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ABSTRACT
Auditory processing requires proper formation of tonotopically ordered projections. We have

evaluated the role of an Eph receptor tyrosine kinase and an ephrin ligand in the development of
these frequency maps. We demonstrated expression of EphA4 and ephrin-B2 in auditory nuclei
and found expression gradients along the frequency axis in neonates. We tested the roles of
EphA4 and ephrin-B2 in development of auditory projections by evaluating whether mutations
result in altered patterns of expression of the immediate early gene c-fos after exposure to pure
tone stimuli. We evaluated two nuclei, the dorsal cochlear nucleus (DCN) and the medial nucleus
of the trapezoid body (MNTB), which project in two distinct auditory pathways. The mean
number of c-fos-positive neurons in EphA4�/� DCN after 8-kHz pure tone stimulation was 42%
lower than in wild-type DCN. Along the dorsoventral, tonotopic axis of DCN, the mean position
of c-fos-positive neurons was similar for mutant and wild-type mice, but the spread of these
neurons along the tonotopic axis was 35% greater for ephrin-B2lacZ/� mice than for wild-type
mice. We also examined these parameters in MNTB after exposure to 40-kHz pure tones. Both
EphA4�/� and ephrin-B2lacZ/� mice had significantly fewer c-fos-positive cells than wild-type
littermates. The labeled band of cells was narrower and laterally shifted in EphA4�/� mice
compared with wild-type mice. These differences in cell number and distribution suggest that
EphA4 and ephrin-B2 signaling influence auditory activation patterns. J. Comp. Neurol. 505:
669–681, 2007. © 2007 Wiley-Liss, Inc.
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c-fos

Central auditory projections in the brainstem are topo-
graphically organized, reflecting the highly ordered ar-
rangement of best frequencies originating in the cochlea
(Friauf and Lohmann, 1999; Rubel and Fritzsch, 2002).
This tonotopy is observed at early postnatal ages in mam-
mals (Snyder and Leake, 1997; Leake et al., 2002). Tono-
topy is subsequently refined to some degree in several
pathways in the auditory brainstem, including the
cochlear nucleus (Leake et al., 2002) and the superior
olivary complex (Sanes and Constantine-Paton, 1985; Kim
and Kandler, 2003); however, these studies show a signif-
icant degree of tonotopy prior to refinement. The estab-
lishment of tonotopic projections thus relies on activity-
independent mechanisms and on activity-dependent
refinement, both of which participate in the formation of
maps (Pfeiffenberger et al., 2006).

Activity-independent mechanisms include signaling
through axon guidance molecules. The Eph family pro-
teins, consisting of Eph receptors and their ligands, the
ephrins, form a large family of axon guidance molecules.
Eph proteins contain the A and B classes. Generally,
ephrin-A ligands bind to EphA receptors, and ephrin-B
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ligands bind to EphB receptors; in addition, ephrin-B2
binds to EphA4 and ephrin-A5 binds to EphB2 (Gale et al.,
1996; Himanen et al., 2004). Interactions between Eph
receptors and ephrins mediate cell–cell contacts in a re-
pulsive manner but can be attractive as well (Flanagan
and Vanderhaeghen, 1998; Wilkinson, 2001; McLaughlin
et al., 2003; Hansen et al., 2004). Eph proteins have an
important role in the formation of topography in several
regions of the nervous system, most notably in the early
visual pathways in which deletion of these proteins alters
the anatomical maps (Frisen et al., 1998; Feldheim et al.,
2000, 2004). Relative levels of expression within gradients
facilitate the formation of topographic maps (Reber et al.,
2004; McLaughlin and O’Leary, 2005). Mutant mice lack-
ing ephrins show functional changes in cortical maps in
response to visual (Cang et al., 2005) as well as somato-
sensory (Prakash et al., 2000) stimulation. Eph protein
signaling, in addition to guiding axon outgrowth, also
regulates the maturation of synapses (Dalva et al., 2007).

The demonstration that Eph protein interactions con-
tribute to the formation of topographic maps suggests that
they are candidate molecules for initiating tonotopic maps
in the auditory brainstem. Previous studies have shown
that Eph family proteins are expressed in peripheral and
auditory pathways in chick (Cramer et al., 2000, 2002;
Bianchi and Gray, 2002; Person et al., 2004; Siddiqui and
Cramer, 2005) and mice (Henkemeyer et al., 1994; Ellis et
al., 1995; Rogers et al., 1999; Pickles et al., 2002). More-
over, functional studies have shown that Eph signaling
influences axon outgrowth and guidance in the chick
brainstem (Cramer et al., 2004, 2006). One family mem-
ber, EphA4, is expressed in a gradient in the second-order
nucleus laminaris (NL; Person et al., 2004), and misex-
pression of EphA4 in chick embryos reduces tonotopic
specificity by broadening projection areas to NL (Huffman
and Cramer, 2007). Studies in the mouse auditory system
have shown that EphA4-ephrin-B2 signaling regulates
growth of spiral ganglion cell neurites in the developing
ear (Brors et al., 2003), and Eph proteins influence growth
of inner ear efferents from the brainstem (Cowan et al.,
2000; for review see Cramer, 2005; Webber and Raz,
2006).

Whether deficits in either EphA4 or ephrin-B2 affect the
functional organization of the mammalian auditory brain-
stem is not known. This study addresses the role of Eph
proteins in the organization of frequency selectivity in the
mammalian auditory brainstem using two mutant mouse
strains, one deficient in the receptor EphA4 and the other
deficient in ephrin-B2, one of the ligands for EphA4. We
demonstrated that these proteins are expressed in the
developing auditory brainstem, and we found graded ex-
pression patterns in neonates. We also exposed animals to
pure tones and examined activation of c-fos, an immediate
early gene correlated with neural activation, in wild-type
mice and in mice lacking Eph proteins. After pure tone
exposure, we evaluated c-fos activation levels and width of
frequency bands in the dorsal cochlear nucleus (DCN) and
the medial nucleus of the trapezoid body (MNTB), nuclei
that represent components of two distinct auditory path-
ways. We found that the precise spatial arrangement of
tone-evoked neural activation in these mammalian audi-
tory nuclei is altered by deficiencies in these Eph family
proteins.

