was carried out using the LightShift® Chemiluminescent RNA EMSA

kit (Thermo Fisher Scientific, Waltham, MA). Briefly, 5 mM of biotin-

labeled RhoC RNA was incubated with 125 ng of purified HIS-FMRP in

the absence or presence of increasing concentrations of unlabeled

RhoC RNA as well as with increasing concentrations of a non-specific

unlabeled RNA probe, for 30 min at room temperature. The reactions

were electrophoresed in 6% polyacrylamide gel in 0.5X Tris Borate

EDTA (TBE) and transferred onto a nylon membrane. Blot was UV

cross-linked at 120 mJ/cm2 using a CL-1000 UV Cross linker (UVP

LLC, Upland, CA). Blot was blocked, probed with Streptavidin-

Horseradish Peroxidase conjugate, and exposed to X-ray film.

3 | RESULTS

3.1 | Identification of proteins from dorsal brainstem
(BS) and NL

Using mass spectrometry, we identified 657 proteins from four biologi-

cal samples of NL (blue, NL laser capture) (Figure 1b). Approximately

two thirds of these proteins (450; 68%) are identified in more than one

biological replicates and more than one third of total proteins (229;

35%) are identified in all four biological replicates (Figure 1c). The total

spectral count for and the number of biological replicates in which each

protein was identified are listed in Supporting Information Table S1.

Although laser capture provides specificity of tissue collection

from NL, we needed to verify that the additional steps in tissue proc-

essing do not cause a significant increase in false positives. A compari-

son with traditional approach of snap frozen tissue served as a

straightforward and powerful strategy to address this issue. We identi-

fied 2,339 proteins from five biological samples of BS (green, dorsal

brainstem en bloc; snap frozen tissue, Figure 1b). Among these pro-

teins, 1,732 (74%) proteins are identified in more than one biological

replicates and 648 (28%) proteins are identified in at least 4 out of 5

biological replicates (Figure 1d), demonstrating comparable reproduci-

bility as NL samples. The total spectral count for and the number of

biological replicates in which each protein was identified, are listed in

Supporting Information Table S2. The majority (96%; 632/657) of NL

proteins were also identified in BS. This near complete overlap is

consistent with NL proteins being a subset of BS proteins and further

validates the reproducibility of the protein identification strategy.

On the other hand, a number of proteins that are known to be

expressed in NL neurons were not identified in NL samples but

included in BS proteins, such as FMRP itself, indicating that the 657

protein list of NL is only a fraction of the entire proteomics of this

nucleus. Using the THMM software, we found 13% of NL and 20% of

BS proteins with predicted transmembrane features. As a comparison,
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human genome predictions have estimated !20% are transmembrane

proteins, suggesting that our proteomic analysis of NL may be biased

towards soluble proteins. In support of this suggestion, NL neurons

express a number of voltage-gated potassium and sodium channels as

evidenced by previous immunocytochemical studies (Lu, Monsiavis,

Tempel, & Rubel, 2004b; Kuba, Yamada, Fukui, & Ohmori, 2005; Kuba,

Adachi, & Ohmori, 2014), which were not identified by the mass

spectrometry in this study.

NL is known to be highly metabolic. NL neurons generate high

rates of action potentials, both in conditions of quiet and of acoustic

stimulation (Born, Durham, & Rubel, 1991). Consistently, NL neurons

contain a high density of mitochondria throughout their dendrites

(Deitch & Rubel, 1989). Functionally, NL dendrites display high levels

of energy consumption indicated by a high level of cytochrome oxidase

and glucose uptake as measured by 2-deoxyglucose method (Dezso,

Schwarz, & Schwarz, 1993; Heil & Scheich, 1986; Lippe, Steward, &

TABLE 2 Enriched pathways of NL and BS proteins revealed by DAVID analysis

Nucleus Laminaris (NL) Dorsal Brainstem (BS)

Cluster Enrichment Score Cluster Enrichment Score

1 Mitochondrial 16.28 1 Mitochondrial 12.50

2 Ribosomal/Translation 13.98 2 Metabolic 12.24

3 Protein folding 9.94 3 Ribosomal/Translation 9.48

4 Cytoskeletal 9.18 4 Respiration 7.49

5 Metabolic 9.08 5 Oxidative 7.29

6 Protein transport 8.79 6 Protein folding 6.39

7 Cellular respiration 8.21 7 Nucleotide binding 5.95

8 Nucleotide binding 7.37 8 Cytoskeletal 5.89

9 Neuronal projection 7.12 9 Nucleotide binding 5.09

10 RNA recognition 6.69 10 Oxidoreductase 4.97

Proteins identified from each tissue set were compared to the genome of Gallus gallus to determine if there is enrichment for proteins from certain
pathways, using DAVID program. Score of >1.3 is significant. The top five enriched pathways suggest a highly metabolic mileu.

FIGURE 3 Schematic chart flow showing the approach used for identifying 94 unique proteins as candidate targets of FMRP in NL. We
first combined the predicted mRNA targets of FMRP in the mouse brain from two studies (Brown et al., 2001; Darnell et al., 2011). We
then created two databases with corresponding gene (ID#) and protein sequences (AA) using NCBI, ENSEMBL, BIOMART, and DAVID
programs. Similarly, we generated two databases for protein sequence (AA) and corresponding gene (ID#) from the MS-identified proteins
from the chicken NL. Finally, in order to find known equivalent FMRP from mice in our chicken NL proteome data, we employed the fol-
lowing strategy: find annotated orthologs (top line) or identify protein sequence matches (bottom line) by BLASTP. In total, 66 ortholog ID
and 84 BLAST sequence matches were found, which together generate 94 unique matches. We also performed a comparison with a list of
transcripts found in hippocampal neuropil (Cajigas et al., 2012). Of the 657 NL proteins, 138 targets match this list. Among the 138
matches, 32 candidates overlap with the 94 FMRP target candidates, presenting a selective list of proteins with a high likelihood of local
translation in NL dendrites [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 3 A list of 94 FMRP candidate substrates

GeneID Symbol (alias) Description F S SC BR NCBI Reference

395373 ACLY ATP citrate lyase m c 29 3 NP_001025711

374009 ACO2 aconitase 2, mitochondrial m m 246 4 NP_989519

396526 ACTB actin, beta c c 286 3 NP_990849

423298 ACTC1 actin, alpha, cardiac muscle 1 c c 213 3 NP_001072949

415296 ACTG1 Actin, gamma 1, cytoplasmic type 5 c c 418 4 NP_001007825

422882 ADD1 adducin 1 (alpha) c c 17 2 NP_001073198

395492 ALDOC aldolase C, fructose-bisphosphate m c 229 4 NP_001193425

420761 AMPH amphiphysin v v 27 4 NP_001004398

423102 AP2A2 adaptor-related protein complex 2, alpha 2 subunit v p 20 2 NP_001012914

417525 AP2B1 adaptor-related protein complex 2, beta 1 subunit v p 21 3 XP_415772

420398 ARF1 ADP-ribosylation factor 1 v v 25 2 NP_001006352

769725 ARF4 ADP-ribosylation factor 4 v c 30 3 XP_001232784

396530 ATP1A1 ATPase, Na1/K1 transporting, alpha 1 polypeptide t p 294 4 NP_990852

396468 ATP1A2 ATPase, Na1/K1 transporting, alpha 2 polypeptide t p 607 4 NP_990807

396467 ATP1A3 ATPase, Na1/K1 transporting, alpha 3 polypeptide t v 773 4 NP_990806

396529 ATP1B1 ATPase, Na1/K1 transporting, beta 1 polypeptide t p 149 4 NP_990851

396446 ATP2A2
(SERCA2)

ATPase, Ca11 transporting, cardiac muscle,
slow twitch 2; sarcoplasmic/endoplasmic
reticulum calcium ATPase 2

t v 8 2 XP_003642224

415958 ATP2B2 ATPase, Ca11 transporting, plasma membrane 2 t p 43 4 XP_001231642

374159 ATP5A1 ATP synthase, H1 transporting, mitochondrial
F1 complex, alpha subunit 1, cardiac muscle

t p 370 4 NP_989617

431564 ATP5A1W ATP synthase subunit alpha t m 349 4 XP_429118

426673 ATP5B ATP synthase subunit beta, mitochondrial t m 366 4 NP_001026562

395497 ATP6V1B2
(VATB)

ATPase, H1 transporting, V-type
proton ATPase subunit B

t v 56 4 XP_424534

425976 BCAN brevican g e 15 2 XP_423655

395855 CALM calmodulin s c 125 4 NP_990336

417837 CAND1 cullin-associated and neddylation-dissociated 1 p c 6 1 XP_416078

396248 CKB creatine kinase, brain m m 628 4 NP_990641

395272 CLTC (CHC) clathrin heavy chain 1 v p 204 4 NP_001073586

416765 CLTCL1 clathrin, heavy chain-like 1 v p 33 1 XP_415060

395921 CNP 2’,3’-cyclic nucleotide 3’ phosphodiesterase g p 639 4 NP_990381

427286 CPLX1 complexin 1 v v 20 2 XP_424869

395156 CRMP1
(CRMP1B)

collapsin response mediator protein 1 g c 66 4 NP_989826

417217 DNM1 dynamin 1 v p 14 1 XP_415501

395155 DPYSL2
(CRMP2A)

dihydropyrimidinase-like 2, collapsin
response mediator protein-2A

g c 169 4 NP_989825

423461 DYNC1H1 dynein, cytoplasmic 1, heavy chain 1 v c 57 3 XP_421371

373963 EEF1A1 eukaryotic translation elongation factor 1 alpha 1 tx c 143 4 NP_989488

419244 EEF1A2 eukaryotic translation elongation factor 1 alpha 2 tx c 98 4 NP_001027570

(Continues)
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TABLE 3 (Continued)

GeneID Symbol (alias) Description F S SC BR NCBI Reference

396325 EEF2 eukaryotic translation elongation factor 2 tx c 80 4 NP_990699

419117 EPB41L1 erythrocyte membrane protein band 4.1-like 1 c p 10 2 XP_417304

396061 FASN fatty acid synthase, thioesterase m c 12 2 NP_990486

416485 FSCN1 fascin c c 172 4 NP_001171603

396489 GLUL glutamine synthetase m m 247 4 NP_990824

419402 GNB1 guanine nucleotide binding protein
(G protein), beta polypeptide 1

s c 86 4 NP_001012853

424974 GNB4 guanine nucleotide binding protein
(G protein), beta polypeptide 4

s c 47 3 XP_003641822

373889 HK1 hexokinase 1 m m 89 4 NP_989432

423463 HSP90AA1 heat shock protein HSP 90-alpha p c 333 4 NP_001103255

396188 HSP90AB1 (HSPCB) heat shock cognate protein HSP 90-beta p c 23 1 NP_996842

408046 KIF5C kinesin family member 5C r c 9 1 XP_422155

100857214 LOC100857214 tubulin alpha-4A chain-like c c 47 1 XP_003641691

100857247 LOC100857247 tubulin alpha-5 chain-like c c 254 4 XP_003641692

100857345 LOC100857345 V-type proton ATPase subunit d 1-like t v/p 3 1 XP_414041

100857582 LOC100857582 ubiquitin-like modifier-activating enzyme 1-like p c 2 1 XP_003643588

100858165 LOC100858165 V-type proton ATPase subunit d 1-like t v/p 3 1 XP_003643353

425049 LOC425049 tubulin alpha-3 chain-like c c 147 3 XP_422851

768337 LOC768337 tubulin beta-2 chain-like c c 187 2 XP_001231210

415588 MAP1A microtubule-associated protein 1A c c 54 4 XP_003641886

396174 MAP1B microtubule-associated protein 1B c c 5 1 XP_001231729

396097 MAP4 microtubule-associated protein 4 c c 7 1 XP_418480

373953 MAPK1 mitogen-activated protein kinase 1 s c 6 1 NP_989481

396217 MBP myelin basic protein s p 726 4 NP_990611

396465 MYH10 myosin, heavy chain 10, non-muscle c c 8 1 NP_990805

428253 NCAM1 neural cell adhesion molecule 1 g p 20 2 NP_001122300

768618 NDRG4 NDRG family member 4 s c 9 2 XP_001231665

419972 NSF N-ethylmaleimide-sensitive factor,
vesicle-fusing ATPase

v v 23 3 NP_001019627

426429 OGDH 2-oxoglutarate dehydrogenase,
mitochondrial

m m 58 4 NP_001026553

396214 PLP1 myelin proteolipid protein g p 231 4 NP_990608

395602 PSAP prosaposin m v 2 1 NP_990142

374204 QKI QKI, KH domain containing,
RNA binding; protein quaking

s p 13 2 NP_989641

395869 RHOC ras homolog gene family, member C s c 29 3 NP_001025020

378791 RTN1 reticulon 1 g v 13 3 NP_001001466

378790 RTN4 (NOGO) reticulon 4 g v 74 4 XP_003640941

416778 SEPT5 septin 5 g c 36 4 NP_001025825

422954 SFXN5 sideroflexin 5 t m 9 2 XP_420891

(Continues)
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Rubel, 1980). Using DAVID software (Huang da et al., 2008), we

obtained corresponding gene IDs for the proteins identified from NL

and BS. We looked for enriched pathways represented by the gene list

compared to what would be expected from the Gallus gallus genome.

Enrichment score of >1.3 is considered meaningful (Huang da et al.,

2008). Among the top ten enriched pathways in the BS and NL

samples, mitochondrial, metabolic and translation pathways were on

the top in both sets of samples (Table 2), indicating that the protein

identification of NL in this study reflects this prominent feature of high

activity in NL.

3.2 | Comparative analyses identified 94 putative
FMRP targets in NL

We were interested in determining which of the proteins identified

were most likely to be translated locally in dendrites. In particular, we

were interested in those proteins that may be products of mRNAs

regulated by FMRP. We obtained a combined list of FMRP targets pre-

viously identified in mouse brains (Brown et al., 2001; Darnell et al.,

2011). To allow comparative analyses between different species

(mouse vs. chicken) and between RNA and amino acid sequence, we

TABLE 3 (Continued)

GeneID Symbol (alias) Description F S SC BR NCBI Reference

422971 SLC17A6 (VGLUT2) solute carrier family 17 (sodium-
dependent inorganic phosphate
cotransporter), member 6; vesicular
glutamate transporter 2

t p 8 1 NP_001161855

423156 SLC1A2 solute carrier family 1 (glial high affinity
glutamate transporter), member 2;
excitatory amino acid transporter 2

t p 80 4 NP_001012917

422649 SLC4A4 solute carrier family 4, sodium
bicarbonate cotransporter, member 4

t p 27 4 XP_420603

396444 SNAP25 synaptosomal-associated protein, 25kDa v v 6 1 NP_990789

428635 SNAP91 clathrin coat assembly protein AP180,
synaptosomal-associated protein 91

v p 13 2 NP_001012969

374234 SPTAN1 (SPECA) spectrin alpha chain, non-erythrocytic 1 c c 135 4 NP_001036003

421216 SPTBN1 spectrin beta chain, non-erythrocytic 1 c c 137 4 NP_001186354

404293 STXBP1 syntaxin binding protein 1, Unc18–1 v v 67 4 NP_996859

418015 SYNGR1 synaptogyrin 1 v v 11 3 NP_001239207

418498 SYNJ1 synaptojanin 1 v v 7 1 XP_416706

420800 TPPP tubulin polymerization promoting protein c c 50 4 XP_418894

421169 TUBA3E tubulin, alpha 3e c c 44 1 XP_419249

396254 TUBB tubulin beta-7 chain c c 393 4 NP_990646

420883 TUBB2B (TUBB2) tubulin beta-2 chain c c 331 4 NP_001004400

417255 TUBB2C (TUBB4) tubulin, beta 2C; tubulin beta-3 chain c c 354 4 NP_001074329

431043 TUBB3 tubulin, beta 3 class III; tubulin beta-4 chain c c 303 4 NP_001026769

421037 TUBB6 tubulin, beta 6 class V; tubulin beta-5 chain c c 118 2 NP_001026183

416013 UQCRC1 ubiquinol-cytochrome c reductase core protein I m m 120 4 XP_414356

418290 USP5 ubiquitin specific peptidase 5 (isopeptidase T) p c 4 2 XP_003640490

418273 VAMP1 vesicle-associated membrane protein 1 (synaptobrevin 1) v v 21 3 NP_001034575

419368 VAMP3 vesicle-associated membrane protein 3 (cellubrevin) v v 24 3 NP_001034578

427820 YWHAG 14–3-3 protein gamma, tyrosine
3-monooxygenase/tryptophan
5-monooxygenase activation
protein, gamma polypeptide

s c 164 4 NP_001026648

Entrez gene identification number, official gene symbol and description are provided. Also provided are functional categorization (F), subcellular localiza-
tion (S), the total number of spectral counts (SC) matching the protein and the number of biological replicates (BR) in which protein was identified
(n54).
F – Functional categorization: c (cytoskeleton), g (cell growth), m (metabolism), p (protein modification), r (RNA transport), s (signaling), tx (translation), v
(vesicle transport), t (ion/amine transport)
S – Subcellular categorization: c (cytosol), e (extracellular), m (mitochondrion), p (plasma membrane), v (vesicle)
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first created databases for each list with corresponding RNA sequence,

protein sequence, gene ID, and gene name using a combination of

DAVID and Ensembl Bio-mart software (Figure 3). We performed com-

parative analyses first at the gene level by finding orthologous matches

based on the aforementioned curated database of Gene IDs, and then

by BLAST analysis to manually identify additional orthologs by

sequence homology. In total, we found a unique list of 94 proteins that

are products of putative FMRP targets (Table 3). Consistent with a

recent study that described the characteristics of top FMRP binding

transcripts as having >18 RNA WGGA or ACUK sequences (Ascano

et al., 2012), all 94 putative FMRP candidates have these sequences

and the majority of them (88 out of 94 candidates; 94%) have >18

copies of such sequences.

We performed DAVID analysis on the identified 94 proteins as

putative FMRP targets (Table 4). In contrast to the previous analysis on

all identified NL proteins, which revealed enrichment of pathways

involved in metabolism, FMRP putative targets were enriched in path-

ways involved in cellular growth and transport (ribonucleotide binding,

GTPases, ATPases, microtubules and neuronal projection) and trans-

membrane transport.

Further categorizing by subcellular localization (Figure 4b), we

found that the majority of these 94 proteins (72%) were localized to

the cytosol (49%) and vesicles (19%), although a sizeable portion (21%)

were localized to the plasma membrane. Categorization by function

(Figure 4a) reveals that the largest group (34% of proteins) was

involved in cytoskeleton and cell growth, consistent with potential

involvement of FMRP in regulating structural changes. The next most

highly represented groups were those involved in intracellular traffick-

ing (20%), useful in delivery of proteins needed to effect immediate

changes, and those involved in transport across membranes (17%)

including glutamate transporters.

3.3 | Comparative analyses identified 32 putative
FMRP targets that maybe locally translated

Another group had previously published a list of transcripts found in

hippocampal neuropil to determine locally translated proteins (Cajigas

et al., 2012). We performed a comparison with this list and found that

of the 657 NL proteins, 138 match this list (Figure 3). Of the 94 FMRP

target candidates, 32 also match this list, which is a unique and selec-

tive list of proteins with a high likelihood of local translation in NL den-

drites (Table 5).

The NL samples contain not only the somata and dendrites of NL

neurons but also incoming axons of NM neurons and glia. The tissue

samples used to generate the list of locally translated proteins in hippo-

campus (Cajigas et al., 2012) also contain dendrites, axons, and glial

cells. As expected, a number of proteins in the 32 protein list are

known to be specific to glial cells including the myelin basic protein

(MBP) and N-myc downstream regulated gene (NDRG) family member

4 or proteins primarily localized in presynaptic compartments such as

SNAP25. Other proteins such as MAP1B are expressed in both post

and presynaptic ends. To further narrow down the list of promising

FMRP targets in NL dendrites, we next examined the subcellular local-

ization of a number of selected proteins included in the 94-protein list,

in particular those included in the short 32-protein list.

3.4 | Immunocytochemistry confirms the expression
of selected protein candidates in NL and their
dendritic localization

We chose to focus on cytosolic proteins whose translation does not

require Golgi, as no Golgi apparatus has been detected in NL dendrites

at the electron microscope level (Deitch & Rubel, 1984). Since the 94

putative FMRP targets are enriched in pathways that facilitate struc-

tural changes, we first examined the distribution of cytoskeletal ele-

ments and their associated proteins. The NL dendrites were visualized

by a neuronal somatodendritic marker, the microtubule associated pro-

tein 2 (MAP2). We used two antibodies for MAP2, raised in different

hosts (rabbit and mouse), which show complete overlap of strong den-

dritic staining as well as weaker somatic staining (Figure 5a). The distri-

bution of another microtubule associated protein, MAP1B, is illustrated

in Figure 5b. Interestingly, the intensity of somatic MAP1B immunore-

activity varies among NL neurons. In the neuropil regions, prominent

MAP1B immunoreactivity was largely located outside of MAP2-stained

NL dendrites. The distribution of the beta tubulin class III (TUBB3) was

examined using TUJ1 immunoreactivity, a specific marker for this type

of tubulin. TUJ1 staining was strong in both cell bodies and the primary

dendrites. Diffuse staining also overlapped with MAP2-stained den-

drites further from the cell bodies (Figure 5c). Fluorescent conjugated

phalloidin was used to visualize F-actin. As expected, F-actin stain dis-

played a peri-membrane pattern, surrounding MAP2-stained cell bodies

and dendritic structure (Figure 5d).

We next examined the three eukaryotic elongation factor proteins

(eEF) that were included in the 32-protein list, eEF1a1, eEF1a2, and

eEF2. Using an antibody that specifically recognizes the phosphoryl-

ated form of eEF2 (p-eEF2), we identified the distribution of p-eEF2 in

NL cell bodies as well as MAP2-stained dendrites at varied levels

(Figure 6a). In contrast, we only observed a somatic distribution of

eEF1a in NL using an antibody recognizing both eEF1a1 and eEF1a2

(Figure 6b).

TABLE 4 Enriched pathways of the 94 putative FMRP targets
revealed by DAVID analysis

FMRP substrate from NL

Cluster Enrichment Score

1 Ribonucleotide Binding 6.66

2 GTPase/microtubule 3.47

3 ATPase/transmembrane transport 3.46

4 Neuronal projection 2.89

5 Methylation 2.67

Gene ontology analysis of these 94 select proteins suggests a role in
ribonucleotide binding, transmembrane transport and cellular growth,
pathways needed for structural changes.
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Finally, we examined three proteins involved in signaling regula-

tion. As an important mechanism for calcium regulation, SERCA2

immunoreactivity was detected in some MAP2-labeled NL dendrites

in addition to expected somatic staining (Figure 7a). N-

ethylmaleimide-sensitive factor (NSF) is a vesicle fusion protein.

As expected (Serwin, 2012), NSF was strongly localized along

perinuclear and cytoplasmic regions (Figure 7b). In addition, signifi-

cant NSF immunoreactivity was detected in the NL neuropil regions.

Ras homolog gene family member C (RhoC) is a small G-protein that

can promote remodeling of actin cytoskeleton. Immunocytochemis-

try revealed a particularly high level of RhoC protein in NL dendrites

(Figure 7c).

FIGURE 4 Characterization of 94 FMRP candidate targets. Using DAVID program, the proteins were subdivided by function (a) and
subcellular compartments (b). The names of individual proteins are listed in specific category boxes with corresponding colors. A majority of
the proteins are involved in cell growth 34%, intracellular trafficking 20% and transmembrane transport 17%. About half (49%) of the
proteins are cytosolic proteins with the second half associated with plasma membrane, mitochondria, and vesicles. One protein was
predicted to have an extracellular localization [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 5 Thirty-two of the 94 FMRP targets likely to be translated locally

Cell growth/cytoskeleton

CRMP1 collapsin response mediator protein 1

MAP1B microtubule-associated protein 1B

ACTG1 Actin, gamma 1

SPTBN1 spectrin, beta, non-erythrocytic 1

TUBB tubulin, beta class I

TUBB2C tubulin, beta 2C

TUBB2B tubulin, beta 2B class IIb

TUBB3 tubulin, beta 3 class III

Transport of ions/amines (integral membrane proteins)

ATP6V1B2 (VATB) ATPase, H1 transporting, lysosomal 56/58kDa, V1 subunit B2

ATP2A2 (SERCA2) ATPase, Ca11 transporting, cardiac muscle, slow twitch 2

ATP1B1 ATPase, Na1/K1 transporting, beta 1 polypeptide

ATP1A1 ATPase, Na1/K1 transporting, alpha 1 polypeptide

LOC100857345 V-type proton ATPase subunit d 1-like

LOC100858165 V-type proton ATPase subunit d 1-like

Metabolism

HK1 hexokinase 1

ACO2 aconitase 2, mitochondrial

Protein Modification

USP5 ubiquitin specific peptidase 5 (isopeptidase T)

Trafficking of RNA, proteins or vesicles

KIF5C kinesin family member 5C

DYNC1H1 dynein, cytoplasmic 1, heavy chain 1

DNM1 dynamin 1

ARF1 ADP-ribosylation factor 1

AMPH amphiphysin

SNAP25 synaptosomal-associated protein, 25kDa

SYNJ1 synaptojanin 1

NSF N-ethylmaleimide-sensitive factor

SNAP91 synaptosomal-associated protein, 91kDa homolog (mouse)

Signaling

CALM calmodulin 2 (phosphorylase kinase, delta)

MBP myelin basic protein

NDRG4 N-myc downstream regulated gene family member 4

Translation

EEF2 eukaryotic translation elongation factor 2

EEF1A1 eukaryotic translation elongation factor 1 alpha 1

EEF1A2 eukaryotic translation elongation factor 1 alpha 2

SAKANO ET AL. The Journal of
Comparative Neurology

| 3353



3.5 | RNA electrophoretic-mobility shift assay reveals
FMRP interaction with RhoC RNA

RhoC is of particular interest as a potential FMRP target due to its

function in signal transduction and cytoskeleton regulation, as well as

its intense localization in NL dendrites. In order to validate the interac-

tion of RhoC with FMRP, we performed RNA binding assays

with recombinant chicken FMRP. Figure 8 shows specific interaction

between FMRP and RhoC RNA. When biotin-labeled RhoC RNA probe

was incubated with purified FMRP, we detected a shift on the probe

indicating their interaction in vitro (lanes 1 and 2). The specificity of

this interaction was demonstrated when unlabeled RhoC probe com-

peted for FRMP binding in a dose dependent manner (lanes 3–6),

which was not observed if RhoC probe was replaced with a non-

specific RNA probe (lanes 7–10).

FIGURE 5 Subcellular distribution of cytoskeletal elements and their associated proteins in NL examined by immunocytochemistry. (a)
Two antibodies for MAP2 raised in rabbit (r) or mouse (m) display identical dendritic labeling in NL. These two antibodies are subsequently
used as dendritic markers for examining the localization of other protein candidates. (b) Double labeling of MAP1B and MAP2. Strong
MAP1B immunoreactivity in NL neuropil regions does not overlap with MAP2-labeled dendrites. Detectable MAP1B immunoreactivity is
found in some (white star) but no other NL cell bodies (solid white circles). (c) Double labeling of TuJ-1 and MAP2. TuJ-1 immunoreactivity
is strong in the cell bodies and the primary portions of dendrites, and relatively weaker in the more distal dendritic branches. (d) Phalloidin
stain visualizing the distribution of F-actin surrounding MAP2 labeled dendritic branches (arrowheads). Arrows point to phalloidin stain
along blood vesicles. Abbreviations: NM, nucleus magnocellularis; NL, nucleus laminaris; TuJ-1, neuron-specific class III beta-tubulin; MAP2,
microtubule-associated protein 2; MAP1B, microtubule-associated protein 1B. Scale bar5100 mm (left column) and 20 mm (all other col-
umns) [Color figure can be viewed at wileyonlinelibrary.com]
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4 | DISCUSSION

NL is a critical structure for localizing the source of sound, necessary

processing for acoustic scene analysis. Given its unique bipolar dendritic

structure and highly dynamic structural properties of these dendrites

(Sorensen & Rubel, 2006), NL is also a particularly useful model for study-

ing the neuroplasticity of dendrites in response to afferent stimulation. In

view of the growing acceptance for a critical role of local protein transla-

tion in dendritic neuroplasticity (Steward et al., 2014), the proteome of

NL dendrites would be useful for determining local proteins that are being

differentially translated during periods of dendritic remodeling. In this

study, we present an initial proteomic analysis of NL with identification of

657 proteins, of which 94 are putative targets of FMRP, an mRNA-

binding protein that regulates local protein translation in neural dendrites.

4.1 | Methodological consideration

Two limitations need to be taken into consideration before applying the

data generated in this study into future studies. First, the 657 proteins

identified for NL is a conservative list of all proteins expressed by NL neu-

rons and these proteins may be biased towards soluble proteins. This bias

may be attributed to several factors. One is the lack of sufficient tissue,

given the small size of the nucleus, to perform subcellular fractionation to

enrich for membrane proteins, which are usually low abundance proteins.

It is also possible that laser capture of dehydrated tissues may hinder the

extraction of lipophilic molecules. Lastly, the hydrophobicity of membrane

proteins renders them less accessible for trypsin digestion given that their

hydrophobic regions are not accessible. On the other hand, the list of NL

proteins we provide is a consistent list of proteins sampled reproducibly in

multiple replicates. Due to the stochastic sampling of tandem mass spec-

trometry data using data dependent acquisition, the repeatability of pep-

tides identified between technical replicates has been reported to range

between 35% and 60% (Tabb et al., 2010). This variability is increased

with greater complexity of the protein sample. We collected proteins from

a single brainstem nucleus and we required each peptide to present in

every technical replicate (n53) and at least two peptides per protein for

identification. With these strict requirements, we have 96% overlap of NL

samples with BS list. This suggests a conservative list of proteins but likely

biased towards more abundant proteins.

Second, the comparative analyses were performed to identify the

most promising protein candidates that may be involved in potential

FMRP regulation of NL dendrites. These comparisons did not take into

consideration of potential interspecies variation of FMRP signals and

function (Kwan et al., 2012). As a result, our 94 and 32 protein lists

likely contain both false positive and false negative candidates. In addi-

tion, we did not attempt to unambiguously validate any FMRP target in

this study. Immunocytochemical and in vitro RNA binding experiments

aimed to further narrow down the list of protein candidates. Dendritic

localization and the ability of binding FMRP in vitro are necessary,

although not sufficient, as a FMRP target in neuronal dendrites. Func-

tional manipulations combined with co-immunoprecipitation analyses

are required for validating each FMRP target in future studies.

4.2 | Proteins of interest

Many identified proteins in the 94-list are cytoskeletal elements (Actin

and Tubulin) and their associated proteins (MAPs). Immunocytochemistry

confirmed the dendritic localization of F-actin, beta 3 class III tubulins,

FIGURE 6 Subcellular distribution of elongation factors 1a and 2 in NL examined by immunocytochemistry. (a) Double labeling of
phosphorylated eEF2 (p-eEF2) and MAP2, showing the distribution of eEF2 in both cell bodies and dendrites of NL neurons. Dendritic level
of p-eEF2 varies between branches. (b) Double labeling of eEF1a and MAP2. Strong immunoreactivity for eEF1a was observed in NL cell
bodies, while no detectable staining was found in NL neuropil regions containing dendrites. Abbreviations: NM, nucleus magnocellularis; NL,
nucleus laminaris; MAP2, microtubule-associated protein 2; eEF1a, eukaryotic elongation factor 1a; eEF2, eukaryotic elongation factor 2.
Scale bar5100 mm (left column) and 20 mm (all other columns) [Color figure can be viewed at wileyonlinelibrary.com]
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and MAP2, suggesting that FMRP may regulate both actin and microtu-

bule function in NL dendrites. Interestingly, MAP1B does not display sig-

nificant dendritic localization, although it is detected in a subpopulation

of NL cell bodies. Genes encoding MAP1B and MAP2 are both predicted

to have strong associations with FMRP (ranking 5 and 62 among 842

FMRP-associated genes, Darnell et al., 2011). Extensive evidence has

confirmed the colocalization of FMRP with MAP1B mRNA in both den-

drites and axons (Antar, Dictenberg, Plociniak, Afroz, & Bassel, 2005;

Antar, Li, Zhang, Carroll, & Bassel, 2006). MAP1B protein level is elevated

in hippocampus of Fmr1 knockout mice although the subcellular localiza-

tion of the elevated MAP1B is unknown (Lu et al., 2004a). In particular, it

has been shown that FMRP regulates MAP1B translation and controls

microtubule stability in vertebrate neurons in vivo (Lu et al., 2004a; Zalfa

et al., 2003). Lack of significant amount of MAP1B protein in NL den-

drites may indicate the FMRP-MAP1B mRNA is a less prominent path-

way in regulating microtubule in NL dendrites, as compared to potential

FMRP regulation of MAP2 signaling. We did observe MAP1B positive

fibers in the NL neuropil layer, presumably on incoming NM axons. Direct

targeting of FMRP to MAP1B has been observed in axons and to

regulate axon elongation (Wang et al., 2015). These observations further

support the possibility that FMRP signaling is cell type specific.

In our analysis, we identified three elongation factors as FMRP tar-

gets, two isoforms of eEF1a and eEF2. Furthermore, we visualized den-

dritic localization of eEF2 but not of eEF1a in NL neurons, suggesting

that FMRP may affect dendritic protein synthesis by modulating a sub-

set of translational regulatory machinery. Although a direct link

between FMRP and eEF1a and eEF2 mRNAs has not been demon-

strated, both of these two elongation factors have been associated

with potential roles in cellular growth/proliferation and signal transduc-

tion (Lin, Yakymovych, Jia, Yakymovych, & Souchelnytskyi, 2010; Mor-

rissey et al., 2015) as well as synaptic regulation (Becker, Kuhse, &

Kirsch, 2013; Mateyak & Kinzy, 2010; Rosenblum, Meiri, & Dudai,

1993). In particular, eEF2 has recently been considered as a biochemi-

cal sensor that couples neuronal transmission to spine plasticity, a

major proposed function of FMRP signaling (Verpelli et al., 2010).

This study also identified a number of dendritic localizing proteins

that are predicted to be FMRP targets (Brown et al., 2001; Darnell

et al., 2011), but their interaction with FMRP has yet to be validated.

FIGURE 7 Subcellular distribution of NSF, SERCA2 and RhoC in NL examined by immunocytochemistry. (a) Double labeling of NSF and MAP2,
showing localization of NSF in NL dendrites in addition to intense perinuclear staining. (b) Double labeling of SERCA2 and MAP2. In addition to
the cell bodies, SERCA2 is also localized in NL dendrites. (c) Double labeling of RhoC and MAP2, showing an intense localization of RhoC
overlapping with MAP2-labeled NL dendrites. Abbreviations: NM, nucleus magnocellularis; NL, nucleus laminaris; MAP2, microtubule-associated
protein 2; SERCA2, sarco/endoplasmic reticulum Ca21 ATPase. Scale bar5100 mm (left column) and 20 mm (all other columns) [Color figure can
be viewed at wileyonlinelibrary.com]
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SERCA2 is an intracellular calcium ATPase pump located in the sarco-

plasmic reticulum. Although a possible link between SERCA2 and

FMRP has not been reported, recent studies demonstrated that FMRP

regulates depolarization-induced calcium signal in critical periods of

drosophila brain development (Doll & Broadie, 2016). Interestingly,

another calcium regulator, the plasmid membrane calcium ATPases

type 2 (PMCA2) is also a predicted FMRP target with highest binding

affinity with FMRP (ranking 10 among 842; [Darnell et al., 2011]).

Importantly, PMCA2 is intensely localized in NL dendrites and its pro-

tein levels rapidly change in response to afferent deprivation in short-

ening NL dendrites (Wang et al., 2009).

Another newly identified protein, as a potential FMRP target in

the dendritic region of NL is NSF. NSF is a SNARE protein, reported to

be in postsynaptic SNARES involved in synapses and synaptic transmis-

sion. NSF binding to AMPA receptor GluA2 intracellular domain has

been shown to regulate the plasma membrane insertion of GluA2

(Araki, Lin, & Hunganir, 2010). Recent reports suggest an indirect role

of NSF in synaptic plasticity by way of regulating glutamate receptor

plasma membrane expression (Huganir & Nicoll, 2013).

