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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.
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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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Figure 6
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Figure 7
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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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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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