MATERIALS AND METHODS

Animals

Ephrin-B2 mutant mice (Dravis et al., 2004) on a
CD-1/129 background were bred in our colony. The mu-
tant allele encodes a membrane-bound ephrin-B2-�-
galactosidase fusion protein that lacks the cytoplasmic
domain. The studies reported here compare ephrin-B2�/�

with ephrin-B2lacZ/�, because the homozygous ephrin-B2
mutation is lethal at P0. EphA4 gene trap mice (Leighton
et al., 2001) were provided courtesy of Marc Tessier-
Lavigne and were bred in our colony on a C57/Bl6 back-
ground. The mutant allele produces no EphA4 protein and
expresses cytoplasmic �-galactosidase. Our studies in-
cluded wild-type (EphA4�/�), heterozygous (EphA4�/�),
and homozygous (EphA4�/�) mice. All procedures were
approved by the University of California Animal Care and
Use Committee (IACUC).

X-gal histochemistry

Heterozygous mice were used at P3, P6, P10, and P18
for developmental expression studies. Mice were anesthe-
tized with Isoflurane USP (Abbott Laboratories), followed
by transcardial perfusion with 0.9% NaCl, followed by 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer, pH
7.4. Brains were then postfixed in PFA for 15 minutes and
equilibrated in 30% sucrose overnight. Within 24 hours,
the brains were sectioned on a cryostat in the coronal
plane at 14 �m, mounted on glass slides, and heated for at
least 60 minutes on a slide warmer. Slides were rinsed in
phosphate-buffered saline (PBS; pH 7.4), then incubated
at 37°C in a solution containing 5 mM ferrocyanide, 5 mM
ferricyanide, 2 mM MgCl, and 1 mg/ml 5-bromo-4-chloro-
3-inolyl,betaD-galactopyranoside (X-gal; Sigma, St. Louis,
MO) in PBS until a dark blue reaction product could be
observed on the tissue. Slides were then rinsed three
times in PBS and coverslipped with Glycergel mounting
medium (Dako, Carpinteria, CA).

Acoustic stimulation

Awake, freely moving mice at ages P18–25 were placed
on a cardboard platform with a screen cover to maximize
sound at the head. The platform was placed inside an
acoustically isolated sound chamber, adjacent to a
speaker. Tones were controlled using MALab (Kaiser In-
struments, Irvine, CA) and delivered through an electro-
static speaker (ES-1; Tucker-Davis Technologies, Gaines-
ville, FL). Calibration was performed using a microphone
(Bruel and Kjaer, Norcross, GA) in the position of the
animal (Kaur et al., 2004). The platform was small enough
to ensure that mice were never more than 10 cm from the
speaker. Mice were kept in silence for 60 minutes, fol-
lowed by free field tone pips at 75 dB SPL for 90 minutes.
For some animals, sound was delivered as 8-kHz tone
pips, of 50 msec duration, with a 2.5-msec rise-fall time
and 40-msec gap. For another group of animals, sound was
delivered as 12-, 15-, or 40-kHz tone pips, of 400 msec
duration, with a 5-msec rise-fall time and 300-msec gap.
Control animals were maintained in the chamber for 120
minutes in silence, with no tone presentation. Prior to
tone exposure, ear canals were examined with an otoscope
to confirm a clear path to the tympanic membrane.
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Auditory thresholds

The CD-1/129 mouse strain does not undergo hearing
loss with age. However, behavioral studies have shown
age-related hearing loss after 6 weeks of age in the C57/
Bl6 strain (Ouagazzal et al., 2006). The C57/Bl6 back-
ground strain shows auditory brainstem response (ABR)
thresholds within the normal range between 7 and 30
postnatal weeks (Zheng et al., 1999). Thus the P18–25 age
range chosen for this study falls before age-related hear-
ing loss occurs in this strain yet shows measures of thresh-
old and sensitivity that are comparable to those of the
adult mouse (Song et al., 2006). Furthermore, the behav-
ioral threshold for C57/Bl6 mice at older ages of 2–4
months is reported as 40 dB SPL for 40 kHz and 35 dB for
8 kHz, making the 75-dB level employed in this study of
P18–25 animals well above threshold (Mikaelian et al.,
1974).

Tissue processing

Within 15 minutes of the acoustic stimulation period, all
mice were immediately moved to a surgical area, anesthe-
tized with isoflurane, and perfused transcardially (de-
scribed above). The brains were carefully removed from
the calvarium and equilibrated overnight in 30% sucrose
at 4°C, then sectioned on a cryostat in the coronal plane at
30 �m within 24 hours of sucrose embedding. Every third
section was collected into a 24-well plate containing PBS
and saved for c-fos immunohistochemistry. A series of
adjacent sections was mounted on glass slides and stained
with thionin for confirmation of anatomical boundaries.

c-fos Immunohistochemistry

The primary antibody for c-fos detection used in this
study was a rabbit polyclonal manufactured by Calbio-
chem, EMD Biosciences (catalog No. PC-38) and was pro-
vided in the form of undiluted serum. The immunogen to
create this antibody was a synthetic peptide with the
amino acid sequence SGFNADYEASSSRC, corresponding
to amino acid residues 4–17 of human c-fos protein. We
performed Western blot analysis on mouse brainstem ho-
mogenates and found an intense band at 50–65 kD, cor-
responding to the expected size of the c-fos protein. In
addition, we performed immunohistochemistry on mice
kept in silence and found no c-fos-positive cells in the
auditory nuclei (see Fig. 3B,D).