RhoC is a GTPase localized near cell membranes and is thought to

share overlapping roles with RhoA, which is better characterized and

shown to be important in neuronal migration through effects on actin

and microtubule cytoskeleton (Stankiewicz & Linseman, 2014). There is

also evidence that inactivation of RhoA results in increased dendrite

arbor growth rate (Govek, Newey, & Van Aelst, 2005). In addition, in

vitro studies of neonatal neurons indicate that reduction of RhoA and

RhoC leads to the impaired dendritic growth (Calvet, Doherty, & Pro-

chiantz, 1998), which suggests that RhoC may be required for normal

dendritic development. The intense localization of RhoC in NL den-

drites may imply an important role of RhoC in NL dendritic dynamics,

likely through effects on actin polymerization. It is possible that FMRP

locally regulates the translation of targets such as RhoC, within NL den-

drites, to control dendritic structural changes in response to neuronal

activity. In support of this notion, we verified the FMRP interaction in

vitro with a partial RhoC RNA containing several predicted FMRP bind-

ing sites (Anderson et al., 2016). This result indicates that the compara-

tive analysis performed in this study indeed generates promising FMRP

target candidates and has great potential for identifying novel FMRP

signaling pathways. It would be interesting, as future studies, to explore

the interaction of the identified putative FMRP targets with FMRP in

NL dendrites in vivo in response to auditory stimulation or unilateral

auditory deafferentation.

5 | CONCLUSION

In summary, the data generated in this study provides a first proteomic

analysis of NL. Comparison analyses generated a list of 94 proteins as

potential FMRP targets. As initiated in the current study, subcellular

localization of individual protein and its mRNA as well as their interac-

tion with FMRP need to be confirmed and characterized using multiple

approaches, including immunocytochemistry, in situ hybridization,

immunoprecipitation, as well as loss-of-function studies.
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ABSTRACT: Hearing loss is a major public health concern with no pharmaceutical intervention for hearing protection or
restoration. Using zebrafish neuromast hair cells, a robust model for mammalian auditory and vestibular hair cells, we identified a
urea−thiophene carboxamide, 1 (ORC-001), as protective against aminoglycoside antibiotic (AGA)-induced hair cell death. The
50% protection (HC50) concentration conferred by 1 is 3.2 μM with protection against 200 μM neomycin approaching 100%.
Compound 1 was sufficiently safe and drug-like to validate otoprotection in an in vivo rat hearing loss model. We explored the
structure−activity relationship (SAR) of this compound series to improve otoprotective potency, improve pharmacokinetic
properties and eliminate off-target activity. We present the optimization of 1 to yield 90 (ORC-13661). Compound 90 protects
mechanosensory hair cells with HC50 of 120 nM and demonstrates 100% protection in the zebrafish assay and superior
physiochemical, pharmacokinetic, and toxicologic properties, as well as complete in vivo protection in rats.

■ INTRODUCTION

Acquired hearing loss can be caused by a variety of
environmental and organic factors ranging from noise exposure
and pharmaceutical agents to infections, late onset genetic
disorders, and aging.1,2 Hair cells of the inner ear are the
mechanosensors that transduce a physical stimulus, vibrations
transmitted by the fluid-filled compartment of the cochlea and
vestibule, into nerve impulses that are converted in the central
nervous system into the perception of sound and vestibular
reflexes. Most forms of hearing loss are sensorineural in nature,
meaning they result from death or injury of the cochlear hair
cells or other cell types in the organ of Corti of the cochlea or
the neurons connecting the hair cells to the brain.3 Unlike
aquatic vertebrates and birds, mammals lack the ability to
regenerate hair cells making hearing loss irreversible.4,5 The
mechanisms by which hair cells are killed are complex and

overlapping. Elements of programmed cell death, or apoptosis,
as well as necrotic signatures have been identified in damaged
hair cells in vitro and in vivo.5−8 Antioxidants including aspirin,
N-acetyl cysteine (NAC), and selenium compounds9 have been
reported to offer some degree of protection in model
organisms3,10 but have yielded disappointing results in human
clinical trials.11−13 Mechanistically, stress pathways, including
the c-Jun N-terminal kinase (JNK), mixed lineage kinase
(MLK), and p38 kinase pathways, have been implicated in
drug-induced ototoxicity, and small molecule inhibitors of these
pathways have been proposed as protective agents.8,14−17

However, clinical trials have again been disappointing, possibly
because the protection is not robust and falls off at higher doses
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of the ototoxic agent.18 These clinical findings indicate a need
for better therapeutic agents effective at higher doses of
ototoxic agent.
Aminoglycoside antibiotics (AGAs) constitute a class of

natural product antibiotics that are effective against a variety of
clinically important Gram-negative bacteria.11 However,
because of side effects that include irreversible hearing and
balance problems (ototoxicity) and kidney damage (neph-
rotoxicity), their use is limited in North America and Western
Europe to combating life-threatening infections.19−21 Excep-
tions are the use of systemic AGAs for controlling flare-ups of
chronic Pseudomonas aeruginosa infections in cystic fibrosis
patients and multidrug resistant tuberculosis.22−25 AGAs exert
their antimicrobial effect partly by binding to rRNA and altering
or inhibiting ribosomal protein synthesis.26−29 A more
controversial model of toxicity in bacterial and mammalian
cells through direct induction of reactive oxygen species (ROS)
has been proposed but remains hotly contested.30−32 Addi-
tionally, proteins that bind AGAs have been identified and
proposed as relevant mediators of in vivo ototoxicity.33

In an unbiased approach, we used the lateral line neuromast
hair cells in free-swimming larval zebrafish (Danio rerio) to
screen for compounds that protect these mechanosensory hair
cells against AGA-induced cell death.34 Like mammalian
auditory and vestibular hair cells, lateral line hair cells transduce
a mechanical stimulus of changing liquid pressure to nerve
impulses and, like their auditory counterparts, are exquisitely
sensitive to damage or death due to AGA exposure. Neuromast
hair cell toxicity can be used as a highly reliable and versatile
screening assay to identify modifiers, either enhancers or
suppressors, of ototoxic agents.34 The assay is equally effective
in identifying genetic and pharmacological modifiers. In a
screen of structurally diverse, small molecule, drug-like
compounds, we identified a thiophene−urea carboxamide 1
(ORC-001, PROTO-1, Figure 1),20 as an agent that provided

dose-dependent protective activity (otoprotection) against a
range of AGA concentrations. Further experiments revealed
that 1 was sufficiently drug-like to allow proof-of-concept
testing in a rat model of AGA-induced hearing loss (see below).
However, 1 exhibited pharmacokinetic and toxicological
liabilities including only adequate solubility, moderate oral
bioavailability, short in vivo half-life, and moderate inhibition of

the human ether-a-̀go-go-related gene (hERG, aka KV11.1)
potassium ion channel. Inhibition of hERG by a diverse array of
pharmaceuticals has been linked to cardiac arrhythmias through
QT interval prolongation.35−38 Because of this, hERG
inhibition is generally viewed as a liability in drug development.
Finally, as a hit in a phenotypic screen, 1 was uncharacterized in
terms of its molecular target or mechanism of action.39,40 To
overcome these limitations, we carried out a systematic
evaluation of analogs using a phenotypic hair cell protection
assay in zebrafish to generate a structure−activity relationship
for compounds that protect against aminoglycoside antibiotic-
induced hearing loss. The results of this evaluation and
validation of hearing protection in mammals by one of the final
lead compounds are the subjects of the current manuscript.

■ RESULTS
Synthesis of 1- and 3-Aryl Urea Derivatives. In a

phenotypic screen using zebrafish neuromast hair cells, we
identified 1 as highly protective against aminoglycoside
antibiotic-induced hair cell death. Early ADME characterization
revealed several promising properties as a lead molecule
(adequate aqueous solubility and membrane permeability,
reasonable plasma protein binding, no issues with CYP stability
or inhibition, and an acceptable clearance profile), although we
identified several pharmacokinetic limitations and a hERG
liability (hERG IC50 3.26 μM). However, 1 was sufficiently safe
and drug-like to be used to validate otoprotection in an in vivo
rat model of aminoglycoside-induced hearing loss as a measure
of proof of concept (vide inf ra). We then explored the
structure−activity relationships of this compound series with
three goals in mind: improve otoprotective potency, improve
pharmacokinetic properties, and eliminate or minimize off-
target activity.
The preparation of 1 and N3′-aryl derivatives began with the

Gewald condensation41,42 of 4-ethyl-4-piperidone with cyanoa-
cetamide in the presence of elemental sulfur and morpholine to
produce 2-amino-4,5,6,7-tetrahydrothieno[2,3-c]pyridine-3-car-
boxamide 28 as shown in Scheme 1. Subsequent reaction of 28
with aryl isocyanates produced the urea derivatives 1−15 in
moderate to good yields. Formation of HCl salts stabilized
compounds containing a basic nitrogen in the tetrahydropyr-
idine ring and related structures, which otherwise slowly
underwent aereal oxidation to generate fluorescent conjugated
products that interfered in the primary bioassay. In all, over 400
analogues including amines and quaternary ammonium salts
were prepared and evaluated in the zebrafish neuromast hair
cell protection assay.

In Vivo Screen of 1 Analogs in Zebrafish. New
compounds were tested in the zebrafish assay as previously
described.34,43 In summary, newly hatched free-swimming AB
zebrafish larvae were raised at 28.5 °C in Petri dishes and
transferred to cell culture baskets placed in 6-well culture plates

Figure 1. Structure of 1.

Scheme 1. Gewald Reaction To Form 2-Amino-thiophene Carboxamides
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in groups of ten fish per basket. Fish were pretreated with test
compound for 1 h at five 3-fold dilutions followed by treatment
with 200 μM neomycin. Following neomycin exposure, fish
were rinsed briefly with a staining agent (DASPEI),
anesthetized, and mounted on the stage of an epifluorescence
dissecting microscope. Hair cell staining of ten neuromasts on
one side of each animal was evaluated visually, and each
neuromast was scored for presence of a normal compliment of
hair cells, with reduced or absent DASPEI staining indicating a
reduction in hair cell number. Composite scores were
calculated for animals in each treatment group, normalized to
the control group and expressed as % hair cell survival. If hair
cell survival was at least 50%, the HC50 was calculated. These
data are shown in Tables 1−8 and representative dose response

relationship experiments for several analogues in the zebrafish
hair cell protection assay are shown in Figures 2 and 3. All
zebrafish protocols were approved by the University of
Washington IACUC.
Structure−Activity Relationship (SAR). For the purposes

of the determination of structure−activity relationships, 1 was
conceptualized as composed of six structural units: (1) N3-aryl

substituents on the urea; (2) the 1,3-disubstituted urea; (3)
thiophene core; (4) primary carboxamide C2 substitution; (5)
tetrahydropyridine core; and (6) N-ethyl group. The goal of the
SAR-determining studies described here was 3-fold: first, to
determine the contribution of each structural element described
above to the observed biological activity; second, to improve
the protective activity of the compound series; and third, to
improve the pharmacokinetic and toxicological properties of
the lead compounds. A systematic variation of each structural
element and its effect on protective activity is described.
The examination of the effects of N3-substitution to replace

the p-chlorophenyl group relied on the reaction of readily
synthesized isocyanates or their equivalents with 2-amino-
thiophene-3-carboxamide 28. A variety of aromatic and
nonaromatic isocyanates gave rise to a panel of substituted
ureas as shown in Table 1. The pattern of activity was indicative
of a narrow range of allowable substituents with p-chlorophenyl
being close to optimal. Several aryl ureas had comparable
protective activity to 1 (HC50 = 3.12 μM), such as the classic
isosteric replacements at the C4 position (2, 3, 7, and 8, HC50
= 1.6−3.4 μM range). Interestingly, the unsubstituted analog
14 was inactive, and the bioisosteric 3,4-disubstituted pair 5 and
6 differed in potency by 10-fold (HC50 = 1.78 for 6 versus 17.4
μM for 5), reinforcing the narrow requirement for allowable

Table 1. Protective Activity of Urea Variants in the Zebrafish
Hair Cell Protection Assaya

aNA indicates not active (HC50 > 25 μM).

Figure 2. Dose−response functions for zebrafish neuromast hair cells
treated with neomycin (200 μM) plus 1, 53, 76, 80, or 87 or neomycin
alone.

Figure 3. Dose−response functions for zebrafish neuromast hair cells
treated with neomycin (200 μM) plus 1, 67, 90, or 99 or neomycin
alone.
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substitution. The “extended” benzyl analogues represented by
11 were inactive, as were N-alkyl derivatives, represented by 12
and 13, clearly lying out of the tolerable substitution range.
Heterocyclic derivative 15 was similarly inactive, as were the
majority of the 2-substituted aromatic analogues (data not
shown).
As shown in Table 2, replacement of the primary

carboxamide with a carboxylic acid 16, methyl ester 17, N-

methyl amide 18, carbonitrile 19, and tertiary amide 20 greatly
reduces the activity, suggesting that both protons on the
primary amide are required for activity. Similarly, carboxamide
bioisosteric compounds 1,2,5-oxadiazole 21 and 1,3,4-oxadia-
zole 22 are inactive. Only the 2-hydroxyethyl carboxamide 24
and 2-(N-morpholino)ethyl carboxamide 25 retain modest
activity (both HC50 = 9.4 μM), suggesting the possibility that
an internal hydrogen bond with the proximal urea proton may
provide a preorganization of molecular structure that
contributes to compound potency.
As shown in Table 3, efforts to replace the disubstituted urea

moiety were largely unsuccessful, although the disubstituted
thiourea 26 did provide modest potency, albeit 2-fold less
(HC50 = 6.57 versus. 3.12 μM). Replacement of urea with
several types of amide structures resulted in no protective
activity in 27, 29, 30, 32, or 33, and unsurprisingly the core
compound 28 without a disubstituted urea functional group
was inactive. Cyclopropyl malonamide 31 displayed a lack of
potency, and likewise substitution at either the urea N1 or N3
position was also not tolerated (data not shown). Replacement
of the disubstituted urea with a peptide bond or a squarate
diamide also completely abolished protective activity (data not
shown).

The thiophene portion of the core fused bicyclic ring is also
important for activity (Table 4). Several 5- and 6-membered

ring thiophene variants were prepared from commercial
building blocks to give 34−37, none of which provided
protective activity. The bioisosteric tetrahydroisoquinoline 38
was also prepared but likewise displayed no potency in the
bioassay.
The variation of the parent tetrahydrothieno[2,3-c]pyridine

ring proved feasible without eliminating biological activity, with
protective activity remaining in the 1−5 μM range (Table 5).

Table 2. Protective Activity of Carboxamide Variants in the
Zebrafish Hair Cell Protection Assaya

aNA indicates not active (HC50 > 25 μM).

Table 3. Protective Activity of 2-Aminothiophene Variants in
the Zebrafish Hair Cell Protection Assaya

aNA indicates not active (HC50 > 25 μM).

Table 4. Protective Activity of Thiophene Variants in the
Zebrafish Hair Cell Protection Assaya

aNA indicates not active (HC50 > 25 μM).
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Movement of the nitrogen to produce tetrahydrothieno[3,2-
c]pyridine 41 was tolerated (HC50 = 4.61 μM), as was ring-
contraction to the dihydrothieno[2,3-c]pyrrole 42 (HC50 =
4.34 μM) and ring-expansion to the tetrahydrothienoazepines
43 and 44 (HC50 = 3.98 and 5.80 μM, respectively). However,
replacement of the tetrahydropyridine ring with the carbocyclic
cyclohexanes 46−48 completely abolished protective activity.
Breaking up the fused bicyclic core to provide the tertiary
aminomethyl tetra-substituted thiophene 45 provided a
compound of moderate but measurable activity (HC50 = 6.92
μM).
Interestingly, removal of the N-ethyl substituent as in 40 had

only a modest effect on activity (HC50 = 3.26 μM for 40 versus
3.12 μM for 1), leading to an exploration of the effect of N-
substitution on potency, as shown in Table 6. A series of N-
alkyl hydrocarbon analogues 49−58 were prepared to provide a
simple exploration of changes in length and steric bulk. While
the increase in bulk at the terminal end of the linear case
reduced activity (N-ethyl 1, HC50 = 3.12 μM, to N-isobutyl 50,
HC50 = 4.51 μM, to N-neopentyl 51, HC50 = 5.56 μM, to N-
isopropyl 52, HC50 = 1.49 μM), a few alkyl substituents bearing
terminal cyclic motifs led to improved additional improvements
in protective activity [N-(cyclopropyl)ethyl 53, HC50 = 1.22
μM, to N-(cyclobutyl)ethyl 54, HC50 = 1.36 μM, to N-
(cyclopentyl)ethyl 55, HC50 = 1.83 μM, to N-(cyclohexyl)-
methyl 56, HC50 = 1.89 μM, versus 3.12 μM for 1].
Unfortunately, along with increases in hearing protection
potency, a number of compounds in this same set also
exhibited increases in hERG activity as determined by the patch
clamp assay (hERG IC50 = 2.67 μM for 53 and 0.73 μM for 54

versus 3.26 μM for 1). To test the effect of amine basicity on
potency, carbamate 59 and aminoethyl ester 60 were prepared,
with the result that protective activity was completely
suppressed. Interestingly, as the hydrocarbon chain connecting
the trialkylamine to the ester functionality was increased to two
carbons to give 61, potency was increased (HC50 = 1.10 μM for
61 versus 3.12 μM for 1). When the length was increased
between three and five methylene units in 62−64, the potency
was improved to less than a micromolar activity (HC50 = 0.6−
0.7 μM range). Unlike the hydrocarbon substituent series,
however, the increases in potency were not necessarily
paralleled by their hERG inhibition, (hERG IC50 = 3.84 μM
for 62 versus 3.26 μM for 1). Compounds incorporating an
amide functionality distal to the tetrahydropyridine nitrogen as

Table 5. Protective Activity of Tetrahydropyridine Variants
in the Zebrafish Hair Cell Protection Assaya

aNA indicates not active (HC50 > 25 μM).

Table 6. Protective Activity of Tetrahydropyridine N-Alkyl
Variants in the Zebrafish Hair Cell Protection Assaya

aNA indicates not active (HC50 > 25 μM).
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in 65−67 also retained improved protective activity, providing
some of the most potent compounds prepared in the N-alkyl
SAR series (HC50 = 0.1−0.5 μM range).
In order to more fully explore the requirement for a basic

nitrogen in the tetrahydropyridine ring, we synthesized a panel
of N,N-dialkyl quaternary ammonium salts (Table 7). This
provides a permanent positive charge within the ring, whereas
the previous compounds were assumed to be protonated at
physiological pH. The initial N-methyl analogue 68 was found
to be slightly more potent than the parent compound (HC50 =
1.96 μM for 68 versus 3.12 μM for 1), but interestingly it
exhibited the same level of hERG inhibition (hERG IC50 = 3.38
μM for 68 versus 3.26 μM for 1). We were initially pleased to
find that increasing steric bulk around the nitrogen yielded
compounds with increasing activity (N-ethyl 68, HC50 = 1.96
μM, to N-isobutyl 71, HC50 = 0.38 μM, to N-neopentyl 72,
HC50 = 0.29 μM), although a limit was reached with N-
isopropyl compound 70 (HC50 = 0.96 μM). Similarly,
increasing the size of a cyclic moiety on the terminal end of
the N-substituent led to increasingly more potent compounds
[N-(cyclopropyl)ethyl 73, HC50 = 0.36 μM, to N-(cyclobutyl)-
ethyl 74, HC50 = 0.21 μM, to N-(cyclopentyl)ethyl 75, HC50 =
0.20 μM, to N-(cyclohexyl)methyl 76, HC50 = 0.10 μM]. It was
therefore a pleasant discovery that the hERG activity decreased
inversely from that observed in the N-alkyl series. For instance,
interaction with the hERG channel decreased as the zebrafish
potency increased for the size increase from the N-ethyl
compound 68 (HC50 = 1.96 μM, hERG IC50 = 3.38 μM) to N-
isobutyl compound 71 (HC50 = 0.38 μM, hERG IC50 = 9.75
μM) to N-(cyclohexyl)methyl compound 76 (HC50 = 0.10 μM,
hERG IC50 > 30 μM). As with the basic N-substituted variants
in Table 6, quaternary ammonium salts containing methyl ether
and ester functional groups tethered by increasing length
aliphatic linkers yielded highly active compounds 78−81 shown
in Table 7.
A number of other quaternary ammonium congeners were

prepared as more significant scaffold modifications (Table 7).
Spirocyclic pyrrolidine-dihydrothieno[2,3-c]pyridinium com-
pound 82 and spirocyclic morpholine-dihydrothieno[2,3-c]-
pyridinium compound 83 were both more potent than the N-
ethyl-N-methyl parent compound (HC50 = 0.41 μM for 82 and
HC50 = 1.21 μM for 83 versus HC50 = 1.96 μM for 68), but the
former displayed the same level of hERG inhibition (IC50 =
3.51 μM for 82 versus IC50 = 3.38 μM for 68), whereas the
latter compound displayed only moderate hERG activity (IC50
= 12.4 μM for 83). The quaternary dihydrothieno[2,3-c]pyrrole
analogue 84 was similar to the parent tetrahydrothieno[2,3-
c]pyridine 68 both in terms of hearing protection (HC50 = 3.10
μM for 84) and hERG inhibition (IC50 = 3.29 μM for 84). Two
compounds in which the quaternary ammonium functional
group was outside of the fused bicyclic ring system were
prepared, but both were less active (HC50 = 3.92 μM for 85 and
HC50 = 5.87 μM for 86).
The steric environment around the basic tetrahydropyridine

nitrogen was further explored by the synthesis of the 2,2,6,6-
tetramethyl tetrahydropyridine derivative 87 (Table 8), which
was prepared from tetramethyl piperidone through the route
depicted in Scheme 1. This compound was more active than
the parent compound (HC50 = 1.24 μM for 87 versus HC50 =
3.12 μM for 1), but more importantly it was devoid of hERG
liability (IC50 > 30 μM for 87 versus IC50 = 3.26 μM for 1). In
vitro ADME profiling of 87 demonstrated that it had excellent
metabolic stability and no issues with CYP inhibition but

suffered from poor aqueous solubility (13 μM) and modestly
increased plasma protein binding (96.5% in human and 95.8%
in rat plasma).

Table 7. Protective Activity of Quaternary Ammonium Salt
Derivatives in the Zebrafish Hair Cell Protection Assay
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In an effort to evaluate the importance of conformational
flexibility of the tetrahydropyridine unit, we set out to
synthesize the bicyclic, tropane-like compound 91 as a racemate
(Figure 5). The standard Gewald sequence using commercially
available tropinone to react with cyanoacetamide and elemental
sulfur in the presence of base yielded a mixture with two
predominant products, each having the correct molecular
weight of the desired product as well as 1H NMR spectra
consistent with the expected product structure. An admixture of
the two yielded distinct but partially overlapping NMR spectra
suggesting that the two did not interconvert under these
conditions. The 2-aminothiophene materials were difficult to
purify and fully characterize and instead were reacted as a
mixture with p-chlorophenyl isocyanate to give a mixture of
racemic regioisomers 88 and 91 (Figure 5). Again, both

compounds exhibited mass and 1H NMR spectra consistent
with the expected product. Both compounds had good
protective activity with 88 slightly more active than 91 [HC50
= 0.36 μM for 88 versus HC50 = 0.83 μM for 91]. The expected
product contains two asymmetric centers at the bridgehead
carbon atoms and would be produced as a racemate. The more
active of the two racemic compounds 88 was resolved by chiral
HPLC chromatography to yield the individual enantiomers as
89 and 90 (ORC-13661).44 The structural ambiguity of the
products derived from the original tropinone−Gewald reaction
was eventually resolved by determining the single crystal X-ray
diffraction structure of 90 HCl salt as shown in Figure 4
(Supporting Information, Figure S2 and S3 and Table S2).
Surprisingly, the synthesis of 90 resulted from a previously
undescribed alternate reaction pathway in the Gewald
condensation, resulting in a reversed regiochemistry of the
thiophene relative to the bicyclic tropinone starting material.
The crystal structure unambiguously proves the absolute

structure of 90 as (1R,8S)-4-{[(4-chlorophenyl)carbamoyl]-
amino}-11-methyl-5-thia-11-azatricyclo[6.2.1.02,6]undeca-2-
(6),3-diene-3-carboxamide hydrochloride. Based on this the
crystal structure, we assigned the structures of 89, 90, 92, and
93 as shown in Figure 5, with 91, 92, and 93 representing the
“expected” Gewald products. The mechanism of the “un-
expected” Gewald reaction to yield 88, 89, and 90 is under
investigation. An alternate synthetic approach starting from
chiral (+)-2-tropinone was developed subsequently and
provided 90 that was identical by mass spectrometry, 1H
NMR spectroscopy, and chiral HPLC as the material derived
from achiral 3-tropinone. The asymmetric synthesis of 90 will
be the subject of a subsequent publication.
Protection assays in zebrafish revealed that 90 is the more

potent enantiomer (HC50 = 0.12 μM), while 89 is considerably
less effective (HC50 > 2.25 μM). The eudismic ratio (ER) of
18.8 suggests that 90 interacts with a chiral target. The less
potent racemate 91 was also resolved by chiral HPLC to
provide the individual enantiomers as 92 and 93. The
levorotatory enantiomer 93 is more potent (HC50 = 0.27
μM) while the dextrorotatory enantiomer 92 is considerably
less active (HC50 = 7.21 μM, ER 26.7). Reaction of the N-BOC
tropinone under standard Gewald conditions followed by p-
chlorophenyl-urea formation yielded a single product 94
(Figure 5), albeit in poor yield, that was carried through N-
BOC removal and chiral resolution to yield the N−H
compounds 95 and 96. Based on 1H NMR chemical shift of
the diagnostic C-6 (X-ray structure numbering) methine
proton, we assigned the structures of 94, 95, and 96 as
shown (Figure 5). As with the N-methyl compounds 92 and
93, the levorotatory N−H enantiomer 96 was more potent
(HC50 = 0.27 μM) while the dextrorotatory enantiomer 95 was
less active (HC50 = 3.92 μM, ER 14.7), lending additional
support to our structural assignments. Completing the N−H
and N-methyl regiochemical tropane-fused thiophene sets, we

Table 8. Protective Activity of Bicyclic Tetrahydropyridine
(Tropane) Analogues in the Zebrafish Hair Cell Protection
Assay

Figure 4. Crystal structure of 90.
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reacted racemic N-BOC 2-tropinone under the Gewald
conditions to afford racemic 97. Chiral HPLC separation of
97 could only be accomplished prior to N-BOC group
deprotection. Subsequent removal of the N-BOC group yielded
enantiomers 98 and 99.
Examination of the structural relationship among the active

enantiomers of the two thiophene orientation Gewald products
for the N-methyl 90 and 93 and N−H compounds 96 and 99
reveals a similar relationship to that seen with the regioisomeric
tetrahydropyridines 1 and 41 (Table 5). Altering the position of
the basic nitrogen relative to the thiophene ring while
maintaining the overall scaffold geometry yields compounds
with similar biological activity. The tropinone compounds 90,
93, 96, and 99 exhibit superior protective activity with HC50 in
the 33−270 nM range while their corresponding enantiomers
89, 92, 95, and 98 have significantly reduced activity. Based on
activity and accessibility, indole-containing N-alkyl derivative 67
(Table 6), 2,2,6,6-tetramethyl tetrahydropyridine derivative 87
(Table 8), and 90 were selected for early preclinical
characterization along with 1 (Figure 1).
Preclinical Characterization of 1, 67, 87, and 90.

Although the hit-to-lead phase of the campaign resulted in
several very potent and efficacious derivatives of 1, the triage of
compounds using the early ADME results was the determining
factor in deciding which analogues to take forward for early
pharmacokinetic evaluation. As a number of the quaternary
ammonium salt compounds were not orally bioavailable and
also found to inhibit the hERG channel, we elected to focus on
the tertiary amine derivatives. As a result, we chose to profile
three compounds, in addition to 1 (HC50 = 3.12 μM): the
terminal indole-containing N-alkyl compound 67 (Table 6,
HC50 = 0.10 μM), the 2,2,6,6-tetramethyl tetrahydropyridine
derivative 87 (Table 8, HC50 = 1.24 μM), and the bicyclic
tropane-like compound 90 (Table 8, HC50 = 0.12 μM).
Therefore, the pharmacokinetic, metabolic, and in vitro

toxicological properties for these candidates were determined.
The compounds have moderate to good aqueous solubility [85
μM for 1, 86 μM for 67, 83 μM for 87, and 76 μM for 90 for
the free base forms], acceptable plasma protein binding profiles
[95.9% (human) and 94.1% (rat) 1, 99.9% (human) and 99.9%
(rat) for 67, 96.5% (human) and 95.8% (rat) for 87, and 90.7%
(human) and 90.1% (rat) for 90], and elimination kinetics with
half-lives of 2.1 h for 1, 7.1 h for 67, 6.2 h for 87, and 7.8 h for
90. Compounds 1, 87, and 90 exhibited no in vitro toxicity
against the HepG2 cell line (IC50 > 300 μM), whereas
compound 67 inhibited growth of HepG2 cells with IC50 17
μM. All four compounds were well tolerated in an acute toxicity
assay in rats at 50 mg/kg iv. As noted, hit compound 1
inhibited the hERG ion channel (hERG IC50 = 3.26 μM) giving
a ratio of 1.2 (hERG/HC50). On the other hand, compounds
67, 87, and 90 were less potent hERG inhibitors with IC50
values of 20.1 μM, >30 μM, and 5.6 μM, respectively, and with
hERG/HC50 ratios of 201, >24, and 47, respectively. In
addition to hERG inhibition, 1 was found to gradually undergo
partial air oxidation to yield an inactive, highly fluorescent
byproduct. Compound 67 was shown to have marginal oral
bioavailability (>1%), while 1, 87, and 90 had acceptable to
good oral bioavailability (46%, 21%, and >50%). Compounds
87 and 90 are resistant to the oxidation pathway observed for 1
(as well as 67) by virtue of geminal dimethyl substitution in 87
and the bicyclic tropane framework of 90.
Compounds 1 and 90 were tested for in vitro and in vivo

interference with aminoglycoside antimicrobial activity. There
was no interference by either drug with neomycin minimal
inhibitory concentration (MIC) or minimal bactericidal
concentration (MBC) against E. coli ATCC25922. Additionally,
90 exhibited no interference in the MIC for tobramycin,
amikacin, kanamycin and neomycin against five strains of P.
aeruginosa or amikacin MIC against M. tuberculosis. Finally, 90
showed no interference in an in vivo mouse pulmonary

Figure 5. Synthesis and resolution of chiral tropane analogues: (a) NCCH2CO2Et, S8, morpholine, EtOH; (b) p-ClC6H4NCO, TEA, THF; (c)
chiral HPLC separation.
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tuberculosis model with amikacin, kanamycin, and moxifloxacin
(see Supporting Information, Table S4-1 and S4-2).
In Vivo Testing of ORC Compounds in Rats. On the

basis of early preclinical evaluation, compounds 1 and 90 were
tested in an in vivo rat model of aminoglycoside-induced
hearing loss. The auditory brain stem response (ABR) assay is a
widely used, noninvasive method for quantification of auditory
function in vertebrates, including humans. Male Sprague−
Dawley rats 5−7 weeks old were purchased from Harlan
Laboratories. Briefly, rats are anesthetized and placed in a
sound-attenuated enclosure on a heating pad to maintain body
temperature at 37.5 °C. Electrical responses from the ear and
CNS are detected with subcutaneous needle electrodes.
Positive and negative electrodes are inserted at the left
temporal bone above the pinna and at the vertex of the skull,
with the ground electrode in the thigh. Free-field pure-tone
stimuli are generated by custom software and presented as
short (5 ms) acoustic pulses with 1 ms rise/fall times at a
repetition rate of 19/s. In addition, broadband clicks are
presented at the beginning and end of each session to assess
any changes in the animal’s condition. Neural responses are
amplified, bandpass filtered (100−3000 Hz), digitized using
custom software, and displayed online as an average response
to the repeated acoustic stimulus. A sequence of pure tone
stimuli of varying frequencies (2, 4, 8, 16, and 32 kHz) and
intensities (usually 15−90 dB, SPL) is presented, and the
resulting waveforms are recorded. All individual responses and
averaged responses were saved. Examination of the averaged
sound-induced waveforms by a trained experimenter yields the
hearing thresholds (minimum sound level required to induce a
reliable waveform at each frequency tested).
In preliminary experiments, we showed that 1 injected

intravenously (iv) was nontoxic to rats at doses up to 25 mg/
kg. This dose also yielded a plasma half-life of 1.7 h. Based on
literature precedent, we carried out in vivo hearing protection
experiments using kanamycin (500 mg/(kg·day) sc). The
results of these experiments are shown in Figure 6. After initial
ABR testing, male Sprague−Dawley rats 50−60 days old were
treated with kanamycin 500 mg/(kg·day) (sc) for 14 days and
then allowed to recover without treatment for an additional 2
weeks before final ABR testing. A second group was subjected
to the same treatment with the addition of exposure to 1 at 25
mg/(kg·day) by intraperitoneal injection. Control groups
included animals receiving 1 alone, the vehicle for 1
(Cremaphor EL/DMSO/EtOH/PBS) alone, or no treatment.
ABR testing (Figure 6) reveals a highly significant hearing loss
at 8−32 kHz that is greatest at the higher frequencies in animals
treated with kanamycin alone. This hearing loss was completely
prevented by 1 at 8 and 16 kHz and mostly resolved at the
highest frequency tested (32 kHz). All rat protocols were
approved by the University of Washington IACUC.
We selected compound 90 as our lead compound for full

preclinical evaluation based on its superior protective activity in
the zebrafish assay, decreased hERG-inhibitory activity, and
superior pharmacokinetic properties (Figure 7 and Supporting
Information, Table S1) and efficiency of large scale synthesis.
Compound 90 was tested for in vivo protection using amikacin,
a more widely employed aminoglycoside antibiotic than
kanamycin in the clinic. For testing the in vivo mammalian
efficacy of 90, we used Fischer 344 rats 7−9 weeks old at the
time of testing, purchased from Taconic. Rats were exposed to
amikacin alone at 320 mg/(kg·day) (sc) for 12 days or the
same amikacin exposure plus 90 (5 mg/(kg·day), po) for the

same period. Additional rats were treated with 90 alone (5 mg/
(kg·day) [n = 3], or 25 mg/(kg·day) [n = 3], po) for 12 days.

Figure 6. Protection of hearing in Sprague−Dawley rats treated with
kanamycin for 14 days (500 mg/(kg·day) sc) by concurrent ip
administration of 1 (25 mg/(kg·day)). (A) Mean (+1 SEM) ABR
thresholds in rats recorded an additional 14 days after the 14-day drug
treatment with 1 alone, kanamycin, or coadministration with
kanamycin and 1. (B) Mean (+1 SEM) threshold shifts in hearing
from pretreatment levels 14 days after the treatment for each group.
Positive values indicate increasing levels of hearing loss.

Figure 7. ADME profiling for compound 90.
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In all experiments 90 was delivered by oral gavage. We find that
exposure to amikacin compared to kanamycin causes
significantly more reproducible hearing loss in animals treated
with AGA alone. For oral gavage, the vehicle for 90 was
PEG300/DMA/EtOH/H2O. ABR thresholds were determined
for each rat prior to drug treatment. Rats were then treated with
amikacin alone or amikacin plus 90 daily for 12 days and then
allowed to recover for 2 weeks before final ABR testing. As
shown in Figure 8, Fischer 344 rats treated with amikacin (320

mg/(kg·day) sc) alone for 12 days exhibited moderate to severe
hearing loss at all frequencies tested. Co-administration of
amikacin (320 mg/(kg·day) sc) and 90 (5 mg/(kg·day) po) for
12 days resulted in highly significant hearing protection across
all frequencies tested. Furthermore, the resulting average
hearing thresholds of this group are well within the normal
range, and 6 of the 8 rats tested in this group showed complete
protection from hearing loss due to the aminoglycoside
exposure. None of the rats treated with 90 alone showed
reliable changes in hearing thresholds (data not shown). In
support of the audiological findings, immunohistochemical
examination of the inner and outer hair cells of the organ of

Corti from experimental animals showed significant disruption
of normal tissue architecture (Figure 9, panel A) in Fischer 344
rats treated with amikacin alone (Figure 9, panel B). The
amikacin-induced hair cell death in the organ of Corti was
suppressed by cotreatment with 90.

