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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.
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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.

© 2012 Wiley Periodicals, Inc.

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
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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-pum 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 pm 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.]

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

Auditory brainstem axon topography

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.
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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% 05, 5% CO,) artificial cerebral spinal fluid (ACSF; in
mM: 130 NaCl, 3 KCI, 1.25 NaH,PQO4, 26 NaHCO3;, 1
MgCl,, 2 CaCl,, and 10 glucose in filtered [18 MQ] dH,0)
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 pm 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-pA 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-um-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 um) and was sampled every 3.11 um
caudolaterally for a total distance of 1,200 pum. 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.
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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 um along a 1,200-um 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.

Auditory brainstem axon topography

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 = 500 um in C (applies to A-C).

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,LK,M,0). 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)
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Figure 3. Normalized fluorescent intensity measurements of elec-
troporation and filled axon locations. A,C,E,G,l,K,M,0: 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.]
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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 =
500 um in A (applies to A,B).

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
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< 0.005; *** P < 0.0001), I: The distance between injection sites
along the tonotopic axis in NM when two dyes were introduced is
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ing labeled NM axons in XDCT (linear regression analysis, =
0.69, P < 0.02). Regression line, black line; unity line, gray dashed
line. Each data point represents data from one brain.

10001
o
E 8004 8
=2 o
5 g3 -4t
=} o
x & o
o
§ H °
< 6004 o
2 o 0 9"
° o
5 o &
3 o o . o
g R
3 20
14 % o
+ ° °
o o
o
o
=077
0 T T T 1
0 0.25 0.5 0.75 1

Normalized distance along tonotopic axis of NM

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 = 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 (7 =
0.77, P < 0.0001; 7 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.

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. 51, * = 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 = 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 (* = 0.77, P < 0.0001).
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images showing an example whole-brainstem preparation in which several single NM neurons and their corresponding contralateral axons were
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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. 7 values depict goodness of fit of a linear regression analysis. All P < 0.05. Scale bar =

200 pm in A.

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 = 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, r* > 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

2316

The Journal of Comparative Neurology | Research in Systems Neuroscience



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 Rl 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

Auditory brainstem axon topography

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

Ramoén y Cajal first proposed that chemical cues might
serve as a prerequisite to topographic formation of
neuronal connectivity (Ramén 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

The Journal of Comparative Neurology | Research in Systems Neuroscience 2317



Kashima et al.

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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