Floating sections were rinsed three times for 10 minutes
each in PBS, then blocked in 0.05 M Tris and PBS con-
taining 10% normal goat serum (NGS; Vector Laborato-
ries, Burlingame, CA) and 0.25% cargeenan (Sigma) on an
orbital shaker at room temperature. The blocking solution
was replaced with a solution containing the primary an-
tibody, diluted 1:2,000 in 5% NGS and 0.25% cargeenan in
0.1 M Tris. The plates were then incubated for 12–24
hours at 4°C on an orbital shaker. The sections were
rinsed in PBS and incubated in a solution containing the
biotinylated goat anti-rabbit secondary antibody (1:600;
Vector Laboratories), in 5% NGS and 0.25% carageenan in
0.05 M Tris-PBS at room temperature for 90–120 min-
utes. The sections were then rinsed and reacted with an
avidin-conjugate complex (ABC kit; Vector Laboratories)
for 45 minutes. Sections were then rinsed in PBS and
transferred to clean 24-well plates containing 0.1 M Tris-
buffered saline. Diaminobenzidine (DAB) was prepared
from liquid (Sigma) and reacted with the sections for 5–10

minutes, until characteristic punctate brown labeling ap-
peared in auditory nuclei. Sections were mounted and
dried onto glass slides, dehydrated through a series of
ethanol and xylene, then coverslipped with DPX mounting
medium (VWR).

Microscopic analysis

Brainstem sections were analyzed with a Zeiss Axioskop
mounted with an Axiocam digital camera and OpenLab
acquisition software (Improvision, Lexington MA). Nu-
clear boundaries were identified under darkfield micros-
copy and compared with adjacent thionin-stained sections.
Images were corrected with background illumination sub-
traction in OpenLab. Image files were imported into
Adobe Photoshop CS v8.0, and tools for level adjustments
and dodging were used to optimize contrast and bright-
ness and to compose and label figures. Representative
cases were traced for reconstructions from Photoshop im-
ages.

Brainstems were included in the analysis if they satis-
fied the following criteria 1) punctate cell nucleus-specific
DAB reaction product in brainstem and midbrain auditory
nuclei and 2) at least five sequential sections containing
immunolabeled cells in MNTB or eight sequential sections
on at least one side of the brain containing immunolabeled
cells in DCN.

Quantitative analysis

All microscopic and quantitative analyses were per-
formed blind to genotype. For both DCN and MNTB, cells
were counted in each section on both right and left sides.
For each brain, the total number of c-fos-positive cells
counted in each nucleus was divided by the total number
of counted sections to get a value of mean cell number per
section. In each case, the left and right sides were aver-
aged together if they each fit the inclusion criteria de-
scribed above. For DCN, the three sequential sections
showing the greatest number of c-fos-positive cells were
identified as the area of peak activation and were chosen
for quantitative and topographic analysis. Thus, calcula-
tion of mean number of cells per section was determined
by dividing the total number cells in the peak area of
activation by three. As a result of more uniform numbers
of c-fos-positive cells throughout all sections of MNTB, all
sections immunolabeled for c-fos were included in the
quantitative and topographic analysis. The calculation of
the mean number of cells per section in MNTB was there-
fore determined by dividing the total number of cells
counted by the total number of sections counted, which
ranged from five to eight. All c-fos-positive cell counts
were corrected by using the Abercrombie method (Aber-
crombie, 1946). The number of sections analyzed did not
vary across genotypes.

Topographic measurements were made in OpenLab
software. The position of each cell was defined as the
distance (in micrometers) from either the dorsal tip of
DCN or the medial edge of MNTB, normalized to the total
length of the nucleus in that section. The positions of
c-fos-positive cells in each section were then averaged to
obtain a mean position value of c-fos-positive cells for the
section. This mean position was then averaged over all
sections in each brain to obtain a mean position value for
each brain. The standard deviation of this position vari-
able in each section was also used as an indication of
tonotopic spread. All tabulated data for each brain were
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then exported to JMP software (SAS Institute) for statis-
tical comparisons of genotype groups.

PCR and genotyping

The genotype of each animal was determined by PCR.
Tail samples (2 mm) were obtained from each animal prior
to sound exposure and later compared with another sam-
ple taken immediately prior to transcardial perfusion.
Each tail sample was digested overnight at 37°C in Ep-
pendorf tubes containing 4 �g/ml proteinase K (Sigma) in
lysis buffer (100 mM Tris-HCl, 5 mM EDTA, 0.2% SDS,
200 mM NaCl). The DNA was then extracted with 100%
isopropanol and resuspended in distilled water to 0.3 �g/
ml. PCR amplification of EphA4 was performed with three
oligonucleotides containing the sequences GTTTC-
CGCTCTGAGCTTATACTGC, ACAGTGAGTGGACAAA-
GAGACAGG, and CGCTCTTACCAAAGGGCAAAC. Gel
electrophoresis of PCR product revealed a 639-bp band for
wild-type EphA4 DNA and an 800-bp band for the mutant
allele. Ephrin-B2 PCR genotyping was performed with
three oligonucleotides containing the sequences AGGC-
GATTAAGTTGGGTAACG, TCTGTCAAGTTCGCTCTGA-
GG, and CTTGTAGTAAATGTTGGCAGGACT (Operon
Biotechnologies, Huntsville, AL). Gel electrophoresis of
PCR product revealed a 500-bp band for wild-type
ephrin-B2 DNA and a 400-bp band for the mutant lac-Z
containing ephrin-B2 allele, as described for this mouse
line (Dravis et al., 2004).