■ DISCUSSION
Protection of hearing through pharmacological intervention
against the myriad insults that are capable of causing hearing
loss has been a long sought-after goal.45 We describe the
development and preclinical characterization of a family of
urea−thiophene carboxamides culminating in 90, an orally
active and well tolerated agent with excellent pharmacokinetic
and metabolic properties. Compound 90 protects rat hearing
against amikacin-induced ototoxicity while showing no effect on
in vitro or in vivo antibacterial activity of several clinically
relevant AGAs. Our structure−activity relationship (SAR) for
this compound series is based on over 300 analogs inter-
rogating all elements of the core structure of the screening hit
1.34 Our studies identified structural elements that are
absolutely required for protective activity as well as those that
can be substantially altered without disrupting the biological
activity. The p-chlorophenyl urea substituent appears to be
optimal as a wide variety of substituted aryl urea compounds
exhibit comparable activity at best. Significant changes of the
aryl substituent nature or position lead to loss of activity. The
bis-monosubstituted urea is absolutely required for activity as
even modest change such as replacement by an amide or
cyclopropyl malonamide or N-methylation abolishes activity.
Likewise, the thiophene-3-carboxamide is critical for protective
activity as replacement of either thiophene or carboxamide with
even conservative structural variants leads to dramatic loss of
activity.
The N-ethyl tetrahydropyridine moiety of 1 provided the

richest ground for structural variation. A basic nitrogen or
quaternary ammonium salt is needed for activity, presumably
existing in a mostly or completely cationic state at physiological
pH for favorable electrostatic interactions with its target. The
positive charge can however reside at the tetrahydropyridine 2-
position (as in 1) or 3-position (as in 41, Table 5), in a 5-
membered ring (as in 42, Table 5) or 7-membered ring (as in
43 and 44, respectively, Table 5), or as part of a rigid bicyclo-
[3.2.1]-aza-octane (tropane) ring system (as in 90 and 93,

Figure 8. Protection of hearing in Fischer 344 rats treated with
amikacin (320 mg/(kg·day) sc) for 12 days with or without concurrent
oral administration of 90 (5 mg/(kg·day)). Threshold shift from
pretreatment hearing levels at 2-weeks following treatment period.

Figure 9. Confocal images of the organ of Corti basal turn: representative examples from each treatment group. (A) control, saline treated, sc daily
for 12 days; (B) amikacin treated, sc daily, 320 mg/(kg·day) for 12 days; (C) amikacin (Ami) + 90, amikacin sc daily, 320 mg/(kg·day), + 90 po
daily, 5 mg/kg, for 12 days. Cochleae from animals were fixed with 4% paraformaldehyde and dissected. Organs of Corti were incubated with cell-
type specific antibodies: antimyosin 7A antibody (hair cells, green), anti-Sox2 antibody (supporting cell nuclei, red) and anti-neurofilament (NF)
antibody (neuronal processes, blue). All animals were treated with drug for 12 days. Final post-treatment ABR testing was done after an additional 12
day period. Animals euthanized after ABR testing for histological examination.
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Table 8). Extending the N-alkyl substituent to 2-naphthyl- or
indole-containing amides (as in 66 and 67, Table 6) yielded the
most active compounds in the zebrafish assays but at the cost of
physicochemical properties. Compound 67 has the high
potency value (HC50 = 70 nM) but lacks solubility and oral
bioavailability making it unsuitable for in vivo testing in the rat.
Based on the high potency of aryl amide analogs like 67, we
investigated the possibility of appending functional groups that
would be useful for mechanistic and target identification
studies. We discovered that a wide range of substituents are
tolerated when connected to the tetrahydropyridine nitrogen
through a 7- to 17-atom linker. Analogs containing a
fluorescent probe (i.e., BODIPY), as well as an affinity tag
(i.e., biotin), have been synthesized based on the existing SAR
and are currently being used in mechanistic and target
identification efforts. Among the most active ORC compounds
in this series are 90 (HC50 = 120 nM), 93 (HC50 = 270 nM),
96 (HC50 = 270 nM) and 99 (HC50 = 33 nM), which vary only
in N-substitution on the 8-azabicyclo[3.2.1] ring system and
position of the 2-carbon bridge relative to the thiophene ring
(Figure 5). Because of its superior potency in the zebrafish hair
cell protection assay and improved pharmacokinetic properties,
90 was advanced through IND-enabling studies under the
auspices of Oricula Therapeutics.

■ CONCLUSION
In the absence of a molecular target, elaboration of our original
screening hit 1, into a full SAR program was made possible
using the phenotypic zebrafish neuromast hair cell viability
assay to predict in vivo activity in a mammalian model. This
effort yielded 90 as a promising clinical candidate for the
prevention of aminoglycoside induced hearing loss in patients.
Clinical adoption of such an agent would reinvigorate the safe
use of this underused broad class of effective antibiotics and
thus expand their utility in the treatment of serious and life-
threatening bacterial infections.

■ EXPERIMENTAL SECTION
Zebrafish Neuromast Hair Cell Protection Assay. Adult AB

zebrafish were bred and newly fertilized embryos were collected the
week prior to testing and raised at 28.5 °C in Petri dishes containing
embryo medium (1 mM MgSO4, 0.15 mM KH2PO4, 50 μM
Na2HPO4, 1 mM CaCl2, 500 μM KCl, 115 mM NaCl, 700 μM
NaHCO3). Newly hatched free-swimming larvae were fed paramecia at
4 days postfertilization (dpf). All procedures were approved by the
University of Washington Animal Care and Use Committee. For initial
efficacy testing of each new experimental compound, fish 5−7 dpf
were transferred to cell culture baskets placed in 6-well culture plates
containing 7 mL of embryo medium. Typically, tests are done with ten
fish per basket but work well with up to 50 fish. All treatment and
wash volumes are 7 mL. Fish were pretreated with test compound for
1 h at five initial concentrations (1.56, 3.125, 6.25, 12.5, and 25 μM).
Following this exposure to the test compound alone, fish were moved
to a new well containing the test compound plus 200 μM neomycin
(neomycin sulfate, Sigma, St. Louis, MO, catalog no. N1142) for 1 h. If
significant hair cell protection was observed at the lowest
concentration, the dosages were reduced by half until hair cell
protection was eliminated. All experimental compounds were tested
alongside the following controls groups: fish treated with neomycin
(200 μM) alone; fish treated with test compound (25 μM) alone); fish
treated with 1 at the same concentration range as test compound; and
untreated fish using the same procedures.
Following neomycin exposure, fish were rinsed briefly 4 times in

embryo medium and 700 μL of 0.05% DASPEI (2-{4-
(dimethylamino)styryl}-N-ethylpyridinium iodide, Molecular Probes,

Eugene, OR) was added and allowed to stain for 15 min. DASPEI
brightly labels the hair cells of each neuromast due to their robust
packing in mitochondria.46 Following this labeling and two rinses in
embryo medium, the fish were anesthetized with 350 μL of MS222
(0.55 μg/mL final concentration, 3-aminobenzoic acid ethyl ester,
methansulfonate salt, Sigma, St. Louis, MO).

For assessment of the dose−response protective functions, the fish
in each experimental and control group were transferred to separate
wide depression slides in embryo medium with MS222. Slides were
mounted on the stage of an epifluorescence dissecting microscope
equipped with a DAPSEI filter set (excitation 450−490 nM and barrier
515 nM, Chroma Technologies, Brattleboro, VT). The hair cell
staining of ten neuromasts (SO1, SO2, IO1, IO2, IO3, IO4, M2, MI1,
MI2, and O2) on one side of each animal was visually evaluated.47

Each neuromast was scored for presence of a normal compliment of
hair cells (score = 2), reduced DASPEI staining indicating a reduction
in hair cell number (score = 1), or absence of DASPEI staining (score
= 0). The total score for each animal was tabulated to give a composite
score that ranged from 0 to 20 for each fish. Average scores and
standard deviations were calculated for animals in each treatment
group. Scores were normalized to the control group (vehicle only, no
drug, no neomycin) and expressed as % hair cell survival. If hair cell
survival was at least 50%, the 50% effective concentration (HC50) was
calculated as a linear extrapolation from the nearest concentrations of
protective drug that produced hair cell survival below and above 50%.

Rat Auditory Brain Stem Response (ABR) Assay for Hearing
Protection. Male Fischer 344 rats were purchased from Harlan
Laboratories (Livermore CA) at 40−50 days postnatal. Auditory
brainstem responses (ABRs) were measured from each rat twice, once
1−2 weeks prior to drug treatments and again at 2 weeks after the
termination of drug treatment. Rats were anesthetized with isoflurane,
placed on a heating pad to maintain body temperature near 37 °C, and
placed in a sound-attenuating chamber. AB responses were recorded
using standard subcutaneous needle electrodes with the positive and
negative electrodes at the left temporal bone above the pinna and the
vertex of the skull, and the ground electrode in the thigh. Free-field
pure tone stimuli were generated, and ABR recordings were digitized
using custom software. Tone pips were 5 ms in duration with 1 ms
rise/fall times, presented at a repetition rate of 19/s. In addition,
broadband clicks were presented at the beginning and end of each
session to assess for any changes in the animal’s condition. All stimuli
were calibrated online at the beginning of each experiment with a
calibrated probe microphone. Neural responses were preamplified
(100×; A-M Systems amplifier model 3000), sent through an MA3
amplifier with an additional 20 dB post-preamp gain (Tucker Davis
Technologies), bandpass filtered (100−3000 Hz; Krohn-Hite filter
model 3550), and digitized at 24.4 kHz. We sampled responses in a 15
ms window (with a 5 ms stimulus onset delay). The threshold was
defined as the lowest sound pressure level (SPL) in which a
recognizable waveform was present and repeatable. Thresholds were
determined at 2, 4, 8, 16, and 32 kHz and for a broad-band click.
Stimuli were presented 500 times from 80 to 20 dB SPL in steps of 10
and then 1000 repetitions in steps of 5 dB SPL when approaching
threshold. Near threshold each series was repeated to determine the
reliability of the waveform at the estimated threshold, 5 dB above and
10 dB below the estimated threshold. When animals appeared to be
deaf at a particular frequency, the stimulus was presented at the
maximum intensity generated by our system (90−100 dB) SPL at least
twice at 1000 repetitions to be assured of a complete hearing loss. The
threshold was then arbitrarily set at 100 dB SPL. All averaged
responses were examined online, and thresholds were estimated.
Following the experimental session, all responses were printed and
rescored twice, once by the experimenter and once by an ABR expert
who was blinded with regard to the experimental condition. Threshold
estimates were within 5 dB in over 97% of the response traces, and the
few that differed by >10 dB were re-examined by the two evaluators to
come to a consensus. Data were analyzed as raw thresholds at each test
frequency and as “Threshold Shift”, comparing pretest threshold with
post-drug-administration threshold, where a positive number indicates
a hearing loss (in dB) due to the drug treatment.
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Chemistry. All reactions were performed under a dry atmosphere
of nitrogen unless otherwise specified. Indicated reaction temperatures
refer to the reaction bath, while room temperature (rt) is noted as 25
°C. Commercial grade reagents and anhydrous solvents were used as
received from vendors, and no attempts were made to purify or dry
these components further. Removal of solvents under reduced
pressure was accomplished with a Buchi rotary evaporator at
approximately 28 mmHg pressure using a Teflon-linked KNF vacuum
pump. Thin layer chromatography was performed using either 1 in. ×
3 in. AnalTech No. 02521 or Merck 60 F254 silica gel plates with
fluorescent indicator using appropriate solvent mixtures. Visualization
of TLC plates was made by observation with either short wave UV
light (254 nm lamp) or 10% phosphomolybdic acid in ethanol or in
iodine vapors. Medium pressure flash column chromatography was
carried out using either a Teledyne Isco CombiFlash Companion Unit
with RediSep Rf silica gel columns or a Biotage Isolera with SiliCycle
HP cartridges. Proton NMR spectra were obtained either on 300 MHz
Bruker Nuclear Magnetic Resonance Spectrometer or 500 MHz
Bruker Nuclear Magnetic Resonance Spectrometer, and chemical shifts
(δ) are reported in parts per million (ppm), and coupling constant (J)
values are given in hertz, with the following spectral pattern
designations: s, singlet; d, doublet; t, triplet, q, quartet; dd, doublet
of doublets; m, multiplet; br, broad singlet; sym, symmetrical.
Tetramethylsilane (TMS) was used as an internal reference. Melting
points are uncorrected and were obtained using a MEL-TEMP
Electrothermal melting point apparatus. Mass spectroscopic analyses
were performed either using positive mode electron spray ionization
(ESI) on a Varian ProStar LC-MS with a 1200L quadrupole mass
spectrometer or using positive mode atmospheric pressure chemical
ionization (APCI) on a Shimadzu LC-MS system. High performance
liquid chromatography (HPLC) purity analysis was conducted using a
Varian Pro Star HPLC system with a binary solvent system A and B
using a gradient elution [A, H2O with 0.1% trifluoroacetic acid (TFA);
B, CH3CN with 0.1% TFA] and flow rate = 1 mL/min, with UV
detection at 254 nm. All final compounds were purified to ≥95%
purity, and these purity levels were measured by a Varian Pro Star
HPLC system. Three different Varian Pro Star HPLC methods were
used to establish compound purity. HPLC Method A: Phenomenex
Luna C18(2) column (4.6 mm × 250 mm); mobile phase, A = H2O
with 0.1% TFA and B = CH3CN with 0.1% TFA; gradient 10−95% B
(0.0−10 min; hold for 6 min); UV detection at 254 nm. HPLC
Method B: SunFire C18 column (4.6 mm × 250 mm); mobile phase,
A = H2O with 0.1% TFA and B = CH3CN with 0.1% TFA; gradient
10−100% B (0.0−20 min; hold for 5 min); UV detection at 254 nm.
HPLC Method C: SunFire C18 column (4.6 mm × 250 mm); mobile
phase, A = H2O with 0.1% TFA and B = CH3CN with 0.1% TFA;
gradient 0−100% B (0.0−15 min; hold for 5 min)); UV detection at
254 nm.
2-Amino-6-ethyl-4,5,6,7-tetrahydrothieno[2,3-c]pyridine-3-car-

boxamide. A stirred mixture of N-ethyl-4-pyrrolidinone (22.7 g, 178
mmol), 2-cyanoacetamide (16.5 g, 197 mmol), sulfur (6.87 g, 215
mmol), and morpholine (31.5 g, 362 mmol) in ethanol (350 mL) was
heated to reflux under nitrogen for 5 h. After this time, the reaction
mixture was cooled to room temperature and concentrated under
reduced pressure. The residue was mixed with saturated aqueous
sodium bicarbonate (200 mL) and water (200 mL). The aqueous
mixture was extracted with methylene chloride (5 × 200 mL). The
combined organic extracts were dried over anhydrous sodium sulfate,
filtered, and concentrated under reduced pressure. The resulting
residue was triturated with cold methanol (30 mL) and filtered. The
filter cake was washed with cold methanol (2 × 10 mL) and then dried
under reduced pressure to provide the product as a yellow solid (21.7
g, 54%): 1H NMR (300 MHz, DMSO-d6) δ 6.98 (s, 2H), 6.52 (bs,
2H), 3.29 (s, 2H), 2.66 (d, J = 4.8 Hz, 2H), 2.60 (d, J = 4.8 Hz, 2H),
2.46 (q, J = 7.2 Hz, 2H), 1.04 (t, J = 7.2 Hz, 3H); LRMS m/z 226 [M
+ H]+.
2-[3-(4-Chlorophenyl)ureido]-6-ethyl-4,5,6,7-tetrahydrothieno-

[2,3-c]pyridine-3-carboxamide (1). To the stirred solution of 2-
amino-6-ethyl-4,5,6,7-tetrahydrothieno[2,3-c]pyridine-3-carboxamide
(450 mg, 2.00 mmol) in anhydrous tetrahydrofuran (10 mL) at room

temperature under nitrogen was added a solution of 4-chlorophenyl
isocyanate (400 mg, 2.40 mmol) in anhydrous methylene chloride (6
mL) dropwise over 3 min. Then the reaction mixture was stirred
overnight at room temperature. The reaction mixture was filtered. The
filter cake was washed with methylene chloride (5 mL) and then dried
under reduced pressure to provide the product 1 (free base) as a white
solid (301 mg, 38%): 1H NMR (300 MHz, DMSO-d6) δ 10.94 (s,
1H), 10.12 (s, 1H), 7.52−7.45 (m, 4H), 7.34 (d, J = 9.0 Hz, 2H), 3.45
(s, 2H), 2.77 (d, J = 4.8 Hz, 2H), 2.65 (d, J = 4.8 Hz, 2H), 2.55−2.45
(m, 2H), 1.07 (t, J = 6.6 Hz, 3H); LRMS m/z 379 [M + H]+.

2-[3-(4-Chlorophenyl)ureido]-6-ethyl-4,5,6,7-tetrahydrothieno-
[2,3-c]pyridine-3-carboxamide Hydrochloride (1 HCl). To the stirred
mixture of compound 1 (free base) (157 mg, 0.400 mmol) in
methylene chloride (50 mL) at room temperature was added
hydrochloric acid (2 M in diethyl ether, 0.300 mL, 0.600 mmol).
After addition, the mixture was concentrated under reduced pressure.
The resulting solid was triturated with methylene chloride and filtered
to afford compound (1 HCl) as pale yellow solid: 1H NMR (500
MHz, DMSO-d6) δ 10.94 (s, 1H), 10.84 (bs, 1H), 10.22 (s, 1H),
7.75−6.90 (m, 6H), 4.49 (d, J = 14.5 Hz, 1H), 4.22−4.16 (m, 1H),
3.65−3.62 (m, 1H), 3.38−3.05 (m, 5H), 1.32 (t, J = 7.2 Hz, 3H);
HRMS (ESI) m/z calculated for C17H19ClN4O2S [M + H]+

379.09899, found 379.10085.
(± ) - 2 -Am ino - 9 -me thy l - 5 , 6 , 7 , 8 - t e t r ahyd ro - 4H -5 , 8 -

epiminocyclohepta[b]thiophene-3-carboxamide. The stirred mix-
ture of tropinone (3.00 g, 21.6 mmol), 2-cyanoacetamide (1.99 g, 23.7
mmol), sulfur (830 mg, 25.9 mmol), and morpholine (3.75 g, 43.0
mmol) in ethanol (80 mL) was heated to reflux under nitrogen for 4 h.
After this time, the reaction mixture was cooled to room temperature
and concentrated under reduced pressure. The resulting residue was
diluted with saturated aqueous sodium bicarbonate (60 mL) and
extracted with methylene chloride (3 × 150 mL). The combined
organic extracts were dried over anhydrous sodium sulfate, filtered,
and concentrated under reduced pressure. The resulting residue was
purified by flash column chromatography on silica gel eluting with
methanol/methylene chloride (1:9) to provide compound (±)-2-
amino-9-methyl-5,6,7,8-tetrahydro-4H-5,8-epiminocyclohepta[b]-
thiophene-3-carboxamide as a brown solid (396 mg, 8%): LRMS m/z
238 [M + H]+.

(±)-2-[3-(4-Chlorophenyl)ureido]-9-methyl-5,6,7,8-tetrahydro-
4H-5,8-epiminocyclohepta[b]thiophene-3-carboxamide (88). To
the stirred mixture of 2-amino-9-methyl-5,6,7,8-tetrahydro-4H-5,8-
epiminocyclohepta[b]-thiophene-3-carboxamide (375 mg, 1.58 mmol)
in methylene chloride (10 mL) at room temperature under nitrogen
was added a solution of 4-chlorophenyl isocyanate (255 mg, 1.66
mmol) in methylene chloride (10 mL). The reaction mixture was
stirred overnight and concentrated under reduced pressure. The
resulting residue was purified by flash column chromatography on
silica gel eluting with methanol/methylene chloride (15:85) to provide
compound 88 as an off-white solid (369 mg, 60%): 1H NMR (300
MHz, DMSO-d6) δ 10.70 (bs, 1H), 10.05 (bs, 1H), 7.90−6.50 (m,
6H), 4.11 (bs, 1H), 2.99 (d, J = 14.1 Hz, 1H), 2.35−1.95 (m, 7H),
1.79 (bs, 1H), 1.48 (bs, 1H); LRMS m/z 391 [M + H]+.

(−)-2-[3-(4-Chlorophenyl)ureido]-9-methyl-5,6,7,8-tetrahydro-
4H-5,8-epiminocyclohepta[b]thiophene-3-carboxamide (89) and
(+)-2-[3-(4-Chlorophenyl)ureido]-9-methyl-5,6,7,8-tetrahydro-4H-
5,8-epiminocyclohepta[b]thiophene-3-carboxamide (90). Com-
pound 88 (720 mg) was separated by chiral preparative HPLC (20
μm CHIRALCEL OD, 5 cm × 50 cm, 100 mL/min flow rate, 120 mg/
injection) eluting with 0.1% diethylamine in 20% ethanol/heptane to
provide 89 (268 mg, 37%) as a white solid, LRMS m/z 391 [M + H]+,
followed by 90 (250 mg, 35%) as a white solid. LRMS m/z 391 [M +
H]+. Free base optical rotations: 89, −19.5° (c = 0.2, MeOH), T = 25
°C; 90, +18.5° (c = 0.2, MeOH), T = 25 °C.

(−)-2-[3-(4-Chlorophenyl)ureido]-9-methyl-5,6,7,8-tetrahydro-
4H-5,8-epiminocyclohepta[b]thiophene-3-carboxamide Hydro-
chloride (89·HCl). To the stirred mixture of compound 89 (free
base) (240 mg, 0.610 mmol) in methanol (30 mL) at room
temperature was added 1 M hydrochloric acid (1.25 mL, 1.25
mmol) dropwise. After addition, the mixture was stirred for 10 min.
After this time, the mixture was diluted with water (10 mL) and

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.7b00932
J. Med. Chem. XXXX, XXX, XXX−XXX

L

http://dx.doi.org/10.1021/acs.jmedchem.7b00932


lyophilized to provide compound 89 as a white solid (255 mg, 97%):
1H NMR (300 MHz, DMSO-d6) δ 11.24 (bs, 0.40 H), 10.34 and 10.32
(2 s, 1H), 10.19−10.16 (m, 1.60H), 7.51−7.48 (m, 4H), 7.35 (d, J =
9.0 Hz, 2H), 4.95−4.82 (m, 1H), 4.19−4.08 (m, 1H), 3.43−3.17 (m,
1H), 2.88−2.68 (m, 4H), 2.45−2.09 (m, 3H), 1.89−1.80 (m, 1H);
optical rotation [α]D = −5.5° (c = 0.2, MeOH); HRMS (ESI) m/z
calculated for C18H19ClN4O2S [M + H]+ 391.09899, found 391.09906.
(+)-2-[3-(4-Chlorophenyl)ureido]-9-methyl-5,6,7,8-tetrahydro-

4H-5,8-epiminocyclohepta[b]thiophene-3-carboxamide Hydro-
chloride (90·HCl). To the stirred mixture of compound 90 (free
base) (220 mg, 0.60 mmol) in methanol (30 mL) at room temperature
was added 1 M hydrochloric acid (1.25 mL, 1.25 mmol) dropwise.
After addition, the mixture was stirred for 10 min. After this time, the
mixture was diluted with water (10 mL) and lyophilized to provide
compound 90 as a white solid (243 mg, 96%): 1H NMR (300 MHz,
DMSO-d6) δ 11.20 (bs, 0.34H), 10.34 and 10.31 (2 s, 1H), 10.18 (s,
1H), 10.16 (bs, 0.66H), 7.54−7.33 (m, 6H), 4.94−4.90 (m, 1H),
4.20−4.06 (m, 1H), 3.42−3.16 (m, 1H), 2.88−2.65 (m, 4H), 2.49−
2.28 (m, 2H), 2.21−2.09 (m, 1H), 1.89−1.80 (m, 1H); optical
rotation [α]D = +3.5° (c = 0.2, MeOH); HRMS (ESI) m/z calculated
for C18H19ClN4O2S [M + H]+ 391.09899, found 391.09907.
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ABSTRACT

Overexposure to loud noise is known to lead to
deficits in auditory sensitivity and perception. We
studied the effects of noise exposure on sensori-
motor behaviors of larval (5–7 days post-fertiliza-
tion) zebrafish (Danio rerio), particularly the
auditory-evoked startle response and hearing sensi-
tivity to acoustic startle stimuli. We observed a
temporary 10–15 dB decrease in startle response
threshold after 18 h of flat-spectrum noise expo-
sure at 20 dB re·1 ms−2. Larval zebrafish also
exhibited decreased habituation to startle-inducing
stimuli following noise exposure. The noise-induced
sensitization was not due to changes in absolute
hearing thresholds, but was specific to the auditory-
evoked escape responses. The observed noise-induced
sensitization was disrupted by AMPA receptor block-
ade using DNQX, but not NMDA receptor blockade.
Together, these experiments suggest a complex effect
of noise exposure on the neural circuits mediating
auditory-evoked behaviors in larval zebrafish.

KEYWORDS: inner ear, damage, behavior, hearing,
prepulse inhibition

INTRODUCTION

Overexposure to loud noise can cause temporary or
permanent hearing loss (Davis 2017; Ryan et al.
2016). Damage to the peripheral auditory system
from noise overexposure can result in hair cell death
(Dinh et al. 2016; Kurabi et al. 2017) and ultimately
lead to permanent hearing loss and auditory neu-
ropathy. These detrimental effects of noise overex-
posure on the peripheral auditory system often lead
to subsequent changes in the morphology, physiolo-
gy, and function of auditory processing pathways
(Eggermont 2015; Rubel and Fritzsch 2002; Wang
et al. 2002). Changes in auditory function due to
noise overexposure have been described in several
taxa including rodents (Carder and Miller 1972;
Chen et al. 2013), marine mammals (Finneran
2012), birds (Ryals et al. 1999), and fish (Smith
2012) suggesting that this noise-induced effect is
common in many vertebrates.

Noise-induced changes in auditory function can
lead to perceptual abnormalities, such as loss of
frequency discrimination (Suta et al. 2015), and
changes in sensorimotor behaviors. For example,
mice exposed to noise levels of 94–100-dB SPL for
2 h show marked increases in thresholds for acoustic
startle responses, prepulse inhibition, and auditory
CNS activation as well as behavioral hyperactivity
(Hickox and Liberman 2014). While rodents such as
mice have been a good species to investigate the
effects of noise on the auditory system, other non-
mammalian species have recently become attractive
study systems to investigate the effects of noise on
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the auditory system and inner ear development
(Whitfield et al. 2002; Monroe et al. 2015).

One such non-mammalian species used to inves-
tigate hearing and inner ear development in verte-
brates is the zebrafish (Danio rerio), which has several
advantages for studies including genetics, embryolo-
gy, in vivo visualization, and behavioral hearing
assays. Larval zebrafish demonstrate a robust acous-
tic startle response that is easy to measure and
quantify (Bhandiwad and Sisneros 2016), and the
auditory pathway of this acoustic startle response is
thought to be less complex than that in mammals.
Auditory afferents from the statoacoustic ganglion
synapse onto the lateral dendrites of the Mauthner
cell (M-cell), a large command neuron that initiates
the characteristic BC-start^ startle response in
zebrafish (Korn and Faber 2005). The all-or-none
response of the M-cell can also be directly activated
by exogenous electric field potentials, allowing for
the separation of the sensory and motor components
of the startle response (Tabor et al. 2014). Further-
more, zebrafish at 5 days post-fertilization possess a
fully functioning auditory system with homologies to
the mammalian auditory pathway (Vanwalleghem
et al. 2017) and only ~ 80 hair cells in the saccule,
the main organ of hearing (Inoue et al. 2013).
Together, these features of the zebrafish auditory
system provide a tractable preparation that can be
readily used to examine the effects of noise on the
inner ear and behavioral response pathways.

Previous studies in adult goldfish, a related
species, have shown that 24 h of flat-spectrum
170 dB (re·1 μPa) noise exposure results in an
83 % loss of hair cell bundles, accompanied by a
temporary decrease in auditory sensitivity of 10–
20 dB as measured by the auditory brainstem
response (Smith et al. 2006). Auditory thresholds
partially recover after hair cell regeneration, but
do not return to pre-exposure levels (Smith et al.
2004; Smith et al. 2006). However, the effects of
noise on auditory sensitivity and sensorimotor
behaviors in fish during early functional develop-
ment are not well understood.

The objective of this study was to investigate the
effects of long-term noise exposure on loudness
perception in larval zebrafish. We hypothesized
that, similar to studies in mice, overexposure to
loud noise would induce sensitization to startle-
inducing acoustic stimuli and induce temporary
threshold shifts. We describe a perceptual condi-
tion in larval zebrafish whereby startle sensitivity is
greatly enhanced temporarily after noise exposure
and then recovers to pre-exposure levels after 8 h.
We also explore physiological changes in response
to noise and the role of AMPA in mediating this
hypersensitive state.

METHODS

Animals

Larval zebrafish (5–7 days post-fertilization (dpf))
were used for all experiments, a stage where sex is
indeterminate. Wild-type (AB) zebrafish were mated
and eggs were collected according to standard proce-
dures (Westerfield 2000). After staging, eggs were
raised in petri dishes (n G 50 larvae per dish) and
housed in incubators at 28.5 °C. After 4 dpf, fish were
fed live rotifers daily and transferred to fresh embryo
medium using glass wide-bore pipettes to minimize
shearing damage to the mechanosensory hair cells of
the superficial neuromasts. Fish were also fed and
monitored for changes in behavior or stress during the
noise exposure protocol. All experimental and animal
care procedures were approved by the University of
Washington Animal Care and Use committee.

Behavioral Testing

Startle response and PPI experiments were per-
formed as descr ibed in a prev ious s tudy
(Bhandiwad et al. 2013). Briefly, a 96-well plate was
secured to an acrylic platform that was mounted on
to a vertically oriented Bruel-Kjaer Type 4810 shaker.
An accelerometer (PCB model 355B04) was also
attached to the acrylic plate to measure the acoustic
particle motion levels of the auditory stimulus. Each
well was filled with ~ 400 μL of embryo medium and
the system was calibrated at 30, 45, 60, 75, 90, 190,
310, and 410 Hz. These frequencies were empirically
determined, produced minimal or no resonance
sound stimulus artifact, and had negligible off-axis
components of the particle motion z-axis stimulus
(i.e., minimal particle motion in the x- or y-axes),
providing a reliable and repeatable stimulus
(Bhandiwad et al. 2013). Acoustic stimuli were
generated using MATLAB software and relayed to
the shaker via a Tucker-Davis System III (Tucker-
Davis Technologies, Alachua, FL). The sound-
producing shaker apparatus was placed on a vibra-
tion isolation table to minimize exogenous vibratory
stimuli in a sound-attenuating chamber.

All fish were allowed to acclimate to temperature
(28.5 ± 1 °C) and lighting conditions for 15 min
before each test. A single replicate consisted of 24
fish in the central 6 × 4 wells, which were presented
with randomized pure-tone stimuli of the frequencies
listed above. Sound stimuli of 14 to − 16 dB re·1 ms−2

in 6-dB steps were used for the startle response
experiments. For prepulse experiments, prepulse
stimuli of − 34 to − 16 dB re·1 ms−2 in 6-dB steps were
paired with startle pulses of 800 Hz at 14 dB
(re·1 ms−2). The startle pulse used was chosen because
it reliably elicits a response probability of 0.85
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(Bhandiwad et al. 2013). Because the decibel scale is
logarithmic, a 6-dB increase represents a doubling of
stimulus amplitude. The resulting behavioral re-
sponses were recorded for 50 ms after stimulus
presentation using a Photron Fastcam 1024PCI at
1000 frames/s. Intertrial intervals were randomized at
70 ± 10 s in order to minimize habituation effects.
Positive responses were defined as a startle response
that was initiated 5 ms from the end of the stimulus
ramp and a bend angle of the animal’s body
(measured as the angle between the head, midpoint,
and tail) of less than 30°. Responses were recorded as
a binary variable (1 for response and 0 for no
response) and group-level data (response percentage)
were fit to a Weibull cumulative distribution curve
using a maximum likelihood method with sound level
as the dependent variable for each frequency tested.
The resulting model fit was interpolated to find the
sound level at which the percent response reached
5 % (Bhandiwad et al. 2013).

Potential differences in startle responses could also
result from generalized hyperactivity. In order to test
for generalized hyperactivity, noise-exposed and con-
trol fish were individually placed in wells of a 96-well
plate recorded for 30 min at 25 °C in the absence of
auditory stimuli. All noise-exposed fish were tested
within 1 h after cessation of noise exposure. Videos
were analyzed using Ethovision XT (Noldus Technol-
ogies) and total distance moved and time spent
moving were measured for each fish.

Noise Exposure

Noise exposure was conducted in the same apparatus
used for behavioral testing. Cohorts of 24 fish were
placed individually in wells of the 96-well plate with
~400 μL embryo medium. Using the one-dimensional
shaker, the fish were presented with a flat spectrum
Bwhite noise^ (1–10,000 Hz) stimulus at 20 dB
re·1 ms−2. A single cohort was exposed to noise for
1, 8, 12, 18, or 24–36 h. Due to instrumental
constraints, the noise stimulus was a looped 1-s sound
with a 20-ms cosine gate. Sound level was measured
using the accelerometer and was calibrated for the 1-s
period. During the sound exposure protocol, fish
were monitored and fed every 4–6 h and embryo
medium was added when necessary. In order to
control for the potential effects of habituation, noise
exposure experiments were repeated with control fish
that were placed in the sound-isolation chamber for
18 h, but were not exposed to noise. For all
experiments, fish were removed from the shaker
system after noise exposure and allowed to reacclima-
tize for ~ 15 min before further testing.

In order to test for recovery from noise exposure,
fish were exposed to 18–24 h of 20 dB (re·ms−2) noise

and allowed to rest in a quiet environment (average
amplitude of − 55 dB re·1 ms−2) for 1, 8, or 12 h after
noise exposure. After the rest, fish were tested using
the startle response assay as described above.

Electrical Stimulation

Direct electric field (EF) stimulation was used to
investigate the effects of noise on M-cell excitability
using a protocol similar to Tabor et al. (2014). Groups
of three fish (5–7 dpf) were placed in a 3-cm diameter
circular arena and illuminated from below using an
LED array. A single sinusoidal EF pulse (1-ms period)
was generated using MATLAB software and amplified
through a Bruel-Kjaer Type 4810 amplifier. These
pulses were presented via silver wire electrodes placed
3 cm apart across the center of the arena.

Excitatory EF pulse-induced startle responses were
recorded at 1000 fps using the high-speed camera
apparatus described above. Direct stimulation of the
M-cell is dependent on the orientation of the animal
with reference to the anode and is very sensitive to
orientation. Therefore, stimuli were delivered only
when at least one fish was within 30° off-axis from the
anode-cathode axis, determined by visual inspection.
Orientation angles were confirmed post hoc and only
fish that were within 30° off-axis were used in the
analysis. Fish were tested initially with randomized EF-
pulse amplitudes of 0.25, 0.75, 1, and 1.5 V/cm, each
repeated 10 times. After exposure to 18 h of 20-dB
(re·ms−2) noise, fish were tested again using the same
stimuli presented in the same randomized order as
the prenoise condition. The effect of noise was
calculated as the difference in response percentage
to EF pulses using a repeated measures design.

