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Abstract

Ear development requires the transcription factors ATOH1 for hair cell differentiation and 

NEUROD1 for sensory neuron development. In addition, NEUROD1 negatively regulates Atoh1 
gene expression. As we previously showed that deletion of Neurod1 gene in the cochlea results in 

guidance defects and excessive peripheral innervation of the sensory epithelium, we hypothesized 

that some of the innervation defects may be a result of abnormalities in NEUROD1 and ATOH1 

interactions. To characterize the interdependency of ATOH1 and NEUROD1 in inner ear 

development, we generated a new Atoh1/Neurod1 double null conditional deletion mutant. 

Through careful comparison of the effects of single Atoh1 or Neurod1 gene deletion with 

combined double Atoh1 and Neurod1 deletion, we demonstrate that NEUROD1-ATOH1 

interactions are not important for the Neurod1 null innervation phenotype. We report that neurons 

lacking Neurod1 can innervate the flat epithelium without any sensory hair cells or supporting 

cells left after Atoh1 deletion, indicating that neurons with Neurod1 deletion do not require the 

presence of hair cells for axon growth. Moreover, transcriptome analysis identified genes encoding 

axon guidance and neurite growth molecules dysregulated in the Neurod1 deletion mutant. Taken 

together, we demonstrate that much of the projections of NEUROD1-deprived inner ear sensory 

neurons are regulated cell-autonomously.
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Introduction

Ear morphogenesis is governed by a gene regulatory network formed by the temporal and 

spatial integration of signaling pathways and transcription factors. Neural, sensory, and non-

sensory cell fates are defined by regulatory patterns mediated by local interactions (Delta-

Notch); morphogen gradients of WNT, FGF, SHH, and BMP signaling [1]; and regionally 

expressed transcription factors (EYA1, SIX1, GATA3, PAX2, SOX2 [2–5]). The initial 

neurosensory domain is transformed into distinct cell types by the expression of basic helix-

loop-helix (bHLH) transcription factors (ATOH1, NEUROGENIN1, and NEUROD1). Inner 

ear neuronal development depends on NEUROGENIN1 (NEUROG1) and NEUROD1 for 

neuronal specification and differentiation, whereas sensory cell fate specification occurs 

after neurogenesis and is associated with ATOH1 expression [6,7]. NEUROG1, the first 

bHLH factor upregulated in the inner ear [8], activates downstream Neurod1 gene 

expression for neuronal development and survival of most neurons [9]. NEUROD1 provides 

negative feedback for Atoh1 by suppressing an alternate ATOH1-mediated hair cell (HC) 

fate within the ganglia, and delays ATOH1 upregulation and premature HC differentiation in 

the apex [10,11]. ATOH1 is required for HC differentiation but not for the establishment of 

sensory precursors that eventually die in Atoh1 gene deletion mutants [12–14]. Although the 

decision between neuron and hair cell fate in the inner ear is governed by a mutual 

antagonism of these bHLH factors [7], the detailed functional and molecular interactions 

between ATOH1 and NEUROD1 within the emerging transcriptional network of 

neurosensory development remains unresolved.

We previously demonstrated that Isl1Cre-mediated Neurod1 gene deletion in the inner ear 

resulted in a disorganized cochleotopic projection from spiral ganglion neurons, affecting 

the frequency, intensity, and temporal processing in the central auditory system of adult mice 

at the physiological and behavioral level [15]. As Neurod1 deletion in the cochlea results in 

guidance defects and excessive peripheral innervation, we wanted to establish if these 

innervation defects are a result of abnormalities in ATOH1-NEUROD1 interactions. To 

study this, we generated a new conditional deletion model of Atoh1/Neurod1 double null 

mutant mice (Atoh1/Neurod1CKO). Our data demonstrate that neurons lacking Neurod1 do 

not require differentiated sensory HCs for axon growth because we find nearly identically 

disorganized and excessive innervation in double Atoh1/Neurod1CKO as in single 

Neurod1CKO mutants.