RESULTS

Spatiotemporal patterns of EphA4 in
auditory nuclei

To assess the role(s) of Eph proteins in the functional
organization of auditory pathways, we first examined ex-
pression patterns of EphA4 during the postnatal period.
We used X-gal histochemistry to detect �-galactosidase
expression in an EphA4 mutant line with inserted lacZ
sequences that faithfully report EphA4 expression (Leigh-
ton et al., 2001). Within the ventral cochlear nucleus
(VCN), EphA4 expression at P3 is graded, with highest
levels in the dorsalmost, high-frequency quadrant of the
principal cell area. The granular cell area in the lateral
portion of the VCN is thick at this early postnatal age and
shows no staining (Fig. 1A). From P10 to P18, EphA4 has
a more uniform expression pattern in the VCN; an exam-
ple of expression at P18 is shown in Figure 1B. Similarly,
a high- to low-frequency gradient of expression was seen
in DCN at P3 (Fig. 1C), and expression became more
uniform across the frequency axis at later ages (Fig. 1D).
X-gal labeling showed uniform expression across the fre-
quency axis of MNTB at P3 (Fig. 1E) and later ages (Fig.
1F), consistent with our previous observations in this nu-
cleus (Hsieh et al., 2007). EphA4 is also expressed in a
high- to low-frequency gradient in the central nucleus of
the inferior colliculus (cIC; Fig. 1G), and expression be-
comes more uniform at P18 (Fig. 1H).

Spatiotemporal patterns of ephrin-B2 in
auditory nuclei

To characterize the developmental expression of
ephrin-B2 in the auditory pathway, we used ephrin-
B2lacZ/� mice in which the mutant gene encodes a
membrane-bound ephrin-B2-�-galactosidase fusion pro-

tein (Dravis et al., 2004). We found that ephrin-B2 is
heavily expressed in the auditory nerve at P3 in the por-
tion of the nerve near the brainstem entry (Fig. 2A). The

Fig. 1. Expression of EphA4 in auditory nuclei. A: EphA4�/� mice
were used for X-gal histochemistry to report EphA4 expression. VCN
is outlined in dotted lines (including principal cells and the granular
layer). At P3, label is seen in a gradient with dorsal (high-frequency)
region showing more pronounced expression in the principal cells. The
thick granular layer shows no expression. Axes indicate dorsal and
medial for A–F. B: P18 VCN shows label throughout the nucleus, and
the gradient is no longer apparent. C: At P3, the DCN shows a
gradient similar to that of P3 VCN, with expression in dorsal regions
higher than ventral regions. D: P18 mouse shows uniform EphA4
expression along the frequency axis of DCN. E: EphA4 is uniformly
expressed along the mediolateral frequency axis of MNTB. F: At P18,
expression remains and does not vary along the mediolateral axis.
G: At P3, EphA4 is expressed in a gradient across the frequency axis
of the inferior colliculus (IC). Axes indicate dorsal and lateral for G,H.
H: At P18, labeling in the IC is more evenly distributed. Scale bars �
100 �m in D (applies to A–D); 100 �m in H (applies to E–H).
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pattern of expression is nonuniform and is reduced in the
nerve at P10 (data not shown). Unlike that of EphA4,
ephrin-B2 expression is uniform along the dorsoventral

frequency axis of the VCN at P3 (Fig. 2A) and remains
uniform at P18 (Fig. 2B). Expression is also uniform in the
DCN at both ages (Fig. 2C,D). As with EphA4, ephrin-B2
shows no apparent gradient along the mediolateral fre-
quency axis of MNTB at P3 (Fig. 2E), and at P18 expres-
sion is nearly absent (Fig. 2F). Additionally, ephrin-B2
has a distribution similar to that of EphA4 in the cIC,
where it is expressed in a high- to low-frequency gradient
at P3 (Fig. 2G), yet, unlike the case with EphA4, graded
expression persists at P18 (Fig. 2H). Together, these re-
sults show that gradients of expression of EphA4 and
ephrin-B2 are present in subcortical auditory nuclei dur-
ing the formation of auditory connections.

Evaluation of frequency selective bands in
wild-type mice

The expression patterns in the auditory nuclei at early
ages suggest that EphA4 and ephrin-B2 may be involved
in formation of tonotopic projections in two distinct path-
ways. The VCN projects to the superior olivary complex,
which includes MNTB, via the ventral acoustic stria. The
DCN projects directly to the contralateral inferior collicu-
lus and contralateral cochlear nucleus through the dorsal
acoustic stria (Cant and Benson, 2003).

We followed c-fos expression after pure tone exposure to
evaluate frequency-specific activation patterns in auditory
brainstems of mutant mice. To identify auditory nuclei
suitable for this analysis, we first established which nuclei
in wild-type animals showed consistent frequency bands
of c-fos-positive cells after pure tone exposure. Several
studies have demonstrated that the position of bands of
c-fos-positive neurons varies with the frequency of the
stimulus in the auditory brainstem nuclei, and the posi-
tions correlate with physiologically identified isofrequency
axes (Ehret and Fischer, 1991; Friauf, 1992; Rouiller et
al., 1992; Brown and Liu, 1995; Saint Marie et al.,
1999a,b). Because the conditions and species varied in
these studies, we had first to establish optimal, consistent
frequency bands in auditory nuclei of wild-type mice be-
fore comparing distributions of cell activation with those
seen in mutant mice.

After tone exposure and c-fos immunohistochemistry,
we examined the distribution of labeled cells in several
nuclei. Figure 3 shows representative examples of the
labeling patterns observed under our conditions. In the
DCN (Fig. 3A), a cluster of labeled cells was consistently
observed after exposure to 8-kHz pure tones. Animals
maintained in silence showed very little c-fos expression
in DCN (Fig. 3B). This 8-kHz pure tone was the optimal
frequency for obtaining consistent bands in this nucleus,
because with responses obtained with higher frequencies
it was difficult to distinguish the band from the granule
cell cap activation. Clusters of labeled cells were seen in
appropriate frequency areas within MNTB using 40-kHz
pure tone stimulation (Fig. 3C), although not in animals
maintained in silence (Fig. 3D) and not in animals ex-
posed to lower frequency tones (not shown). For the VCN
(Fig. 3E), we did not observe clusters or bands of labeled
cells like those in DCN; activation was diffuse along the
dorsoventral axis. This result is consistent with previous
studies using similar methods (Ehret and Fischer, 1991).
For both low and high frequencies, we did not consistently
observe labeled cells in discrete frequency bands in the IC
that were distinguishable from off-band activation (Fig.
3F). Analysis in the remainder of the study thus focused