DNQX and APV Treatment During Noise
Exposure

The excitatory pathway of the startle response is
mediated through glutamatergic pathways; there-
fore, all pharmacological treatments were conducted
before behavioral experiments to control for this
confound. Studies in mice have shown that startle
hyperexcitability is mediated by AMPA receptors
(Hickox and Liberman 2014). In addition, NMDA
receptors have been implicated in changes in startle
excitability in zebrafish (Burgess and Granato 2007;
Best et al. 2008; Bergeron et al. 2015) and habitua-
tion (Roberts et al. 2011). The glutamatergic antag-
onists DNQX (an AMPA receptor antagonist) and
APV (an NMDA receptor antagonist) were used in
this study. Concentrations of 20 μM DNQX (6,7-
dinitroquinoxaline-2,3-dione, Sigma) and 25 μM
APV (2-amino-5-phosphonovaleric acid, Sigma) were
dissolved in embryo medium with 20 μM DMSO.
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These concentrations were empirically determined
as the highest concentrations that did not cause any
mortality or any observable behavioral deficits after
18 h of exposure. Fish were immersed in drug
solutions (20 μM DNQX, 25 μM APV, or 20 μM
DMSO as a control) and allowed to acclimate 15 min
before noise exposure onset. Fish were maintained
in these solutions for the duration of the 18 h noise
exposure protocol. Control fish were immersed and
maintained in these drug solutions, but kept at
ambient noise levels (− 35 to − 40 dB re·1 ms−2) for
the duration. After the noise exposure protocol, all
fish were washed in fresh embryo medium three
times and allowed to acclimate 15–30 min in fresh
embryo medium before behavioral testing.

Statistical Analysis

All data were analyzed using MATLAB 2009B. Re-
sponse data collected from behavioral experiments
were analyzed by fitting a Weibull curve fitting using a
maximum-likelihood method. Thresholds were inter-
polated from the curve at each frequency and were
defined as the stimulus level at which the startle
response could be elicited in 5 % of trials. For the
prepulse inhibition experiments, a similar curve
fitting procedure was used. Threshold was defined as
the prepulse stimulus level that inhibited the startle
response to the Bcatch^ stimulus by 5 %.

Differences in startle response thresholds between
control and noise-exposed fish were analyzed using non-
parametric methods, due to the heteroscedasticity of the
threshold data. Friedman tests were used to compare
startle thresholds after noise and recovery experiments.
Individual tests for differences at specific frequencies
were carried out using post hoc pairwise Wilcoxon rank
sum tests. Tests were adjusted for multiple comparisons
using a Bonferroni adjustment where appropriate.

The habituation and direct electrical activation
experiments were analyzed using linear regression to
account for a continuous dependent variable. All
locomotor experiments were analyzed using indepen-
dent samples t tests with Bonferroni adjustment.

RESULTS

Behavioral Thresholds to Acoustic Stimuli:
Control vs. Noise-Exposed

Moderate exposure to flat-spectrum noise at 20 dB
(re·1 ms−2) for 18 h led to profound decreases in
startle response threshold (Fig. 1). Startle response
thresholds decreased by 8–14 dB (re·1 ms−2) in noise-
exposed fish compared to controls (X2(1) = 27.2,
p G 0.001, n = 10 groups of 24 fish), with the greatest
difference at 90 Hz between control (median (Mdn) =

0 dB, interquartile range (IQR) 3 to − 7 dB re·ms−2)
and noise-exposed fish (Mdn = − 15 dB, IQR − 9 to −
21 dB re·ms−2).

Noise-induced startle sensitization also depended
on the duration of noise exposure (Fig. 2). In fish
tested before and after noise exposure, significant
decreases in overall threshold were observed after
12 h of 20-dB re·ms−2 noise exposure (X2(1) = 8.35,
p = 0.003, n = 8 groups of 24 fish). There were no
differences between noise exposures of 12 and 24–
36 h, suggesting an asymptotic effect of noise expo-
sure ((X2(1) = 0.01, p = 0.9, n = 8 groups of 24 fish).
There were no overall differences in startle thresholds
between control fish and fish exposed to 1 h of noise
(X2(1) = 1.21, p = 0.27, n = 8 groups of 24 fish) or 8 h of
noise (X2(1) = 1.8, p = 0.18, n = 8 groups of 24 fish).

Recovery from noise exposure was also time-
dependent (Fig. 3). Immediately after 18–24 h of
noise exposure, startle thresholds were significantly
lower at all frequencies (X2(1) = 6.9, p G 0.001, n = 10
groups of 24 fish). After 1 h of recovery in an
environment with mean sound levels G − 60 dB
(re·1 ms−2), startle thresholds were not significantly
different from startle thresholds measured immedi-
ately after noise exposure (data not shown in figure).
However, after 8 h of recovery, startle thresholds
returned to pre-noise exposure levels and were not
significantly different from those measured before
noise exposure (X2(1) = 0.37, p = 0.54, n = 7 groups of
24 fish). Further recovery (12 h) led to a significant
increase in startle thresholds compared to controls
(X2(1) = 7.53, p G 0.01, n = 7). However, this increase

Fig. 1. Noise exposure results in decreased startle thresholds.
Startle response thresholds to particle motion stimuli in 18-h white
noise-exposed (magenta squares) and control (black circles) condi-
tions (n = 10 groups of 24 fish). Thresholds were defined as at a 5 %
startle response level. Data presented as median ± 1 quartile, and
more negative numbers indicate higher sensitivities
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was driven primarily by a difference in startle thresh-
old between noise-exposed (Mdn = 5 dB, IQR 8 to
1 dB re·ms−2) and control fish (Mdn = − 5 dB, IQR − 3
to − 10 dB re·m/s2) at 30 Hz (U = 29, p G 0.005, n = 7).

To test whether decreases in startle threshold after
noise exposure were due to generalized increase in

locomotor activity, noise-exposed (18 h at 20 dB
re·m/s2) and control fish were tracked for 30 min
within 1 h of noise-exposure cessation and locomotor
activity was recorded. The small difference in loco-
motor activity (measured as the time spent moving
during the 30-min period) observed between noise-
exposed (546 ± 38 s SEM) and control fish (647 ± 50 s
SEM) failed to reach statistical significance (t(58) = −
2.16, p 9 0.05, α = 0.025, n = 30; Fig. 4). However, the
total distance moved was significantly reduced in
noise-exposed fish (1030 ± 68 mm SEM) compared to
the control group (1379 ± 66 mm SEM) (t(58) = −3.7,
p G 0.001, n = 30). Together, these data indicate that
noise-exposed fish were slightly less active than the
control group in normal locomotor activity.

Our previous work showed that the PPI assay was a
more sensitive measure than the startle response assay
for measuring absolute auditory thresholds
(Bhandiwad et al. 2013), motivating us to assess PPI
following noise exposure (Fig. 5). Prepulse inhibition
thresholds were not significantly different between
noise-exposed and control fish (X2(1) = 0.08, p = 0.77,
n = 8 groups of 24 fish). In addition, post-noise
prepulse inhibition thresholds were also not signifi-
cantly different from post-noise startle thresholds at
both 30 Hz (Mdn prepulse − 26 dB, IQR − 34 to −
21 dB re·m/s2; Mdn startle − 21 dB, IQR − 24 to −
18 dB re·ms−2) and 90 Hz (Mdn prepulse − 25 dB,
IQR − 31 to − 18 dB re·ms−2; Mdn startle − 18 dB, IQR
− 22 to − 14 dB re·ms−2). Visual observations con-

FIG. 2. Noise-induced sensitization is time dependent. Differences
between prenoise exposure and post-noise exposure startle thresh-
olds at 1 h noise exposure (top left, n = 8 groups of 24 fish), 8 h noise
exposure (top right, n = 8 groups of 24 fish), 12 h noise exposure

(bottom left, n = 8 groups of 24 fish), and 24–36 noise exposure
(bottom right, n = 8 groups of 24 fish) tested at seven frequencies.
Note that no change in startle response threshold is equal to a
threshold difference of 0 (horizontal red line)

Fig. 3. Recovery from noise-exposure is time dependent. Startle
thresholds to pure-tone stimuli after noise exposure immediately after
18 h noise exposure (magenta squares, n = 10), 8 h recovery (green
squares, n = 7 groups of 24 fish), and 12 h recovery (purple squares,
n = 7 groups of 24 fish). Control (no noise exposure) startle thresholds
are plotted as black circles (n = 8 groups of 24 fish). Thresholds are
reported as medians ±1 quartile

BHANDIWAD ET AL.: Noise Exposure Effects in Zebrafish



firmed that prepulse stimuli would occasionally result
in a startle response in noise-exposed fish (at levels
below our 5 % response threshold).

The prepulse inhibition paradigm utilized a design
in which a Bno prepulse^ trial was compared with a
paired Bprepulse^ to estimate the prepulse effect. As
shown in Fig. 6, analysis of only responses in the no
prepulse trials throughout the experiment showed a
dramatic decrease in response percentage from the
initial trial (84 ± 5 %, mean ± SEM) to the last trial (53
± 2 %), likely due to habituation to the stimulus (β = −
0.015, p G 0.001, r2 = 0.77, n = 8 groups of 24 fish).
However, in noise-exposed fish, this response de-
crease was not present for the duration of the
experiment (β = − 0.001, p = 0.31, r2 = 0.77, n = 8
groups; Fig. 6). Furthermore, the initial stimulus

presentations resulted in higher response percentage
in noise-exposed fish (98 ± 1 %) compared with
controls (84 ± 5 % (U = 139.5, p G 0.001)).

Prepulse inhibition is dependent on the interstim-
ulus interval (ISI) between the prepulse and the
startle-inducing stimulus (Burgess and Granato 2007;

Fig. 4. Overall locomotor activity is not higher in noise-exposed
fish. Movement in noise-exposed (gray, n = 30) and control (black,
n = 30) individual fish. Animals were motion-tracked for 30 min in
the absence of auditory stimuli and total time spent moving (a) and
total distance moved (b) were measured. Total distance moved was
significantly lower in noise-exposed fish compared to that in
controls (p G 0.001), whereas total time spent moving was not
significant overall

Fig. 5. Prepulse inhibition thresholds are not changed after noise
exposure. Auditory thresholds measured using a PPI assay showed
no differences between control (black circles, n = 8 groups of 24 fish)
and noise-exposed (magenta squares, n = 8 groups of 24 fish) fish.
PPI thresholds in noise-exposed fish were also not significantly
different from startle thresholds in noise-exposed fish (green squares,
n = 8 groups of 24 fish)

Fig. 6. Habituation to startle-inducing stimuli is reduced after noise
exposure. Response probability to the startle-inducing Bcatch^
stimuli used in the PPI experiments is plotted by trial number in
noise exposed (magenta squares, n = 8 groups of 24 fish) and
controls (black circles, n = 8). Control fish have significantly lower
response probability at the first stimulus presentation and have a
steeper decline than noise-exposed fish
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Bergeron et al. 2015). To test whether noise exposure
changed prepulse inhibition at different ISIs, we
tested fish with a paradigm in which the prepulse
(90 Hz, − 16 dB re·1 ms−2) and startle stimulus were
kept constant, but the ISIs were varied between 10
and 290 ms (Fig. 7). The PPI effect was defined as a
decrease in response percentage. Noise-exposed fish
showed profound decreases in prepulse inhibition
compared to controls above 10 ms ISI (X2(1) = 20.46,
p G 0.001, n = 6 groups; Fig. 7). However, at 10 ms ISI,
there were no differences in prepulse inhibition effect
between noise exposed (Mdn 0.26, IQR 0.17 to 0.29,
n = 6 groups) and control fish (Mdn 0.2, IQR 0.18 to
0.22, n = 6 groups) (U = 49, p = 0.13).

Electrical Stimulation

Direct stimulation of the M-cells using electrical pulses
showed a positive linear relationship between increas-
ing stimulus voltage and response probability in both
prenoise and post-noise conditions (β = 0.54, p G 0.001;
Fig. 8). There were no significant differences in startle
probability between pre- and post-noise exposure fish
(F(3,28) = 1.1, p = 0.36, n = 8 groups of 3 fish).

APV and DNQX Treatment During Noise
Exposure

We tested whether NMDA receptors were involved in
noise-induced hypersensitization in zebrafish. Startle
thresholds in zebrafish treated with 25 μM APV were

not significantly different from noise-exposed fish
treated with DMSO vehicle (X2(1) = 0.53, p = 0.47,
n = 6 groups of 24 fish; Fig. 9). In addition, fish treated
with APV but not exposed to noise showed similar
thresholds to non-treated quiet controls (X2(1) = 2.22,
p = 0.13, n = 6 groups of 24 fish), indicating that the
APV alone did not lead to hyper- or hyposensitization
of the startle response. We also tested whether AMPA
receptors were involved in noise-induced hypersensi-
tivity by bath application of the AMPA receptor
antagonist, DMQX. Startle thresholds in fish treated
with 20 μM DNQX showed a significant increase
compared to noise-exposed fish treated with vehicle
(X2(1) = 33.34, p G 0.001, n = 6 groups of 24 fish;
Fig. 10). Startle responses of DNQX-treated fish
exposed to noise were not significantly different from
startle thresholds of both DNQX-treated fish not
exposed to noise and control (vehicle, no noise) fish
(X2(1) = 0.27, p = 0.61, n = 6 groups of 24 fish).

DISCUSSION

The goal of this study was to investigate the effects of
noise exposure on loudness perception in zebrafish
and test the hypothesis that acoustic overexposure
would alter sensitization to startle-inducing stimuli.
We demonstrated that exposure to 18 h of flat
spectrum loud noise induced a temporary condition
in larval zebrafish in which acoustic startle thresholds
decreased by 10–15 dB, then returned to pre-

Fig. 7. Prepulse inhibition effect is reduced at longer inter stimulus
intervals. Prepulse inhibition effect, measured as the total decrease in
percent response to a 90 Hz, − 16 dB re·1 m/s2 prepulse, plotted
against increasing interstimulus intervals for noise-exposed
(magenta squares, n = 6 groups of 24 fish) and control (black
circles, n = 6 groups of 24 fish) conditions. Noise-exposed fish
had significantly lower prepulse inhibition at all interstimulus
intervals except 10 ms. Interstimulus intervals were defined as
the time between the end of the prepulse stimulus and the
beginning of the startle-inducing Bcatch^ stimulus

Fig. 8. Startle responses to electrical field stimuli are not affected
by noise exposure. Response percentages to direct electrical field
pulses in prenoise (black circles, n = 8 groups of 3 fish) and post-
noise (magenta squares, n = 8 groups of 3 fish) conditions. Positive
responses were defined as M-cell-mediated startle responses in
animals aligned within 30° of the anode-cathode axis. There were
no significant differences in responsivity between prenoise and post-
noise conditions
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exposure thresholds after 8 h of recovery in a quiet
environment. Our experiments also demonstrated
that the changes leading to this hypersensitization
were not due to overall changes in locomotor

behavior (i.e., increased overall activity levels) or
excitability of Mauthner cells. Auditory sensitivity
measured by the PPI thresholds did not significantly
change after noise exposure, suggesting that overall
hearing sensitivity of 5–7 dpf zebrafish was not
affected by this noise exposure paradigm.

The increased startle responsiveness seen in larval
zebrafish is similar to startle-inducing hypersensitivity
observed in rodents after noise exposure (Hickox and
Liberman 2014; Chen et al. 2013). Although startle
responses in rodents are measured using startle
amplitude (the force generated by the animal onto a
pressure plate) rather than a change in probability of
response, as with zebrafish in this study, the increase
in startle sensitivity is greatest near the threshold for
both rodents and zebrafish. This suggests that the
effect of noise is a change in the dynamic range of
startle-inducing stimuli. Our data also agree with a
previous study in adult three-spined stickleback fish
(Gasterosteus aculeatus), which demonstrated a twofold
increase in the number of observed startle responses
to broadband acoustic stimuli after noise exposure
(Purser and Radford 2011), indicating that noise-
induced startle hypersensitivity may be a common
effect found in both fish and mammals.

Startle threshold sensitivity following 20 dB
(re·1 ms−2) noise exposure returned to prenoise levels
within 8 h of recovery, indicating a temporary effect of
noise exposure. Studies in human subjects (Melnick
1991) and chinchillas (Chinchilla sp.; Carder and
Miller 1972) have shown that temporary threshold
shifts (decreased sensitivity) are also exposure-
dependent and rapidly increase toward an asymptotic
threshold shift that is reached within 8–10 h of
exposure. Similarly, recovery from asymptotic thresh-
old shifts of ~ 10 dB can require at least 48 h after
noise exposure to return to prenoise levels in human
subjects (Melnick 1976). Our data show that startle
threshold shifts in larval zebrafish require a longer
exposure time and recover to pre-exposure levels in a
shorter time period when compared to mammalian
studies (Figs. 2 and 3). The recovery data shows a
subsequent increase in startle threshold after 12 h at
30 Hz, the lowest frequency tested. This suggests a
potential desensitization or rebound to startle-
inducing stimuli at low frequencies after the 12-h
recovery period.

In contrast to the observed increase in startle
sensitivity, the lack of a threshold change using the
PPI assay is different from previous auditory evoked
potential (AEP) studies in adult zebrafish (Smith et al.
2011) and other adult cyprinid species, including
goldfish (Carassius auratus; Smith et al. 2004) and
minnows (Pimephales promelas; Scholik and Yan 2001).
These investigations report auditory threshold in-
creases of up to 30 dB (re·1 μPa) after long-term

Fig. 9. NMDA receptor blockade does not disrupt noise-induced
startle sensitization. Startle response thresholds in groups of animals
treated with a bath-applied NMDA receptor antagonist, APV.
Animals treated with 25 μM APV during noise exposure (green
squares) had significant decreases in startle threshold compared with
animals treated with 25 μM APV kept in quiet (black circles). Groups
treated with 25 μM APV did not have significantly different
thresholds from animals treated with the vehicle, DMSO, and
exposed to noise (magenta squares)

Fig. 10. AMPA receptor blockade results in disruption of noise-
induced startle sensitization. Startle response thresholds in groups of
animals treated with a bath-applied AMPA receptor antagonist,
DNQX. Animals treated with 20 μM DNQX during noise exposure
(green squares) were not significantly different compared with
animals treated with 20 μM DNQX and kept in quiet (black circles)
and from animals treated with the vehicle and not exposed to noise
(data not shown). However, animals treated with the vehicle and
exposed to noise (magenta squares) had significant decreases in
startle threshold compared to both DNQX-treated groups
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noise exposure at the best frequency of hearing
(Amoser and Ladich 2003). Furthermore, noise
exposure in adult zebrafish and goldfish results in
hair cell death and full recovery from noise exposure
can take up to 14 days after exposure (Amoser and
Ladich 2003; Smith et al. 2006). These apparent
differences could result from multiple factors. First,
adult otophysan fish, such as zebrafish and goldfish,
have specialized auditory accessory structures called
the Weberian ossicles that connect the swim bladder
to the inner ear, thereby increasing the sensitivity and
frequency range of hearing (Popper and Fay 1993).
These structures may, in turn, exacerbate the effect of
noise, leading to saccular damage and physical
damage to the auditory apparatus (Smith et al. 2006;
Casper et al. 2013). At 5–7 dpf in zebrafish, the
Weberian ossicles and its connection between the
inner ear and swim bladder are not developed. This
immaturity may limit the damage in larval zebrafish.
Second, hair cells in the juvenile zebrafish inner ear
have Bimmature^ biophysical properties compared to
adult zebrafish (Olt et al. 2014), which may affect hair
cell survival in the presence of loud noise and lead to
no overall change in auditory sensitivity. Future work
is needed to investigate the ontogenetic effects of
noise exposure on hair cell death in the zebrafish
inner ear to resolve these differences.

Although there were no significant differences in
PPI thresholds after noise exposure, the effect of a
fixed prepulse was diminished at most interpulse
intervals (Fig. 7), suggesting a decrease in the
prepulse inhibition effect above threshold. These data
are in contrast with rodent studies that consistently
show an increase in PPI effect (i.e., more inhibition of
the startle response to the same magnitude prepulse
tone) after noise or salicylate administration (Hickox
and Liberman 2014; Rybalko et al. 2011; Sun et al.
2009; Yang et al. 2007) and decreases in PPI with
startle habituation (Blumenthal 1997). These differ-
ences in PPI between zebrafish and rodents may be
due to the differences in mechanisms of PPI in fish
and mammals. In zebrafish, PPI is thought to be
mediated by populations of GABAergic and
glycinergic interneurons in the hindbrain including
the PHP cell that inhibit firing of the Mauthner cell at
the spike initiation site (Weiss et al. 2008; Faber and
Korn 1989). These interneurons receive direct input
from primary afferents of the VIIIth nerve. Further-
more, ablation of gsx1 expressing glutamatergic
interneurons in the hindbrain of larval zebrafish has
shown a differential effect of short ISI and long ISI
PPI (Bergeron et al. 2015). Noise exposure could
potentially affect only the neurons mediating long ISI
PPI. In contrast, auditory PPI in mammals is thought
be mediated by the central auditory system, primarily
the inferior colliculus (Fendt et al. 2001; Li et al.

2009). Due to the mechanistic differences in PPI
circuitry and limitations with our behavioral para-
digm, we cannot exclude the possibility of changes in
central auditory processing and PPI in larval zebrafish
after noise exposure.

In order to determine whether the observed
changes in startle sensitivity after noise exposure were
specific to the acoustic startle response pathway, we
measured startle responses that were evoked by direct
stimulation of the Mauthner cells using electric field
pulses and found no difference between noise-
exposed and control fish. This finding suggests that
startle sensitization is not likely due to changes in
Mauthner cell membrane potential and excitability.
Therefore, the locus of action is likely at the
presynaptic terminal of the Mauthner cell lateral
dendrite, which receives input from saccular afferents,
or in the auditory pathway. We also measured overall
locomotor activity in noise-exposed and non-exposed
animals and observed that noise-exposed fish showed
a significant decrease in the total distance moved in a
30-min period and there was no significant difference
in the time spent moving compared to control fish
(Fig. 4). These data are consistent with previous
observations in larval zebrafish (Yokogawa et al.
2012) and adult stickleback (Purser and Radford
2011) of reduced locomotor activity after noise
exposure and suggest that increased startle
responsivity to auditory stimuli is not likely due to
generalized hyperactivity.

Together, our results suggest a complex effect of
noise exposure on the acoustic startle pathway in
larval zebrafish. Studies on hair cell death and
regeneration in the zebrafish saccule have shown that
acoustic trauma can cause hair cell death (Smith et al.
2006; Schuck and Smith 2009), which can result in
significant changes in AEP thresholds (Uribe et al.
2013).

Hair cell regeneration in the saccule requires at
least 2 days of recovery after noise exposure (Schuck
and Smith 2009), suggesting that the temporary
change in startle threshold after noise exposure is
not due to hair cell death and regeneration. However,
it should be noted that noise-induced damage to the
cochlear hair cells and the primary afferents of the
VIIIth nerve in mammals has been associated with
both hyperacusis (Hickox and Liberman 2014) and
loudness recruitment, perceptual phenomena where
thresholds remain unchanged, but stimuli above
threshold are perceived as abnormally loud (Pickles
2012). Measurement of physiological and structural
changes in the saccule could help resolve the
mechanisms by which noise exposure influences the
auditory startle pathway in larval zebrafish.

Blockade of the AMPA receptors using DNQX
during noise exposure resulted in a reduction of
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startle response sensitization. AMPA is directly in-
volved in mediating the startle response in the
mammalian caudal pontine reticular nucleus (Krase
et al. 1993) and is involved in noise-induced cochlear
synaptopathy (Liberman et al. 2011) and subsequent
increase in startle responses (Hickox and Liberman
2014). Studies in adult goldfish show that AMPA
receptors play a major role in signal transduction at
the M-cell lateral dendrite (Mirjany and Faber 2011).
AMPA signaling at the inner ear and lateral line hair
cell synapses have also been shown to regulate
function and to be involved in excitotoxic damage
(Liberman et al. 2011; Trapani and Nicolson 2011;
Sebe et al. 2017). The effects of noise exposure could
affect either or both peripheral and central synapses.
Furthermore, DNQX can also bind to the kainate
receptor with similar affinity (Honore et al. 1988); and
therefore, some of these effects could potentially be
kainate mediated, as previously shown in guinea pigs
and rats (Pujol et al. 1985). Therefore, the mecha-
nism(s) by which AMPA receptor blockade affects
startle sensitivity remains unclear.

Habituation to a strong startle-inducing stimulus
(10 dB re·1 ms−2) decreased after noise exposure.
This effect is consistent with previous observations in
rats (Davis 1974). However, this habituation-
suppression is confounded by noise-induced sensitiza-
tion. Electrical stimulation of the reticular formation
in rats leads to a sensitization effect, whereas direct
stimulation of the dorsal cochlear nucleus leads to
sensitization followed by rapid habituation (Davis
et al. 1982), which suggests that these two processes
have distinct processes in mammals. In zebrafish,
rapid habituation to a startle-inducing stimulus is
thought to occur primarily at the lateral dendrite of
the M-cell mediated by NMDA receptors (Roberts
et al. 2011; Wolman et al. 2011) and glycinergic
feedforward inhibition through interneurons
(Marsden and Granato 2015; Koyama et al. 2016). In
this study, we observed that NMDA receptor blockade
using bath application of APV does not affect
sensitization due to noise exposure, suggesting that
habituation and hypersensitization of the startle may
be mediated through different processes, as predicted
by the dual theory of habituation (Groves and
Thompson 1970). Future work will be required to
elucidate the different mechanisms that mediate
habituation and hypersensitization of startle responses
induced by noise overexposure in zebrafish.

Non-auditory effects, such as stress and fear
potentiation, have been suggested as a mediator for
changes in the startle response of mammals (Davis
2006) and in zebrafish (Griffiths et al. 2012). Noise
exposure has been shown to transiently increase
plasma cortisol levels in adult goldfish within 10 min
of exposure (Smith et al. 2004), although these

effects are not seen with long-term noise exposure.
Therefore, the observed changes in startle response
may also be influenced centrally by other
neuromodulators induced by noise overexposure
that have yet to be described. Future research that
investigates stress-related and auditory-related effects
due to noise may provide insight on how these two
processes might be related, and how these processes
may lead to auditory-related changes such as
hyperacusis. Thus, zebrafish may provide a new and
tractable model to investigate novel treatments for
noise-induced perceptual disorders and the mecha-
nisms of noise-induced changes in the auditory
system that may be conserved across vertebrates.
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The role of retrograde intraflagellar transport genes in
aminoglycoside-induced hair cell death
Tamara M. Stawicki1,2,*, Tor Linbo2, Liana Hernandez2, Lauren Parkinson1, Danielle Bellefeuille3,
Edwin W. Rubel4 and David W. Raible2,4

ABSTRACT
Sensory hair cells are susceptible to numerous insults, including
certain therapeutic medications like aminoglycoside antibiotics, and
hearing and balance disorders are often a dose-limiting side effect of
these medications. We show that mutations in multiple genes in both
the retrograde intraflagellar transport (IFT) motor and adaptor
complexes lead to resistance to aminoglycoside-induced hair cell
death. These mutations also lead to defects in the entry of both
aminoglycosides and the vital dye FM1-43 into hair cells, both
processes that depend on hair cell mechanotransduction activity.
However, the trafficking of proteins important for mechanotransduction
activity is not altered by these mutations. Our data suggest that both
retrograde IFT motor and adaptor complex genes are playing a role in
aminoglycoside toxicity through affecting aminoglycoside uptake into
hair cells.

KEY WORDS: Aminoglycosides, Cilia, Hair cells, Intraflagellar
transport, Ototoxicity

INTRODUCTION
During development, hair cells – the sensory cells of the auditory
and vestibular systems – contain a single primary cilium on their
apical surface known as the kinocilium. Primary cilia are
microtubule-based structures that are believed to be important for
cellular signaling in other cell types (Satir and Christensen, 2007).
The kinocilium is lost in auditory hair cells of many species but
always maintained in vestibular hair cells (Ernstson and Smith,
1986; Lim and Anniko, 1985; Tanaka and Smith, 1978). While
mutations in cilia-associated genes have been found in multiple
human patients with hearing loss (Delmaghani et al., 2016; Grati
et al., 2015; Hearn et al., 2005; Ross et al., 2005), how the
kinocilium affects mature hair cells has remained largely a mystery.
In addition to kinocilia, hair cells also have actin-based protrusions
on their apical surface known as stereocilia. Mechanotransduction,
the process by which hair cells respond to stimuli, is carried out
through these stereocilia in mature hair cells (Hudspeth and Jacobs,
1979). The kinocilium and cilia genes have been shown to be

important for determining stereocilia polarity in mammalian
auditory hair cells (Jones et al., 2008; Ross et al., 2005), however,
do not appear to have this function in vestibular hair cells (Sipe and
Lu, 2011) or hair cells of the zebrafish lateral line (Kindt et al., 2012;
Stawicki et al., 2016). Hearing loss found in animal models
with mutations in cilia-associated genes can be seen in the absence
of stereocilia polarity defects (Imtiaz et al., 2018) or can develop
after stereocilia defects are observed (Jagger et al., 2011) suggesting
these genes have roles in hair cells independent of functions
determining stereocilia polarity.

There are a number of genes required for the proper development,
maintenance and function of cilia. We have previously found a role
for a subset of these cilia genes in aminoglycoside-induced hair cell
death (Stawicki et al., 2016). Aminoglycoside antibiotics are known
to kill hair cells across a range of species and can cause hearing loss
and vestibular dysfunction in human patients (Lerner et al., 1986;
Moore et al., 1984). Genes important for ciliary intraflagellar
transport (IFT) show a particularly large reduction in neomycin-
induced hair cell death when mutated (Stawicki et al., 2016). The
majority of these IFT gene mutations, including mutations of the
retrograde IFT motor protein gene dync2h1, also lead to reductions
in the amount of neomycin and FM1-43 entering hair cells. There
was one exception to this: wdr35, a component of the IFT-A
complex. Mutations of this gene showed a similar reduction in
neomycin-induced hair cell death as other IFT mutants, but not as
large of a change in neomycin or FM1-43 uptake (Stawicki et al.,
2016).

Intraflagellar transport is the process by which proteins are
trafficked along cilia and is crucial for cilia maintenance. Anterograde
IFT, transport from the cell body to the ciliary tip, depends on the
kinesin-2 motor and the IFT-B complex of adaptor proteins.
Whereas, retrograde IFT, transport from the tip back to the base,
depends on the dynein-2 motor and the IFT-A complex of adaptor
proteins (Pedersen et al., 2006; Scholey, 2003). While both dynein-2
and the IFT-A complex are required for retrograde IFT it has
previously been shown that mutations in genes of these two different
complexes can lead to different phenotypes. For example, while
Dync2h1mutant mice show a loss of sonic hedgehog (Shh) signaling
(Huangfu and Anderson, 2005; May et al., 2005), mouse mutants in
IFT-A complex genes can show excess Shh signaling (Ashe et al.,
2012; Qin et al., 2011; Tran et al., 2008). Individual IFT-A gene
mutants andDync2h1 also show different defects in cilia morphology
(Cortellino et al., 2009; Liem et al., 2012; Mill et al., 2011; Ocbina
et al., 2011; Tran et al., 2008) and for some cilia localized genes,
transport is only affected by a subset of IFT-A gene mutations
(Hirano et al., 2017; Mukhopadhyay et al., 2010). Reductions in
IFT-A gene products can actually partially rescue Dync2h1 mutant
phenotypes (Liem et al., 2012; Ocbina et al., 2011).

Given these observations we wanted to further investigate
whether phenotypic differences in hair cells of dync2h1 andReceived 25 September 2018; Accepted 6 December 2018
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wdr35mutants were generalized to other dynein motor complex and
IFT-A complex genes by looking at mutants in the dynein motor
complex gene dync2li1 and the IFT-A adaptor complex genes
ift122, ift140 and wdr19 . Here we report that all these genetic
mutants show comparable resistance to neomycin-induced hair cell
death, and defects in neomycin and FM1-43 loading into hair cells,
comparable to what was previously shown for dync2h1mutants. We
also show that wdr35 and dync2h1 mutants show similar resistance
to a second aminoglycoside, gentamicin. We find that that wdr35
mutants fail to show any genetic interaction effects when combined
with other IFT mutants, suggesting wdr35 may function via a
similar mechanism as other IFT genes. Lastly, we show that unlike
those in anterograde IFT genes, retrograde IFT gene mutations do
not lead to alterations in the localization of Usher complex genes.
Overall, these results suggest that disruption of either the dynein
motor or IFT-A adaptor complex will limit aminoglycoside uptake
into hair cells and subsequent hair cell toxicity.

RESULTS
Mutations in multiple retrograde IFT genes lead to
resistance to neomycin-induced hair cell death
We had previously identified mutations in dync2h1 and wdr35, two
genes important for retrograde IFT, through a forward genetic screen
for mutants resistant to neomycin-induced hair cell death (Stawicki
et al., 2016). We found that another mutant identified through that
screen, w151, mapped to a region on Chromosome 24 containing
the retrograde intraflagellar transport gene ift140 (Fig. 1A).
Sequencing of ift140 in fish with the w151 mutant allele showed
that these animals had a premature stop codon in the gene (Fig. 1B

and Table S1). In addition to this mutant we alsowanted to test other
retrograde IFT genes. To do this we generated mutants in dync2li1, a
dynein light intermediate chain known to associate with dync2h1
(Hou et al., 2004; Perrone et al., 2003), and the IFT-A gene wdr19
(Fig. 1C,D and Table S1) using CRISPR mutagenesis. We also
looked at an existing zebrafish mutant in the IFT-A gene ift122
(Table S1, Ni et al., 2012).

We found that all mutants tested had a slight but significant
decrease in control hair cell numbers at 5 days post-fertilization
(dpf ) (Table 1). This may be due to increased cell death which has
previously been shown in anterograde IFT gene mutants (Tsujikawa
and Malicki, 2004). Despite this decrease in initial hair cell number
all mutants also showed significantly higher hair cell numbers
compared to wild-type animals following treatment with 200 µM
neomycin. Whereas wild-type siblings usually had under two hair
cells/neuromast remaining after neomycin treatment, mutants had
on average more than five hair cells/neuromast remaining (Table 1).
Both the decrease in control hair cell number and decreased amount
of hair cell death seen following neomycin was comparable to what
was previously shown in dync2h1 and wdr35 mutants (Stawicki
et al., 2016).

