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Abstract

During the development of periphery auditory circuitry, spiral ganglion neurons (SGNs) form a 

spatially precise pattern of innervation of cochlear hair cells (HCs), which is an essential structural 

foundation for central auditory processing. However, molecular mechanisms underlying the 

developmental formation of this precise innervation pattern remain not well understood. Here, we 

specifically examined the involvement of Eph family members in cochlear development. By 

performing RNA-sequencing for different types of cochlear cell, in situ hybridization and 

immunohistochemistry, we found that EphA7 was strongly expressed in a large subset of SGNs. In 

EphA7 deletion mice, there was a reduction in the number of inner radial bundles originating from 

SGNs and projecting to HCs as well as in the number of ribbon synapses on inner hair cells 

(IHCs), as compared with wild-type or heterozygous mutant mice, attributable to fewer type I 

afferent fibers. The overall activity of the auditory nerve in EphA7 deletion mice was also reduced, 

although there was no significant change in the hearing intensity threshold. In vitro analysis 

further suggested that the reduced innervation of HCs by SGNs could be attributed to a role of 

EphA7 in regulating outgrowth of SGN neurites, as knocking down EphA7 in SGNs resulted in 

diminished SGN fibers. In addition, suppressing the activity of ERK1/2, a potential downstream 

target of EphA7 signaling, either with specific inhibitors in cultured explants or by knocking out 

Prkg1, also resulted in reduced SGN fibers. Together, our results suggest that EphA7 plays an 

important role in the developmental formation of cochlear innervation pattern through controlling 
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SGN fiber ontogeny. Such regulation may contribute to the salience level of auditory signals 

presented to the central auditory system.
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INTRODUCTION

During cochlear development, spiral ganglion neurons (SGNs) form a precise, stereotypic 

pattern of innervation of hair cells (HCs). Molecular mechanisms underlying the formation 

of this innervation pattern remain unclear. Several studies have begun to examine the role of 

various axon guidance molecules in this process. It has been found that Slit/Robo family 

molecules (Wang et al., 2013), and ErbB2 (Mao et al., 2014) are involved in controlling the 

migration of SGNs during the formation of the HC innervation pattern. Recently, it was also 

reported that ephrins and Eph receptors are involved in the regulation of SGN axons 

projecting to HCs (Coate et al., 2012; Defourny et al., 2013).

Ephrins and Eph receptors play a variety of roles during the establishment of neural 

circuitry. Their varied expressions in a spatially organized manner during development 

provide specific Eph/ephrin interactions for regulating cell migration, neurite outgrowth, 

axon guidance, synaptogenesis, and many more (Pasquale, 2005). Various studies have 

shown that ephrins and Eph receptors are expressed in the developing mouse inner ear 

(Bianchi and Liu, 1999; Bianchi and Gale, 1998; Pickles et al., 2002; Pickles, 2003; Saeger 

et al., 2011; Zhou et al., 2011) and that they are involved in the proper assembly of auditory 

neural circuits at nearly every stage of the auditory pathway from peripheral projections to 

the auditory cortex (for review, see Cramer and Gabriele, 2014).

Recent studies have shed some light on ephrin signaling mechanisms for regulating 

peripherally projecting axons of SGNs that innervate HCs. Eph receptor A4 (EphA4) has 

been found to be important for the proper fasciculation of SGN axons, and for their proper 

pathfinding to innervate HCs (Coate et al., 2012; Defourny et al., 2013). EphB1–3 are shown 

to regulate the growth of SGN axons (Bianchi and Gray, 2002; Zhou et al., 2011). 

Interestingly, the defect caused by each specific Eph receptor mutation is relatively subtle. 

Given the fact that there are eight EphA and five EphB receptor variants, this raises a 

possibility that Eph receptors may act synergistically to control coordinated development of 

cochlear innervation pattern. Indeed, previous in situ hybridization studies have shown 

expression of several Eph members other than EphA4 and EphB1–3 in the developing 

mouse inner ear (Bianchi and Gale, 1998; Bianchi and Liu, 1999; Pickles, 2003).

To systematically examine the involvement of different Eph receptors in cochlear 

development, we generated gene expression profiles of Eph receptors in different cochlear 

cell populations and observed strong expression of EphA7 in the spiral ganglion (SG) and 

greater epithelial ridge (GER). In the EphA7 knockout mouse, the number of SGN fibers 

was affected, as evidenced by a reduced number of inner fiber bundles and diminished 
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synaptic contacts on inner hair cells. Our results revealed a previously unrecognized role of 

EphA7 in regulating the initial elaboration of SGN neurites, and suggested possible Eph/

ephrin mediated processes in a specific subset of SGNs.

METHODS

Animals

Mice were handled according to the protocols approved by the Institutional Animal Care and 

Use Committees at the University of Southern California (USC). EphA7 and Prkg1 

homozygous mutants were obtained by crossing heterozygous littermates with the plug day 

defined as E0.5. Genotyping was performed as previously described (Rashid et al., 2005). 

Genotyping of Ai6 (Rosa-CAG-LSL-ZsGreen1-WPRE), Parvalbumin (PV)-Cre, glutamate 

decarboxylase 1 (Gad1)-GFP mice (The Jackson Laboratory) was performed following 

previous studies (Hippenmeyer et al., 2005; Madisen et al., 2010; Tamamaki et al., 2003).

Tissue dissection, FACS, RNA amplification, and RNA sequencing

Mouse cochleae were dissected from P3 to P7 pups. Gad1-GFP cochleae were used for GER 

cells, and PV-Cre::Ai6 cochleae for HCs and SGNs. Tissues were further treated to achieve 

complete dissociation as described previously (Wang et al., 2013). Fluorescence-activated 

cell sorting (FACS) was performed at the Flow Cytometry Core Facility of USC. Cell 

suspensions were fed into a BDAriaII sorter and purified using 488 nm laser excitation and a 

100-µm cytoNozzle. Distinct cell populations were collected into DMEM plus 10% FBS and 

pelleted down through centrifuge. RNA was extracted from the collected cells using 

PicoPure RNA isolation kit (Arcturus). Each RNA sample was then amplified using WT-

Ovation Pico amplification kit (Nugen). The quantity and quality of isolated RNAs were 

determined with NanoDrop 2000 (NanoDrop Technologies) and confirmed by Bioanalyzer 

2100 (Agilent Technologies). RNA-sequencing was conducted with Illumina HiSeq 2000 

(Illumina) at the USC Genomics Center following the manufacturer’s instructions.

Immunohistochemistry

Mouse cochleae were dissected at desired time points and fixed with 4% PFA for 2–24hours. 