Fig. 2. Expression of ephrin-B2 in auditory nuclei. A: Ephrin-B2lacZ/�

mice were used to report ephrin-B2 expression. Labeling is distributed
throughout VCN at P3. In addition, axons in the VIIIth nerve (n. VIII)
express ephrin-B2 in a nonuniform manner. Axes indicate dorsal and
medial for A–F. B: Labeling is uniform throughout the frequency axis of
VCN at P18. C: In DCN, label is diffuse at P3 and excludes the granule
cell layer. D: Uniform expression persists in DCN at P18. E: At P3,
MNTB has uniform label across the lateromedial axis. F: MNTB has no
detectable ephrin-B2 expression at P18. G: The central region of IC
expresses ephrin-B2 in a ventral-to-dorsal gradient at P3. Axes apply to
G,H. H: Expression in IC is reduced at P18 but is still expressed in a
ventral-to-dorsal gradient. Scale bars � 100 �m.
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Fig. 3. Summary of c-fos patterns in auditory nuclei in wild-type
mice. In all panels, medial is to the right and dorsal is upward.
A: DCN showed consistent bands of c-fos-positive cells in response to
8-kHz stimulation (black lines). B: Labeled cells were not seen in
tissue from animals maintained in silence. C: MNTB consistently had
clustered bands of c-fos-positive cells in response to the 40-kHz stim-
ulus. D: MNTB showed no c-fos-positive cells in animals maintained

in silence. E: c-fos immunolabeling in VCN (dotted outline) was dif-
fuse and variable in response to 8-kHz, whereas DCN (partially vis-
ible above VCN) showed a recognizable cluster. F: c-fos responses
were highly variable in IC for both 8- and 40-kHz tones. In this
representative example, a small number of widely spaced c-fos-
positive cells are seen in response to the 8-kHz stimulus. Scale bar �
100 �m, applies to all panels.
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on 8-kHz tone exposure to examine the DCN and 40-kHz
tone exposure to examine the MNTB. These two nuclei are
the lowest-order nuclei in the two pathways through the
dorsal and ventral acoustic striae, respectively, for which
we obtained robust frequency bands in wild-type animals.

c-fos Immunoreactivity in DCN after
exposure to 8-kHz tones

After exposure to 8-kHz pure tones, the cluster of c-fos-
positive cells was typically seen in the low-frequency, ven-
tral half of DCN. These c-fos-positive cells formed a me-
diolateral band, transverse to the longer dorsoventral
dimension of the nucleus. Figure 4A shows a discrete band
of labeled cells in DCN of an EphA4�/� mouse brainstem.
In EphA4�/� DCN, there was a 42% reduction in the mean
number of c-fos-positive cells/section (14.9 � 1.7; n � 3)
compared with wild-type DCN (25.7 � 2.1 n � 3; P � 0.05,
t-test; Fig. 5, upper left). The spread of activation (stan-
dard deviation of mean position) did not differ between
these groups (EphA4�/� 0.066 � 0.035 vs. EphA4�/�

0.087 � 0.022, P � 0.6, ANOVA), suggesting that, al-
though there are fewer c-fos-positive cells activated in
EphA4�/� mice in response to a pure tone stimulus, these
cells have a distribution along the tonotopic axis similar to
that seen in wild-type mice (Fig. 5, upper right).

In contrast to this difference in the number of c-fos-
positive cells, DCN in ephrin-B2�/� and ephrin-B2lacZ/�

mice showed no difference in the number of c-fos-positive
cells in response to 8 kHz pure tone exposure (ephrin-
B2�/� 29.5 � 7.7; n � 3 vs. ephrin-B2lacZ/� 30.0 � 6.9
cells/section; n � 5; P � 0.9, t-test; Fig. 5, lower left).
However, in an analysis of dorsoventral spread, we found
that the standard deviation of position was significantly
larger in ephrin-B2lacZ/� mice (0.144 � 0.005) than wild-
type controls (0.106 � 0.012; P � 0.02, t-test; Fig. 5, lower
right). All c-fos-positive cell counts were adjusted by cor-
rection factors for nuclear size (Abercrombie, 1946), and
no significant differences in nuclear size were observed
between genotypes for either DCN or MNTB.

c-fos-Positive cells in MNTB after exposure
to 40-kHz tones

After exposure to 40-kHz tones, the c-fos-positive cells
in MNTB formed a discrete band in the medial half of the
nucleus. The immunoreactive cells were arranged in a
banded cluster, transverse to the mediolateral, tonotopic
axis (Fig. 6). An example of labeling in an EphA4�/�

mouse brainstem is shown in Figure 6A. EphA4�/� mice
had fewer cells in each band than matched wild-type con-
trols (Fig. 6B). Similarly, bands of c-fos-positive cells after
pure tone exposure in ephrin-B2lacZ/� mice (Fig. 6D) con-
tained fewer cells than those seen in ephrin-B2�/� mice
(Fig. 6C). Traced reconstructions of sections through
MNTB show the appearance of c-fos-positive bands in
representative wild-type and EphA4�/� cases and illus-
trate changes in cell number and position (Fig. 6E).

Quantification of number and position of these c-fos-
positive cells in MNTB showed significant differences
among genotype groups. The number of c-fos-positive cells
per section in EphA4�/� (2.77 � 0.47) and EphA4�/�

(2.95 � 0.81) mice were both significantly reduced com-
pared with wild-type controls (6.86 � 1.30; P � 0.05,
ANOVA; Fig. 7A, left). The standard deviation of position
across the tonotopic axis was significantly smaller in both
EphA4�/� mice (0.063 � 0.011) and EphA4�/� (0.070 �

0.007) than in wild-type controls (0.094 � 0.003; P � 0.05,
ANOVA; Fig. 7A, right). These MNTB results suggest a
reduction of cell number activation similar to that seen in
DCN and, furthermore, that the tonotopic spread is nar-
rower in EphA4�/� and EphA4�/� mice than in wild-type
controls. In ephrin-B2lacZ/� mice, the number of c-fos-
positive cells per section (3.26 � 0.63) was also signifi-
cantly reduced compared with wild-type controls (6.12 �
0.72; P � 0.05, t-test; Fig. 7B, left). However, the standard
deviation of position was not significantly different (P �
0.2) from that in wild-type controls (Fig. 7B, right). These
results suggest that ephrin-B2 has a role in MNTB differ-
ent from that in DCN.