Materials and Methods

Experimental animals

All methods were performed in agreement with the Guide for the Care and Use of 

Laboratory Animals (National Research Council. Washington, DC. The National Academies 

Press, 1996). The design of experiments was approved by the Animal Care and Use 

Committee of the Institute of Molecular Genetics, Czech Academy of Sciences. The mice 

were housed in 12-hour light/dark cycles and were fed ad libitum. We cross-bred Isl1Cre 

with a direct Cre knockin into the endogenous Isl1 locus (Isl1Cre; Isl1tm1(Cre)Sev/J, #024242, 

The Jackson Laboratory)[16] with two transgenic mouse lines: floxed Neurod1 
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(Neurod1loxP/loxP)[17] and floxed Atoh1 (Atoh1loxP/loxP, #008681, The Jackson Laboratory)

[18] to generate mice with the conditional deletion of Atoh1 (Atoh1CKO) and Neurod1 
(Neurod1CKO) or double gene deletions (Atoh1/Neurod1CKO). Heterozygous animals 

(Isl1Cre;Neurod1+/f; Isl1Cre;Atoh1+/f) were viable, born in appropriate Mendelian ratios, and 

were phenotypically indistinguishable from control (Cre negative) littermate mice 

(Neurod1f/f, Neurod1+/f, Atoh1f/f, and Atoh1+/f). The double Atoh1/Neurod1-deficient 

embryos (Atoh1/Neurod1CKO) were generated by crossing Isl1Cre;Neurod1+/f;Atoh1+/f 

mice to Atoh1f/f;Neurod1f/f. The littermate controls for Atoh1/Neurod1CKO were embryos 

with floxed allele genotypes (Neurod1+/f, Atoh1+/f, Atoh1f/f or Neurod1f/f). Both males and 

females were used for experiments. All comparisons were made between animals with the 

same genetic background, typically littermates. Phenotyping and data analysis were 

performed blind to the genotype of the mice.

Timed pregnancies and genotyping

The noon of the day the vaginal plug was found was defined as embryonic day 0.5 (E0.5). 

Embryos and littermates were genotyped using polymerase chain reaction of DNA from tail 

biopsy. The specific primers used were the following: Isl1-Cre F 5’-GCC TGC ATT ACC 

GGT CGA TGC AAC GA-3’ and Isl1-Cre R 5’-GTG GCA GAT GGC GCG GCA ACA 

CCA TT-3’ with a 700 bp product; Atoh1 F 5’-AGC GAT GAT GGC ACA GAA G-3’ and 

Atoh1 R 5’-GAA GTC AAG TCG TTG CTA AC-3’ with a 300 bp product for WT allele or 

500 bp product for the floxed allele; Neurod1 F 5’-ACC ATG CAC TCT GTA CGC ATT-3’ 

and Neurod1 R 5’-GAG AAC TGA GAC ACT CAT CTG-3’ with a 400 bp product for WT 

allele or 600 bp for the floxed allele.

In situ hybridization

In situ hybridization was performed using an RNA probe labeled with digoxigenin as 

previously described [19]. The plasmid carrying Atoh1 cDNA was a gift from H. Zoghbi. 

Briefly, dissected inner ears freed from cartilage were incubated with Proteinase K (Thermo 

Fisher Scientific EO0492, 1:1 000) in 1×Phosphate Buffered Saline, pH 7.4 (PBS) for 22 

minutes. The samples were incubated overnight in hybridization solution containing 50% 

(v/v) formamide, 50% (v/v) saline-sodium citrate buffer and 6% (w/v) dextran sulphate, 

denatured DNA (Sigma-Aldrich 11467140001 ROCHE), and 150 ng/ml Atoh1 probe at 

60°C overnight. Unbound probe was digested using RNase A (Thermo Fisher Scientific 

EN0531, 1:2 000), and samples were incubated with anti-digoxigenin antibody conjugated 

with alkaline phosphatase (Sigma-Aldrich 11093274910 ROCHE, 1:2 000) at 4°C overnight. 

BM-Purple chromogenic substrate (Sigma-Aldrich 11442074001 ROCHE) for alkaline 

phosphatase was used to visualize bound riboprobes. Stained inner ears were mounted in 

glycerol and images were taken with a Nikon Eclipse 50i microscope. The in situ 
hybridization was repeated 3x with the different sets of individual control and Atoh1CKO 
samples.