Retrograde IFT mutants show decreased neomycin and
FM1-43 loading into hair cells
We previously showed that despite comparable levels of resistance
to neomycin-induced hair cell death dync2h1 and wdr35 mutants
showed different degrees of reduction in the loading of neomycin
and FM1-43 into hair cells. dync2h1 mutants showed a 56%
reduction in neomycin-Texas Red (neomycin-TR) loading into hair

Fig. 1. Identification of mutations
in retrograde IFT genes
that confer resistance to
aminoglycoside-induced hair
cell death. (A) Mutant allele
w151 mapped to a region of
approximately 5.5 mega base pairs
(Mbp) on chromosome 24 shown
between the two arrows. The
microsatellite markers used for
mapping are shown, as well as
the number of recombinant animals
at each position. (B) Sequencing of
ift140, a gene in the interval
w151 mapped to, found a mutation
causing a premature stop codon in
the WD40 repeat region in the
N-terminus of the gene. TPR-
like=Tetratricopeptide-like helical
domain superfamily. (C) A
frameshift mutation in the
N-terminus of dync2li1 after the
17th amino acid was generated
using CRISPR/Cas9. DLIC is the
conserved domain among dynein
light intermediate chain genes.
(D) A frameshift mutation in the
N-terminus of wdr19 after the 12th
amino acid was generated using
CRISPR/Cas9. Individual protein
images are not to the same scale.
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cells, which was comparable to what was seen in the anterograde
IFT mutants, ift88 and traf3ip. In contrast wdr35 mutants showed
only a 21% reduction in neomycin loading into hair cells (Stawicki
et al., 2016). This suggested that the reduction of hair cell death
seen in dync2h1 and wdr35 may result from partially distinct
mechanisms. These mutants show comparable reductions in
neomycin-induced hair cell death yet wdr35 mutants show greater
neomycin-TR uptake, suggesting that this gene may play a greater
role in the intracellular mechanisms of neomycin-induced hair cell
death than dync2h1. To test whether other retrograde IFT mutants in
both the dynein motor complex and IFT-A adaptor complex
behaved like dync2h1 or wdr35 we looked at the uptake of
neomycin-TR in dync2li1, ift122, ift140 and wdr19 mutants. We
found that mutations in all these genes appeared most similar to
dync2h1mutants with dync2li1, ift122 andwdr19 showing a greater
than 60% reduction in neomycin loading into hair cells and ift140
mutants showing a 48% reduction (Fig. 2A).
Aminoglycoside uptake into hair cells requires

mechanotransduction activity (Alharazneh et al., 2011; Gale et al.,
2001; Hailey et al., 2017; Marcotti et al., 2005). Mechanotransduction
activity is also required for the rapid loading of the vital dye FM1-43

into hair cells (Gale et al., 2001; Meyers et al., 2003; Seiler and
Nicolson, 1999). We had previously shown that differences in
neomycin uptake defects between cilia mutants were paralleled by
differences in FM1-43 uptake, with dync2h1 mutants showing a
significant 37% decrease in FM1-43 uptake and wdr35 mutants not
showing a significant decrease (Stawicki et al., 2016). In investigating
FM1-43 uptake in our new retrograde IFTmutants we found that once
again the observed defects most closely matched what was previously
seen in dync2h1mutants. dync2li1, ift122 andwdr19 mutants showed
a 50–54% decrease in rapid FM1-43 loading, whereas ift140 mutants,
similar to what was seen with neomycin-TR, showed a slightly less
dramatic reduction at 33% (Fig. 2B). Combined, these results suggest
that mutations in the majority of retrograde IFT gene cause significant
reductions in neomycin-TR and FM1-43 uptake regardless of whether
the mutated genes are part of the dynein motor complex or IFT-A
complex with wdr35 being the one anomaly.

dync2h1 and wdr35 mutants show comparable resistance
to gentamicin-induced hair cell death
With wdr35 mutants showing a less dramatic reduction in neomycin
uptake than other retrograde IFT mutants we wanted to further

Table 1. Mutations in retrograde IFT genes lead to resistance in neomycin-induced hair cell death

Wild-type sibling Mutant
Gene control 200 µM neomycin % HCs remaining control 200 µM neomycin % HCs remaining

dync2li1
w183

10.13±0.88
n=33

1.64±0.62
n=33

16.19 9.17±0.92
n=11
P<0.01

6.31±0.87
n=15
P<0.0001

68.81

Ift122
vu503Gt

10.53±0.90
n=37

1.82±0.82
n=30

17.28 7.77±0.86
n=10
P<0.0001

5.06±1.19
n=18
P<0.0001

65.12

Ift140
w151

10.27±0.97
n=28

1.99±0.69
n=33

19.38 8.92±1.25
n=15
P<0.0001

6.73±1.09
n=14
P<0.0001

75.45

wdr19
w185

10.11±1.50
n=33

1.81±0.69
n=31

17.90 8.37±1.39
n=14
P<0.0001

5.50±0.87
n=16
P<0.0001

65.71

Numbers are average number of hair cells/neuromast±s.d. Significance was calculated using an ANOVA and Šídák multiple comparison’s test.

Fig. 2. Retrograde IFT mutants show reduced neomycin and FM1-43 uptake. (A) Mutations in all four retrograde IFT genes show a significant decrease
in neomycin-Texas Red (neo-TR) loading. ****P<0.00001. (B) Mutations in all four retrograde IFT genes show a significant decrease in rapid FM1-43 loading.
*P=0.0103, ****P<0.00001. Data shows the percentage of fluorescent intensity in the cell bodies of a single neuromast as compared to the average
fluorescent intensity of wild-type siblings imaged at the same time. dync2li wild-type sibling data is shown as representative wild-type data. Statistics are
calculated using Student’s or Welch’s t-test comparing mutants to wild-type siblings. Error bars=standard deviation.
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investigatewhether aminoglycoside resistance seen inwdr35mutants
was due to a distinct intracellular mechanism not shared by other IFT
mutants that show more dramatic defects in aminoglycoside uptake.
Mutations in wdr35 have previously been shown to play a role in
mitochondrial cell death signaling in cultured cells (Fan et al., 2012).
Mitochondrial cell death pathways have also been shown to be
involved in aminoglycoside-induced hair cell death (Cunningham
et al., 2004; Esterberg et al., 2014; Matsui et al., 2004; Owens et al.,
2007). Drugs affecting these mitochondrial cell death pathways
differentially affect neomycin and gentamicin-induced hair cell death.
For example, a Bax blocker has been shown to significantly protect
against acute neomycin and gentamicin-induced hair cell death, while
not being able to protect against continuous gentamicin-induced hair
cell death. Also the p53 inhibitor pifithrin-α shows more substantial
protection against continuous gentamicin exposure than acute
neomycin or gentamicin exposure. (Coffin et al., 2013a,b). In
contrast to this, drugs affecting hair cell mechanotransduction protect
against both acute and continuous neomycin and gentamicin-induced
hair cell death though higher concentrations are needed to protect
against continuous gentamicin-induced hair cell death (Kirkwood
et al., 2017; Owens et al., 2009). We therefore tested the response of
dync2h1 and wdr35 mutants to both acute and chronic gentamicin
treatment to see if wdr35 showed the differential pattern of protection

against these different ototoxins that has been seen withmitochondria
cell death pathway blockers while dync2h1 showed similar protection
as has been seen with mechanotransduction blockers.

We found comparable changes in response to gentamicin-
induced hair cell death in both dync2h1 and wdr35. In response to
acute 1 h gentamicin treatment no significant resistance was seen at
the 50 µM dose, however, both dynch2h1 and wdr35 showed a
significant increase in the number of hair cells remaining after
treatment with 200 µM gentamicin (Fig. 3A,B). Following more
chronic gentamicin treatment (24 h) resistance to 50 µM gentamicin
was seen in both dync2h1 and wdr35 mutants. Additionally, slight
resistance was seen at 200 µM in dync2h1 mutants (Fig. 3C,D).
These results suggest that as with neomycin, mutations in dync2h1
and wdr35 similarly affect gentamicin-induced hair cell death.
While dync2h1 mutants do appear to show slightly more resistance
to gentamicin than wdr35 mutants this could be due to the uptake
differences seen in these mutants.

wdr35 mutants do not show genetic interactions with other
IFT mutants
If dync2h1 and wdr35 were working through independent
mechanisms in aminoglycoside-induced hair cell death one might
also expect that when mutations in the two genes were combined a

Fig. 3. dync2h1 and wdr35
mutants show similar resistance
to gentamicin-induced hair cell
death. Following 1 h treatment with
gentamicin mutations in dync2h1
(A) and wdr35 (B) lead to reduced
hair cell death in animals treated
with 200 µM gentamicin. Following
24 h treatment with gentamicin, a
mutation in dync2h1 (C) leads to
reduced hair cell death in response
to both 50 and 200 µM gentamicin
and a mutation in wdr35 (D) leads to
reduced hair cell death in response
to 50 µM gentamicin. Data for both
wild-type siblings and mutants were
independently normalized to either
the wild-type sibling or mutant group
of control fish not treated with
gentamicin. Data are displayed as
mean±s.d. **P<0.01, ****P<0.00001
by two-way ANOVA and Šıd́ák
multiple comparisons test.
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greater degree of resistance would be seen than in either single
mutant. Synergistic phenotypes have been shown for other classes
of cilia genes when mutated in combination due to presumed
redundant functions (Williams et al., 2008). Alternatively, it has
been shown previously that combining IFT-A mutant alleles with
Dync2h1 mutations in mice can lead to a partial rescue of the
Dync2h1 mutant phenotypes (Liem et al., 2012; Ocbina et al.,
2011). To determine if there are genetic interaction effects between
dync2h1 and wdr35mutants we made double heterozygous animals
and then looked at neomycin-induced hair cell death in the various
mutant allele combinations seen in their offspring. We found
combining dync2h1 and wdr35 mutant alleles had no effect.
dync2h1 mutants show significant reductions in control hair cell
numbers and these reductions were unchanged by the addition of
wdr35 mutant alleles (Fig. 4A), and animals that were homozygous
for either mutation showed a similar degree of resistance to
neomycin-induced hair cell death regardless of what combination of
mutant alleles for the other gene were present (Fig. 4B).
We have previously shown that a mutation in ift88, a gene for one

of the proteins in the anterograde IFT-B complex (Pazour et al.,
2000; Scholey, 2003), leads to neomycin resistance and decreases in
neomycin-TR and FM1-43 uptake comparable to what is seen in
dync2h1mutants (Stawicki et al., 2016). To see if there were genetic
interaction effects between retrograde and anterograde IFT mutants
we combined ift88 mutants with both dync2h1 and wdr35 mutants.
Again, no genetic interaction effects were observed. Decreases in
control hair cell number seen in dync2h1 and ift88mutants were not
affected by copies of other mutant alleles (Fig. 4C,E). ift88mutants
show slightly less neomycin-resistance than wdr35 and dync2h1
mutants (Stawicki et al., 2016). We found double mutants behaved
like ift88 single mutants as did single ift88 mutants that were
heterozygous for either of the other two mutations, whereas animals
that were homozygous for dync2h1 or wdr35 showed comparable
levels of neomycin resistance regardless of whether or not they had a
single copy of the ift88 mutant allele (Fig. 4D,F).

Usher gene product localization is not affected in retrograde
IFT mutants
Given the reduction in both neomycin-TR and FM1-43 loading in
the majority of retrograde IFT mutants we hypothesize that
mechanotransduction activity may be impaired in these mutants.
However, the reason for this impairment is not clear as previous work
has shown that inmature hair cellsmechanotransduction is being carried
out by the stereocilia, not kinocilia (Hudspeth and Jacobs, 1979). Recent
work has shown that IFT genes have functions outside of cilia in
multiple cell types (Cong et al., 2014; Delaval et al., 2011; Finetti et al.,
2009) leaving open the possibility that these genes are functioning in
hair cells independent of their role in the kinocilia. Hair cells not only
contain microtubule tracks in their kinocilia, but also throughout their
cytoplasm (Jaeger et al., 1994) and the anterograde IFT gene ift88 was
shown to have a cilia-independent role in the expression and trafficking
of two Usher complex proteins Cadherin 23 and Harmonin (Blanco-
Sánchez et al., 2014). The Usher complex is a series of proteins that
interact with one another and are mutated in Usher syndrome (Adato
et al., 2005). Cadherin 23 and Harmonin localize to the stereocilia and
are important for hair cell mechanotransduction activity (Di Palma et al.,
2001; Grillet et al., 2009; Söllner et al., 2004). Sans is another Usher
complex protein that has previously been shown to associate with
microtubules (Maerker et al., 2008) and thus also could have the
potential to be influenced by IFT genes.
To test if retrograde IFT genes were similarly important for

trafficking and localization of usher gene complex proteins we

expressed constructs containing Harmonin and Sans conjugated
with the fluorescent protein EOS in hair cells. We found that both
Sans and Harmonin Eos fusion proteins localized primarily to the
stereocilia in wild-type animals and that this localization was
unaltered in dync2h1 mutants (Fig. 5A,C). Nor was there a
significant decrease in expression of either protein in dync2h1
mutants (Fig. 5B,D).

DISCUSSION
It has previously been shown that the dynein retrograde IFT motor
complex can have distinct functions in cells from the IFT-A
retrograde IFT adaptor complex potentially due to a role for IFT-A
complex genes in anterograde IFT (Liem et al., 2012; Ocbina et al.,
2011) or differences in cargo associated with specific IFT-A
molecules (Mukhopadhyay et al., 2010). Our previous results
suggested that this may be the case for the role of these retrograde
IFT gene types in aminoglycoside-induced hair cell death where
mutations in dync2h1 but not wdr35 showed more dramatic
reductions in the uptake of aminoglycosides and the vital dye
FM1-43 into hair cells (Stawicki et al., 2016). Here, we find that this
hypothesis did not hold up upon examining mutations in additional
retrograde IFT genes. We found that mutations in the retrograde IFT
motor complex gene dync2li1, and mutations in the IFT-A adaptor
complex genes ift122, ift140 and wdr19 all lead to comparable
levels of resistance to aminoglycoside-induced hair cell death and a
reduction in both aminoglycoside and FM1-43 uptake into hair cells
comparable to what is seen with mutations in the motor gene
dync2h1.

This led to the question of whether wdr35 alone was acting more
distinctly than the other retrograde IFT genes. While we cannot
definitively rule out that wdr35 is acting through a distinct
mechanism, as we do not know the exact mechanism of its action,
we did not find any additional evidence to support that it does. There
were no genetic interaction effects between wdr35 and dync2h1.
Nor did we find any genetic interaction effects between either
wdr35 or dync2h1 and the anterograde IFT-B complex gene ift88.
This is different fromwhat has been seen in other systems where IFT
genes are thought to have different functions (Liem et al., 2012;
Ocbina et al., 2011). Additionally, both dync2h1 andwdr35mutants
showed similar resistance to both short and long-term gentamicin-
induced hair cell death despite the fact that these processes are
known to involve slightly different intracellular cell death pathways
(Coffin et al., 2013a,b).

Both dync2h1 and wdr35 mutants showed less resistance
against gentamicin-induced hair cell death than had previously
been seen with neomycin (Stawicki et al., 2016). Previous work
in the mammalian system has shown that even in cases of
prolonged exposure to gentamicin its entry is dependent on
mechanotransduction activity rather than endocytosis (Alharazneh
et al., 2011), so we do not believe this is due to gentamicin entering
the cells in a mechanotransduction-independent manner in the case
of continuous treatment. However, none of the tested retrograde
IFT mutants completely block mechanotransduction-dependent
processes like rapid FM1-43 or neomycin-TR entry (Stawicki et al.,
2016), thus over a prolonged treatment period sufficient levels of
aminoglycosides may be able to enter hair cells to cause significant
hair cell death even if mechanotransduction activity is impaired.
This is in agreement with previous work that has shown higher
concentrations of mechanotransduction blocking drugs are needed
to protect against continuous gentamicin-induced hair cell death as
compared to acute neomycin-induced hair cell death (Kirkwood
et al., 2017; Owens et al., 2009).
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This leaves open the question of why uptake defects in wdr35 are
not as dramatic as those seen in other IFT gene mutants.
Biochemical evidence suggests that IFT122, IFT140 and IFT144

(WDR19) make up a core component of the IFT-A complex
whereas IFT121 (WDR35) is a peripheral component (Behal et al.,
2012; Hirano et al., 2017). It is still unclear what this means

Fig. 4. wdr35 mutants do not show genetic interactions with other IFT gene mutants. Hair cells per neuromast in a control situation in animals with
different combinations of the wdr35 and dync2h1 (A), wdr35 and ift88 (C), and dync2h1 and ift88 (E) mutant alleles or following 200 µM neomycin in animals
with different combinations of either wdr35 and dync2h1 (B), wdr35 and ift88 (D) and dync2h1 and ift88 (F) mutant alleles. There do not appear to be any
genetic interactions between the different mutant alleles. +, wild-type allele; −, mutant allele. Error bars=s.d.
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functionally. Disruption of the core components appears to have a
more dramatic effect on trafficking of certain proteins than
peripheral components (Hirano et al., 2017; Mukhopadhyay et al.,
2010), however, other studies have shown more dramatic or
additional phenotypes in peripheral IFT-A component mutants
(Fu et al., 2016; Liem et al., 2012; Mill et al., 2011). As we see more
dramatic effects on uptake following mutations of the core complex
genes ift122, ift140 and wdr19 than the peripheral gene wdr35 our
results would be consistent with the former work. It is conceivable
that mislocalization of a molecule dependent on IFT trafficking is
responsible for the defects in aminoglycoside uptake seen in IFT
mutants and the localization of this molecule is more severely
disrupted following mutations of core IFT-A complex or motor
protein genes than it is by mutations in peripheral components.
Another open question is why aminoglycoside and FM1-43

uptake are reduced in IFT mutants. Previous work showed that the
anterograde IFT protein IFT88 was important for the trafficking of
Cadherin 23 and Harmonin (Blanco-Sánchez et al., 2014), two
usher complex proteins important for hair cell
mechanotransduction activity (Di Palma et al., 2001; Grillet
et al., 2009; Söllner et al., 2004). However, we did not see
mislocalization of harmonin or sans, another usher complex gene,
in animals with a mutation in the retrograde IFT gene dync2h1.
Another possibility is that uptake is reduced due to the absence of
the kinocilia seen in IFT mutants (Stawicki et al., 2016).
Aminoglycosides can be seen entering the kinocilia of hair cells
at the same time that they are entering the stereocilia and before
they enter the cell body suggesting the kinocilia as a possible route

of entry (Hailey et al., 2017). Also while kinocilia have been shown
to not play a role in mechanotransduction in mature hair cells
(Hudspeth and Jacobs, 1979) they do appear to play a role in reverse
polarity lateral line hair cell mechanotransduction early in
development (Kindt et al., 2012). It is possible that disruption of
this early mechanotransduction activity may disrupt the
development of mature mechanotransduction in these mutants. It
has been shown that mutations in Piezo2, which appears to be
responsible for the reverse polarity currents seen in mouse hair
cells, lead to hearing defects in mature animals (Wu et al., 2017).
However, if the uptake defects we observe were due to simply the
loss of the kinocilia, this does not explain why the defects are less
severe in wdr35 mutants where the kinocilia is also absent
(Stawicki et al., 2016). Another possibility is that IFT genes are
influencing aminoglycoside uptake through regulating a cell
signaling process or cellular cytoskeleton dynamics. Multiple
human deafness genes are cilia localized genes implicated in these
processes (Delmaghani et al., 2016; Grati et al., 2015; Imtiaz et al.,
2018). IFT genes have also been shown to influence these
processes in other cell types independent of cilia (Cong et al.,
2014; Delaval et al., 2011; Finetti et al., 2009). As a number of IFT
genes have been shown to be expressed in mature mammalian
auditory hair cells after the loss of the kinocilia (Liu et al., 2014)
this opens the possibility that the role of IFT genes in
aminoglycoside uptake is not restricted to hair cells with kinocilia.

Our findings show a broad role for retrograde IFT genes in
aminoglycoside uptake and toxicity. Further studies will investigate
the role these genes play in hair cell signaling processes and

Fig. 5. Retrograde IFT mutants do
not show mislocalization of usher
gene products. (A) Images of
neuromasts expressing pmyo-6:eos:
sans in dycn2h1 wild-type siblings
and dync2h1 mutants. Sans
localizes primarily to the stereocilia
in both genotypes. The smaller
upper brackets show the area of
the figure where the stereocilia are
located whereas the dashed lines
show where the hair cell bodies
are located. Scale bar: 10 µM.
(B) Quantification of pmyo-6:eos:sans
fluorescence intensity in the
stereocilia normalized to
background fluorescence.
(C) Images of neuromasts
expressing pmyo-6:harmonin:eos
in dync2h1 wild-type siblings and
dync2h1 mutants. Harmonin
localizes primarily to the
stereocilia in both genotypes.
(D) Quantification of pmyo-6:
harmonin:eos fluorescence intensity
in the stereocilia normalized to
background fluorescence. Error
bars=s.d.
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cytoskeletal dynamics to try to uncover the mechanism by which
they are acting.

MATERIALS AND METHODS
Animals
All experiments used 5 days post-fertilization (dpf) Danio rerio (zebrafish)
larvae. Mutations used in these studies are summarized in Table S1. Mutant
alleles were maintained as heterozygotes in the *AB strain background and
all experiments were carried out in this strain background. Wild-type
siblings refer to fish that were both homozygous wild type and heterozygous
for the mutant allele as no significant differencewas observed between these
two groups. Larvae were raised in embryo media (EM) consisting of 1 mM
MgSO4, 150 μM KH2PO4, 42 μM Na2HPO4, 1 mM CaCl2, 500 μM KCl,
15 mM NaCl and 714 μM NaHCO3. The University of Washington or
Lafayette College Institution Animal Care and Use Committee approved all
experiments. Mutant and transgenic strains used in this study are available
upon request.

CRISPR mutagenesis
To generate CRISPR mutants guide RNAs (gRNAs) for two different target
sites were generated for each gene. For dync2li those target sites were
GGAGAGCAGGACTGATGAAG and GAAGAAGACTGTTCTCTGCG.
For wdr19 those target sites were GGTCTTCGCTGCCCAACGCC and
GGAGATGGCTATATCATGAT. Targets were selected using the design
tool at http://crispr.mit.edu. Cas9 mRNA and gRNA were synthesized as
previously described (Shah et al., 2015). Embryos were injected with
approximately 1nl of a solution containing 200 ng/µl of Cas9 mRNA and
50 ng/µl each of the two gRNAs. Transmission of a genetic change at the
gRNA target site was screened for by performing a PCR using primers
flanking the target and running the product on a 3% lithium borate gel
(Brody et al., 2004) to look for size changes. Experiments were performed
on larvae in the F3 generation.

Genetic screening
F2 mutant families were generated and screened as previously described
(Owens et al., 2008; Stawicki et al., 2016).

Genetic mapping
To determine the DNA mutation in the w151 allele originally identified
through phenotyping screening, genetic mapping was carried out using the
Wik strain. *AB/Wik hybrid carriers of the mutant allele were incrossed to
generate progeny for linkage mapping analysis. Mutant and wild-type fish
were selected based on the amount of hair cell death seen in response to
200 µM neomycin. Microsatellite markers for each chromosome (Knapik
et al., 1998; Shimoda et al., 1999) were amplified by PCR and tested for
cosegregation with mutant phenotypes. Pools of 20 wild-type siblings and
mutants were initially used for bulk segregant analysis. Markers
cosegregating with the mutant allele were then further evaluated with
individual DNA from 204 mutants and 69 wild-type siblings. To sequence
candidate genes following linkage mapping RNAwas isolated from pools of
20 wild-type siblings or mutant embryos using TRIzol Reagent (Ambion),
and cDNA was prepared using SuperScript III Reverse Transcriptase
(Invitrogen). Genes were amplified by PCR from the resultant cDNA and
then sent to Eurofins MWG Operon for sequencing.

Aminoglycoside treatment
For neomycin experiments fish were treated with 200 µM of neomycin
(Sigma-Aldrich) dissolved in EM for 30 min at 28.5°C. They were then
washed three times in EM and left to recover for 1 h. Animals used for
genetic mapping were screened for neomycin resistance using the vital
dye DASPEI {2-[4-(dimethylamino)styryl]-N-ethylpyridinium iodide}
(Molecular Probes). They were exposed to DASPEI at a final
concentration of 0.05% for 15 min and then washed twice in EM before
analyzing. Neuromasts SO1, SO2, IO1, IO2, IO3, IO4, O2, M2, MI1 and
MI2were scored as previously described (Harris et al., 2003). Animalswith a
score of eight or higher were considered resistant and collected as mutants
whereas animals with a score of two or lower were collected as wild-type
siblings. Animals used for hair cell counts were fixed for immunostaining.

For each animal, hair cells were counted in the OP1, M2, IO4, O2, MI2 and
MI1 neuromasts (Raible and Kruse, 2000) and then an average number of
hair cells/neuromasts was calculated.

For gentamicin experiments fish were treated with either 50 or 200 µM of
gentamicin (Sigma-Aldrich) dissolved in EM for either 1 or 24 h at 28.5°C.
They were then washed three times in EM and immediately fixed for
immunostaining. Hair cells were counted in the OP1, M2, IO4, O2, MI2 and
MI1 neuromasts (Raible and Kruse, 2000) and then an average number
of hair cells/neuromast was calculated. Hair cell numbers following
gentamicin treatment were normalized to the average hair cells/neuromast
of untreated control fish of the same genotype.

For dync2h1, wild-type siblings and mutants were separated before the
experiments based on the mutant’s secondary body morphology phenotype
and 10 animals from each group were used for each condition. For all other
mutants 48 animals/condition were used for single mutant experiments
and 96 animals/condition for double mutant experiments. Animals were
genotyped after counting hair cells to separate wild-type siblings from
mutants. In some cases, animals were lost during the staining and
genotyping procedures and therefore the final sample size was reduced.

Immunohistochemistry
Fish used for immunohistochemistry were fixed for either 2 h at room
temperature or overnight at 4°C in 4% paraformaldehyde. Antibody labeling
was carried out as previously described (Stawicki et al., 2014). Fish used for
hair cell counts were labeled with either a mouse anti-parvalbumin primary
antibody (Millipore, MAB1572) diluted at 1:500 in antibody block (5%
heat-inactivated goat serum in PBS, 0.2% Triton, 1% DMSO and 0.2%
BSA) or a rabbit anti-parvalbumin primary antibody (Thermo-Fisher
Scientific, PA1-933) diluted at 1:1000 in antibody block.

Uptake experiments
Fish were treated with either 2.25 µM FM1-43 FX (Molecular Probes) for
1 min or 25 µM neomycin-Texas Red (TR) for 5 min. Neomycin-TR was
made as previously described (Stawicki et al., 2014). Fish were then washed
three times in EM and anesthetized with MS222 for imaging. Images were
obtained and analyzed using SlideBook software on a Marianas spinning
disk confocal system (Intelligent Imaging Innovations). For each animal a
single neuromast was imaged and analyzed. A stack of 30 1 µm optical
sections was obtained for that neuromast and maximum projection images
were analyzed. The average fluorescent intensity of the cell bodies of
the entire neuromast was calculated and divided by the background
fluorescence of the image. The fluorescence measurements of mutant
neuromasts were then normalized to the average fluorescent intensity of
wild-type sibling controls imaged on the same day with the same imaging
parameters. Forty-eight animals were imaged for each condition and then
genotyped after imaging to determine which were wild-type siblings and
which mutants.

Usher gene localization
sans and harmonin were cloned into Gateway entry vectors (Thermo-Fisher
Scientific) using *AB zebrafish cDNA. The pmyo-6b:eos:sans and pmyo-
6b:harmonin:eos constructs were then constructed in a Tol2 transposon
backbone (Kwan et al., 2007) using standard gateway cloning techniques.
DNA constructs were then injected into single cell embryos at 200 pg along
with 40 ng of transposase mRNA and a co-injection marker expressing GFP
in the heart was used to identify transgene carriers. These fish were grown to
adulthood and screened for germline incorporation of the transgene
generating the stable lines Tg(pmyo-6b:eos:sans)w219 and Tg(pmyo-6b:
harmonin:eos)w220 in the heterozygous dync2h1 mutant background.
For experiments these transgenic animals were crossed to dync2h1
heterozygotes without the transgene and wild-type siblings and mutants
were separated based on their body morphology. Images were obtained and
analyzed using SlideBook software on a Marianas spinning disk confocal
system (Intelligent Imaging Innovations). A stack of 30 1 µm optical
sections was obtained for each neuromast and maximum projection images
were analyzed. The average fluorescent intensity of the stereocilia was
calculated and divided by the background fluorescence of the image. One
neuromast was imaged for each animal.
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Statistical analysis
All statistics were calculated using GraphPad Prism software (version 6.0).
Mean and standard deviation is shown for all data. In most cases individual
data points are shown as well.
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A B S T R A C T

The Mongolian gerbil (Meriones unguiculatus) is a member of the rodent family that displays several features not
found in mice or rats, including sensory specializations and social patterns more similar to those in humans.
These features have made gerbils a valuable animal for research studies of auditory and visual processing, brain
development, learning and memory, and neurological disorders. Here, we report the whole gerbil annotated
genome sequence, and identify important similarities and differences to the human and mouse genomes. We
further analyze the chromosomal structure of eight genes with high relevance for controlling neural signaling
and demonstrate a high degree of homology between these genes in mouse and gerbil. This homology increases
the likelihood that individual genes can be rapidly identified in gerbil and used for genetic manipulations. The
availability of the gerbil genome provides a foundation for advancing our knowledge towards understanding
evolution, behavior and neural function in mammals.
Accession number: The Whole Genome Shotgun sequence data from this project has been deposited at DDBJ/
ENA/GenBank under the accession NHTI00000000. The version described in this paper is version
NHTI01000000. The fragment reads, and mate pair reads have been deposited in the Sequence Read Archive
under BioSample accession SAMN06897401.

1. Introduction

The Mongolian gerbil or jird (Meriones unguiculatus, Fig. 1A) belongs
to the muridae family of rodentia, along with mice and rats, and ori-
ginated in the steppes of Mongolia [1,2]. The Gerbillinae subfamily
includes 14 genera [3], and a DNA sequence analysis of two complete
mitochondrial genes suggests a split with lineage leading to mice and
rats approximately 13 million years ago [4]. This split is associated with
certain specializations that make the gerbil of interest to a broad range
of scientists.

Gerbils have many sensory characteristics that make them a favor-
able species for studies of vision and audition. For example, they are
primarily diurnal [5] and possess superior acuity and photopic vision,
as compared to mice or rats [6]. Their retinal structure is more analo-
gous to humans, having a relatively high percentage of cone

photoreceptors, as compared to mice [7,8]. For this reason, gerbils have
been used to study retinal physiology [9,10] and for developing ther-
apeutic drugs and gene delivery approaches following retinal damage
[11,12]. Gerbils also display human-like sensitivity to the low sound
frequency range that supports speech perception [13,14], whereas mice
and rats are more sensitive to very high frequency sounds [15]. Because
of this specialization, the gerbil auditory pathway has been intensively
studied for its structural and functional specializations, and it serves as
a popular model for understanding the neural basis of auditory pro-
cessing in normal and hearing-impaired animals [16–25]. Examples
include middle and inner ear function [26–28], binaural processing in
the auditory brainstem [29], parallel information streams of ascending
auditory pathway [30–33], auditory perception and integration with
other sensory modalities in the primary auditory cortex [18,22], vocal
behaviors [34–36] as well as age-dependent hearing loss [37,38].
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Gerbils are well suited to study a range of pathological conditions,
including epilepsy (seizures) and cerebral ischemia (stroke). Gerbils are
known to have high susceptibility to seizures that can be induced by
simple external stimuli [39,40]. Studies in gerbils have identified ab-
normal GABAergic dependent synaptic transmission as an important
underlying mechanism of seizures [41–43]. Investigations using gerbils
as a stroke model have shown that “stroke-prone” and “stroke-resistant”
gerbils are associated with the conditions of posterior communicating
arteries in the circle of Willis [44–48]. In addition, the gerbil has been
commonly used for studying a number of parasitic, viral and bacterial
diseases (reviewed in [2]). For example, humans have benefitted with
the development of serologic tests and treatment regimens against
lymphatic filariasis by studying gerbils infected with filarid nematodes
[49–50]. Gerbils are also used to study gastric ulcers caused by Heli-
cobacter pylori infections as they develop severe gastritis and ulcers
[51].

To advance these and other research areas where the gerbil serves as
an appropriate animal model, the whole gerbil genome is needed in
order to enable further advances at the genetic and molecular levels.

We report the whole gerbil genome sequence and initial annotation,
providing a fundamental database for gene analyses as well as the de-
velopment of genetic editing approaches. We compare the gerbil
genome to the human and mouse genomes, with the goal of identifying
both important similarities and differences across species. As a first
application of this gerbil genome database, we also analyzed the
chromosomal structure of eight individual genes that are extensively
studied in mammalian neural signaling and demonstrate the possibility
of further studying these genes at previously unachieved levels.

2. Material and methods

2.1. Animals and tissue preparation

Mongolian gerbils (Meriones unguiculatus), strain 243, were pur-
chased from the Charles River Laboratories (Wilmington, MA). One
male animal of 6 weeks of age was used for tissue extraction for this
project. All procedures were approved by the Florida State University
Institutional Animal Care and Use Committee and conformed to NIH

Fig. 1. Gerbil genome assembly. A. Mongolian gerbil (Meriones unguiculatus) at ages of postnatal day (P) 9, 16 and 21 from left to right. Scale bar is 10 cm. B. Workflow of genome
assembly. C. GC content of Mongolian Gerbil genome, determined from fragment library reads using FastQC. The distribution shows a slightly skewed shape and is consistent with the
overall assembly GC content of 42.09%. D. Synteny map of Mouse GRCm38 chromosomes versus 1Mbp scaffolds of Gerbil assembly. In the circle diagram, gerbil scaffolds (bottom half)
are reordered according to syntenic matches with the mouse chromosomes (top half). No syntenic blocks are observed for the mouse Y chromosome, and very little for the mouse X
chromosome. Blocks corresponding to scaffolds with potential translocations are also evident as off-center arcs: blue from mouse chromosome 2; brown from mouse chromosome 9,
yellow from mouse chromosome 12 and tan from mouse chromosome 16. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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guidelines. Tissues from leg muscle were extracted, immediately flash
frozen in liquid nitrogen and stored at −80 °C until further processing.

2.2. DNA extraction

For high molecular-weight genomic DNA extraction, leg muscle
tissue was thawed and minced finely with a razor blade, then refrozen
on dry ice and ground to fine powder with liquid nitrogen. Powdered
tissue (1–2 g) was resuspended in 600 μl gDNA extraction buffer
(60mM Trisaminomethane hydrochloride (Tris-HCl) pH 8.0, 100mM
Ethylenediaminetetraacetic acid (EDTA), 0.5% SDS) plus 50 μl
Proteinase K (800 U/ml, New England Biolabs) and incubated at 50 °C
for 3 h followed by 37 °C overnight. Debris were removed by cen-
trifugation and the supernatant was extracted with phenol followed by
chloroform:isoamyl alcohol (96:4). The recovered aqueous phase was
treated with RNase cocktail for 30min at 37 °C, and the DNA was
precipitated by the addition of 1:10 volume sodium acetate (3M,
pH 5.0) and two volumes of isopropanol. DNA pellets were washed with
70% ethanol and resuspended in 100 μl elution buffer (10mM Tris,
0.5 mM EDTA). Genomic DNA was quantified using Qubit High
Sensitivity reagents.

2.3. Library construction, sequencing and assembly

Genomic DNA was ultrasonically sheared to 300 base pairs (bp) in
micro-TUBE strips (Covaris, LE220 instrument) for fragment libraries.
For mate pair libraries, DNA was sheared to 3-, 8- and 20-kilo bases (kb)
using Covaris gTubes. Fragment libraries were constructed with the
NxSeq AmpFree kit (Lucigen), and mate pair libraries with the NxSeq
Long Mate Pair kit (Lucigen) following manufacturers' instructions.
Fragment libraries were sequenced on three lanes of HiSeq X (Illumina)
with 2× 150 paired end (PE) chemistry at the Hudson Alpha Institute
for Biotechnology (Huntsville, AL). Mate pair libraries were sequenced
on MiSeq (Illumina) 2× 150 PE with V2 chemistry. Mate pair data was
processed with Python scripts Illumina-Chimera-Clean5.py and
IlluminaJunctionSplit9.py (available from Lucigen) to remove chimeric
mate pairs and to trim the right and left mates by detection of the
Junction Code sequence.

Initial assembly was performed with Discovar De Novo (ftp://ftp.
broadinstitute.org/pub/crd/DiscovarDeNovo/latest_source:code/
LATEST_VERSION.tar.gz; Accessed 4 November 2016.) using un-
trimmed fragment data as suggested in the Discovar manual. Each lane
of HiSeq X data was assembled individually. The three sets of final
Discovar De Novo contigs were then merged into a single assembly by
using Metassembler v1.5. [https://sourceforge.net/projects/
metassembler/files/latest/download] [52]. Metassembler contigs were
then scaffolded sequentially with the 3-, 8- and 20-kb mate pair li-
braries using a stand-alone scaffolder of pre-assembled contigs using
paired-read data (SSPACE) Basic v2.0 [https://www.baseclear.com/
services/bioinformatics/basetools/sspace-standard/] [53]. Repetitive
sequences were identified by using Repeat Modeler v1.08 [http://www.
repeatmasker.org/RepeatModeler/] ([54]; Accessed 7 March 2017) for
de novo repeat discovery. The unmasked assembly was filtered to re-
move all contigs smaller than 1 kb following the National Center for
Biotechnology Information (NCBI) Eukaryotic Genome Annotation Pi-
peline guidelines ([55]; Accessed 17 May 2017) and the remainder was
deposited with GenBank and submitted for annotation by the NCBI
Eukaryotic Genome Annotation Pipeline [https://www.ncbi.nlm.nih.
gov/genome/annotation_euk/].