The mean position of each band in MNTB was more
lateral in EphA4�/� and EphA4�/� mice than in wild-type
controls (Fig. 7C). As a percentage of the mediolateral
extent, wild-type mice showed that the mean position of
labeled cells was centered at 26.8% � 1.5% of the nucleus.
In heterozygotes, this mean position was centered at
36.0% � 3.5%, and, in EphA4�/� mice, it was 36.6% �
2.7%. Both heterozygotes and mutants differed signifi-
cantly from wild types in this mean position measurement
(P � 0.05, ANOVA). In ephrin-B2lacZ/� mice, the mean
position was not statistically significantly different from
wild-type littermate controls (P � 0.5, t-test). These re-
sults suggest that reduction or deletion of EphA4 shifts
the normal tonotopic arrangement in MNTB, whereas re-
duction of ephrin-B2 does not.

DISCUSSION

The present study examines how mutations in EphA4
and ephrin-B2 affect patterns of neural activation in the
auditory brainstem. We demonstrated the presence of re-
porters for both EphA4 and ephrin-B2 proteins in auditory
brainstem nuclei during early postnatal development (P3)
and at a posthearing-onset period of P18–25. We found
that, at P3, ephrin-B2 shows a nonuniform expression
pattern in the VIIIth nerve and that EphA4 is expressed
in a high- to low-frequency gradient in both DCN and
VCN. Furthermore, both molecules show a graded expres-
sion pattern in the inferior colliculus; this pattern be-
comes more uniform for EphA4, but not for ephrin-B2.
These expression data motivated our analysis of func-
tional activation patterns in mutant mice.

To examine how the loss of Eph family proteins influ-
ences the functional organization of cells in these auditory
nuclei, we first identified nuclei that gave a robust, con-
sistent band of c-fos-positive cells in response to pure
tones in wild-type mice. We found a consistent banded
pattern only in DCN and in MNTB, which represent com-
ponents of distinct auditory pathways. We then compared
these patterns with those we obtained in mutant mice.
Our results are summarized in Figure 8. In EphA4 mu-
tant mice, fewer cells were c-fos positive in both nuclei,
and these cells were more narrowly distributed in MNTB.
The position of this narrowed band was also shifted later-
ally within MNTB. In ephrin-B2 heterozygous mice, c-fos-
positive cells were more broadly distributed in DCN and
were less numerous in MNTB. Taken together, our results
provide the first evidence that Eph proteins have impor-
tant roles in the tonotopic organization of mammalian
auditory brainstem nuclei.
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Measures of auditory activation with c-fos

Our measure of neural activation reflects neurotrans-
mission from afferent to target that causes action poten-

tial generation, calcium influx, and subsequent rapid
transcription of the immediate early gene c-fos (Morgan
and Curran, 1989; Kovacs, 1998). This measure allows
detection of suprathreshold excitatory events, which re-

Fig. 4. Coronal sections showing c-fos immunoreactivity in DCN
after exposure to 8-kHz pure tones. In all panels, medial is to the right
and dorsal is upward. A: EphA4�/� mice show a discrete band of
c-fos-positive cells toward the ventral region of DCN, outlined in
dotted lines. B: In EphA4�/� mice, c-fos immunoreactivity was still
restricted to a discrete band, but fewer cells were labeled. C: Ephrin-
B2�/� mice show a band of c-fos-positive cells in response to pure tone

stimulation. D: Ephrin-B2lacZ/� mice show a broader distribution of
c-fos-positive cells in response to the 8-kHz tone. The elongated ap-
pearance of DCN in C and D (compared with A and B) reflects a more
caudal pair of sections through the nucleus and a slight difference in
morphology in the two background strains that does not result from
the mutation. Scale bar � 100 �m.
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sult from the summed inputs to each cell. Firing rates of
labeled cells are not distinguishable; hence, this method
does not provide information about tuning curves for in-
dividual neurons. However, c-fos immunoreactivity arises
in cells that contain the stimulus frequency within their
excitatory receptive fields. We thus focused on the spatial
distribution of those cells, a reflection of the tonotopic
order.

DCN and MNTB consistently showed frequency-specific
expression bands of c-fos-positive cells here and in previ-
ous studies (Ehret and Fischer, 1991; Rouiller et al., 1992;
Brown and Liu, 1995). Within the cochlear nucleus, DCN
has shown a more consistent tonotopic expression of c-fos
protein than VCN. The lack of consistent tonotopic bands
in VCN may be due in part to the relatively high level of
spontaneous activity in this nucleus (Woolf and Ryan,
1985), which would undermine the recognition of a dis-
tinct tone-evoked band, as suggested in Figure 3E. More-
over, differential expression of c-fos protein in the anterior
and posterior divisions of VCN might compromise recog-
nition of distinct bands along the rostrocaudal extent of
our tissue sample. Furthermore, the requirement of high

intensities (120 dB) to recruit tonotopic c-fos mRNA (Saint
Marie et al., 1999a; Yang et al., 2005) suggests that c-fos
expression in this nucleus is not sensitive to the 75-dB
stimulus levels used in this study. However, expression of
c-fos mRNA does correlate with stimulus frequency in
MNTB (Saint Marie et al., 1999a), and our 40-kHz, 75-dB
stimulus was also effective at recruiting a spatially re-
stricted frequency band of c-fos protein expression in this
nucleus. The superior efficacy of 40 kHz over lower fre-
quencies reflects the role of MNTB in processing high-
frequency stimuli within the interaural level difference
pathway. Taken together, our study and previous studies
support the use of c-fos as a consistent assay for frequency
organization in DCN and MNTB.