Fixed samples were permeabilized with 0.8% TrionX-100 followed by incubation in 10% 

serum blocking buffer for at least 1 hour at room temperature. Primary antibody incubation 

overnight at 4°C was followed by secondary antibody incubation for 2 hours at room 

temperature. Confocal z-stack images were obtained using Fluoview1000 (Olympus), 

projected using National Institutes of Health (NIH) ImageJ and further processed using 

Inkscape. Antibodies used in this study and their dilution were as followed: Alexa488-

conjugated mouse anti-Tuj1 (1:300; Covance), rabbit anti-Parvalbumin (PV) (1:300; Swant), 

rabbit anti-EphA7 (1:500; Abgent), goat anti-EphA7 (1:300; R&D), mouse anti-CtBP2 

(1:300; BD Transduction Laboratories).

In situ hybridization

In situ hybridization was performed as previously described (Wang et al., 2013). Probes 

were generated using cDNA probes by RT-PCR. Primer pair for EphA7 follows: forward 5’-

ATGAGGCTTAAGACTGCAGGAG-3’ and reverse 5’- 
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CAGACGAAGCTCAGCCTTTTAT-3’. After subcloning, the identity of the probe was 

confirmed by DNA sequencing.

Cochlea and SGN explant culture

C57BL/6 mice were euthanized according to the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals. Cochlear epithelium with SGNs attached was 

removed mechanically from the bone structure in Leibovitz’s L-15 medium (Invitrogen). For 

whole-mount explant culture, the dissected cochlea was place on a Cell-Tak Cell and Tissue 

Adhesive (BD Biosciences) pre-coated 10 mm culture dish and cultured in DMEM/F12 

supplemented with 10% FBS, 1% N2 supplement and 0.3 mg/ml ampicillin. For 5-

Iodotubercidin experiments, 5-Iodotubercidin (10 µM; Tocris) was added in the explant 

culture after being cultured for 4 hours, and then the culture was maintained for 48 hours in 

a humidified atmosphere with 5% CO2/95% air. For SGN cultures, the dissected cochlear 

epithelium was further microdissected to isolate a piece of SG. For consistency, exactly one 

turn away from the apex of a cochlea was set as the starting point of dissection. Once the SG 

was isolated, pieces were cut in a comparable length and placed on a layer of solidified 

Matrigel (BD Biosciences). Then, another layer of Matrigel was added and the dish was 

incubated at 37°C. After a complete solidification of the Matrigel, cochlear medium was 

added and explants were allowed to grow for 12 hours. Chemical inhibitors/stimulators, 

either 3µM 5-Iodotubercidin (in DMSO), 0.5µM FR180204 (in DMSO), 1mM 8-Bromo-

cGMP (in water) or DMSO alone (as control), were then added and cultured for 24–48 

hours. For siRNA experiments, dissected SG was placed in either standard control siRNA 

(Santa Cruz Biotechnology) or EphA7-specific siRNA (Santa Cruz Biotechnology) drops 

diluted with PBS on a Sylgard-coated dish and then electroporated using a custom-made 

electroporator. Sample was further cultured in 3D Matrigel for 4 days.

TMRD labeling

Mouse inner ear bone with intact auditory nerve projecting out from the bone structure, was 

dissected out in the artificial cerebrospinal fluid (ACSF). A small piece of TMRD crystal 

was applied to the auditory nerve outside of the bone structure and incubated for 30 minutes 

at room temperature. The bone structure was washed with ACSF for several times and 

incubated in oxygenated ACSF for at least 4 hours at room temperature. Cochlea was then 

dissected out and washed extensively with ACSF and fixed with 4% PFA overnight.

Western blot

Proteins of cultured SGs were extracted using Qproteome Mammalian Protein Prep Kit 

(Qiagen) and stored at −80°C with 20% glycerol. Boiled protein extracts were separated 

with NuPAGE Novex Bis-Tris gel (Invitrogen) and transferred using Trans-Blot Turbo 

Transfer System (Bio-Rad). Extracts were probed with anti-EphA7 antibody (1:500; R&D) 

or anti-β-tubulin (1:1000; Cell Signaling), followed by secondary antibody incubation with 

peroxidase-conjugated IgG (Jackson Immunoresearch).
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Image analysis and quantification

All the confocal image stacks were processed in Fiji (ImageJ) software. For calculating area 

occupancy by inner radial bundles, whole-mount immunostained z-stacked images were 

converted to binary images. Pixels of outlined objects in binary images were then counted 

and subtracted from the pixel number of the total area. The measured total area extended 

from the SG boundary to the inner hair cell layer. Significance was tested using two-tailed 

Student’s t-test for two group comparisons, or one-way ANOVA followed by Tamhane’s T2 

post hoc test for multiple group comparisons.

To quantify the number of inner radial bundle trunks, an image layer from the z-stacked 

image acquired at 40X magnification, representing the most medial part of the inner radial 

bundle growing out from SGN somas, was chosen for counting the number of bundles. 

Branches emerging from the middle of inner radial bundles or branches crossing to other 

bundles were not counted. The average bundle thickness (i.e. mean bundle width) was 

calculated by dividing the total length of space occupied by inner radial bundles (at the same 

plane as described above) by the number of bundles (Wang et al., 2013). To quantify the 

number of small fascicles per inner radial bundle, the total number of fascicles at 10 µm 

distance medially from the inner hair cell layer was counted, and the number was then 

divided by the number of inner radial bundles in the chosen area. Significance was tested 

using two-tailed Student’s t-test.

Tuj-1 and DAPI immunostained whole-mount and 20µm cross-sectional P8 cochlear images 

were used to manually count SGN somas in a chosen area. To quantify ribbon synapses of 

inner hair cells, whole-mount cochleae stained with anti-CtBP2 were used. For counting 

ribbon synapses on outer hair cells, confocal z-stacked cross-sectional images at 5 µm 

intervals were used. The total number of ribbon synapses was divided by the total number of 

HC nuclei to obtain the average number of synapses per HC. Significance was tested using 

two-tailed Student’s t-test.

For measuring neurite length in in vitro explants, distance from the somata boundary to the 

distal end of the neurite was measured. The number of outgrowing neurites, i.e. neurites that 

directly projected out from SGN somas, were manually counted. Staining procedures and 

image setting were identical for all samples in the same experiments for comparison. 

Significance was tested using Wilcoxon rank-sum test.