Syntenic blocks between mouse GRCm38 chromosomes and gerbil
scaffolds were identified using Symap 4.2 [http://www.agcol.arizona.
edu/software/symap/v4.2/download] [56], after filtering the gerbil
assembly for scaffolds of over 1mega base pairs (Mbp) (658 scaffolds
total). Orthologous gene groups were identified between the Gerbil
protein set, the human proteome (UP00005640_9606) and the mouse
proteome (UP00000589_10090) from UniProt [http://www.uniprot.

org/downloads; Accessed 20 April 2017]. The TriFusion v0.5.0 pipe-
line [https://pypi.python.org/pypi/trifusion/0.5.0.post3; Accessed 7
April 2017] [57], which incorporates Usearch for protein-protein
comparisons and the OrthoMCL pipeline [58], was used for proteome
comparisons and generation of orthologous protein families. Gene
functional annotation clustering was performed with DAVID 6.8
[https://david.ncifcrf.gov; Accessed 24 April 2017] [59] using 194
human Uniprot accession numbers for unique orthologs shared between
human and gerbil. The mouse Uniprot accession numbers were used for
760 unique orthologs shared between mouse and gerbil, and for 538
unique orthologs shared between mouse and human (Supplementary
file “multi-list.txt”).

3. Results and discussion

3.1. Gerbil genome assembly

Genomic DNA extracted from leg muscle tissue of an adult male
Meriones unguiculates of 6 weeks of age was used to construct fragment
and mate pair libraries for sequencing on the Illumina platform, fol-
lowing the work flow shown in Fig. 1B. Fragment libraries were se-
quenced on 3 lanes of HiSeqX, generating 407.4 Gigabases (Gbases) of
raw data (163× genomic coverage based on a genome size of
2.5 Gbases). Unfiltered reads from each lane were assembled with
Discovar De Novo to generate 3 initial assemblies that were merged into
a single assembly with Metassembler. The merged assembly was then
scaffolded sequentially with multiple mate pair libraries (3, 8 and 20 kb
insert size) using SSPACE. The final assembly was filtered for contigs
and scaffolds ≥1 kb resulting in 68,793 scaffolds with N50 of
374,687 bp and a total length of 2.523 Gbp (Table. 1). This corresponds
to 98.1% of the size of the current reference mouse genome
(GRCm38.p4) of 2.671 Gbp. The average GC content (the percent of
guanine and cytosine bases present on the DNA) of the gerbil assembly
was 42.09% (Fig. 1C), similar to the mouse at 42.49%.

Repeats were identified de novo using RepeatModeler, resulting in
masking of 33.82% of the genome (853megabases (Mbases) in 3.8
million elements) (Table S1). These repeats were mainly consisting of
LINE1 type elements (13.48% of genome) and unclassified elements
(15.78% of genome) with a smaller contribution of LTR elements
(1.54% of genome). For comparison, the NCBI annotation masked
35.94% of the genome with RepeatMasker and 30.74% with
WindowMasker. The genome masked with WindowMasker was used for
subsequent alignment of transcripts and proteins during the NCBI an-
notation run. The relatively low percentage (34%) of the gerbil genome
as repetitive sequences, as compared to the mouse reference genome
(44.16%), is likely due to known difficulties with assembly of repetitive
sequences leading to the exclusion of small contigs and highly repetitive
regions from the draft assembly [64]. Further improvement of the
gerbil assembly will allow more detailed analysis by resolving these

Table 1
Summary of assembly statistics showing number of contigs/scaffolds, N50,
NG50 and % GC content. The assembly was filtered for compliance with NCBI
annotation guidelines. Scaffolds and unplaced contigs of< 1 kb length were
filtered, which removed 316,114 short contig/scaffolds (average length
309 bp) accounting for 3.7% of the initial assembly length (97.7Mbp).

Total contigs/scaffolds 384,902
Total bp 2,620,810,971
Scaffolds/contigs ≥1 kb 68,788
Total bp≥ 1 kb 2,523,112,562

(96.3% of total bp)
(excluding Ns) 2,402,558,981

(4.77% gaps=N)
Scaffold N50 351,937 bp
Scaffold L50 13,038
Maximum scaffold 6,569,692 bp
GC content 42.09%
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differences with long read sequencing approach [65].
The masked genome was annotated by the NCBI pipeline mainly by

alignment of transcripts, proteins, and existing Gerbil RNA-Seq data
from the Sequence Read Archive (SRA) from NCBI. A total of 38,750
mRNAs composed of 227,097 exons were annotated for a total of
23,273 genes (Table 2). Completeness of the assembly was assessed by
comparing the 38,750 encoded proteins to the Euarchontoglire single
copy orthologous protein database (6192 sequences) with Bench-
marking Universal Single-Copy Orthologs (BUSCO) [60] (Table S2).
This analysis found 93.6% complete Buscos with 40.1% duplicated. An
additional 4.9% of Buscos found were fragmented, and 1.5% were
missing.

Since this is the first report on genome assembly and annotation of
the gerbil genome we compared it with other short assembled genomes
from other close related species. The assembly metrics (contig N50 of
46.5 kb; annotated protein count 38,763; total length 2523Mb and GC
content 42.1%) are comparable to other short read-based Muroidea de
novo genome assemblies such as Cricetulus griseus (Chinese hamster,
https://www.ncbi.nlm.nih.gov/assembly/GCF_000223135.1. Accessed
20 Feb 2018) and Peromyscus maniculatus (prairie deer mouse, https://
www.ncbi.nlm.nih.gov/assembly/GCF_000500345.1. Accessed 20 Feb
2018).

Further analysis revealed not surprisingly, that the majority of
identified gerbil genes (81%) are shared between mouse and human.
Similarly, it has been found that the complete mitochondrial genome
sequence of M. unguiculatus (GenBank accession nos. KF425526 and
NC_023263) displays the typical complement of 37 genes, and a similar
base composition and codon usage as compared to several other rodent
species [61,62] Almost identical sequence of gene and protein for 8
individual genes further indicate that these shared genes are highly
conserved among these species. For the remaining 19% of genes, 6% are
shared between gerbil and mouse, while only 1.5% are shared with
human. This observation is not surprising as gerbils and mice belong to
the muridae family of rodentia and are far closer evolutionarily than
gerbils and humans. Interestingly, the genes shared only between
human and gerbil, appear to be mainly involved in gene expression and
gene regulation, while the genes shared only by mouse and gerbil are
dominated by olfactory and gustatory sensing. Although a more de-
tailed analysis of the particular gene regulatory networks shared by
human and gerbil is needed to understand the basis of these differences,
one plausible explanation could be shared characteristics of social
structure such as communal living.

3.2. Comparison to mouse genome

Meriones unguiculatus belongs to the Muridae family, which includes
mouse and rat. The gerbil karyotype, like the rat, contains 21 chro-
mosomes compared to 20 for the mouse [63]. We examined synteny

with the mouse genome by mapping gerbil scaffolds of over 1Mbp
length (683 scaffolds totaling 556Mbp, equal to 22% of the draft gerbil
genome; Fig. 1D; Table 3). Overall, 346 syntenic blocks were found
among the mouse autosomes, amounting to 27% coverage of the mouse
genome with 1% doubled coverage. Syntenic blocks corresponding to
scaffolds with translocations were evident for mouse chromosomes 2,
12 and 16. Coverage of the mouse autosomes varied between 14%
(chromosome 16) to 43% (chromosome 11). Only 2% of the mouse X
chromosome was covered in 12 syntenic blocks, and no syntenic re-
gions were found on the mouse Y chromosome. This low percentage of
syntenic blocks between mouse chromosomes and gerbil scaffolds is not
unexpected given divergence of Gerbillidae sex chromosomes and ap-
parently autosomal translocations into the X and Y chromosomes
[66–69].

3.3. Comparison to mouse and human proteomes

The 38,750 gerbil proteins encoded by the consensus gene set were
compared to the human and mouse reference proteomes (GRCh38 and
GRCm38 from UniProt) using TriFusion to determine orthologous
groups. From a total dataset of 1,728,973 protein sequences for all three
species, 19,395 total orthologs were detected as shown in Fig. 2 as
numbers inside Venn diagram. These numbers include 11,225 single-
copy orthologs. 81.3% of the total orthologs were shared between all
three taxa (15,773 total), while 84.7% were shared only between
human and mouse (16,426 total). Gerbil shared 87.2% with mouse
(16,911 total) and 82.8% with human (16,058). 1029 of orthologs were
unique to gerbil, compared to 281 and 236 unique to mice and human
respectively. The 1029 ortholog groups unique to gerbil contained a
total of 2652 annotated protein sequences, and 734 of the ortholog
groups (71%) contained only 2 members with the remainder containing
3 to 12 members. The majority of the 1029 gerbil ortholog groups were
attributable to annotated protein isoforms (780, 76%).

DAVID analysis of functional annotation enrichment for 760 genes
shared by gerbil and mouse but not human resulted in 60 enriched
clusters, with the highest cluster enrichment score of 71.71 (DAVID
enrichment score equals the geometric mean of the annotation term's
modified Fisher Exact p-values expressed as -log [https://david.ncifcrf.
gov/helps/functional_annotation.html#fisher]) for the cluster

Table 2
De novo gene annotations. Annotations were generated by the NCBI eukaryotic annota-
tion pipeline, using existing gerbil transcripts, proteins, and RNA-Seq data from the
Sequence Read Archive (SRA) as evidence.

NCBI
annotation

Mean
length
(bp)

Median
length
(bp)

Minimal
length (bp)

Maximum
length (bp)

start_codon 38,750
Exon 227,097 262 135 1 17,106
Intron 201,876 3803 1312 30 452,462
CDS 38,750 1809
All transcripts 40,519 2708 2212 55 99,751
mRNA 59,721 2774 2266 117 99,751
misc_RNA 487 2678 2449 211 10,553
tRNA 396 74 72 69 84
lncRNA 886 995 648 55 8241
Gene 23,273 31,095 14,417 69 753,783

Table 3
Synteny mapping against mouse GRCm38 reference genome. 658 gerbil scaffolds of
length> 1Mpb were mapped against the reference mouse chromosomes, and the relative
coverage of the mouse chromosomes is indicated (% Mouse Covered) along with count of
syntenic blocks found (#Synteny blocks). A total of 346 syntenic blocks were detected.

Mouse
chromosome

Mouse chr length % Mouse
covered

% Double
coverage

# Synteny
blocks

1 195,472,000 25% 2% 56
2 182,113,000 30% 1% 58
3 160,039,000 24% 0% 44
4 156,508,000 30% 2% 40
5 151,834,000 25% 1% 43
6 149,736,000 32% 1% 63
7 145,441,000 27% 0% 54
8 129,401,000 35% 1% 48
9 124,595,000 30% 0% 43
10 130,695,000 19% 2% 44
11 122,082,000 43% 1% 56
12 120,129,000 27% 0% 38
13 120,421,000 26% 2% 44
14 124,902,000 20% 0% 33
15 104,043,000 20% 1% 26
16 98,207,000 14% 1% 31
17 94,987,000 30% 2% 33
18 90,702,000 20% 2% 25
19 61,431,000 36% 0% 22
X 171,031,000 2% 0% 12
Y 91,744,000 0% 0% 0
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containing GO terms “sensory perception of smell” (6.1-fold enrich-
ment, p-value 7.61e−115) and “olfactory receptor activity” (5.5-fold
enrichment, p-value 2.19e−107). The next highest cluster had an en-
richment score of 3.60 and contained GO terms “response to stimulus”
(3.9-fold enrichment, p-value 1.18e−8) and “bitter taste receptor ac-
tivity” (8.2-fold enrichment, p-value 9.12e−6). In contrast, analysis of
194 genes shared by gerbil and human but not mouse resulted in 25
enriched term clusters with enrichment scores of< 2, with the highest
enrichment score of 1.69 for the cluster containing GO term “RNA
binding” (2.9-fold enrichment, p-value 9.99e−4) followed by a cluster
with enrichment score of 1.52 containing GO term “sequence specific
DNA binding” (2.4-fold enrichment, p-value 1.5e−2). Mouse-human
shared gene analysis (538 genes) yielded 76 enriched clusters with
maximum enrichment score of 2.9 for the cluster containing for GO
term “synapse” (2.7-fold enrichment, p-value 1.50e−4), enrichment
score 2.9 for the cluster containing GO term “GTP-binding” (3.5-fold
enrichment, p-value 7.34e−7), and enrichment score 2.49 for the
cluster containing GO term “ion transport” (which includes neuro-
transmitter-gated ion channels and extracellular ligand-gated ion
channels; 12.4-fold enrichment, p-value 9.77e−5). Blastp [70] and
ProSplign [https://www.ncbi.nlm.nih.gov/sutils/static/prosplign/
prosplign.html] [71]. (Accessed 22 Feb 2018) alignments against
human and mouse RefSeq proteomes yielded average protein sequence
identity of 73.2 and 76.03% respectively, and average query alignment
of 80.25 and 84.55% respectively (Table S3).

The annotated gerbil protein sequences were classified into the
Kyoto Encyclopedia of Genes and Genomes (KEGG) functional cate-
gories using Ghost-Koala [GhostKoala [http://www.kegg.jp/
ghostkoala/. Accessed 27 April 2017] and compared to the mouse
and human reference protein sets (Fig. 3). A total of 70.1% (27,182 out
of 38,750) gerbil proteins were assigned to KEGG categories. The top
two categories were Human Diseases (5755 hits) and Organismal Systems
(4596 hits), similar to human and mouse. Metabolism and Environmental
Information Processing were next (3664 hits and 3389 hits, respectively),
followed by Cellular Processes (2065 hits) and Genetic Information Pro-
cessing (1195 hits). Altogether these top six categories accounted for
20,664 (76%) of the 27,182 proteins assigned.

3.4. Detailed comparison to eight mouse genes

To refine the comparison to known mouse genes at a finer level, we
searched the assembly for scaffolds corresponding to 8 specific genes
with great interests in the field of sensory processing and social inter-
action; two areas where gerbil physiology and behavior resemble
human characteristics more closely than mice characteristics. These 8
genes can be divided into two groups. Genes in the first group (ATP2B2,
Gabra1, Gabrb2, Kcna1, Kcnc1 and Gphn) have important function in
regulating neuronal activity and some are particularly critical for the
survival and normal function of fast-spiking auditory cells and neurons.
The gene ATP2B2 encodes the type 2 of the plasma membrane calcium
ATPase (PMCA2). PMCA is a major calcium efflux system that sets the
resting calcium concentration [72–74]. PMCA2, the most efficient type
of PMCA, is necessary for hair cell survival in the cochlea. Spontaneous
and induced mutations in ATP2B2 are associated with hearing loss in
both humans and mice [75–82]. In addition, PMCA2 is highly expressed
in auditory neurons and is involved in the tonotopic organization of
auditory cell groups [83,84]. Gabra1 and Gabrb2 encode the two es-
sential subunits, alpha 1 and beta 2, of GABA receptors that underlie the
chief inhibitory neurotransmission in the brain. In mice and human,
Gabra1 and Gabrb2 mutations have been associated with generalized
and syndromic epilepsy as well as with intellectual disabilities [85–87].
Gephyrin, encoded by Gphn, is a neuronal assembly protein that an-
chors inhibitory neurotransmitter receptors, including GABA receptors,
to the postsynaptic cytoskeleton [88]. Kcna1 and Kcnc1 are the genes
for voltage-gated potassium channels Kv1.1 and Kv3.1, respectively.
These two potassium channels are necessary and kinetically optimized
for high-frequency action potential generation and temporal processing
with submillisecond temporal resolution [89–91]. The availability of
the gerbil genome enables genetic approaches for further determining
the roles of these genes in the gerbil, an advantageous model for

Fig. 2. Common genes shared among human, mouse and Mongolian gerbil. The 38,750
protein sequences of gerbil annotated by the NCBI pipeline were compared to the mouse
and human reference proteomes (GRCh38 and GRCm38) to identify orthologs. A total of
19,395 ortholog groups were identified, the majority of which are shared by all three
species (15,773; 81.3%). Gerbil shared 87.2% with mouse (16,911 total) and 82.8% with
human (16,058), while 84.7% were shared only between human and mouse (16,426
total). 1029 ortholog groups were unique to gerbil (5.3%), compared to 281 unique to
mouse and 236 unique human ortholog groups. The majority of the 1029 gerbil ortholog
groups were attributable to annotated protein isoforms (780, 76%). Fig. 3. Venn diagram comparing protein functional assignments among human, mouse

and Mongolian gerbil. Protein sequences of gerbil were annotated by the NCBI pipeline
were assigned to KEGG orthology groups and functional category counts were compared
to the mouse and human references. As seen in the pie charts, the two largest categories
for all three species are Human Diseases and Organismal Systems. Gerbil however, has a
larger number of hits under the Environmental Information Processing and Metabolism
categories when compared to humans and mouse. In contrast, gerbil shows relatively
fewer hits in Genetic Information Processing. Numbers in the pie chart show the actual
number of hits represented in GO terms in each category for that species.
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studying hearing, especially with regard to temporal processing and for
studying epilepsy.

The second group contains Fmr1 and Oxtr, two genes extensively
involved in neurological disorders associated with communication and
social deficits. Transcriptional silencing of Fmr1 and the resultant loss
of its product, the fragile x mental retardation protein (FMRP), are
responsible for the fragile X syndrome (FXS) [92,93]. FXS is char-
acterized with prominent auditory dysfunction and autism-like social
difficulties. Examination of human FXS and/or autism brains reveal
dramatically disorganized auditory brainstem in particular the medial
superior olive (MSO), a center for auditory temporal processing
[94–98]. Gerbils, but not mice, display a well-developed MSO that is
structurally and functionally comparable to human [99]. An FMRP
knockout gerbil strain can serve as a disease model for FXS and help

determine the pathology of auditory dysfunction especially those as-
sociated with temporal processing.

The oxytocin receptor (OXTR) is a G-protein coupled receptor for
the hormone and neurotransmitter oxytocin [100]. Oxytocin receptors
are expressed by the myoepithelial cells of the mammary gland, playing
an important role as an inducer of uterine contractions during par-
turition and of milk ejection. Oxytocin receptors are also present in the
central nervous system, modulating a variety of behaviors, including
stress and anxiety, social memory and recognition, sexual and ag-
gressive behaviors, bonding (affiliation) and maternal behavior
[101–104]. The prominent bonding and maternal behaviors in gerbils
provide an excellent model for studying OXTR mediated social inter-
actions at the genetic and molecular levels.

Blastn searches using the full mouse gene loci and their major

Fig. 4. Comparative gene structure for 8 orthologs between gerbil and mouse. The mouse gene and mRNA sequences (green) were used to identify homologous Mongolian gerbil scaffolds
(brown arrows) using blast. Comparison at the nucleotide level enabled identification of splice junctions and protein coding sequences (CDSs, illustrated in orange), due to the high level
of relatedness between the two species. A, Fragile X-mental retardation gene (FMR1). B, Gamma amino butyric acid receptor alpha 1 gene (Gabra1). Note that mouse and gerbil genes are
drawn to different scales due to large size of the penultimate intron in the gerbil Gabra1 gene. However, the significance of the apparent intron enlargement is unclear and could be
attributable to the de novo assembly artifacts. C, Gamma amino butyric acid receptor beta 2 gene (Gabrb2). D, Gephyrin gene (Gphn). A flanking Fam71 gene is downstream of the Gphn
gene in both gerbil (showing here) and mouse (not illustrated). E, Potassium voltage-gated channel subfamily a member 1 (Kcna1). F, Oxytocyn receptor (Oxtr). G, Potassium voltage-
gated channel subfamily C member 1 (Kcnc1). H, ATPase plasma membrane Ca2+ transporting 2 (PMCA2). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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transcripts allowed identification of 2 to 8 scaffolds covering the entire
coding regions of each of the eight genes (Fig. 4). Gerbil exons and CDSs
of the major transcript for each gene were annotated by direct genomic
sequence comparison of gerbil to mouse. The overall structure of the 8

gerbil genes is nearly identical to that in mouse, with complete con-
servation of exon counts and specific splice junctions. Minor variation
was seen in average exon length, with the most variation occurring in
intronic regions. Comparison of the encoded proteins showed 100%

Fig. 4. (continued)

Table 4
Gene structure comparison of 8 genes between gerbil and mouse. Overall, the gerbil genes exhibited extremely similar structure in comparison to mouse. No differences in Exon (E) count
were detected, although minor differences in average E length were apparent in all genes except PMCA2. Major differences were seen in average Intron (I) length in Gabra1 and Gpnh,
however the significance of the apparent intron expansion is unclear and may be attributable to assembly artifacts. G, Gerbil; M, mouse; Avg., Average; bp, base pairs; ID, Identity.

Fmr1 Gabra1 Gabrb2 Gpnh Kcna1 Oxtr Kcnc1 PMCA2

Species G M G M G M G M G M G M G M G M
Exon count 17 17 10 10 10 10 23 23 2 2 2 2 4 4 22 22
Avg. E length (bp) 260 258 749 754 142 143 142 143 4463 4484 2280 2283 1060 1083 195 195
Intron count 16 16 9 9 9 9 22 22 1 1 1 1 3 3 21 21
Avg. I length (bp) 2235 2190 19,563 5257 25,259 22,810 15,509 2068 376 370 12,960 11,558 12,354 12,635 24,419 25,019
Amino acids 615 614 455 455 474 474 772 772 495 495 387 388 585 585 1198 1198
ID 599/615 454/455 474/474 766/772 494/495 370/388 583/585 1194/1198

(97.40%) (99.78%) (100%) (99.22%) (99.80%) (97.37%) (99.66%) (99.67%)
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identity for Gabrb2, and only 1 to 4 amino acid differences
(99.7%–99.8% identity) for Gabra1, Kcna1, Kcnc1 and ATP2B2. Gphn,
Fmr1, and Oxtr were also highly conserved with 6 (99.22% identity), 16
(97.40%) and 18 (97.37%) amino acid differences from mouse proteins,
respectively (Table 4). Four of the eight genes were assembled as single
scaffolds (Kcna1, Oxtr, Kcnc1 and ATP2B2), while Fmr1, Gabra1 and
Gabrb2 each spanned two scaffolds. The Gphn gene has exons found on
four individual scaffolds. Inter-scaffold breaks always occurred within
introns, typically in highly repetitive di- or tri-nucleotide repeats.

In summary we have sequenced the Meriones unguiculatus genome
and reported here its initial sequence annotation and characterization.
We have compared our data set with human and mouse genomes. As
expected we have found some similarities and some differences among
these data sets. We specifically compared the chromosomal structure of
eight genes with high relevance for controlling neural signaling and
demonstrate a high degree of homology between these genes in mouse
and gerbil. Taken together, the information generated in this study
provides an extreme valuable resource that will help researchers ad-
vance our knowledge in realms of both behavior and neural function at
the molecular level.
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Introduction
Aminoglycosides (AGs) are a class of  antibiotic used to treat life-threatening bacterial infections, including 
tuberculosis, urinary or respiratory tract infections, and sepsis (1) as well as suspected or confirmed bacterial 
infections in neonates (2). Cisplatin is a platinum-based cytotoxic agent used in the treatment of  various sol-
id cancers (3). Two unfortunate side effects of  both classes of  compound are nephrotoxicity and ototoxicity. 
While kidney damage can usually be prevented or reversed (4), damage to the hair cells of  the inner ear is 
permanent (5, 6). AG treatment generates some degree of  hearing loss in about 20% of  patients (7), whereas 
in the case of  cisplatin, permanent hearing loss has been reported in up to 100% of  treated patients (8).

Although the use of  AGs in most developed countries is limited to life-threatening infections where 
it is important to utilize their rapid bactericidal effect, in other parts of  the world they are widely used to 
treat less severe infections, mainly due to their stability at ambient temperature and low cost (9). Cisplatin 
has been used in cancer treatment since 1978, and, despite the side effects and recent introduction of  more 
targeted therapies, it is still a mainstay of  cancer therapy (10). Developing methods to prevent the hearing 
loss associated with these two drug classes is of  considerable importance.

Both compounds damage the sensory hair cells in the cochlea and vestibular end organs of  the 
inner ear (11). In the cochlea, the outer hair cells (OHCs) are most susceptible, more so than the inner 
hair cells (IHCs). OHC death starts at the basal high-frequency end and progresses toward the cochlear 
apex, where lower frequencies are encoded, with higher doses and longer treatment. Both compounds 
can also cause direct or indirect damage to other cell types, including those in the inner ear, again par-
ticularly at higher dosages and with prolonged treatment (11). In the case of  the AGs, hair cell entry is 
predominantly via the mechanoelectrical transducer (MET) channels located at the tips of  the stereo-
cilia (12–14). The MET channels effectively act as 1-way valves, trapping the AGs inside the cells, with 
the rapid accumulation of  the AGs then triggering a chain of  events resulting in hair cell death (15–22).  

Aminoglycoside (AG) antibiotics are widely used to prevent life-threatening infections, and 
cisplatin is used in the treatment of various cancers, but both are ototoxic and result in loss of 
sensory hair cells from the inner ear. ORC-13661 is a new drug that was derived from PROTO-1, 
a compound first identified as protective in a large-scale screen utilizing hair cells in the lateral 
line organs of zebrafish larvae. Here, we demonstrate, in zebrafish larvae and in mouse cochlear 
cultures, that ORC-13661 provides robust protection of hair cells against both ototoxins, the 
AGs and cisplatin. ORC-13661 also prevents both hearing loss in a dose-dependent manner in 
rats treated with amikacin and the loading of neomycin-Texas Red into lateral line hair cells. In 
addition, patch-clamp recordings in mouse cochlear cultures reveal that ORC-13661 is a high-
affinity permeant blocker of the mechanoelectrical transducer (MET) channel in outer hair cells, 
suggesting that it may reduce the toxicity of AGs by directly competing for entry at the level of the 
MET channel and of cisplatin by a MET-dependent mechanism. ORC-13661 is therefore a promising 
and versatile protectant that reversibly blocks the hair cell MET channel and operates across 
multiple species and toxins.

https://doi.org/10.1172/jci.insight.126764
https://doi.org/10.1172/jci.insight.126764
https://doi.org/10.1172/jci.insight.126764


2insight.jci.org   https://doi.org/10.1172/jci.insight.126764

R E S E A R C H  A R T I C L E

A slower secondary route of  entry via endocytosis has been identified (23, 24). Various lines of  evi-
dence have also implicated the MET channel in cisplatin ototoxicity (25–27), but a direct interaction 
between cisplatin and mammalian MET channels has not been reported, and it is as yet unclear wheth-
er cisplatin enters the hair cells directly via this route.

A potential strategy to protect hearing is to identify a competitive blocker of  the MET channel that 
would prevent the uptake of  the AGs, and possibly cisplatin, into hair cells (28). Studies on MET channel 
blockers, such as d-tubocurarine, berbamine, and benzamil, have shown that these compounds can protect 
mammalian and/or zebrafish hair cells from AG-induced cell death (28–30). The exact molecular structure 
and composition of  the MET channel is still under debate, and so it is currently difficult to specifically 
design effective compounds. There is, however, considerable evidence indicating that the transmembrane 
channel-like (TMC) family proteins either form or at least contribute to the structure of  the MET channel 
pore (31–37).

Another potential method to prevent hearing loss resulting from AG and cisplatin treatment is to 
reduce the intracellular accumulation of  reactive oxygen species in order to prevent or reduce the induction 
of  apoptosis (38, 39). Despite extensive research and various compounds entering clinical trials, there are 
currently no FDA-approved drugs that protect against cisplatin- or AG-induced hearing loss (40, 41).

An effective way to identify novel protective compounds is the use of  large-scale screening (30, 39, 
42–45). To this end, zebrafish have emerged as an efficient animal model with which to search for protec-
tive compounds (46). Their lateral line organs contain hair cells that are morphologically similar to those in 
the mammalian inner ear and are damaged by the same ototoxic drugs (47, 48). Furthermore, the external 
position on the head and flank of  hair cells and the high fecundity of  the fish make the lateral line system 
a convenient platform for screening large numbers of  compounds over short time frames. PROTO-1 was 
discovered in a small-molecule screen designed to yield drug-like compounds that provide robust protection 
of  lateral line hair cells exposed to AG antibiotics (49, 50). An extensive medicinal chemistry program 
yielded over 400 new compounds that had varying efficacy and physiochemical, pharmacokinetic, and 
toxicological properties (51). One such compound, ORC-13661, was found to have outstanding properties 
and to protect hearing in mature rats in vivo (51). The aims of  the studies presented here were to explore 
the versatility and mechanisms of  protection of  this compound as well as to determine whether it provides 
protection against both AGs and cisplatin in zebrafish lateral line hair cells and in hair cells of  organotyp-
ic mouse cochlear cultures. Furthermore, we examined whether the protection that ORC-13661 provides 
against amikacin-induced hearing loss in rats is dose dependent and whether ORC-13661 itself  directly 
influences hearing in vivo.

Results
ORC-13661 protects zebrafish hair cells from multiple AGs. To assess whether ORC-13661 can protect against 
the damage caused by different AGs, zebrafish larvae (5–7 days after fertilization [dpf]) were exposed for 
24 hours to either gentamicin (1–200 μM) or amikacin (100–1500 μM), or for 1 hour to neomycin (50–200 
μM), in the absence or presence of  varying concentrations of  ORC-13661. Previous experiments have 
shown that the dose-response function for neomycin exposure does not differ between 1- and 24-hour expo-
sure (50). These dose ranges of  the AGs with or without ORC-13661 did not kill any of  the fish, and all 
appeared healthy when observing their swimming behavior. All 3 AGs caused a reliable dose-dependent 
loss of  lateral line hair cells (Figure 1A), although the sensitivity of  the hair cells to the 3 AGs differed 
dramatically. This was exemplified by the concentrations causing 50% loss of  hair cells (LD50). The LD50 
values for gentamicin, neomycin, and amikacin were 10 μM, 67 μM, and 453 μM, respectively.

An increase in hair cell survival was apparent with increasing doses of  ORC-13661 for all 3 AGs 
(Figure 1B). However, the concentration of  ORC-13661 at which 50% of  hair cells survive (HC50) was 
different for each AG. To determine the HC50, we used the lowest concentration of  AG that resulted 
in the death of  approximately 80% of  the hair cells: 50 μM for gentamicin, 200 μM for neomycin, and 
1000 μM for amikacin; we varied the concentration of  ORC-13661. The HC50 was 1.64 μM for gentami-
cin, 0.19 μM for neomycin, and 0.22 μM for amikacin. At the highest concentration used in zebrafish 
(≥8.0 μM), ORC-13661 caused a small but significant loss of  hair cells in the absence of  any ototoxin 
(average of  10% across experiments; P < 0.01, Supplemental Table 1; supplemental material avail-
able online with this article; https://doi.org/10.1172/jci.insight.126764DS1). Lower concentrations of  
ORC-13661 provided lesser degrees of  protection across AG concentrations (Supplemental Figure 1). 

https://doi.org/10.1172/jci.insight.126764
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It is also noteworthy that, at the highest concentration tested (8.3 μM), ORC-13661 offers protection 
against each AG across the range of  concentrations used. These results demonstrate that ORC-13661 
protects zebrafish lateral line hair cells from damage caused by 3 different AGs, making it likely that it 
can protect against other members of  this class of  antibiotics.

ORC-13661 protects mammalian hair cells from gentamicin in vitro. To determine whether ORC-13661 could 
also protect mammalian hair cells from AG damage, we tested gentamicin, probably the most frequently 
prescribed AG, e.g., for treating, together with a penicillin, suspected bacterial infections in newborns (52). 
Cochlear cultures from P2 mice were maintained in control media for 24 hours and then exposed to 5 μM 
gentamicin for a further 48 hours, killing most OHCs in the basal third of  the cochlea. Following expo-
sure, a mid-apical and a mid-basal region of  interest (ROI) were evaluated, corresponding to the 8.5-kHz 
and 45-kHz positions along the mature mouse cochlea. These regions were chosen to directly compare a 
relatively low-frequency region of  the cochlea that is less affected by AGs with a more susceptible high-fre-
quency region. A significant loss of  OHCs was not detected (P > 0.99) in the apical ROI. In the basal ROI, 
significant hair cell death was reliably seen in the presence of  5 μM gentamicin, relative to that seen in 
cultures maintained in the control media for the entire 72 hours (P < 0.001; Figure 2, A, B, and D). Coincu-
bation with concentrations of  ≥20 μM ORC-13661 offered full protection against hair cell loss (Figure 2, C 
and D). Concentrations of  ≤5 μM ORC-13661 offered no protection and 10 μM offered partial protection 
(Figure 2D). ORC-13661 alone, applied to the cultures for 48 hours (after 24 hours in control medium), 
caused no hair cell loss up to and including a concentration of  40 μM, but a significant loss was observed 
at 50 μM, 2.5 times the fully protective concentration (Supplemental Figure 2). In conclusion, as for the 
zebrafish, ORC-13661 protects cochlear hair cells but causes a degree of  hair cell loss when administered 
by itself  at higher concentrations.

ORC-13661 protects hearing from amikacin in rats in a dose-dependent manner. To assess whether the dose-de-
pendent protection against AGs by ORC-13661 demonstrated in vitro could be observed in vivo, adult rats 
were treated for 10 days with 320 mg/kg/d) amikacin sulfate, with or without daily oral administration of  
3 different doses of  ORC-13661. Amikacin is of  interest because it is used as an alternative to gentamicin 
in case of  bacterial resistance to the latter and also because it is the treatment of  choice for several chronic 
infections, making it particularly suitable for testing the potential of  ORC-13661 for translation to patients, 
as chronic treatment increases the chance of  serious hearing loss (11). Auditory brainstem response (ABR) 
threshold shifts relative to preexposure levels were measured 2 weeks after treatment cessation (Figure 3). 
Amikacin treatment in the absence of  ORC-13661 caused cumulative threshold shifts. As consistently seen 
in similar studies, threshold shifts increase at higher frequencies, reaching approximately 20 dB at 32 kHz 

Figure 1. ORC-13661 protects zebrafish lateral line hair cells from AG toxicity in vivo. Hair cell survival in wild-type 
*AB zebrafish at 5–7 dpf treated with aminoglycosides (AGs). (A) Twenty-four-hour treatment with gentamicin (1–200 
μM) or amikacin (100–1500 μM) or one-hour treatment with neomycin (50–200 μM). (B) Treatment with varying doses 
of ORC-13661 (0.10–8.3 μM) with 50 μM gentamicin, 200 μM neomycin, or 1000 μM amikacin. Counts from controls 
without any ORC-13661 are also shown. Means were calculated from α parvalbumin–positive hair cell counts from 4 
neuromasts/fish (SO1, SO2, O1, and OC1) after treatment, with 9–11 fish/treatment group. Percentages reflect the 
average number of hair cells remaining in treated fish, relative to hair cells remaining in vehicle control fish. Vertical 
arrows in A show LD50 for each of the AGs tested; vertical arrows in B show HC50 for ORC-13661 in the presence of 
AGs. Error bars represent SD. ORC-13661 protects against toxicity from all 3 AGs in a dose-dependent manner.
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by 2 weeks after exposure. The data from rats treated with ORC-13661 reveal a dose-dependent decrease 
in the amikacin-induced threshold shift at 16 and 32 kHz, with little difference at lower frequencies. Statis-
tical analysis revealed a highly significant interaction term and main effect of  frequency (P < 0.001) and a 
marginally significant overall effect of  groups (P = 0.05). Post hoc individual comparisons revealed no sig-
nificant differences between groups at 2, 4, or 8 kHz. At 16 kHz protection by ORC-13661 was significant 
at a dose of  5 mg/kg (P < 0.05), and at 32 kHz both 1 mg/kg and 5 mg/kg yielded significant protection 
by ORC-13661 (P < 0.05 and P < 0.001, respectively). Data from the low-dose ORC-13661 group (0.2 mg/
kg) suggest some potentiation of  amikacin toxicity at 16 and 32 kHz. However, these values are within the 
range of  the data from the amikacin group, and differences fail to reach statistical significance. Importantly, 
previously we reported that 5 mg/(kg.day) treatment with ORC-13661 also provides protection against a 
more intensive amikacin exposure period, one that generates a greater hearing loss, suggesting that the 
dose dependency also extends along the exposure dimension (51). Taken together with the protection seen 
against gentamicin in the mouse cochlear cultures, these findings show that ORC-13661 also protects hear-
ing in mammals from different AG antibiotics.