Immunohistochemistry

Embryos were dissected in cold PBS, and embryos or dissected ears were fixed in 4% 

paraformaldehyde (PFA) in PBS. For vibratome sections, samples were embedded in 4% 

agarose and sectioned at 80 μm on a Leica VT1000S vibratome. Vibratome sections, whole 
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inner ears or whole embryos were defatted in 70% ethanol and then rehydrated and blocked 

with serum, as described previously [19,20]. Samples were then incubated with primary 

antibodies at 4°C for 72 hours. The primary antibodies used were: rabbit anti-Myosin 7a 

(Myo7a; Proteus BioSciences 25–6790, 1:500), mouse anti-acetylated α-tubulin (tubulin; 

Sigma-Aldrich T6793, 1:400), rabbit anti-calretinin (Santa Cruz Biotechnology sc-50453, 

1:100), goat anti-prestin (Santa Cruz Biotechnology sc-22692, 1:50), goat anti-SOX2 (Santa 

Cruz Biotechnology sc-17320, 1:250), rabbit anti-cleaved Caspase-3 (Cell Signaling 

Technology 9661, 1:100), rabbit anti-NeuN (Abcam ab177487, 1:500), mouse anti-Isl1 

(39.3F7, Developmental Hybridoma Bank,1:130), goat anti-Neurod1 (sc-1084, Santa Cruz 

Biotechnology, 1:100), rabbit anti-Cre (908001, BioLegend, 1:500), and rabbit anti-Prox1 

(BioLegend 925201, 1:500). After several PBS washes, secondary antibodies were added 

and incubated in 4°C for 24 hours. The secondary antibodies Alexa Fluor® 488 AffiniPure 

Goat Anti-Mouse IgG (Jackson ImmunoResearch Laboratories 115-545-146), Alexa Fluor® 

594 AffiniPure Goat Anti-Rabbit IgG (Jackson ImmunoResearch Laboratories 111-585-144) 

and DyLight488-conjugated AffiniPure Mouse Anti-Goat IgG (Jackson ImmunoResearch 

Laboratories 205-485-108) were used in 1:400 dilution. Nuclei were stained by Hoechst 

33258 (Sigma-Aldrich 861405, 1:2 000). Samples were mounted in Aqua-Poly/Mount 

(Polysciences 18606) or in prepared Antifade medium and images were taken on Zeiss LSM 

5 DUO, Zeiss LSM 880 or Leica SPE confocal microscopes. Image stacks were collected 

and sets of stacks were combined into the single image. ImageJ and ZEN software were 

used for image processing. The quantification of tubulin-labeled fibers in the area of the 

organ of Corti was assessed using the thresholding tool in ImageJ. The length of the cochlea 

was established using the ImageJ Tool “Measure”. The number of Neurod1+ cells in the 

inner ear ganglia was determined by the ImageJ Plugin “Cell Counter”.

X-gal staining

Mice carrying Isl1Cre and R26R-lacZ (Gt(ROSA)26Sortm1Sor, #003309, The Jackson 

Laboratory) were anaesthetized and perfused with PBS followed by 4% paraformaldehyde. 

The inner ears were dissected and processed for X-gal staining, as described previously [19].

Scanning electron microscopy

Inner ears were microdissected, cleansed of membranes to expose the HCs of the organ of 

Corti. Cochleae were placed in porous specimen pots and were then extensively washed and 

dehydrated through an alcohol series ending with absolute acetone. Tissues were dried to a 

critical point in liquid CO2 in a K 850 unit (Quorum Technologies Ltd, Ringmer, UK). The 

dried samples were mounted onto carbon conductive double-sided adhesive discs and 

sputter-coated with 20 nm of gold in a Polaron Sputter-Coater (E5100)(Quorum 

Technologies Ltd, Ringmer, UK). The final samples were examined in a FEI Nova NanoSem 

450 scanning electron microscope (FEI Czech Republic s.r.o.) at 5 kV using a secondary 

electron detector.