Auditory brainstem response (ABR) recording

5-week old mice were anesthetized with ketamine (80mg/kg) and xylazine (10mg/kg) 

mixture. The body temperature was maintained at 37°C with a heating pad and a rectal 

probe. ABRs were evoked by tone bursts (5-ms duration, with 0.5-ms rise-fall time) at 

frequencies of 8, 12, 16, 24, 32 kHz. The tone intensity was increased in 5 dB steps from 10 

dB to 100 dB sound pressure level (SPL). Responses at each frequency and intensity level, 

averaged across 1000 repetitions, were acquired using EPL Cochlear Function Test Suite 

(Massachusetts Eye and Ear) (Niu et al., 2006). Threshold was identified by visual 

inspection of waveforms.
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RESULTS

EphA7 is a candidate factor for regulating SGN development

To identify genes that might play a role in cochlear development, we performed RNA-

sequencing to screen for genes that are differentially expressed in sensory epithelial cells in 

the organ of Corti (OC) and non-sensory-epithelial cells. Non-sensory-epithelial cells we 

sampled included cells in the GER and SG, while sensory epithelial cells consisted of both 

inner and outer hair cells (IHC and OHC respectively). We took advantage of available 

transgenic mouse lines where different cell types were labelled genetically. As we previously 

reported (Wang et al., 2013), in the Parvalbumin (PV)-Cre line, Cre activity in the cochlea 

was limited to HCs and SGNs, as shown by the green fluorescence pattern in the PV-Cre 

mouse crossed with a Cre-dependent reporter line, Ai6 (zsGreen) (Fig. 1A,B). The 

fluorescence labelled HC layers and SG were surgically separated. In the Gad1-GFP line, 

green fluorescence was specifically observed in cells in the GER region (Fig. 1C,D). From 

dissociated cell samples at ages between postnatal day 3 (P3) and P7, we purified HCs, 

SGNs and GER cells through fluorescence-activated cell sorting (FACS) as described 

previously (Wang et al., 2013) (see Methods). RNA sequencing analysis was then 

performed. We found that various established cell markers for HCs and GER cells were 

highly enriched in the correspondingly designated samples (Fig. 1E), verifying the purity of 

the isolated cell groups. Parvalbumin (“Pvalb”) and Gad1, the restricted expressions of 

which formed the basis for our cell sorting, were also confirmed to be highly enriched in the 

expected cell samples (Fig. 1E).

In this study, we focused on Eph/ephrin signaling pathways, as they have previously been 

shown to affect the formation of neural circuitry in the auditory pathway (Coate et al., 2012; 

Defourny et al., 2013; Ilona et al., 2007). From the expression pattern of ephrin type A 

receptors, EphA7 and EphA4 stood out as top candidate factors for regulating SGN 

development (Fig. 1F). Since EphA4 signalling has been shown to be involved in 

fasciculation of radial fibers and targeting of type I fibers to the IHC layer (Coate et al., 

2012; Defourny et al., 2013), we hypothesized that EphA7 might act as an additional factor 

for regulating the development of HC innervation pattern.

To verify the expression of EphA7 gene in the mouse cochlea, we performed in situ 
hybridization in the whole-mount cochlea (Fig. 2A,B) and cochlear cross sections (Fig. 2C–

E). At P3, relatively strong EphA7 signals were found in the SG and GER regions (Fig. 2A–

E). Within the SG, there were patches of cells that appeared to lack or have very weak 

EphA7 expression (Fig. 2B,D), suggesting that not all SGNs expressed EphA7. The cross-

sectional view also revealed a strong expression of EphA7 transcripts in the OC and the 

lesser epithelial ridge (LER) (Fig. 2E). Immunostaining of the cochlea at the same age with 

an anti-EphA7 antibody showed an expression pattern of EphA7 proteins similar to EphA7 

transcripts: EphA7 proteins were strongly expressed in the SG, GER and OC regions (Fig. 

2H–K). Weaker signals were also observed in the otic mesenchyme (OM), indicating that 

EphA7 proteins were also expressed in at least some mesenchymal cells (Fig. 2H–K). The 

overall expression pattern of EphA7 transcripts at E14.5 was largely consistent with that at 

P3: the expression was strong in the SG and GER regions, and was also observed in the OC 
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(Fig. 2F–G). Finally, high magnification images of immunostaining confirmed that some 

SGNs lacked expression of EphA7 (Fig. 2L–N). Together, our data suggest that EphA7 is 

not only differentially expressed in the population of SGNs, but also is expressed in many 

other cell populations in the surrounding regions such as the OM, GER and OC. These in 
situ and immunostaining data are largely in agreement with our RNA-sequencing data at 

postnatal stages and with a previous study of EphA7 expression in the mouse cochlea (see 

Shared Harvard Inner-Ear Laboratory Database, http://shield.hms.harvard.edu/).

SGN fiber bundles are sparser when EphA7 is lost

Since EphA7 has previously been shown to promote neurite outgrowth and growth cone 

spreading in chick spinal motor neurons (Marquardt et al., 2005), we hypothesized that 

SGNs might require EphA7 for the proper growth and maintenance of their axons. To test 

this possibility, we examined the HC innervation pattern of SGN fibers in the whole-mount 

cochlea, by immunostaining with an anti-Tuj1 antibody. At E18.5, SGN fibers appeared 

densely packed and formed well-organized inner radial bundles along the length of the 

cochlea in both the wild-type and EphA7 mutant animals (Fig. 3A–C). Higher-magnification 

images however revealed that inner radial bundles were noticeably sparser in EphA7 

homozygous than heterozygous mutants (Fig. 3D–E) and wild-type animals (images not 

shown). We then examined SGN fibers at different time points during development. At 

E16.5, inner radial bundles in the EphA7−/− cochlea already appeared sparser as compared 

with heterozygous and wild-type animals, especially in the base and mid part of the cochlea 

(Fig. 3F–N). Such differences were observed throughout the developmental periods as late 

as P8 (Fig. 3O–T), when all HCs are innervated by SGN fibers and become synaptically 

matured (Lu et al., 2011).

To quantify the sparseness of inner radial bundles, we measured the total area of space 

between the SG and sensory epithelium that was not occupied by SGN fibers. As shown by 

the black-and-white binary images (Fig. 4A,B), the unoccupied/vacant space was evidently 

larger in EphA7 homozygous than heterozygous mutants. The quantification confirmed that 

inner radial bundles in EphA7−/− mutants consumed less space compared with wild-type 

and heterozygous animals, and these differences were evident throughout the developmental 

periods from E16.5 to P8 (Fig. 4C). Wild-type and EphA7+/− animals did not have 

significant differences from each other (Fig. 4C).