ORC-13661 protects zebrafish lateral line hair cells from cisplatin. In light of  ORC-13661’s capacity to 
protect against a range of  AGs in zebrafish lateral line hair cells and against gentamicin and amikacin 
in the mammalian hair cells, we assessed whether protection of  lateral line hair cells could be found 
against the chemotherapeutic compound cisplatin. We used doses of  cisplatin ranging from 25 to 200 

Figure 2. ORC-13661 protects mouse outer hair cells from gentamicin damage. (A–C) One-day-old mouse cochlear 
cultures prepared from P2 mice were transferred into low-serum medium (LSM) and grown for an additional 48 hours in 
LSM alone, LSM containing 5 μM gentamicin, or LSM containing 5 μM gentamicin in the presence of 20 μM ORC-13661. 
Hair cell loss was not seen in LSM alone (A) whereas substantial outer hair cell (OHC) loss was seen in the presence of 
5 μM gentamicin (B). Coincubation with 20 μM ORC-13661 offered protection against the gentamicin-induced damage 
(C). I, inner hair cell row; O1, OHC row 1; O2, OHC row 2; O3, OHC row 3. (D) Dose-response relationship for ORC-13661 
protection against 5 μM gentamicin. Concentrations of ORC-13661 ≤5 μM offered no protection, 10 μM offered partial 
protection, and ≥20 μM offered full protection. Results are shown for the basal ROI. OHCs were counted in a 221-μm 
length of the organ of Corti from each cochlea. Number of cochleae used were as follows: control, 12; 5 μM gentamicin, 
14; 5 μM gentamicin + [ORC-13661]: 1 μM, 4; 3 μM, 6; 5 μM, 4; 10 μM, 14; 20 μM, 11; 30 μM, 5. For statistical analysis 
1-way ANOVA was used; ***P ≤ 0.001. Error bars represent SEM. Scale bar: 20 μm.
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μM and doses of  ORC-13661 ranging from 0.10 to 8.33 μM (Figure 4). Cisplatin treatment causes lat-
eral line hair cell loss across all concentrations tested, with an LD50 of  60 μM. As for AGs, ORC-13661 
offers nearly complete protection of  lateral line hair cells at the highest dose tested, and a dose-depen-
dent increase in cell survival at lower doses, across the range of  cisplatin concentrations (P < 0.001). 
The HC50 for protection against 200 μM cisplatin, a dose that kills approximately 80% of  hair cells, 
was 2.2 μM. We conclude that ORC-13661 offers a comparable degree of  protection of  zebrafish hair 
cells against cisplatin, as it does against AGs.

ORC-13661 protects mammalian hair cells from cisplatin. ORC-13661 was also tested to assess its abil-
ity to protect early postnatal mammalian cochlear hair cells from cisplatin. Cochlear cultures from P2 
mice were exposed to 5 μM cisplatin for 48 hours, a dose sufficient to kill OHCs in all but the most 
apical region of  the cochlea. Significant (P < 0.001) hair cell loss occurred in both the mid-apical (data 
not shown) and mid-basal ROIs of  mouse cochlear cultures in the presence of  5 μM cisplatin alone 
(Figure 5, A, B, and D). In the mid-apical ROI, ORC-13661 offered full protection of  mouse OHCs 
at concentrations of  ≥10 μM and partial protection at concentrations of  ≤5 μM (data not shown). In 
the basal ROI protection mirrored that seen against gentamicin, with concentrations of  ≥20 μM ORC-
13661 offering full protection, 10 μM offering partial protection, and ≤5 μM not providing significant 
protection (Figure 5, C and D). ORC-13661, therefore, protected hair cells with comparable efficacy 
against both cisplatin and gentamicin.

ORC-13661 blocks OHC MET currents. We next investigated possible mechanisms by which ORC-13661 
might be protective. To determine whether or not ORC-13661 can interact with the MET channel, a 
known entry route of  the AGs into the mammalian hair cells (12–14), MET currents were recorded from 
P2 OHCs at membrane potentials ranging from –164 mV to +96 mV, before, during, and after superfusion 
of  the cells with varying concentrations of  ORC-13661 (0.01–10 μM). Examples of  the currents recorded 
when using 0.3 μM and 3 μM ORC-13661 are shown in Figure 6, A–C and E–G. At both concentrations 

Figure 3. ORC-13661 prevents hearing threshold shifts in amikacin-treated rats. 
Hearing threshold shifts in rats treated with a 10-day course of amikacin [320 mg/
(kg.day); subcutaneous injection] with or without concurrent ORC-13661 [0.2, 1, 5 mg/
(kg.day); oral administration]. Mean pretreatment to post-treatment shifts in hear-
ing thresholds are reported; positive values indicate increasing levels of hearing loss. 
Amikacin treatment alone results in a substantial loss of hearing between 4 and 32 
kHz; hearing threshold shifts in rats receiving 1 and 5 mg/(kg.day) of ORC-13661 were 
significantly reduced at 32 kHz (P < 0.05 and P < 0.01, respectively) compared with 
amikacin alone. Controls were treated with ORC-13661 or saline alone. The number 
of recordings for each condition was as follows: control, 16; amikacin, 19; ORC-13661 
(0.2 mg/kg) + amikacin, 5; ORC-13661 (1 mg/kg) + amikacin, 8; ORC-13661 (5 mg/kg) 
+ amikacin, 7. Within a condition n numbers are the same for each frequency tested. 
For statistical analysis 2-way ANOVA was used. Error bars represent SEM.

Figure 4. ORC-13661 protects zebrafish lateral line hair cells 
from cisplatin toxicity in vivo. Hair cell (HC) survival in wild-
type *AB zebrafish at 5–7 dpf treated with cisplatin (25–200 
μM) for 24 hours with (0.10–8.33 μM) or without (control) 
ORC-13661. Values were determined by counting the number 
of α parvalbumin–positive HCs in 4 neuromasts/fish after 
treatment, with 9–11 fish/treatment group. Percentages reflect 
the number of HCs remaining in treated fish, relative to HCs 
remaining in vehicle control fish (n = 30–33 per dosage group). 
For statistical analyses 2-way ANOVA was used. Error bars 
represent SD. Results demonstrate that ORC-13661 protects 
against cisplatin toxicity in a dose-dependent manner.
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a reduction in the size of  the currents was seen during ORC-13661 superfusion, which was most pro-
nounced at negative potentials, and with a stronger reduction at the higher concentration of  ORC-13661. 
Currents partially recovered following reexposure of  the cells to the control solution. Current-voltage 
functions derived from the currents in Figure 6, A–C and E–G, further confirm the partial recovery fol-
lowing washout (Figure 6, D and H). These findings establish that ORC-13661 is a reversible blocker of  
the MET channel of  auditory hair cells.

ORC-13661 MET channel block is voltage dependent and permeant. To investigate the nature of  the MET 
channel block, we first plotted average normalized current-voltage relationships for all cells and concentra-
tions examined (Figure 7A). The currents during ORC-13661 superfusion were normalized to the maxi-
mum control currents at +96 mV measured from the same cell. These data demonstrate the voltage depen-
dence of  the block, with greater block at negative potentials. They also clearly demonstrate the increase in 
level of  block with increasing concentration of  ORC-13661.

Fractional block plots, showing the current during ORC-13661 exposure relative to the control cur-
rent, were then generated for each concentration studied (Figure 7B). The level of  the block can be seen 
to increase with increasing hyperpolarization of  the cells. However, at intermediate concentrations (0.1–1 
μM), a release of  the block is clearly evident at hyperpolarized potentials (negative to about –60 mV). This 
release is suggestive of  a permeant blocker, with the positively charged compound dislodged from the chan-
nel and entering the cell due to the strong electrical driving force.

Figure 5. ORC-13661 protects mouse outer hair cells from cisplatin damage. (A–C) Mouse cochlear cultures prepared 
from P2 mice were maintained in vitro for 1 day and then divided into 3 conditions for an additional 48 hours: low-se-
rum medium (LSM) alone, LSM containing 5 μM cisplatin, or LSM containing 5 μM cisplatin in the presence of 20 μM 
ORC-13661. Hair cell loss was not seen in LSM alone (A), and substantial outer hair cell loss was seen in the presence 
of 5 μM cisplatin (B). Coincubation with 20 μM ORC-13661 offered full protection (C). I, inner hair cell row; O1, OHC row 
1; O2, OHC row 2; O3, OHC row 3. (D) Dose-response function of ORC-13661 protection against 5 μM cisplatin. As in the 
gentamicin assay, concentrations of ORC-13661 ≤5 μM offered no protection, 10 μM offered partial protection, and ≥20 
μM offered full protection. Results are shown for the basal region of interest. OHCs were counted in a 221-μm length of 
the organ of Corti from each cochlea. Numbers of cochleae counted were as follows: control 8; 5 μM cisplatin, 8; 5 μM 
cisplatin + [ORC-13661]: 3 μM, 6; 5 μM, 5; 10 μM, 7; 20 μM, 6; 30 μM, 5; 40 μM, 5. For statistical analysis 1-way ANOVA 
was used. Error bars represent SEM. Scale bar: 20 μm.
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Finally, dose-response functions for ORC-13661 block were generated at each membrane potential, 
with the dose-response function derived from the currents measured at –104 mV shown in Figure 7C. These 
functions were fitted with the equation:

  (Equation 1)
where IC is the control current in the absence of  the compound, [B] is the concentration of  the blocking 

compound, KD is the half-blocking concentration, and nH is the Hill coefficient, which determines the steep-
ness of  the concentration dependence of  the block. The half-blocking concentrations and Hill coefficient 
values obtained from each dose-response function are shown in Figure 7D. The KD values did not vary 
greatly between membrane potentials of  –124 and +36 mV, ranging from a minimum of  0.12 μM at –64 
mV to 0.19 μM. These values are an order of  magnitude lower than those previously reported for MET 
channel block by the styryl dye FM1-43 (≥1.2 μM; ref. 53) and the AG dihydrostreptomycin (≥7 μM; ref. 
12), indicating that ORC-13661 is a relatively high-affinity blocker of  the MET channel at these membrane 
potentials. The KD value was approximately doubled at –164 mV (0.35 μM), a potential close to the electri-
cal gradient across the MET channel in vivo, a reflection of  the progressive release of  the block at hyperpo-
larized potentials. Similarly, at the extreme depolarized potentials, the KD can be seen to increase sharply, 
indicating a reduction in the block. The Hill coefficient ranged from 0.26 to 0.59. These values suggest that 
2 molecules of  ORC-13661 interact with each channel pore, showing negative cooperativity (54). A similar 
channel interaction has been reported for the alkaloid d-tubocurarine (29). These results demonstrate that 
ORC-13661 is, similar to the AGs themselves and other positively charged compounds, a permeant blocker 
of  the MET channel (12, 29, 55).

Kinetics of  MET channel block. To investigate the kinetics of  MET channel block by ORC-13661, and 
to address the question of  whether ORC-13661 is an open-channel blocker (requiring the channel to 
open before the compound can access its binding site) or alternatively, a blocker that can reside in the 
closed channel, step stimuli were delivered to the hair bundles via a fluid jet. From a holding potential 

Figure 6. ORC-13661 blocks the hair cell’s mechanoelectrical transducer channel. (A–C and E–G) Mechanoelectrical transducer (MET) currents measured 
from mid-coil outer hair cells in a 2-day-old culture prepared from a P2 mouse before, during, and after extracellular exposure to 0.3 μM (A–C) and 3 μM 
(E–G) ORC-13661. Currents were measured at membrane potentials ranging from –164 to +96 mV. A sinusoidal stimulus delivered to the fluid-jet (shown 
above each trace; driver voltage [DV]) resulted in the opening and closure of the MET channels. Currents are reduced during exposure to ORC-13661, pre-
dominantly at hyperpolarized potentials, and recover partially following reexposure to control solution. (D and H) Current-voltage relations measured from 
the cell exposed to 0.3 μM (D) and 3 μM (H) ORC-13661 before, during, and after ORC-13661 superfusion. These relations further reveal a greater reduction 
in current size at hyperpolarized potentials and partial recovery during washout. Cell capacitances were 8.4 pF (A–C) and 8.0 pF (E–G). Number of cells 
recorded from exposure to 0.3 μM n = 10 and 3 μM n = 5. All experiments were performed at room temperature (20°C–22°C).
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of  –84 mV, excitatory step stimuli resulted in rapidly activating and saturating inward currents that 
showed minimal inactivation during the time course of  the step. Examples of  the currents recorded 
before ORC-13661 application are shown in Figure 8 (black traces). Currents were then recorded during 
extracellular superfusion of  0.3 μM (Figure 8A) or 3 μM (Figure 8B) ORC-13661 (red traces). The 
currents before and during ORC-13661 superfusion were scaled and superimposed to allow for a direct 
comparison between the kinetics. Differences were not observed between the control currents and the 
currents measured during exposure to ORC-13661 at either concentration. This suggests one of  two 
things: that the kinetics of  the block are faster than the mechanical step and therefore too rapid to 
observe or alternatively, that ORC-13661 is not an open-channel blocker and does not require the chan-
nel to open in order to reach its binding site. An open-channel block would result in a decline in the cur-
rent during the time course of  the step as previously reported for the channel blockers d-tubocurarine, 
berbamine, and amiloride and its analogs (29, 56). The lack of  difference in the offset kinetics during 
the inhibitory step again suggests that either the release of  block is faster than the channel closure or 
that ORC-13661 can reside in the closed channel, as has been suggested for FM1-43 (53). Similar obser-
vations were made from all cells examined ([ORC-13661]: 0.3 μM, n = 7; 3 μM, n = 2 OHCs). As it is 
not possible to determine whether or not ORC-13661 is an open-channel blocker, one cannot calculate 
its entry rate through the MET channels into the hair cells (12, 57).

ABR thresholds are unchanged in rats given large doses of  ORC-13661. In light of  the finding that ORC-13661 
acts as a permeant blocker of  the hair cell MET channel in vitro, we sought to determine if  exposure to 
ORC-13661 in vivo would interfere with hearing in mature rats. To determine if  acute exposure would 

Figure 7. ORC-13661 acts as a high-affinity permeant blocker of the mechanoelectrical transducer channel. (A) Average, normalized current-voltage func-
tions for control currents and currents during ORC-13661 exposure (0.01–10 μM) reveal both the increase in block with increasing ORC-13661 concentration 
and the voltage dependence of the block. The block is strongest at hyperpolarized potentials, but some degree of block can also be observed at depolar-
ized potentials. (B) Fractional block plots showing the current during ORC-13661 superfusion relative to the control current at each membrane potential. 
At intermediate concentrations (0.1–1 μM) the block can be seen to increase with increasing hyperpolarization, with a release of the block at extreme 
hyperpolarized potentials, indicative of a permeant blocker. Cell numbers for both A and B are as follows: control, 33; 0.01 μM, 3; 0.03 μM, 4; 0.1 μM, 4; 0.3 
μM, 10; 1 μM, 5; 3 μM, 5; 10 μM, 2. (C) Dose-response function derived from the currents measured at –104 mV, revealing a half-blocking concentration of 
0.14 μM at this membrane potential. Between 2 and 10 cells were used for each data set. (D) Equilibrium dissociation constants (KD) and Hill coefficients 
obtained from dose-response functions derived from the currents measured at each membrane potential. KD values vary between 0.12 and 2.62 μM and 
the Hill coefficient ranges from 0.26 to 0.59.
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interfere, we treated animals with a single dose of  up to 200 mg/kg ORC-13661, a dose up to 40-fold higher 
than the maximum daily therapeutic dose used in the in vivo rat protection studies (5 mg/kg; Figure 3; ref. 
51). Rats were treated by oral gavage with doses of  100 or 200 mg/kg ORC-13661, or an equivalent volume 
of  sterile saline, and then anesthetized with isoflurane. ABR thresholds were determined immediately after 
dosing and after 1 hour, 5 hours and 24 hours. It is important to note that following oral gavage ORC-13661 
in plasma did not reach maximum concentration until 4–6 hours (Oricula Therapeutics, unpublished data). 
The results of  this study are shown in Figure 9. ABR threshold shifts were determined by calculating the 
differences between thresholds measured immediately after oral gavage and those at later times for frequen-
cies from 2–32 kHz at octave intervals. There were no consistent changes in thresholds at any time after 
introduction of  ORC-13661 at any test frequency in any of  the experimental groups. In addition, there 
were no significant differences in thresholds between the experimental groups or in the saline group. To test 
for late effects, a group of  rats was tested 20 days after a single dose of  200 mg/kg ORC-13661; again, no 
threshold shifts were observed.

Additional experiments were conducted to determine if  repeated daily exposure to ORC-13661 would 
interfere with hearing. Rats treated for 12 days by oral gavage at 5 mg/kg show no reliable threshold shifts 
(51). An additional rat that was given 15 mg/kg each day by oral gavage and tested after 16 days and after 
24 days did not show any sign of  a hearing loss at any frequency. These experiments demonstrate that ORC-
13661 treatment in vivo does not cause a significant temporary or long-term change in hearing threshold.

ORC-13661 does not interact with IK,neo. During the first postnatal week OHCs express a voltage-activated 
basolateral potassium current, called IK,neo, that activates at around –50 mV (58). Block of  this current could 
potentially, over time, depolarize the cells and therefore reduce the driving force for the positively charged 
AGs to enter the cells. To investigate whether ORC-13661 could offer protection against AG damage via this 
route, we examined potential interactions between ORC-13661 and IK,neo. Currents were activated by a series 
of  hyperpolarizing and depolarizing voltage steps from a holding potential of  –84 mV. Figure 10A shows 
an example of  the currents recorded before and during exposure to 10 μM ORC-13661. The currents were 
not affected by the presence of  ORC-13661, indicating this compound does not interact with the basolateral 
potassium channels. Normalized and averaged steady-state current voltage relationships from all cells stud-
ied (n = 4) can be seen in Figure 10B. These data further reveal the lack of  interaction between ORC-13661 
and the basolateral potassium channels, thus excluding this as a potential mechanism of  protection.

ORC-13661 blocks uptake of  neomycin-Texas Red in zebrafish hair cells. The observation that ORC-13661 
can interact with the mammalian MET channel raises the possibility that protection against the AGs, 
and potentially cisplatin too, is via a competitive block of  this channel, resulting in reduced drug entry 
through the channel. To further investigate this hypothesis, zebrafish larvae were exposed to 200 μM neo-
mycin-Texas Red (neo-TR) in the absence or presence of  ORC-13661 (24). In the absence of  ORC-13661, 
neo-TR can be visualized inside hair cells within 3 minutes, causing morphological changes by 19 min-
utes. Hair cell death is first observed within 20 minutes (Figure 11, top row, and Supplemental Video 1). 

Figure 8. Kinetics of ORC-13661 block. Mechanoelectrical transducer (MET) currents measured in response to fluid-jet 
step stimuli in the presence and absence of ORC-13661. Saturating excitatory and inhibitory step stimuli (±40 V driver 
voltage shown above each trace; DV) were delivered to mid-coil outer hair cells (OHCs) in a 2-day-old culture prepared 
from a P2 mouse before and during exposure to 0.3 μM (A) and 3 μM (B) ORC-13661 from a holding potential of –84 
mV. Opening of the MET channels resulted in rapidly activating inward currents. Control currents (black traces) and 
currents during ORC-13661 block (red traces) have been superimposed to compare the kinetic information. In all cases, 
minimal current inactivation is observed during the steps, with no differences seen in offset kinetics. Cell capacitanc-
es were 7.1 pF (A) and 8.0 pF (B). Similar results were obtained from all OHCs examined (n = 7 at 0.3 μM; n = 2 at 3 μM). 
Experiments were performed at room temperature (20°C–22°C).
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ORC-13661 (0.10 μM–8.33 μM) was added to the medium simultaneously with neo-TR. When neo-TR 
was applied in the presence of  8.33 μM ORC-13661 loading was not visible and neither morphological 
changes or cell death were observed (Figure 11, bottom row, and Supplemental Video 2). Quantification 
of  the cell body fluorescence reveals a dose-dependent decrease in neo-TR uptake with increasing ORC-
13661 concentration (Figure 12). One-way ANOVA revealed a highly significant linear trend (P < 0.001), 
and the hair cell uptake of  neo-TR was significantly reduced at each concentration of  ORC-13661 (P < 
0.001), compared with the control. The data show that, in zebrafish hair cells, ORC-13661 does compete 
for entry with a fluorescently labeled AG.

Discussion
Protection. Previous screens have identified compounds that can protect both zebrafish lateral line and 
mammalian hair cells from AG damage, including PROTO-1 (the precursor of  ORC-13661), tacrine, 
phenoxybenzamine, berbamine, d-tubocurarine, and various ion channel modulators (29, 44, 49, 59, 60). 
A drug library screen has also identified 2 compounds that protect lateral line hair cells from both AG- 
and cisplatin-induced damage (paroxetine and benzamil; ref. 30). Phenotypic optimization of  PROTO-1, 
a compound found to protect mammalian and lateral line hair cells from acute AG damage but not 
cisplatin (49, 50), led to the synthesis of  ORC-13661 (51). In this study we demonstrate that ORC-13661 
can protect hair cells from multiple species against both AG- and cisplatin-induced toxicity. In the lateral 
line organs of  zebrafish larvae, ORC-13661 was found to protect against a number of  AGs with differ-
ent toxicity profiles and clinical applications, including neomycin, gentamicin, and amikacin. Robust 
protection against both gentamicin and cisplatin was observed with zebrafish in vivo and with neonatal 

Figure 9. High doses of ORC-13661 alone do not affect hearing in rats. Hearing threshold shifts in rats that were 
orally administered ORC-13661 (A, 100 mg/kg; B, 200 mg/kg) or saline (C) are shown. Auditory brainstem response 
(ABR) thresholds were determined immediately after dosing and after intervals of 1 hour, 5 hours, and 24 hours for 
100 mg/kg dosing and 1 hour, 5 hours, 24 hours, and 20 days for 200 mg/kg dosing. n = 3 for each dosage group at 1 
hours, 5 hours, and 24 hours; n = 2 for 20-day group; and n = 2 for saline group. Mean hearing threshold shifts com-
pared with thresholds immediately after treatment are reported ± 1 SEM; positive values indicate increasing levels 
of hearing loss. For statistical analysis 2-way ANOVA was used. No consistent or statistically significant hearing 
threshold shifts were observed in any of the conditions tested.
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mammalian cochlear hair cells in vitro utilizing low (micromolar) concentrations of  ORC-13661. Fur-
thermore, ORC-13661 protected against amikacin-induced hearing loss in rats in vivo. ORC-13661 is 
therefore capable of  alleviating hair cell death across a range of  species and assays as well as a range 
of  ototoxins, including several AGs with different damage profiles and cisplatin, making it an attractive 
compound for further development.

Mechanism. As ORC-13661 protects across species and against a range of  ototoxic compounds that 
have multiple (though likely overlapping) mechanisms of  action as well as potentially different entry 
routes into cells, it is theoretically possible that it may provide protection at multiple levels. In mammals, 
there is clear evidence that AGs act as permeant blockers of  the MET channels, entering but not readily 
leaving through these channels and thereby accumulating inside the cells (12–14). In zebrafish, abolition 
of  MET currents by mutations in cdh23 or myo7a, or using the channel blocker benzamil, prevents entry 
of  fluorescently tagged AGs (24). Blocking these channels could therefore reduce or prevent intracellular 
accumulation of  the AGs. Although zebrafish lateral line hair cells require functional MET channels 
for cisplatin-induced cell death to occur (26), there is currently no evidence that cisplatin actually enters 
lateral line hair cells through the MET channels in this species. The hair cells might instead be less met-
abolically stressed when the MET current is absent, e.g., due to a reduced Ca2+ influx, thus increasing 
their resistance to ototoxic drugs (61). Whether or not the MET channels contribute to entry of  cisplatin 
in mammalian hair cells remains uncertain. Cisplatin has been shown to block MET currents in chick 
cochlear hair cells (25), and a study in guinea pigs concluded that cisplatin, when applied directly into 
scala media via iontophoresis (and therefore charged, i.e., aquated), brought about hearing loss through 
a block of  OHC transduction channels (62). While in the clinic hearing loss due to cisplatin treatment is 
due to hair cell death rather than MET current inhibition (63, 64), these findings do suggest that cisplatin 
ototoxicity is MET dependent in some way, either directly or indirectly. We therefore sought to deter-
mine whether or not ORC-13661 could interact with the MET channel. Whole-cell patch-clamp record-
ings from OHCs revealed that ORC-13661 is a relatively high-affinity permeant blocker of  the MET 
channel, with a half-blocking concentration of  0.14 μM at –104 mV in the presence of  1.3 mM Ca2+. 
The block was rapid and reversible, with the currents recovering following washout of  the compound. 
We also found that ORC-13661 can prevent the loading of  neo-TR in zebrafish hair cells. Together, these 
results are consistent with the hypothesis that protection against AGs can be conferred by a direct com-
petitive block of  the channel, reducing intracellular accumulation, as has been suggested for gentamicin 
with both berbamine and d-tubocurarine (29). In the absence of  direct evidence of  whether or not cispla-
tin can enter mammalian hair cells through the MET channel (65), these data are at least consistent with 
prevention of  MET-dependent toxicity as found in lateral line hair cells (26, 61).

Figure 10. ORC-13661 does not block the basolateral potassium current, IK,neo. (A) Basolateral currents were measured 
from a P2+3 days in vitro mid-coil outer hair cell in response to a series of voltage steps from a holding potential of 
–84 mV, before (left) and during (right) extracellular exposure to 10 μM ORC-13661. A schematic representation of the 
voltage-step protocol is shown below each of the current traces. Similar current sizes can be observed during exposure 
to control solution and 10 μM ORC-13661, revealing a lack of interaction with the channel. Cell capacitance was 6.35 pF. 
(B) Average steady-state current-voltage functions further reveal the lack of interaction between ORC-13661 and the 
basolateral potassium channel (n = 4). Currents were normalized to the steady-state control current at +46 mV for each 
cell. Experiments were performed at room temperature (20°C–22°C).
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While our data support a mechanism of  action where ORC-13661 reduces ototoxicity by blocking 
MET channels, other mechanisms are possible. MET current recordings reveal a clear release of  the block 
by ORC-13661 at hyperpolarized potentials (tested up to –164 mV), most evident at the intermediate con-
centrations of  ORC-13661 (0.1–1 μM). This indicates that the positively charged ORC-13661 can enter 
into the hair cells through the MET channels, being pulled into the cells by the strong electrical gradient. 
Such strong hyperpolarized potentials are physiologically relevant in vivo because they are generated across 
the MET channel by the positive endocochlear potential of  +80 to +100 mV (66) and the negative resting 
potential of  –40 to –60 mV (67). ORC-13661 can also directly cross membranes, as demonstrated by its 
properties in hydrophobicity and membrane permeability assays and reflected by its oral bioavailability 
(51). Although we do not know the relative magnitudes of  entry through the MET channels versus the 
cell membrane, it is clear that ORC-13661 can enter the hair cells and could conceivably protect from AG 
and/or cisplatin damage intracellularly. ORC-13661 could potentially interact with multiple intracellular 
pathways. Recent studies have reported the activation of  distinct but overlapping cell death pathways after 
exposure of  lateral line hair cells to neomycin, gentamicin (50, 68), and cisplatin (69). The fact that ORC-
13661 protects against all of  these suggests that it functions at a common early point. The concentrations of  
ORC-13661 offering 50% protection (HC50) of  zebrafish hair cells vary among the 3 AGs and cisplatin for 
a similar degree of  hair cell death (approximately 80%), with neomycin requiring the least and cisplatin the 
most. This is compatible with the idea that protection is conferred through a block of  the MET channel, as 
differing concentrations of  ORC-13661 may be required to impede the entry of  the different AGs or reduce 
MET-dependent cisplatin toxicity. MET channel interactions and AG entry rates into the hair cells are like-
ly to vary between the AGs, as supported by their differing chemical structures with varying charges and 
charge distributions between the molecules (70). PROTO-1 derivatives that lack a positive charge are not 
expected to interact with the cation-selective MET channel (12), and all such derivatives were uniformly 
inactive in the zebrafish protection assay (51). The available evidence therefore suggests that MET channel 
block by ORC-13661 is the likely mechanism for preventing hair cell death.

We provide evidence that ORC-13661 acts as a permeant blocker of the hair cell MET channel in vitro. 
This raises the question of whether ORC-13661 treatment alone may impair hearing in adult mammals and 
humans. Both pharmacokinetic analysis and empirical experiments suggest not. First, the maximal plasma con-
centration of ORC-13661 at the efficacious dose in rats (5 mg/kg) is 240 nM. However, in plasma 90% is bound 
to protein, meaning the free concentration at this dose is only 24 nM (51). We do not know the concentrations 
of ORC-13661 in perilymph or indeed (directly relevant to MET channel block) the endolymph, but analysis of  
other drugs indicates that concentrations in the cochlear fluids are less than half  of plasma, and in some cases 
far less, with endolymph concentrations lower than perilymph concentrations (71, 72). Therefore, protection of  
hair cells in vivo likely occurs at ORC-13661 concentrations that are at least an order of magnitude below those 

Figure 11. ORC-13661 blocks entry of neomycin-Texas Red into brn3c:gfp zebrafish lateral line hair cell bodies in vivo. 
Time-lapse imaging of lateral line neuromasts of brn3c:gfp-transgenic zebrafish exposed to neomycin-Texas Red (neo-
TR) with and without ORC-13661. Images were captured at 30-second intervals for 50 minutes immediately following 
neo-TR treatment at a concentration of 200 μM. In the top row of images, hair cells show a progressive accumulation of 
intracellular neo-TR (200 μM). Some cells are dying by 20 minutes. In the bottom row of images, hair cells are exposed 
to neo-TR (200 μM) and cotreatment with ORC-13661 (8.33 μM). At this concentration, cotreatment with ORC-13661 
virtually eliminates red fluorescence in hair cell bodies and all cells survive. Times at the top of each panel indicate time 
(minutes) from introduction of neo-TR. Scale bar: 1 μm.

https://doi.org/10.1172/jci.insight.126764


1 3insight.jci.org   https://doi.org/10.1172/jci.insight.126764

R E S E A R C H  A R T I C L E

at which it blocks 50% of the MET channels in vitro in early postnatal mouse cochlear cultures. One possibility 
that we cannot exclude is that ORC-13661 might also conceivably compete with AGs for entry into the endo-
lymph. This would require the development of techniques for reliably sampling fluid from endolymph, which 
is prone to contamination (71). Consistent with this analysis, we used ABRs to monitor hearing in rats up to 24 
hours after doses of ORC-13661 up to 200 mg/kg and did not find any consistent changes in thresholds (Fig-
ure 9) or input/output functions (data not shown). We also found no changes in thresholds after chronic daily 
treatment with ORC-13661 for up to 24 days. Similar findings have been reported for AGs themselves; while 
they are efficient permeant blockers of the MET channel (12), their concentrations in the inner ear are lower 
than in plasma (72), and they usually do not cause acute hearing loss in humans during the time of exposure.

Translation to the clinic. ORC-13661 was selected from over 400 newly synthesized compounds because 
of its high otoprotective efficacy, oral bioavailability, and excellent pharmacokinetic properties; moreover, it 
showed no interference with the antimicrobial efficacy of various AGs (51). The present study adds to the evi-
dence that ORC-13661 protects hearing in rats efficiently following oral administration, is well tolerated, and 
does not itself  affect hearing, even if  administered daily over weeks at higher concentrations than those used 
for otoprotection. The next steps toward taking these findings to the clinic include confirming that these advan-
tageous characteristics also apply to human subjects. Indeed, ORC-13661 has been patented (US 9416141 and 
US 9493482), approved by the FDA for use in human clinical trials, and is currently in phase I trials.

Methods

Zebrafish husbandry and embryo generation
Adult wild-type *AB Danio rerio (zebrafish) and offspring were maintained in the University of  Washington 
zebrafish facility (24). Tg(pou4f3:gap43-GFP)s356tTg zebrafish express GFP fused to a GAP-43 membrane–tar-
geting sequence in hair cells of  the lateral line and inner ear under control of  the pou4f3 (brn3c) promoter 
(73) and are referred to here as brn3c:gfp. Experiments were carried out 5–7 dpf, a time point at which hair 
cells are susceptible to AG toxicity (74, 75). Larval zebrafish were acquired through paired or group mat-
ing and raised at 28.5°C in E2 embryo media (14.97 mM NaCl, 500 μM KCl, 42 μM Na2HPO4, 150 μM 
KH2PO4, 1 mM CaCl2, 1 mM MgSO4, 0.714 mM NaHCO3, pH 7.2) (76). For treatment, fish 5−6 dpf  were 
transferred into 48-well culture plates containing 300 μL embryo medium.

Cochlear culture preparation
Cochlear cultures were prepared from wild-type CD-1 mice (originally obtained from Charles River Lab-
oratories) at P2 as previously described (77). In brief, pups were killed by cervical dislocation (following 
United Kingdom Home Office Guidelines), and heads were sterilized by three 1-minute washes in 80% 
ethanol. Whole cochleae were removed and further dissected in Hanks Balanced Salt Solution (HBSS; 
Gibco by Life Technologies, 14025050) buffered with 10 mM HEPES (MilliporeSigma, H0887) and plated 
on collagen-coated (Corning, 354236) coverslips in cochlear culture medium (93% DMEM-F12, 7% FBS 
and 10 μg/ml ampicillin). Plated cochleae were then sealed into Maximow slide assemblies and incubated 
for 24 hours at 37˚C, 5% CO2, to allow growth and adherence to the collagen.

Figure 12. ORC-13661 cotreatment significantly 
reduces neomycin-Texas Red fluorescence in 
lateral line hair cell bodies. Quantification of 
neomycin-Texas red (neo-TR) fluorescence in the 
hair cell bodies of brn3c:gfp zebrafish cotreated 
with 25 μM neo-TR and ORC-13661 (0.10–8.33 μM) 
for 10 minutes. Each graphed symbol represents 
1 hair cell, with 5–16 hair cells sampled from 2–4 
neuromasts per fish in 2–4 fish per treatment 
group. Average fluorescence relative to baseline 
of hair cell bodies in fish treated with neo-TR 
alone is significantly greater than that observed 
in any group cotreated with ORC-13661 (P < 0.001 
for all groups). For statistical analysis 1-way ANO-
VA was used. Error bars represent SD.
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Reagents
Neomycin solution (10 mg/ml; catalog N1142) and gentamicin solution (50 mg/ml; catalog G1397) were 
purchased from MilliporeSigma. Amikacin was purchased from Medisca (catalog 0295). Cisplatin solution 
was acquired from the University of  Washington Medical Centre pharmacy or from Strides ArcoLab Ltd. 
ORC-13661 was obtained in powdered form from Oricula Therapeutics. The composition and purity of  
ORC-13661 were as previously described (51). For the zebrafish experiments described here, ORC-13661 
was dissolved in embryo medium to the desired concentration the day of  the experiment.

Zebrafish hair cell protection assay
Protection assays were conducted as described in detail previously (43, 51). In brief, 5–7 dpf  zebrafish were 
treated with AG or cisplatin and varying concentrations of  ORC-13661 (0.9–8.3 μM with gentamicin; 0.1–
8.0 μM with amikacin; 0.1–8.3 μM with neomycin and cisplatin; or 8.3 μM ORC-13661 alone in embryo 
media [E2]). Hair cells were fixed and immunohistochemistry was performed with anti-parvalbumin prima-
ry antibody. Neuromasts SO1, SO2, O1, and OC1 (78) were used for hair cell counts in 9–11 fish per group.