Lipophilic Dye Tracing

The pattern of innervation was evaluated in whole or dissected ears and brains using 

lipophilic dye tracing in aldehyde fixed tissue as previously described [21]. At least three 

mutants and similar numbers of control littermates were used for each stage examined 
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(E16.5, E18.5). We inserted filter strips loaded with different colored lipophilic dyes into the 

cochlear apex, base, vestibular end organs, cochlear/vestibular nuclei of the brainstem 

around rhombomere 5 to label afferents, and into rhombomere 4 near the midline to label 

inner ear efferents [22]. After diffusion of the lipophilic tracer from insertion to target, we 

prepared the ears or brains as whole mounts, mounted with glycerol on a glass slide, using 

appropriate spacers to avoid distortion, and imaged them using a Leica SP8 confocal 

microscope. Image stacks were collected and single images or sets of stacks were obtained 

to provide detailed information about the progressive development and loss of ear 

innervation over time. Images were compiled into plates to show the most pertinent details 

using Corel Draw.

RNA-sequencing

Total RNA was extracted from the whole inner ear of E14.5 embryos. Each individual 

sample was prepared from both inner ears of the individual embryo, and Neurod1CKO and 

control E14.5 embryos were selected from three litters. The quality of the isolated RNA was 

analyzed using Bioanalyzer 2100 (Agilent) and a functional test was performed by reverse 

transcription (RT) and quantitative real-time PCR (qPCR) using oligodT primers for RT and 

PCR amplification of a 996-bp product of the Hprt1 gene. The QuantSeq 3’mRNA-Seq 

Library Prep Kit FWD for Illumina (Lexogen) was used for library preparation from 4 

samples per genotype. Next-generation sequencing was performed on an Illumina NextSeq 

sequencer (NextSeq 500) using a mode enabling the determination of unidirectional 75 

bases and indices, following the manufacturer’s instructions at the Genomics Core Facility 

(EMBL Heidelberg, Germany). The number of reads (minimum, 32 million; maximum, 73 

million) was filtered out by TrimmomaticPE version 0.36 [23]. Ribosomal RNA and 

mitochondrial reads were filtered out by Sortmerna [version 2.1b [24]] using default 

parameters. RNAseq reads were mapped to the mouse genome using STAR [version 2.5.2b 

[25]] version GRCm38 primary assembly and annotation version M8. A count table was 

generated by python script htseq-count [version 0.6.1p1, [26]] with the parameter „–m 

union”. The raw RNAseq data were deposited at GEO (http://www.ncbi.nlm.nih.gov/geo/). 

DESeq2 [v. 1.15.51, [27]] default parameters were used to normalize data and compare the 

different groups. We selected differentially expressed genes based on an adjusted P-value < 

0.1. A 30% change threshold (e.g. Fold change of ≤ 0.3 for down- and ≤ 1.3 for up-

regulated) was applied to identify differentially expressed genes between mutant and control 

inner ears. The enrichment of the functional categories and functional annotation clustering 

of the differentially expressed genes were performed using DAVID https://david.ncifcrf.gov/ 

[28] applying a cutoff of Expression Analysis Systematic Explorer (EASE) > 2 and 

GOTermFinder (https://go.princeton.edu/cgi-bin/GOTermFinder) with a cutoff of 0.01.

Quantitative real-time PCR

Total RNA was isolated from both inner ears of the embryo at E14.5 using TRI Reagent 

(Sigma-Aldrich T9424). We used 8 embryos for Neurod1CKO and 8 embryos for the control 

group. RNA from both inner ears of one embryo represented one sample. RNA samples (1 

μg) were subjected to RT, as described [20]. Following RT, quantitative qPCR was 

performed with initial activation at 95 °C for 120 s, followed by 40 cycles at 95 °C for 15 s, 

60 °C for 30 s, and 72 °C for 30 s using the CFX384™ Real-Time PCR Detection System 
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(Bio-Rad Laboratories). The primer sequences (pga.mgh.harvard.edu/primerbank/) are listed 

in Online Resource Table 4. Relative mRNA expression was calculated using the −ΔΔCq 

method with Hprt1 as a reference gene. GraphPad Prism software was used for statistical 

analysis.