The increase in the vacant space in EphA7−/− mutants could not be simply attributed to a 

fasciculation effect as there was no significant difference in average radial bundle thickness 

between genotypes (mean bundle width: 26.1 ± 0.95 µm for homozygous and 25.3 ± 0.83 

µm for heterozygous at E16-E18, p = 0.55, t test; see Methods). Neither could the increase 

be attributed to a difference in cochlear size (see Fig. 3A–C). On the other hand, the number 

of inner radial bundles was significantly reduced throughout the developmental periods 

when EphA7 was absent (Fig. 4F,G,I). In addition, the average number of small fascicles in 

the inner spiral plexus (ISP, medial to the IHC layer) per inner radial bundle (trunk) was 

significantly reduced in EphA7−/− mutants after birth (Fig. 4D,E,H), indicating that the total 

number of small fascicles of SGN fiber entering the OC was reduced across the 
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developmental stages examined. Together, our data suggest that the loss of EphA7 causes a 

reduced number of SGN fibers.

Sparser type I afferent fibers lead to a reduced number of ribbon synapses

Previously it has been shown that EphA7 regulates apoptosis of forebrain neural progenitors 

(Depaepe et al., 2005). The apparent reduction in the number of radial bundles led us to 

suspect that EphA7 deletion might cause a loss of SGNs. To test this possibility, we counted 

SGNs, immunostained with anti-Tuj1 and DAPI (Fig. 5A,B). We did not however find a 

difference in the total number of SGNs between EphA7−/− and EphA7+/− littermates (Fig. 

5C), indicating that the observed reduction of HC-innervating fibers was not due to reduced 

SGN cell number. We next examined whether the reduction in fiber density led to a change 

in synapse number on HCs. Using an anti-RIBEYE/Ctbp2 antibody, we quantified the mean 

number of ribbon synapses on individual IHCs and OHCs (Fig. 5D–G). For OHCs, cross-

sectioned tissues were used for better resolving synaptic puncta at the base of OHCs (Fig. 

5F,G). In P8 tissues, we found fewer synaptic puncta on IHCs in EphA7−/− than EphA7+/− 

mutants, whereas no significant difference in synapse number was observed for OHCs (Fig. 

5H).

SGNs are subdivided into two classes: type I (90% of the entire SGN population), whose 

fibers form synapses on IHCs, and type II (the remaining 10% of the SGN population), 

whose fibers grow past the IHC layer, and then turn before forming synapses on OHCs 

(Huang et al., 2007; Koundakjian et al., 2007). The reduction of synapse number on IHCs 

implied that the number of type I afferent fibers might be specifically reduced by deletion of 

EphA7. To confirm this notion, we specifically labelled type I fibers with 

tetramethylrhodamine-conjugated dextran (TMRD) (Huang et al., 2007). Consistent with the 

result on labelling of all types of fiber, we found a clear reduction of type I fiber innervation 

in EphA7−/− mutants, as evidenced by a lower number of small fascicles in the ISP 

compared with EphA7+/− littermates (Fig. 5I–K). It is worth noting that the TMRD 

labelling in the OHC layers at this stage (P4) is consistent with previous results showing 

transient innervation of the OHC layers by type I fibers during early development before 

they are completely withdrawn from the OHC layers at P6 (Perkins and Morest, 1975; 

Huang et al., 2007). The combined anatomical evidence indicates that the loss of EphA7 

leads to a reduction in the number of type I SGN fibers, resulting in diminished synapse 

numbers specifically on IHCs.

EphA7 influences the outgrowth of SGN neurites

Previous studies have implicated Eph/ephrin signalling in regulating the branching and 

growth dynamics of neuronal processes (Benson et al., 2005; Brownlee et al., 2000; Gao et 

al., 2000; Wang et al., 1997; Zhou et al., 2001). The in vivo result of less dense SGN fibers 

suggests that EphA7 may be involved in regulating the outgrowth of SGN neurites. To test 

this possibility, we cultured isolated SG explants from E16.5 EphA7−/− and heterozygous 

littermates in Matrigel for 4 days (Fig. 6A,B). While there was no difference in tissue size 

between EphA7−/− and EphA7+/− explants (explant diameter: 177 ± 30 µm and 168 ± 20 

µm respectively, p > 0.05, t test), the homozygous explants extended fewer neurites 

compared with the heterozygous explants (Fig. 6C). The mean neurite length was also 
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shorter in homozygous than heterozygous explants (Fig. 6D). These results suggest that the 

development of SGN fibers is altered in a cell-type autonomous (i.e. interactions occur 

between cells of the same type) manner when the endogenous EphA7 signalling is 

interrupted.

To further confirm the role of EphA7 in regulating the number of SGN neurites, we applied 

another loss-of-function approach by RNA interference. We identified a target-specific 

siRNA against EphA7, which effect of reducing EphA7 translation was validated by western 

blot (Fig. 6E). We electroporated the EphA7 siRNA or a control scrambled siRNA into wild-

type SG explants (see Methods). After 4 days in culture, we found that EphA7 knockdown 

impeded neurite outgrowth from SGN somata, as evidenced by the greatly reduced number 

of neurites as compared with the control siRNA (Fig. 6F–H). It is noticeable that the 

procedure of siRNA electroporation per se had some effect on neurite growth, so that there 

was a general reduction of neurite number (compare heterozygous control in Fig. 6C with 

control siRNA in Fig. 6H, or homozygous mutant in Fig. 6C with EphA7 siRNA in Fig. 6H). 

The relative reduction of neurite number is 38% in the case of EphA7 knockout (Fig 6C), 

while 25% in the case of EphA7 knockdown (Fig 6H). Therefore, although any off-target 

effects could not be excluded, the EphA7 siRNA essentially produced a similar effect as the 

EphA7 knockout. For the few neurites that had projected from SGN somata, their lengths 

were significantly reduced compared with tissue treated with the control siRNA (Fig. 6I). 

This difference could not be explained by differential cell death since there was no 

significant difference in explant size after electroporation and culturing between EphA7 

siRNA and control siRNA groups (diameter: 253.3 ± 50.9 µm and 251.3 ± 61.7 µm, 

respectively, p = 0.97, t test). Furthermore, we treated SG explants with an unclustered, 

soluble form of EphA7-Fc, which can act as a blocker of endogenous EphA7 signalling, 

since it competes with endogenous EphA7 receptors for ligands (Davis et al., 1994). 

Compared with control IgG-Fc, the unclustered EphA7-Fc applied exogenously reduced the 

number of neurites extended from SGN somata (Fig. 6J). Together, these in vitro results 

further demonstrate that the absence of EphA7 signalling leads to a reduced number of SGN 

neurites. In addition, the results suggest that the natural ligands for EphA7 receptors may be 

expressed by SGNs themselves.