Cochlear culture protection assay
After the initial 24-hour growth period, coverslips with adherent cochleae were removed from the slide 
assemblies and placed in 35-mm diameter petri dishes (Greiner Bio-One, 627161) in cochlear culture medi-
um containing a reduced concentration of  FBS (1.4%) in the presence of  5 μM gentamicin (MilliporeSig-
ma, G1397) or 5 μM cisplatin (Strides ArcoLab Ltd.) and varying concentrations of  ORC-13661 (1–40 
μM). After 48-hour incubation cultures were washed once with PBS and fixed at room temperature for 1 
hour in 3.7% formaldehyde (MilliporeSigma, F1635) buffered with 0.1 M sodium phosphate (pH 7.4). Fol-
lowing fixation, cultures were preblocked, permeabilized, and labeled with either 1:1000 TRITC phalloidin 
(MilliporeSigma, P1951) or 1:200 Texas red X phalloidin (Invitrogen, T7471) and 1:1000 anti-myosin-VIIa 
rabbit polyclonal antibody (Proteus, 25-6790) followed by 1:500 Alexa Fluor 488 goat anti-rabbit IgG (Invi-
trogen, A-11034). Cultures were mounted on glass slides in Vectashield (Vector Laboratories, H-1000) and 
imaged using a Zeiss Axioplan2 upright microscope.

Hair cell assessment
Zebrafish. Fish were euthanized after treatment by immersion in the anesthetic MESAB (tricaine; MS-222; 
ethyl m-aminobenzoate methanesulfonate; MilliporeSigma, E10521), followed by fixation with 4% parafor-
maldehyde in 0.1 M PBS (pH 7.4) for 1 hour at room temperature, and blocked in PBS supplemented with 
0.1% Triton X-100 and 5% normal goat serum (MilliporeSigma, S26) for 1–2 hours at 25°C. Samples were 
incubated in 1:400 primary mouse anti-parvalbumin antibody (MilliporeSigma, MAB1572) at 4°C overnight 
and then 1:500 secondary goat anti-mouse antibody conjugated to Alexa Fluor 488 (Thermo Fisher, A-11001) 
or 568 (Thermo Fisher, A-11004) at 4°C overnight, washing with PBS + 0.1% Triton X-100 between all steps. 
Fish were mounted on bridged coverslips and viewed with a Zeiss Axioplan 2ie epifluorescence microscope. 
Hair cell counts were performed in 4 neuromasts per fish (SO1, SO2, O1, and OC1) (75), and counts were 
summed to arrive at 1 value per fish. Hair cell counts were performed for 9–13 fish per treatment. The HC50 
was calculated as a linear interpolation (linear hair cell count and logarithmic concentration axes) from the 
nearest concentrations of  protective drug that produced hair cell survival below and above 50%.

Mouse cochlear cultures. Each concentration of  ORC-13661 was tested on a minimum of  4 cochle-
ar cultures. Images of  labeled hair cells were captured using a ×40 objective (0.75 NA) on a Zeiss 
Axioplan2 microscope from mid-apical and mid-basal regions, at a distance approximately 20% from 
the apical and basal (hook) ends of  the cochlea, respectively, using a Spot RT slider digital camera. 
The corresponding characteristic frequencies of  the mature mouse cochlea at these locations were 
calculated (79) and found to be 8.5 kHz and 45 kHz, respectively. If  the cochlear epithelium was not 
perfectly flat, images were obtained from multiple focal planes and merged using Adobe Photoshop 
Creative Cloud (2017 version) to ensure clear visibility of  all cells present in the region. Numbers of  
OHCs were counted in a 221 μm (1200 pixel) length of  the organ of  Corti. Cells in cultures treated 
with gentamicin were counted based on presence of  hair bundle alone, while those in cisplatin-treat-
ed cultures were counted based on presence of  both a hair bundle and a cell body. Quantification 
of  cisplatin-treated cultures was performed in this manner due to cisplatin-induced damage causing 
approximately 7% of  cells to be decapitated, meaning that the hair bundle was not associated with a 
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cell body. The incidence of  this phenotype in gentamicin-treated cultures is approximately 2% and so 
is not considered sufficiently high to warrant quantifying based on double labeling.

Electrophysiology
MET and basolateral potassium currents were recorded and measured using previously described methods 
(29). In brief, all currents were recorded from OHCs in organotypic cultures prepared from P2 CD-1 mice 
using the whole-cell configuration of  the patch-clamp technique and cultures that had been maintained in 
vitro for 1–2 days. MET currents were recorded in the absence and presence of  ORC-13661 (0.01–10 μM) at 
membrane potentials ranging from –164 mV to +96 mV. Currents were elicited by stimulating the hair bun-
dles using a fluid jet from a pipette (tip diameter 8–10 μm) driven by a piezoelectric disc (12, 80). Mechanical 
stimuli (filtered at 1.0 kHz, 8-pole Bessel) with driver voltage amplitudes of  ±40 V were applied as 45-Hz 
sinusoids. Basolateral currents were recorded in the absence and presence of  10 μM ORC-13661 at membrane 
potentials ranging from –154 to +46 mV. All currents were acquired using pClamp (Molecular Devices) soft-
ware and stored on a computer for offline analysis. During recordings, series resistance compensation was 
applied (70%–80%) with the average residual series resistance calculated to be 1.13 ± 0.07 MΩ (n = 34). MET 
currents reached a maximum size of  1.41 ± 0.10 nA (n = 30), compared with 2.35 ± 0.10 nA (n = 4) for the 
steady-state basolateral potassium currents, resulting in maximum voltage drops across the residual series 
resistance of  1.58 and 2.66 mV, respectively. These values were considered sufficiently small to not require 
any correction to quoted voltage values. All experiments were conducted at room temperature (20°C–22°C).

Time-lapse microscopy of  neo-TR hair cell loading. brn3c:gfp fish were cotreated with neo-TR and ORC-13661 
in E2 media at room temperature. Images of lateral line neuromasts were captured with a Marianas spinning 
disk system (Intelligent Imaging Innovations) following previously described protocols (24). Green fluores-
cence from brn3c:gfp expression was acquired using 490 nm excitation and 535/30 emission; Texas red fluo-
rescence was acquired using 561 nm excitation and 617/73 emission. Images were acquired every 30 seconds.

Neuromasts were imaged in 16-bit depth stacks using a Zeiss LSM 880 Airyscan super-resolution sys-
tem. Image volumes were acquired at 1-μm intervals encompassing the Z-axis of  the neuromast, after 10 
minutes of  incubation in neo-TR with and without ORC-13661, and used to generate maximum intensity 
projections. GFP fluorescence was used as a guide to manually draw ROIs representing individual hair 
cells; the average fluorescence intensity of  each ROI was quantified using the ZenBlue (Zeiss) program.

ABR experiments
ABRs were measured in 40- to 50-day-old male Fischer 344 rats (Harlan Laboratories) prior to drug treatments 
and again at 2 weeks after the termination of drug treatment. In brief, 320 mg/k/d amikacin sulfate USP 
(Medisca) was administered subcutaneously to rats with or without oral ORC-13661 daily for 10 consecutive 
days, and the protective effect of 3 doses of ORC-13661 [0.2, 1, or 5 mg/kg/d] was assessed. Controls included 
ORC-13661 alone [5 mg/kg/day] and saline. ORC-13661 was dissolved in PEG300/DMA/EtOH/H2O (2.0 
mg ORC-13661, dissolved in 0.03 ml DMA, 0.12 mL EtOH, 0.45 ml PEG-300, and 0.4 ml of sterile water to 
obtain a 1-ml solution with a final concentration of 2 mg/ml). ORC-13661 was administered by oral gavage 
within 15 minutes of the amikacin treatment. Controls were gavaged with ORC-13661 alone or saline for 10 
days. All rats survived for 2 weeks after the drug treatment with no further drug exposure.

For ABR recordings, rats were anesthetized with isoflurane, placed on a heating pad to maintain body 
temperature near 38°C, and placed in a double-walled sound-attenuating chamber. ABR responses were 
recorded using standard subcutaneous needle electrodes, with the positive and negative electrodes at the 
left temporal bone above the pinna and the vertex of  the skull and the ground electrode in the thigh. Free-
field pure tone stimuli were generated, and ABR recordings were digitized using custom software. Tone 
pips were 5 millisecond in duration with 1-millisecond rise/fall times, presented at a repetition rate of  19/s. 
In addition, broadband clicks were presented at the beginning and end of  each session to assess for any 
changes in the animal’s condition. All stimuli were calibrated online at the beginning of  each experiment 
with a calibrated probe microphone. Neural responses were preamplified (100×; A-M Systems amplifier 
model 3000), sent through an MA3 amplifier with an additional 20-dB postpreamp gain (Tucker Davis 
Technologies), bandpass filtered (100–3000 Hz; Krohn-Hite filter model 3550), and digitized at 24.4 kHz. 
Responses were sampled in a 15-millisecond window (with a 5-millisecond stimulus onset delay). The 
threshold was defined as the lowest sound pressure level (SPL) in which a recognizable waveform was 
present and repeatable. Thresholds were determined at 2, 4, 8, 16, and 32 kHz and for a broadband click. 

https://doi.org/10.1172/jci.insight.126764


1 6insight.jci.org   https://doi.org/10.1172/jci.insight.126764

R E S E A R C H  A R T I C L E

Stimuli were presented 500 times from 80 to 20 dB SPL in steps of  10 and then 1000 repetitions in steps of  
5 dB SPL when approaching threshold. Near threshold each series was repeated to determine the reliability 
of  the waveform at the estimated threshold, 5 dB above and 10 dB below the estimated threshold. When 
animals appeared to be deaf  at a particular frequency, the stimulus was presented at the maximum intensity 
generated by our system (90–100 dB SPL) at least twice at 1000 repetitions to be assured of  a complete 
hearing loss. The threshold was then arbitrarily set at 100 dB SPL.

All averaged responses were examined online. Following the experimental session, all responses were 
rescored offline twice, once by the experimenter and once by an ABR expert who was blinded with regard 
to the experimental conditions. We used very conservative estimates by only including wave 1 responses, 
ensuring reliability by always repeating stimulus trains 2 or more times near threshold and demanding at 
least wave 1 peak-to-peak amplitudes greater than waveform oscillations prior to stimulus onset. Values of  
thresholds prior to treatments for each experimental group are shown in Supplemental Table 2. Thresh-
old estimates were within 5 dB in over 97% of  the response traces; the few that differed by >10 dB were 
reexamined by the 2 evaluators to come to a consensus. Data were analyzed as raw thresholds at each test 
frequency and as “threshold shift,” comparing the pretest threshold with the threshold after drug adminis-
tration, where a positive number indicates a hearing loss (in dB) due to the drug treatment (51).

Statistics
Zebrafish. GraphPad Prism 6.0, 7.0, or 7.2 was used to carry out 2-tailed t tests (to assess the effects of  8.3 
μM ORC-13661 alone) or 1-way or 2-way ANOVA (for all other comparisons). When significant main 
effects and/or interactions were found appropriate individual comparisons were performed using Sidak, 
Dunnett, or Tukey post hoc testing. For graphical presentation, data were normalized to untreated con-
trols, such that 100% represents hair cell survival in control animals.

Cochlear cultures. GraphPad Prism 7.2 was used to carry out 1-way ANOVA on raw cell counts with 
Sidak post hoc testing. Treatments were classified as fully protective if  they were found to have cell counts 
both significantly different from ototoxin alone and not statistically different from control cell counts; if  sig-
nificantly different from both ototoxin alone and control, the treatment was considered partially protective, 
and if  treatments were significantly different from negative control but not statistically different from the 
ototoxin-alone control, then the treatment was not considered to be protective.

ABR recordings. Statistical analyses were done using GraphPad Prism 7.0. A 2-way mixed ANOVA fol-
lowed by Dunnett’s post tests was used to evaluate differences in threshold shift from pretreatment values 
at 2, 4, 8, 16, and 32 kHz and for a broadband click.

Results were considered significant at P ≤ 0.05, with levels of  statistical significance shown in figures.
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ed in the US, all procedures were approved by the University of  Washington Institutional Animal Care and 
Use Committee and the Office of  Animal Welfare.
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a b s t r a c t

Hearing and balance deficits have been reported during and following treatment with the antimalarial
drug chloroquine. However, experimental work examining the direct actions of chloroquine on mech-
anoreceptive hair cells in common experimental models is lacking. This study examines the effects of
chloroquine on hair cells using two common experimental models: the zebrafish lateral line and
neonatal mouse cochlear cultures. Zebrafish larvae were exposed to varying concentrations of chloro-
quine phosphate or hydroxychloroquine for 1 h or 24 h, and hair cells assessed by antibody staining. A
significant, dose-dependent reduction in the number of surviving hair cells was seen across conditions
for both exposure periods. Hydroxychloroquine showed similar toxicity. In mouse cochlear cultures,
chloroquine damage was specific to outer hair cells in tissue from the cochlear basal turn, consistent with
susceptibility to other ototoxic agents. These findings suggest a need for future studies employing
hearing and balance monitoring during exposure to chloroquine and related compounds, particularly
with interest in these compounds as therapeutics against viral infections including coronavirus.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Quinoline antimalarial drugs have long been implicated as a
cause of hearing loss, tinnitus, dizziness, and severe imbalance
(Bernard, 1985; Hart and Naunton, 1964; Matz and Naunton, 1968;
Mukherjee, 1979). This side effect profile prompted the transition
from quinine to chloroquine, and further development of hydroxy-
chloroquine (Matz and Naunton, 1968; Scherbel et al., 1958;
Shrivastav et al., 2016). Chloroquine and hydroxychloroquine are
structurally related to the natural product anti-malarial quinine (Al-
Bari, 2015; Wolf et al., 2000). Chloroquine and hydroxychloroquine
are synthesized from readily available starting materials and are
morewidely used than quininewhich is obtained by extraction from
the bark of the cinchona tree. The pharmacokinetic and toxicological
properties of chloroquine and hydroxychloroquine are similar

although subtle differences exist. While examples of toxic side ef-
fects including ototoxicity of chloroquine and hydroxychloroquine
can be found in the literature (Bortoli and Santiago, 2007; Coutinho
and Duarte, 2002), hydroxychloroquine is generally considered less
toxic of the two (Liu et al., 2020; McChesney, 1983). Chloroquine
interferes with parasite growth in red blood cells, thereby protecting
against or disrupting the progression of malaria (Hoppe et al., 2004;
Kapishnikov et al., 2019). Despite the development of new drugs for
the prevention and treatment of malaria, their ototoxic side effects
have persisted.

Chloroquine and hydroxychloroquine have many uses in addi-
tion to being anti-malarial agents, and may therefore cause adverse
events in multiple patient populations. Chloroquine or hydroxy-
chloroquine are also commonly prescribed to treat autoimmune
and collagen conditions such as rheumatoid arthritis, scleroderma,
and systemic lupus erythematosus, as well as amebiasis (Bernard,
1985; Matz and Naunton, 1968) and other off-label applications
(Al-Bari, 2015; Bogaczewicz and Sob!ow, 2017; Plantone and
Koudriavtseva, 2018); these patients are more likely to experience
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ear-related symptoms due to the higher dosing and prolonged
exposure to chloroquine. Most recently chloroquine has been pro-
moted as a therapeutic against coronavirus disease COVID-19
(Cortegiani et al., 2020; Sahraei et al., 2020; Zhou et al., 2020).

Patients receiving chloroquine may experience sensorineural
hearing lossdas extreme as a complete loss of mid- and high-
frequency hearingd(Mukherjee, 1979), tinnitus (Bernard, 1985),
and vestibular deficits such as vestibular paresis (Matz and
Naunton, 1968; Mukherjee, 1979), as quickly as 2 h after an injec-
tion of chloroquine (Mukherjee and Mukherjee, 1979). These side
effects are all associated with the inner ear sensory structures,
raising the suspicion of objective ototoxicity. Hydroxychloroquine
has been associated with similar side effects, with over 700 re-
ported adverse events linked to the ear and labyrinthine structure
in the United States in the last 5 years (U.S. Food and Drug
Administration, 2019).

Unfortunately, knowledgeof adverseeffectshas largelycome from
case studies, leaving the mechanisms and prevalence of these effects
to be unclear. Both reversible (Bernard, 1985; Mukherjee, 1979) and
irreversible (Bernard, 1985; Matz and Naunton, 1968; Toone et al.,
1965) symptoms concerning hearing and balance have been re-
ported, but there is little understanding how these antimalarial drugs
affect the structures of the inner ear and central nervous system
involved inhearing and balance. Additionally, there is a lack of animal
studies exploring the direct effects of chloroquine and hydroxy-
chloroquine on the peripheral auditory system, and specifically, on
mechanosensory hair cells. Here,we use the zebrafish lateral line and
mouseneonatal cochlear cultures to test the effect of chloroquine and
hydroxychloroquine on mechanosensory hair cell survival.

The zebrafish lateral line is a good model for understanding hair
cell function and dysfunction (Harris et al., 2003; Ou et al., 2012;
Pickett and Raible, 2019). The lateral line is a system of mechano-
sensory hair cells on the surface of the body that allows fish to
detect fluid displacement. Inputs from this system provide a way
for fish to orient themselves in water for behaviors such as
schooling and predator avoidance (Bak-Coleman et al., 2013;
Thomas et al., 2015). The system consists of neuromasts, clusters of
hair cells surrounded by supporting cells. These hair cells depo-
larize as their stereocilia are displaced and send signals to the brain
via associated nerve fibers, similar to the functions of hair cells in
the auditory and vestibular labyrinth. Lateral line hair cells are
easily accessible for experimental manipulation and provide a rapid
system for screening compounds for ototoxicity (Chiu et al., 2008;
Hirose et al., 2011; Owens et al., 2008) as well as investigating the
specific mechanisms of toxin entry into the cell and subsequent cell
death (Hailey et al., 2017). In addition, the zebrafish lateral line
system has been used to screen for small molecules that protect
hair cells from damage, with translation to mammalian systems
(Chowdhury et al., 2018; Kitcher et al., 2019). Previous work in this
system has largely focused on aminoglycoside antibiotics and
cisplatin, known ototoxins that cause irreversible hearing and
balance disorders in human patients. We then compared the effect
of chloroquine in lateral line hair cells, an in vivo system, to their
effect on neonatal mouse cochlear cultures, an established in vitro
model for hair cell toxicity (Kotecha and Richardson, 1994;
Richardson and Russell, 1991). Other known ototoxins cause com-
parable loss of hair cells in both systems (Kirkwood et al., 2017;
Kitcher et al., 2019).

Here, we report that chloroquine causes specific loss of
mechanosensory hair cells in the zebrafish lateral line and in the
cultured neonatal mouse cochlea. We find rapid, dose-dependent
cell death due to exposure to these compounds. We suggest that
chloroquine-associated hearing loss and vestibular impairment in
human patients may be due to loss of hair cells and warrants
further study in vivo in mature mammals.

2. Methods

Procedures have been approved by the University of Washing-
ton Animal Care and Use Committee.

2.1. Zebrafish studies

Adult zebrafish (Danio rerio) were paired to produce embryos in
the University of Washington fish facility. Embryos raised at 50
embryos per 100 mm2 petri dish in E2 embryo medium (14.97 mM
NaCl, 500 mM KCl, 42 mM Na2HPO4, 150 mM KH2PO4, 1 mM CaCl2
dihydrate, 1 mM MgSO4, 0.714 mM NaHCO3, pH 7.2) and raised in
an incubator at 28.5 !C. At four days post-fertilization (dpf), larvae
were fed live rotifers.

At 5e7 dpf, larvae were placed in 48-well plates with 10e12
larvae per well, each well containing a different concentration of
chloroquine in 300 mL of embryo medium. This study used con-
centrations ranging from 25 to 1600 mM with either 1- or 24-h
exposure periods. Concentrations were determined using com-
mon effective concentrations of aminoglycosides studied in this lab.
Effects of hydroxychloroquine were investigated up to 400 mM.

Following exposure to the drug, zebrafish larvaewere euthanized
and thenfixed in 4%paraformaldehyde overnight. Larvaewere rinsed
with phosphate-buffered saline (PBS) and then placed in blocking
solution (1% Triton-X 100, 5% normal goat serum (NGS) in PBS) at
room temperature for 1e2 h. Zebrafish were then placed in an anti-
parvalbumin antibody solution (Sigma-Aldrich, MAB1572; mono-
clonal,1:400 in1%Triton-X,1%NGS, inPBS) at4 !Covernight and then
rinsed with 1% Triton-X 100 in PBS (PBS-T) thrice. Larvae were then
placed in a secondary solutionwith Alexa 488 goat anti-mouse Hþ L
fluorescent antibody (ThermoFisher, A-11001; 1:500, in 1% Triton-X
100, 1% NGS, in PBS) for 4 h. Following the secondary antibody solu-
tion, zebrafishwere rinsedwithPBS-TandPBS, before beingmounted
with Fluoromount-G (Southern Biotech, Birmingham, AL, USA) be-
tween twocoverslips (VWRCat#84393-251).Haircellswere counted
in four neuromasts (SO1, SO2, O1, and OC1) per fish using a Zeiss
Axioplan II microscope at a total magnification of 200X (40X objec-
tive; N.A. ¼ 0.75) with FITC filtered fluorescent illumination.

2.2. Cochlear cultures

Cochlear cultures were prepared from C57BL/6 J mice according
to previously described protocols (Kitcher et al., 2019; Russell and

Fig. 1. Chloroquine causes dose-dependent hair cell loss in the zebrafish lateral line
system. Fluorescent imaging showed robust hair cell numbers in control neuromasts
(A) and reduced numbers in fish exposed to 400 mM chloroquine for 24 h (B). Hair cell
counts show a decrease in hair cell viability as chloroquine concentration increased
(F ¼ 12.28, p < 0.0001; C). However, there was no significant change with concen-
trations from 400 mM to 1600 mM (p > 0.05). (D) This pattern was consistent between
24- and 1- hour exposure times with no statistical significance (F ¼ 3.06, p ¼ 0.0828).
Error bars represent ±1 standard deviation. Scale bar ¼ 10 mm.
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Richardson, 1987). Explants were prepared from pups sacrificed at
postnatal day 2 and plated on collagen covered coverslips with
50 mL of cochlear culture medium (93% DMEM-F12, 7% FBS and
10 mg/ml ampicillin). The culture and coverslip were incubated
overnight in a Maximow slide assembly at 37 !C.

Experiments were carried out in 2 ml total volume of modified
culture media (98.6% DMEM-F12, 1.4% FBS and 10 mg/ml ampicillin)
with varying concentration of chloroquine. After 24 h of incubation,
cultures werewashed once with PBS, fixed in 4% paraformaldehyde
for 1 h at room temperature. Hair cells were labeled with 1:1000

Phalloidin conjugated to Alexa Fluor 568 (ThermoFisher, A12380)
and 1:1000 anti-Myosin-VIIa rabbit polyclonal antibody (Santa
Cruz, sc-74516), 1:1000 anti-Sox2 polyclonal antibody overnight
followed by 1:500 Alexa Fluor 488 and 1:500 Alexa Fluor 694 goat
anti-rabbit IgG (ThermoFisher, A-11034).

Tissue was imaged at the midpoint of the apical region and at
the midpoint of the basal region of the cochlear coil using an Axi-
oplan ll (Zeiss) upright microscope at a final magnification of 200x.
MyosinVIIa labeled hair cell bodies and Sox2 labeled supporting
cell nuclei were counted in a 100 mm length along the sensory

Fig. 2. Hydroxychloroquine causes dose-dependent effects on hair cells in the zebrafish lateral line, similar to chloroquine. Dose-response functions show that hair cells exposed to
hydroxychloroquine (solid line) survive at a similar rate as those exposed to chloroquine (dashed line) after a 24-h treatment period. Two-way ANOVA demonstrate a small, but
significant effect, with hydroxychloroquine being slightly more toxic (F ¼ 4.774, p ¼ 0.03). Error bars represent ±1 standard deviation.
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Fig. 3. Chloroquine does not reduce MET channel activity. Fluorescent imaging showed no reduction of FM1-43-X uptake with pre-exposure to chloroquine (AeC). Brn3c fish, that
have green fluorescent membrane markers, had no pre-treatment (AeA”), 1000 mM chloroquine for 15 min (BeB”), or 200 mM benzamil for 15 min (CeC”). Dunn’s multiple
comparisons confirmed that red fluorescence is not significantly attenuated in fish pre-treated with a high dose of chloroquine (p ¼ 0.2334), while uptake is significantly lower in
those fish treated with benzamil (p < 0.0001), a known MET channel blocker (D; n ¼ 6e8 fish per condition). Error bars represent ±1 standard deviation. Scale bar ¼ 10 mm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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epithelium of each microscope field. A statistical power analysis
based on previous experiments in this system, with an alpha of 0.05
and power ¼ 0.80 indicated that a minimum of n ¼ 4 samples per
group would be required (Rosner, 2011).

2.3. Data analysis

Total hair cells remaining were compared to counts of the same
neuromasts of untreated fish or untreated cochlear cultures to
calculate the percentage of hair cells remaining. Hair cell survival
was then related to concentration of chloroquine used in incuba-
tion. Data was analyzed by t-tests, and by one-way or two-way
ANOVAs with posthoc comparisons using GraphPad Prism.

3. Results

To test the potential toxic effects of chloroquine, zebrafish were
treated with differing concentrations of drug. Neuromasts dis-
played clearly visible hair cell death after treatment for 24 h (Fig. 1A
and B), with increasing hair cell loss after exposure to increasing
chloroquine concentrations during 24 h exposure (Fig. 1C). Signif-
icant differences in hair cell numbers were found between control
conditions and concentrations of 100 mMand higher (100, 200, 400,
800, 1600) (p < 0.05). Hair cell survival reached an apparent
asymptote around 65% with concentrations of 400 mM and higher
(400, 800, 1600). In subsequent experiments, concentrations were
limited to 0e400 mM dosages. Fig. 1D compares the effects of
treating zebrafish with chloroquine for 1 h and 24 h. Two-way
ANOVA with dose and exposure time as main factors yielded a
highly significant main effect of concentration (F ¼ 30.99,
p < 0.0001), and a small effect of exposure time (F ¼ 3.06,
p¼ 0.0828), but the interaction termwas highly significant (F¼ 4.5,
p ¼ 0.0009). These results demonstrate that chloroquine exposure
results in a rapid dose-dependent loss of zebrafish lateral line hair
cells that increase with increasing time of exposure.

As hydroxychloroquine is often used to replace chloroquine in
clinical settings, these two drugs were compared for relative hair

Fig. 5. Chloroquine exposure causes dose-dependent hair cell loss in neonatal mouse organ of Corti cultures. (A) Fluorescent imaging of basal turn cultures treated with 0, 50, 100,
and 200 mM chloroquine and labeled with antibodies specific to hair cells (Myosin Vlla), or organ of Corti supporting cells (Sox2), or all nuclei (DAPI). Note that 50 mM chloroquine
exposure (row labeled 50 mM CQ) did not reveal clear loss or disruption of any cell type (compare with top row (0 mM CQ). However, 100 mM and 200 mM chloroquine exposure
resulted in moderate and extreme loss of outer hair cells, respectively. Conversely, there was no obvious loss of other cell types at any treatment condition. (B) Apical coil cultures
demonstrate little or no loss of inner or outer hair cells following treatment with chloroquine at any of the concentrations used (p ¼ 0.6087). (C) Basal coil hair cells, however,
showed significantly decreased viability when treated with chloroquine (p < 0.0001), and outer hair cells in the base were more dramatically affected by drug exposure than inner
hair cells (F ¼ 26.11, p < 0.0001). Error bars represent ±1 standard deviation. Scale bar ¼ 20 mm.

Fig. 4. Chloroquine-induced cell death is not affected by the presence of a MET
channel blocker. Co-treatment of chloroquine and benzamil showed no significant
change in hair cell viability, though chloroquine exposure did have a small but sig-
nificant effect on hair cell survival (p < 0.0001; n ¼ 8e9). Error bars represent ±1
standard deviation.
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cell toxicity. Both drugs showed dose-dependent hair cell loss
(Fig. 2). Hydroxychloroquine showed slightly more toxicity than
chloroquine. Two-way ANOVA revealed significant main effects of
drug concentration (F ¼ 36.42; P < 0.001) and drug product
(F ¼ 4.77, p ¼ 0.03) with an insignificant interaction (F ¼ 0.63,
p ¼ 0.644). These results demonstrate that both clinically-relevant
chloroquine drugs show hair cell toxicity in the zebrafish model.

Previous work has demonstrated that quinoline drugs, including
chloroquine, can inhibit aminoglycoside ototoxicity by partially
blocking mechanotransduction-dependent toxin uptake (Ou et al.,
2012). We reasoned that the asymptotic nature of the chloroquine
dose-response function might be due to its ability to block its own
uptake. We performed two sets of experiments to test this idea.
Function of the mechanotransduction channel was assessed through
quantification of FM1-43X uptake after pre-treatment with chloro-
quine at doses that cause maximal hair cell death. Fish were also
treated with benzamil, a MET channel blocker known to block drug
uptake (Hailey et al., 2017; Rüsch et al., 1994) as a positive control
(Fig. 3). Chloroquine pre-treatment did not significantly alter FM1-
43X uptake (p ¼ 0.2334; Dunn’s multiple comparison test), while
benzamil-treated fish showed a highly significant decrease in FM1-
43X uptake compared to controls (p < 0.0001; Fig. 3AeD). We then
examined whether chloroquine toxicity itself was altered by MET
blockers (Fig. 4). Neither 50 mM nor 200 mM benzamil co-treatment
had a significant effect on chloroquine toxicity (p ¼ 0.9698 and
0.4943, respectively; Sidak’s multiple comparison test). Together
these experiments suggest that the plateau of the dose-response
function is not due to chloroquine effects on mechanotransduction.

To test whether mammalian hair cells degenerate in response to
chloroquine, neonatal mouse cochlear cultures were exposed to
0e200 mMchloroquine for 24 h (Fig. 5). Higher concentrations were
not used in this model system due to extensive damage to cultures
at 400 mM in pilot experiments and near total hair cell loss in basal
regions at 200 mM. We compared responses of cultures from apical
(Fig. 5B) and basal (Fig. 5C) regions of the cochlea. Apical regions
showed no significant main effects of cell type (inner vs outer hair
cell) or drug concentration and no significant interaction term
interaction term. Analyses of the basal coil revealed that outer hair
cells were significantly damaged (p < 0.001) with 50% loss at
100 mMchloroquine exposure and almost complete loss was seen at
200 mM exposure, while there was a significant loss (p < 0.05) of
approximately 25% inner hair cells at the highest concentration.
Statistical analysis (two-way ANOVA) revealed increasing hair cell
loss with increasing chloroquine exposure (F ¼ 23.68, p < 0.0001),
basal outer hair cells were significantly more sensitive to chloro-
quine than inner hair cells (F ¼ 26.11, p < 0.0001) and a significant
interaction term (F ¼ 7.65, p ¼ 0.0009). In order to evaluate any
effects of chloroquine on supporting cells, Sox2-positive cells
located between the inner hair cells and first row of outer hair cells
were counted and compared to controls. A two-way ANOVA indi-
cated no significant reduction of supporting cell survival in either
the apex or the base of cultures at any exposure to chloroquine
concentration. Together these results demonstrate that chloro-
quine damage at the concentrations tested is targeted to the hair
cells and, like most other ototoxic drugs, most severely compro-
mises basal turn outer hair cells as compared to inner hair cells.

4. Discussion

This study describes dose-response analyses for the effects of
chloroquine in the zebrafish anterior lateral line and in neonatal
murine cochlear cultures. Chloroquine exposurewas found to cause
hair cell loss in both models. In zebrafish, variation in exposure
time (1 h vs 24 h) did not result in significant differences in hair cell
loss, implying that chloroquine uptake is rapid and affects hair cells

soon after they are exposed. Exposure to hydroxychloroquine
yielded comparable results to those from chloroquine exposure. For
mouse cochlear cultures, reduction in hair cell counts were most
dramatic in basal regions and in outer hair cells, consistent with
differences in the sensitivity of hair cells to other ototoxins and
reported hearing loss being limited to or most profound at high
frequencies with most other ototoxins (Bielefeld et al., 2018;
Chowdhury et al., 2018; Kotecha and Richardson, 1994). While
there are no in vivomammalian studies to comparewith the results
presented here, these results are consistent with the absence of hair
cells with fetal exposure to chloroquine seen in a temporal bone
case study (Matz and Naunton, 1968).

Chloroquine and hydroxychloroquine have good oral bioavail-
ability and reach high plasma levels in patients. Their pharmacoki-
netic profiles indicate extremely long elimination half-lives on
(weeks to months) and large volumes of distribution indicating sig-
nificant partitioning into tissues including cerebrospinalfluid (White,
1985). Given these pharmacokinetic characteristics, it is entirely
possible that drug concentration in the inner ear reach micromolar
concentrations used in the experiments described here.

Because quinine users commonly reported similar side effects to
that of patients taking chloroquine, it can beposited that the effects of
these structurally-related quinoline drugs with the tissues of the in-
ner ear are comparable. These results are consistent with reports of
audiological and vestibular dysfunction after quinine treatment for
malaria prophylaxis or treatment (Hennebert and Fern!andez, 1959;
Karlsson et al., 1990; Nielsen-Abbring et al., 1990; Phillips-Howard
and ter Kuile, 1995; Roche et al., 1990). Studies of quinine ototox-
icity have shown extensive damage and deterioration of the stria
vascularis and organ of Corti, especially to outer hair cells (Hennebert
and Fern!andez,1959). Exposed animals displayedminimal damage in
the vestibular system, and impacted vestibular function recovered
with time. Peripheral auditory function was reduced with quinine
injectionsdacutely exposed animals improved fully or partially, and
those receiving chronic dosing remained affected.

The mechanism bywhich chloroquine acts to kill hair cells is not
yet known. The pharmacological mechanisms of action of chloro-
quine are subject of some controversy but is widely considered to
be due to its accumulation in lysosomes and subsequent disruption
of their function (Kaufmann et al., 2009). Lysosomes have emerged
as organelles with critical signaling roles regulating many aspects
of cellular function (reviewed by Xu and Ren, 2015). They also play
central roles in autophagy, the process by which cellular compo-
nents are recycled (reviewed in Parzych and Klionsky, 2014).
Chloroquine’s effects on lysosomes are likely to have effects on
diverse downstream cellular processes including receptor
signaling, with anti-inflammatory consequences (Wallace et al.,
2012), and autophagy, with anti-tumor effects (Levy et al., 2017).
There may therefore be multiple effects of chloroquine on hair cell
function with consequences to their survival.

While both zebrafish and mouse cochlear hair cells are sensitive
to chloroquine, there are differences in the nature of the dose-
response functions. Loss of zebrafish hair cells approached an
asymptote of about 40% reduction without further loss at higher
concentrations of chloroquine, while basal outer hair cells in mouse
cochlear cultures approach 100% loss with increasing dose. The
underlying causes of asymptotic nature of the zebrafish dose-
response function is unknown. We hypothesized that chloroquine
may reduce its uptake and toxicity at higher concentrations by
blocking hair cell mechanotransduction, a property required for the
hair cell entry of some other compounds in zebrafish, including
aminoglycosides and cisplatin (Thomas et al., 2015; Hailey et al.,
2017). Although other quinoline loop derivatives have been
shown to interfere with mechanotransduction (Farris et al., 2004;
Ou et al., 2012), we found little effect of chloroquine on
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mechanotransduction-dependent FM1-43 dye uptake in zebrafish.
Moreover we found that interfering with mechanotransduction
had little effect on chloroquine toxicity. We suggest that there may
be other reasons for incomplete toxicity in zebrafish, such as
effective sequestration or efflux mechanisms that engage at higher
chloroquine concentrations to protect hair cells.

Further research is needed to fully investigate mechanisms of
hair cell death in the presence of chloroquine and more broadly
how this class of drugs affect patients in their everyday lives. In
addition to potential side effects directly detrimental to auditory
perception and vestibular function, changes in these perceptual
outcomes can create an increase in anxiety, depression, and fatigue
resulting in a decrease in quality of life (Coelho and Balaban, 2015;
Gomaa et al., 2014; Hornsby et al., 2016; Mira, 2008; Ohlenforst
et al., 2017). Given the interest of chloroquine as a therapy for
viral infections including Zika and SARS coronaviruses (Al-Bari,
2015), it will be important to consider monitoring auditory and
vestibular function as these drugs are adopted to new therapies.
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