Differences in c-fos-positive cell number

The number and pattern of c-fos-positive cells in re-
sponse to pure tone stimulation were altered in the mu-
tant mice. Changes were observed in EphA4 and
ephrin-B2 mutant mice in auditory nuclei that express
these proteins. However, because the mutant mice lack
the genes in all cells, we cannot say with certainty that the
changes are due to loss of proteins in these nuclei. Indirect
effects downstream of deficits in earlier development re-
main possible.

Lack of EphA4 influences the magnitude of activation in
both the DCN and the MNTB, whereas reduction of
ephrin-B2 affects magnitude only in MNTB. One of the
reasons for this difference could be a stronger impact of
EphA4 receptor loss on the ear than in the central nervous
system. EphA4 repels both ephrin-B2- and ephrin-B3-
containing spiral ganglion neurites (Brors et al., 2003).
Hence, one possibility is that mistargeted primary affer-
ents in the ear of EphA4�/� mice might be deficient in
connections to the brainstem, which results in reduced
tone-evoked activation. In contrast, the lack of effect on
magnitude in ephrin-B2lacZ/� DCN suggests that a single
copy of the wild-type ephrin-B2 allele may be sufficient for
normal activation in the cochlea and DCN. Our analysis
was restricted to heterozygous ephrin-B2 mice, because
homozygous mutations are lethal at about P0. The specific
effect on topographic activation in the DCN of ephrin-
B2lacZ/� mice without an effect on magnitude suggests
that ephrin-B2 protein is an important local cue for correct
targeting in the developing central nervous system.

Differences in tonotopic distribution in
DCN and MNTB

Effects of Eph or ephrin mutations on the width or
position of bands of c-fos-positive neurons might arise
from targeting errors in the tonotopic projections to audi-
tory brainstem nuclei. The presence of ephrin-B2 in the
auditory nerve and the gradient of EphA4 along the fre-
quency axis in DCN at early postnatal ages provide one
possible combination of proteins that can guide topogra-
phy in this nucleus. These expression patterns are ob-
served at P3, a time that precedes the elaboration of axon
terminals and formation of synapses in the hamster DCN
(Schweitzer and Cant, 1984). Our data thus support a role
for these proteins in axon guidance. That DCN shows
topographic errors in ephrin-B2lacZ/� mice but not in
EphA4�/� mice suggests that partial loss of this ligand
has a greater effect on topography than loss of the recep-
tor.

Fig. 5. Quantification of the number and spread of c-fos-positive
cells in DCN after exposure to 8-kHz pure tones in two mouse lines.
Error bars denote standard errors of the mean in this and all other
figures. Asterisks indicate statistically significant differences using
Student’s t-test. Top: In EphA4�/� mice (n � 3), there were signifi-
cantly fewer c-fos immunoreactive cells in DCN than in EphA4�/�

mice (n � 3; *P � 0.05), but the spread, measured as the standard
deviation of position, was not significantly different between these
two genotypes. Bottom: Ephrin-B2�/� mice (n � 3) and ephrin-B2lacZ/�

mice (n � 5) had similar numbers of c-fos-positive cells in DCN, but
the spread was significantly greater in ephrin-B2lacZ/� mice than in
wild-type mice (*P � 0.05).
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Fig. 6. Coronal sections showing c-fos immunoreactivity in MNTB fol-
lowing exposure to 40-kHz pure tones. In all panels, medial is to the right
and dorsal is upward. MNTB is outlined in all panels with black dots.
A: EphA4�/� mice have a distinct band of c-fos-positive cells in the medial
(high frequency) region of MNTB. B. In EphA4�/� mice, c-fos immunoreac-
tivity was restricted to a significantly narrower band than in wild-type mice.
Additionally, fewer cells were c-fos-positive. C: In ephrin-B2�/� mice, there
was also a distinct band of c-fos-positive cells in MNTB in response to pure
tone stimulation. D: Ephrin-B2lacZ/� mice had significantly fewer c-fos-

positive immunoreactive cells in MNTB than did wild-type mice (P � 0.02,
t-test). E: Reconstructions of representative examples of EphA4�/� (left) and
EphA4�/� (right) MNTB showing the entire rostrocaudal extent of the
nucleus with medial edges aligned, and each dot representing a single
c-fos-positive cell. There are fewer c-fos-positive cells in EphA4�/� mice,
especially in the medial portion of the nucleus. The labeled cells are more
narrowly distributed. Scale bars � 100 �m in D (applies to A–D); 100 �m
in E.



The effects of mutations that we observed in MNTB may
similarly involve defects in axon guidance. Our expression
studies demonstrate a gradient of EphA4 in VCN at P3, a
time when tonotopically ordered connections from this
nucleus are contacting MNTB neurons and forming ca-
lyceal synapses (Kil et al., 1995; Hoffpauir et al., 2006).
The gradient of EphA4 in VCN cells may influence axon
target choice along the frequency axis of MNTB during the
early postnatal period. Neither EphA4 nor ephrin-B2 had
graded expression in MNTB, but it remains possible that
other ephrins that bind EphA4 are expressed in tonotopic
gradients in MNTB.

Effects on the organization of functional activation in
cerebral cortex have been demonstrated in mice lacking

Eph proteins (Prakash et al., 2000; Cang et al., 2005), and
these likely arise from errors in topographic mapping ob-
served at subcortical levels (Feldheim et al., 2000; Yates et
al., 2001; Dufour et al., 2003; Garel and Rubenstein,
2004). Axon targeting errors result in broadened tonotopic
mapping in the chick auditory brainstem after misexpres-
sion of EphA4 (Huffman and Cramer, 2007). Thus, a broad
band of cells expressing c-fos in response to a given fre-
quency may signify that a broad region of cells receives
input from neurons tuned to that frequency. Conversely,
the narrowed frequency band in EphA4�/� MNTB might
arise from narrowed topographic projections to MNTB.
Because Eph signaling has both attractive and repulsive
influences during axon guidance (Cowan and Henkem-
eyer, 2002; Holmberg and Frisen, 2002; Mann et al., 2004;
Marquardt et al., 2005), it remains possible that they
serve to either restrict or broaden projections.