Loss of EphA7 affects synaptic transmission at the IHC afferent synapse

To examine the effect of reduced synaptic contacts on IHCs at a functional level, we 

measured the auditory brainstem response (ABR) evoked by short tone bursts. Although 

there was no significant difference in hearing thresholds between genotypes (EphA7+/−: 25 

± 2 dB SPL; EphA7−/−: 37 ± 4 dB SPL, p > 0.05, t test), analysis of the first peak of the 

ABR waveform (i.e. peak I), which reflects the summed activity of SGNs (Melcher et al., 

1996), showed a decrease in its amplitude in EphA7−/− mutants as compared with 

heterozygous littermates (Fig. 7A). The decrease in peak I amplitude was significant at high 

sound intensities (70–90 dB SPL) (Fig. 7B). The amplitudes of later peaks of the ABR 

waveform were also reduced but to a lesser extent (Fig. 7C). These results suggest that the 

reduction of IHC afferent synapses in EphA7−/− mutants is significant enough to cause 

decreased SGN response activity, but the defect is eventually compensated to some extent 

along the ascending central auditory pathway.
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ERK activity may be involved in SGN neurite development

A previous study has reported that EphA7 activation is accompanied by phosphorylation of 

extracellular-signal regulated kinase 1/2 (ERK1/2) (Nakanishi et al., 2007). Here, we sought 

to inhibit ERK1/2 phosphorylation by applying a known ERK phosphorylation inhibitor, 5-

Iodotubercidin (5-ITU) (Browning et al., 2005; Gambelli et al., 2004; Nakanishi et al., 

2007). Treatment of E17.5 whole-mount cochleae with 5-ITU for 2 days resulted in 

diminished SGN fibers and a great loss of small fascicles in the ISP region (Fig. 8A,B), as 

demonstrated by the significantly larger vacant space as compared with explants treated with 

the control vehicle (Fig. 8C). In cultured SG explants incubated with 5-ITU, we also 

observed a reduction in the number of neurites (Fig. 8D,E,G). Furthermore, incubation of 

explants with FR180204, a selective inhibitor of the kinase activity of ERK1/2 (Ohori et al., 

2005), resulted in a drastic reduction in the number of neurites (Fig. 8F,G), further 

suggesting that ERK1/2 activity is important for the initial growth of SGN neurites.

Previous studies have reported that cGMP-dependent protein kinase 1 (Prkg1) is expressed 

in SGNs and that it can modulate ERK1/2 activity (Jaumann et al., 2012; Komalavilas et al., 

1999). We further examined SGN innervation patterns in Prkg1 knockout mice. Since these 

animals were embryonic lethal, all the experiments were carried out at embryonic stages. 

Prkg1−/− phenotype resembled that of EphA7−/− mutants, with the defect apparently to a 

more severe degree (Fig. 9A–F). There was a significant reduction in the number of inner 

radial bundles and increase in the area of space unoccupied by SGN fibers in Prkg1−/− 

mutants as compared with wild-type animals (Fig. 9G,H). While the average number of 

small fascicles per inner radial bundle was not significantly different between Prkg1−/− and 

wild-type animals (Fig. 9I), the reduced number of inner radial bundles (Fig. 9H) indicated a 

reduction in the total number of small fascicles. The number of SGN somata was not 

different between the Prkg1 knockout and its wild-type control at E17.5 (Fig. 9J–L), 

excluding the possibility of increased cell death. We further tested the effect of Prkg1 

activity in vitro, by applying 8-Br-cGMP, an activator of Prkg1. Treatment of wild-type SG 

explants with 8-Br-cGMP resulted in a large increase in the number of neurites at 16 hours 

after treatment as compared with the control vehicle (Supporting Information Fig. 1A–C), 

suggesting that enhancing Prkg1 activity can promote neurite growth. Furthermore, in 

EphA7−/− explants, 8-Br-cGMP treatment also resulted in enhanced neurite growth 

(Supporting Information Fig. 1D–F), suggesting that enhancing Prkg1 activity may overturn 

the defect of EphA7 deletion. These results further support a potential involvement of 

ERK1/2 in EphA7 signalling.

DISCUSSION

Eph signaling pathways are known to be key modulators in neural development. Their 

unique functions in cochlear development however are only beginning to be explored. Our 

study reveals a molecular component in these pathways important for cochlear patterning. 

Based on the genetic and functional analyses, we conclude that EphA7 plays an important 

role in regulating the development of SGN neurites.
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Regulation of axonal growth by EphA7

Multiple roles of EphA7 in the assembly of neural circuitry have been characterized. In 

mouse cortical neurons, EphA7 mediates dendritic growth, dendritic spine formation, 

synaptic maturation (Clifford et al., 2014), and organization of a topography of 

corticothalamic projections (Torrii and Levitt, 2005). During development of retinocollicular 

projections, EphA7 is invovled as a repellent substrate for directing retinal axon pathfinding 

(Rashid et al., 2005). Furthermore, it is implicated in controling apotosis of forebrain neural 

progenitors (Depaepe et al., 2005). Having such multiplex functions is not uncommon for 

Eph and ephrin family molecules, as other axon guidance molecules, such as netrin, can also 

act as a chemoattractant or chemorepellant depending on the type of axons (Serafini et al.,

1994; Colamarino and Tessier-Lavigne, 1995). Here, we demonstrate that EphA7 signaling 

in the mouse cochlea is important for the initial growth of SGN processes. Previous evidence 

of EphA7 promoting axonal outgrowth through reverse signaling (Chai et al., 2014; Lewcoc 

et al., 2007) suggests that signaling via EphA7 in SGNs may also play a unique role in 

modulating their axonal outgrowth, thereby controlling the number of type I fibers 

innervating IHCs. While Eph receptors are generally thought to have a repulsive/negative 

effect on neuronal growth or migration, our data suggest that they can also have a 

stimulative/positive effect on neurite growth. This is reminiscent of several in vitro studies 

showing that ephrins can either stimulate or inhibit neurite outgrowth depending on different 

developing systems and possibly also different stages of neurons (Gao et al., 2000; Zhou et 

al., 2001). Alternatively, EphA7 may play a permissive role, and removing EphA7 activity 

therefore impedes the normal neurite outgrowth.