An alternative explanation for the narrowed band in
MNTB of EphA4 mutants relates to the reduction in the
activation of c-fos-positive cells. The extent of c-fos activa-
tion within an auditory brainstem nucleus has been
shown to depend strongly on the intensity of the sound
presentation (Saint Marie et al., 1999a,b). Thus, an in-
crease in the sensitivity of auditory neurons could result
in an increase in the proportion of the nucleus that ex-
presses c-fos in response to a pure tone. We used relatively
low levels of sound in this study (75 dB, free field) to
minimize the activation of inputs across frequencies and
in accordance with previous studies demonstrating clear
frequency bands (Ehret and Fischer, 1991; Friauf, 1992,
1995; Sato et al., 1993; Brown and Liu, 1995; Saint Marie
et al., 1999a,b; Yang et al., 2005). Increasing neuronal
sensitivity might increase the width of a frequency band.
Mutations in EphA4 likely resulted in decreased sensitiv-
ity, insofar as fewer neurons expressed c-fos in these an-
imals, but mutations in ephrin-B2 resulted in a broadened
DCN frequency band, with no concurrent effect on mag-
nitude. Changes in sensitivity are thus unlikely to account
for broadening of the frequency band in ephrin-B2 mutant
DCN.

However, in MNTB, mutations in EphA4 decreased the
total number of c-fos-positive cells and also decreased the
topographic spread of these cells. Thus, at least in this
case, the effect of the mutation on c-fos-positive cell num-
ber could be related to the decreased width of the fre-

Fig. 7. Quantification of the number and spread of c-fos-positive
cells in MNTB after 40-kHz pure tone stimulation. A: EphA4�/� mice
(black bar, n � 5) had a significantly greater number of c-fos-positive
cells in MNTB than either EphA4�/� mice (n � 4) or EphA4�/� mice
(n � 3; *P � 0.02, ANOVA). In addition, the mean mediolateral
spread, taken as the average standard deviation of position, was
significantly smaller in both EphA4�/� mice and EphA4�/� mice than
in EphA4�/� mice (*P � 0.03), indicating that stimulation of the
nucleus with pure tones activates cells in a more narrow topographic
region. B: Ephrin-B2�/� mice (black bar, n � 4) had a significantly
greater number of c-fos-positive cells in response to the pure tone
stimulation than ephrin-B2lacZ/� mice (n � 5; *P � 0.05). There was no
significant difference in the mean standard deviation of position for
these two groups of mice. C: Mutations in EphA4 result in a shift of
the 40-kHz frequency band in MNTB. The mean position along the
mediolateral axis is plotted as a percentage of the distance along the
nucleus for the same animals shown in Figure 7, top row. The mean
position in EphA4�/� mice was centered at 26.8% � 1.5% of the
nucleus (black bar). This value differed from the mean position for
EphA4�/� mice (36.0% � 3.5%) and the mean position for EphA4�/�

mice (36.6% � 2.7%; *P � 0.04). This apparent lateral shift in the
40-kHz frequency band may arise because fewer cells are activated in
the medial end of the nucleus.

Fig. 8. Summary diagram of the results for mutations in both
DCN and MNTB. Dashed lines indicate expected position of the fre-
quency band, as observed in wild-type mice. Deletion of EphA4 results
in a decreased activation of c-fos in both DCN and MNTB (fewer dots).
The frequency band is narrower and has a laterally shifted mean
position in MNTB. Reduction of ephrin-B2 results in a broader fre-
quency band in DCN, suggesting a degradation of the tonotopic spec-
ificity in that nucleus. In addition, ephrin-B2lacZ/� mice have fewer
c-fos-positive cells in MNTB after pure tone stimulation.
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quency band. However, the change in the frequency band
of EphA4�/� MNTB also included a shift to a more lateral
mean position in the nucleus. This shift cannot be ex-
plained by a decrease in c-fos response alone, unless that
decrease is biased toward high frequencies, represented in
the medial portion of the nucleus. Thus, selective reduc-
tion of sensitivity in medial MNTB may account, at least
in part, for the lateral shift of frequency bands in MNTB.

As ephrin-B2 affects spatial distribution only in DCN
and magnitude only in MNTB, the role of ephrin-B2 is
likely different in the cochlear nucleus than it is in MNTB.
This difference in the function of ephrin-B2 may arise
from variations in expression levels of this protein (Figs. 1,
2) or differences in the levels of other Eph family proteins
in these structures. Although individual Eph proteins and
signaling mechanisms may vary across nuclei, these gra-
dients are consistent with a broad role for Eph family
proteins in the establishment of tonotopic connections.
Moreover, the gradients of EphA4 and ephrin-B2 that we
observed in the IC suggest that these proteins might have
a similar role in the auditory midbrain as well.

Impact of Eph family proteins on neural
circuitry

This study provides evidence that EphA4 and ephrin-B2
participate in forming the functional organization of fre-
quency responses in the auditory brainstem. Our expres-
sion studies are consistent with a role for axon pathfind-
ing. Although axon targeting errors may account for the
broadening of the frequency band in DCN, other functions
of Eph proteins may underlie these changes. Interactions
between ephrins and Eph receptors mediate dendritic
spine formation in hippocampus (Murai et al., 2003), syn-
apse formation (Rodenas-Ruano et al., 2006), and physio-
logically measured synaptic plasticity (Grunwald et al.,
2004). These studies likely generalize to the auditory
brainstem nuclei, where Eph proteins may contribute to
complex aspects of network organization, including the
strengths of individual synapses. Moreover, other Eph
proteins may interact with EphA4 and ephrin-B2 during
development. Thus there are several functions for Eph
proteins that may result in altered functional topography
in the auditory brainstem, and multiple functions may act
at early stages of this pathway.
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