Potential ligands for EphA7 signaling

Previously EphA4 has been shown to exert both a cell-autonomous and non-cell-

autonomous function in the formation of axon tracts (Dottori et al., 1998; Kullander et al., 

2001; Marquardt et al., 2005). For the latter, the kinase activity of EphA4 is not required, 

suggesting that EphA4 acts as a ligand. In this study, our in vitro explant experiments 

demonstrated that EphA7 signaling in SGNs is activated independent of mesenchymal cells 

surrounding the SG. In addition, the number of SGN neurites is reduced in isolated SG 

explants treated with unclustered EphA7-Fc, which competitively binds to EphA7-

interacting ligands and blocks endogenous EphA7 signaling. These results indicate that 

EphA7-interacting ephrins are expressed in SGNs themselves. Previously it has been shown 

that EphA7 reverse signaling plays a role in promoting motor neuron axon outgrowth (Chai 

et al., 2014). There are also studies showing that forward signaling can stimulate axon 

outgrowth (Hansen et al., 2004; Lewcock et al., 2007). Considering that Eph and ephrine 

molecules are likely spatially segragated from each other on the membrane of the parent cell 

(Marquardt et al., 2005), we postulate that both reverse and forward EphA7 signalling 

activated by interactions between EphA7 and its ligands on neighouring SGNs may play a 

role in regulating SGN neurite growth.

What are possible ligands for EphA7 then? Based on the partially overlapping expression 

patterns of EphA7 and ephrin-A5 in type I SGNs (our unpublished data) and the previous 

evidence implicating EphA7/ephrin-A5 interactions (Gale et al., 1996; Clifford et al., 2014), 

it is possible that EphA7 signaling is achieved through ephrin-A5 binding. Although there 
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are studies showing that suppression of ERK activity by ephrin-A5 caused a growth cone 

collapse in retinal ganglion cells, hippocampal neurons and SGNs (Defourny et al., 2013; 

Drescher et al.,1995; Meier et al., 2011), in these experiments ephrin-A5 was applied for 

only a breif period of time (15–60 min). Prolonged exposure of ephrin-A5 in fact induces 

expression of cytoskeletal genes such as actinin (Meier et al., 2011), suggesting that it can 

play a role in promoting axonal growth. The exact time lapse from initial cell-cell contact to 

a complete morphological change due to Eph/ephrin interactions is not known in in vivo 
conditions, but a continuous expression of EphA7 and ephrin-A5 in developing SGNs during 

the entire processes of neurite outgrowth and formation of synaptic connections suggests a 

long-term interaction of the two molecules under physiological conditions. Other potential 

ligands that might be involved in reverse signaling could be ephrin-A2 and ephrin-B2. The 

interaction between EphA7 and ephrin-A2 in reverse signaling has been previously 

established in the adult mouse brain. This interaction negatively regulates the proliferation of 

neural progenitor cells, as neurogenesis in the olfactory bulb is increased in mice lacking 

ephrin-A2 (Holmberg et al., 2005). Furthermore, a gradient expression of ephrin-A2 in the 

SG (Lee and Warchol, 2005) makes it an interesting EphA7 partner as topographic mapping 

is established in a concentration-dependent manner (Hansen et al., 2004). Ephrin-B2 is also 

highly expressed in SGNs (Coate el al., 2012). Although the binding of ephrin-B2 to EphA7 

needs to be validated with biochemical experiments, a previous study suggests that ephrin-

B2 mediated reverse signaling via EphA7 is responsible for the development of nephric duct 

(Weiss et al, 2014), raising the possibility of ephrin-B2 being an EphA7-ineracting partner in 

the SG as well. More extensive investigations are needed to fully identify the EphA7 

ligands.

As multiple ephrin family members are present throughout the cochlear development, it is 

possible that there is a functional redunduncy among these members and that the effect of 

EphA7 knockout can be compensated to some extent by upregulating other Eph/ephrin 

signaling mechanisms. Indeed, there are various studies suggesting compensatory 

mechanisms of Eph/ephrin signaling during neural development (Feldheim et al., 2000; Lim 

et al., 2008; Orioli et al., 1996; Passante et al., 2008). Considering the diversity of the 

biological processes influenced by Eph/ephrin signaling, it is interesting to note that most of 

ephrin type-A receptor knockout mice are viable, likely due to compensation effects. In the 

present study, we observed a more pronounced effect of reducing SGN neruites by blocking 

downstream signaling molecules (e.g. with FR180204) than knocking down EphA7, which 

is consistent with potential compensatory effects caused by increased expression of other 

Eph molecules when EphA7 is absent.

Other potential effects of EphA7 in cochlear development

Several lines of evidence suggest a stage-dependent role of EphA7 in the morphological 

development of cortical and hippocampal neurons (Clifford et al., 2014; Zhou et al., 2001). 

In the mouse cochlea, the effect of EphA7 in regulating neurite outgrowth also seems 

neuronal stage dependent. Early embryonic SG explants were responsive to unclustered 

EphA7-Fc, while postnatal explants did not show a significant change in neurite number 

under treatment of unclustered EphA7-Fc (data not shown). Since SGNs, initially derived 

from the neuroblasts from the otocyst, become postmitotic around E11.5 to E15.5, it rasies 
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the possibility that postmitotic neurons may gradually lose the responsiveness to EphA7 

activation.

It is well known that several axon guidance molecules are present in non-sensory regions of 

the cochlea such as the GER and mesenchyme. They may play a regulatory role in SGN 

migration and in the proper organization and guidance of neurite extension, as have been 

shown previously (Bianchi and Liu, 1999; Coate et al., 2012; Wang et al., 2013). Our gene 

expression and immunohistochemistry studies showed that EphA7 is also expressed in the 

GER and mesenchymal cells. The role of EphA7 molecule in these cell populations is 

unclear, as there is no obvious defect in axon fasciculation or pathfinding in the EphA7 

knockout mouse. Considering the fact that other ephrin signaling pathways such as those via 

EphB2 can influence non-neuronal cell populations in the ear (Cowan et al., 2000), different 

roles of EphA7 in other regions are plausible. In fact, potential influence of EphA7 on non-

neuronal populations in the developing mouse ear has been implicated before. For example, 

a strong expression of EphA7 in the invaginating otic cup starting around E8.5 suggests an 

involvement of EphA7 in the otic development concerning border distinction around the otic 

cup or its invagination process (Saeger et al., 2011).

Signaling of EphA7

The challenge in assembling Eph/ephrin signaling pathways is that various cross-talks may 

occur with each other and with other signaling cascades to achieve biological goals 

(Arvanitis and Davy, 2008; Klein, 2004). Recent data have linked Eph receptor signaling to 

the Ras and Rho protein families. EphA7 activation is implicated in regulating Ras, which 

eventually activates a casade of kinases such as ERK1 and ERK2 (Nakanishi et al., 2007). 

Although much of the investigation into EphA7 signaling pathways has been carried out in 

cancer cells associated with leukemia and lymphoma (Nakanishi et al., 2007; Oricchio et al., 

2011), it is possible that the signaling pathways in different cell types may share common 

mediators. Additionally, ephrin-A mediated reverse signaling has also been shown to 

activate ERK pathways (Davy et al., 1999). Our results presented in this study show that 

inhibition of ERK1/2 phosphrylation and kinase activity in vitro and ex vivo produces a 

similar effect of reducing SGN fibers as in EphA7 deletion mutants, suggesting a possible 

involvement of ERK1/2 activity in EphA7 signaling during SGN development. Furthermore, 

previous studies demonstrating an initiation of cytoskeletal interactions upon ERK1/2 

activation (Forcet et al., 2002; Veeranna et al., 1998; Wang and Hatton, 2007), which is 

essential for neurite outgrowth, further complement our results.

Functional relevance of EphA7 signaling

Hearing loss can severely impair an important aspect of everyday life, leading to a dramatic 

reduction in quality of life. Our data indicate that EphA7 deletion does not simply cause a 

hearing loss. However, a significant decrease in the amplitude of peak I of ABR, which 

reflects summed activity of SGN fibers, only at high sound intensities suggests that the 

defect may reflect a form of hidden hearing loss (Schaette and McAlpine, 2011). In hidden 

hearing loss, the unresponsiveness to sound in a fraction of auditory nerve fibers, possibly 

the ones having high thresholds and low spontaneous rates and thought to be involved in 

encoding high-intensity acoustic information (Young and Barta, 1986), leads to an increased 
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response gain in the auditory brainstem. This can result in normal or minimally reduced 

peak V amplitudes (Schaette and McAlpine, 2011). Such compensatory increase in response 

gain may lead to tinnitus due to enhancement of spontaneous activity of auditory neurons 

(Schaette and McAlpine, 2011). In our ABR data, we do observe changes of peak I and peak 

V amplitudes consistent with hidden heaing loss. Although caution has to be taken before 

intepretating our data as an indication of hidden hearing loss and tinnitus, it is possible that 

deafferentation of auditory nerve fibers caused by mutations of EphA7 can contribute to the 

hearing disorders.

The function roles of Eph/ephrin family molecules in the cochlea are beginning to be 

unveiled. Future studies with spatially and temporally controlled knockouts of Eph and 

ephrin members will provide a deeper understanding of Eph/ephrin signaling in the 

developing cochlea.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Gene expression analysis in the mouse cochlea to identify differentially expressed ephrin 

type-A receptors. (A) Image of a PV-Cre::Ai6 mouse cochlea at P4. OC, organ of Corti; SG, 

spiral ganglion. (B) Higher-magnification image of cochlea in (A) showing HCs in the OC. 

OHC, outer hair cell; IHC, inner hair cell. (C) Image of a Gad1-EGFP mouse cochlea at P4. 

GER, greater epithelial ridge. (D) Merged differential interference contrast (DIC) and 

fluorescence image of the same cochlea. (E) A list of selected known HC- and GER-specific 

genes and their expression levels in GER, HC and SG cell samples. Numerical values are in 
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Fragments Per Kilobase of exon per Million (FRKM). The full names of the genes are (from 

top to bottom): Myo6: myosin VI; Chrna10: cholinergic receptor, nicotinic, alpha 

polypeptide 10; Pvalb: parvalbumin; Tmc1: transmembrane channel-like gene family 1; 

Gfi1: growth factor independent 1; Otof: otoferlin; Atoh1: atonal homolog 1 (Drosophila); 

Pcdh15: protocadherin 15; Barhl1: BarH-like 1 (Drosophila); Slc26a5: solute carrier family 

26, member 5; Espn: espin; Crabp1: cellular retinoic acid binding protein I; Crabp2: cellular 

retinoic acid binding protein II; Jag1: jagged 1; Cdh4: cadherin 4; Gad1: glutamate 

decarboxylase 1. (F) A list of differentially expressed ephrin type-A receptor genes and their 

expression levels. All scale bars: 30 µm.
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Figure 2. 
Expression pattern of EphA7 in the wild-type cochlea. (A) In situ hybridization of EphA7 in 

a whole-mount cochlea at P3. SL, spiral limbus. (B) Higher-magnification image of the 

cochlea in (A). Different regions are labeled. (C) In situ hybridization of EphA7 in a cross-

sectioned P3 cochlea. (D) Higher-magnification image of the SG region from (C). OM, otic 

mesenchyme. (E) Higher-magnification image of the sensory epithelial region from (C). 

LER, lesser epithelial ridge. (F) In situ hybridization of EphA7 in a whole-mount cochlea at 

E14.5. (G) Higher-magnification image of (F). Note that the SL is nearly absent at this 
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embryonic stage. (H–J) Fluorescence images of a cross-sectioned P3 cochlea, 

immunostained with anti-EphA7 (green) and anti-Tuj1 (red) antibodies. (K) Merged 

fluorescence (H&I) and DIC image. (L–N) High magnification images of immunostaining of 

SGNs with anti-EphA7 (green) and anti-PV (red) and the merged image. White arrows in 

(N) mark SGNs negative for EphA7 proteins. Scale bar: 100 µm in (C), 30 µm in all other 

panels.
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Figure 3. 
Developmental changes of SGN fiber innervation pattern in EphA7 mutant cochleae. (A–C) 

Images of representative whole-mount cochleae from E18.5 wild-type, EphA7+/−, and 

EphA7−/− mice, immunostained with anti-Tuj1. (D–E) Higher-magnification images of the 

mid-base part of the EphA7+/− and EphA7−/− cochleae shown in (B–C). (F–N) Higher-

magnification images of the apex, mid and base part of representative cochleae from E16.5 

wild-type, EphA7+/−, and EphA7−/− mice, respectively. (O–T) Higher-magnification 

images of the mid-base part of EphA7+/− and EphA7−/− cochleae at P1, P4 and P8, 

respectively. All scale bars: 30 µm.

Kim et al. Page 22

Dev Neurobiol. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Regulation of number of inner radial bundles by EphA7. (A–B) Example binary images for 

Tuj1-stained SGN fibers (black) in E16.5 EphA7+/− and EphA7−/− whole-mount cochleae. 

Scale bar: 30 µm. (C) Percentage area of space unoccupied by inner radial bundles at 

different stages. Data are shown as mean ±SEM. *p < 0.05; **p < 0.01; ***p < 0.001, one-

way ANOVA and post hoc test. N = 10 cochleae for all genotype groups. (D–E) Images of 

Tuj1 stained whole-mount cochleae from EphA7+/− and EphA7−/− mice, focused on the 

inner spiral plexus (ISP) area for counting small fascicles entering the OC. (F–G) Tuj1 

stained whole-mount cochleae from EphA7+/− and EphA7−/− mice, focused on inner radial 

bundles. Scale bar: 30 µm. (H) Average number of small fascicles per inner radial bundle 

(trunk). (I) Average number of inner radial bundles (trunks) for every 315 µm2 image area. 

Data are shown as mean ±SEM. **p < 0.01; ***p < 0.001, t-test. N = 10 cochleae for all 

genotype groups.
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Figure 5. 
Reduction in the number of synaptic contacts on inner hair cells in EphA7 deletion mice. 

(A–B) Representative cross-sectional images of cochleae from EphA7+/− and EphA7−/− 

mice at P8, immunostained with anti-Tuj (green) and DAPI (blue). Scale bar: 100 µm. (C) 

Average number of SGN cell bodies per 100 µm2 area. Data are shown as mean ±SEM. N = 

3 cochleae for all genotype groups. (D–E) Representative images of whole-mount cochleae 

from EphA7+/− and EphA7−/− mice at P8, magnified to show the IHC layer, 

immunostained with anti-CtBP2. Scale bar: 10 µm. (F–G) Representative images of the 
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cross-sectional view of cochleae from EphA7+/− and EphA7−/− mice at P8, magnified to 

show the OHC layer, immunostained with anti-CtBP2. Green arrow marks the base of an 

OHC where ribbon synapses are formed. Scale bar: 10 µm. (H) Average number of ribbon 

synapses per HC. Data are shown as mean ±SEM. **p < 0.01, t test. N = 8 cochleae for all 

genotype groups. (I–J) Representative images of whole-mount cochleae from EphA7+/− and 

EphA7−/− mice at P4, labelled with TMRD. Scale bar: 30 µm. (K) Average of number of 

small fascicles per inner radial bundle. Data are shown as mean ±SEM. **p < 0.01, t test. N 

= 8 cochleae for each group.

Kim et al. Page 25

Dev Neurobiol. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
EphA7 regulates outgrowth of SGN neurites. (A–B) Representative images of E16.5 SG 

explants from EphA7+/− and EphA7−/− mice grown in vitro for 4 days, immunostained 

with anti-Tuj1. Scale bar: 100 µm. (C) Average number of outgrown neurites per explant 

quantified for EphA7+/− and EphA7−/− SGs. Data are shown as mean (small box) ±SD 

(larger box, with the line indicating the median value). *p < 0.05, Wilcoxon rank-sum test. N 

= 7 explants for each genotype group. (D) Cumulative probability curve for lengths of 

extended neurites for explants in (C). Inset, mean neurite length quantified for EphA7+/− (n 

= 181) and EphA7−/− (n = 134) SG explants. Error bar = SEM. **p < 0.01, Wilcoxon rank-

sum test. (E) Western blot of SG explants cultured for 4 days after electroporation of control 

siRNA or EphA7 siRNA. Anti-tubulin, loading control. (F–G) Images of E16.5 wild-type 

SG explants grown for 4 days in vitro after electroporation of control siRNA or EphA7 

siRNA, immunostained with anti-Tuj1. Scale bar: 100 µm. (H) Average number of neurites 

quantified for SG explants treated with control siRNA (n = 8 explants) or EphA7 siRNA (n 

= 8). **p < 0.01, Wilcoxon rank-sum test. (I) Cumulative probability curve for lengths of 

extended neurites for explants in (H). Inset, mean neurite length quantified for control 

siRNA (n = 101) and EphA7 siRNA (n = 74) treated SG explants. Error bar = SEM. ***p < 

0.001, Wilcoxon rank-sum test. (J) Average number of neurites quantified for SG explants 

treated with either control IgG (n = 8 explants) or unclustered EphA7-Fc (n = 8). ***p < 

0.001, Wilcoxon rank-sum test.
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Figure 7. 
Reduction of peak I amplitude of the ABR waveform in EphA7 deletion mice. (A) Traces of 

average ABR waveform in response to a 16 kHz tone stimulus presented at 70 dB SPL in a 

EphA7−/− mouse and its heterozygous littermate. Double arrow head labels the measured 

amplitude for peak I in the EphA7+/− mouse. Peaks I to V are marked. (B) Average peak I 

amplitudes at high sound intensities (70 and 90 dB SPL) for EphA7+/− and EphA7−/− mice. 

Data are shown as mean ±SEM. *p < 0.05; **p < 0.01, t test. N = 11 mice for each 

genotype. (C) Average change in amplitude for different peaks in the ABR waveform in 

EphA7−/− mice compared to their heterozygous littermates. 16 kHz tones at 70 dB SPL 

were presented. Data are shown as mean ±SEM.
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Figure 8. 
Involvement of ERK1/2 activity in EphA7 signaling. (A–B) E17.5 wild-type cochleae 

cultured for 48 hours in the presence of either DMSO (vehicle) or 5-Iodotubercidin (5-ITU), 

immunostained with anti-Tuj1. Scale bar: 30 µm. (C) Quantification of percentage area of 

space unoccupied by inner radial bundles in cultured cochleae treated with DMSO (n = 7) or 

5-ITU (n = 7). Data are shown as mean (small box) ±SD (larger box, with the line indicating 

the median value). **p < 0.01, t test. (D–F) E13.5 wild-type SG explants cultured in the 

presence of DMSO, 5-ITU or FR 180204 for 48 hours, stained with anti-Tuj1. Scale bar: 100 

µm. (G) Quantification of average number of neurites per SG explant. Data are shown as 

mean ±SEM. *p < 0.05; **p < 0.01, t test. N = 4 explants for each group.
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Figure 9. 
Possible involvement of Prkg1. (A–F) Representative images of E17.5 whole-mount 

cochleae, immunostained with anti-Tuj1, from wild-type and Prkg1−/− mice, as well as 

higher magnification images focused on the apex and base part. All scale bars: 30 µm. (G) 

Percentage area of space unoccupied by inner radial bundles in the apex, mid, and base part 

of the cochlea. Data are shown as mean ±SEM. **p < 0.01; ***p < 0.001, t test. N = 10 

cochleae for each group. (H) Quantification of average number of inner radial bundles per 

315 µm2 image area. ***p < 0.001, t test. (I) Average number of small fascicles per inner 
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radial bundle. (J–K) Representative cross-sectional images of cochleae from wild-type and 

Prkg1−/− mice at E17.5, immunostained with anti-Tuj (green) and DAPI (blue). Scale bar: 

100 µm. (L) Quantification of average number of SGN somata per 100 µm2 area. Data are 

shown as mean ±SEM. N = 3 cochleae for all genotype groups.
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