Statistical analysis

All comparisons were made between animals with the same genetic background, typically 

littermates. The number of samples (n) for each comparison are given in the corresponding 

figures. Phenotyping and data analysis were performed blind to the genotype of the mice. 

All values are presented either as the mean ± SD or SEM. For statistical analysis, GraphPad 

Prism software was used. To assess differences, unpaired two-tailed t-tests were employed 

and one-way ANOVA with Dunnett’s multiple comparisons test. Significance was 

determined as P < 0.05 (*), P < 0.01 (**), P < 0.001 (***) or P < 0.0001 (****). Complete 

results of the statistical analyses are included in the figure legends.

Results

Very dense innervation is present in the Atoh1/Neurod1CKO cochlea despite the absence 
of hair cells.

To generate single Atoh1CKO, Neurod1CKO, and double Atoh1/Neurod1CKO mutants, we 

conditionally ablated Atoh1f/f and Neurod1f/f with Isl1Cre [16]. Isl1Cre is expressed early in 

the otocyst, effectively recombining in delaminating sensory neurons and in the sensory 

progenitors of the inner ear ([19,15], Online Resource Fig. 1). No differentiated HCs were 

detected in any part of the Atoh1CKO and Atoh1/Neurod1CKO cochlea at P0 compared to 

littermate controls, as shown by immunolabeling of Myo7a, a hair cell marker (Fig. 1). Most 

dramatic was the reduction of the density of radial fibers in Atoh1CKO compared to controls 

with fibers doubling back on each other instead of entering the organ of Corti and only a few 

branches seeming to extend into the area of the undifferentiated organ of Corti (Fig. 1C, D, 

D’). The densest radial fibers remained in the apex of the Atoh1CKO cochlea consistent 

with previous reports on Atoh1 deletion mutants [29,13]. This pattern of neuronal 

degradation follows the Atoh1 expression gradient from the base to apex of the cochlea [12]. 

The radial fibers of Neurod1CKO were dense and organized similarly to the controls; 

however, there were noticeable abnormalities [15], e.g. elongated radial fibers, thinner and 

intertwined fiber bundles, and a missing intraganglionic spiral bundle of efferents (IGSB, 

Fig. 1E–F’). An additional difference between control and Neurod1CKO mice was excessive 

premature innervation of the organ of Corti, particularly profound in the apex of 

Neurod1CKO, whereas controls show a distinct delay in fiber growth and overall lower fiber 

density at P0 (Fig. 1B’, F’, I). In contrast, Atoh1/Neurod1CKO innervation was unlike the 

innervation of Atoh1CKO, Neurod1CKO or controls (Fig. 1G–H’). Nerve fibers of double 

mutants formed a complicated network instead of radial fiber bundles with many knots 

interlinking fibers going different directions and with thick loops extending beyond the 

undifferentiated sensory epithelium. Strikingly, very dense innervation was formed in the 

presumed area of the undifferentiated organ of Corti of double Atoh1/Neurod1CKO mutants 

despite the absence of HCs (in detail Fig. 1H’).
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The Neurod1CKO epithelium is disorganized in the cochlear apex and the cochlea is 
shorter in Neurod1CKO and Atoh1/Neurod1CKO.

Although the organ of Corti organization in Neurod1CKO was comparable to controls with 

one row of inner HCs (IHCs) and three rows of outer HCs (OHCs; Fig. 1A–B’, E–F’), 

detailed analyses showed abnormalities in the apical epithelium. The sensory epithelium in 

the apical tip of Neurod1CKO was disorganized with multiple HC rows, disrupted planar 

cell polarity, and ectopic IHCs among OHCs (Fig. 2A–D). Similar to other Neurod1 deletion 

mutants [30,10], the differentiation of HCs (Myo7a+ positive cells) in our Neurod1CKO 
progressed faster throughout the organ of Corti than in controls. At E16.5, differentiated 

Myo7a+ HCs were detected in the apical end of the developing cochlea of Neurod1CKO 
(arrowhead, Fig. 2F) but not in the apex of littermate controls (Fig. 2E). Additionally, the 

gradient of differentiation along the medial-lateral axis of the cochlea with IHCs 

differentiating earlier than OHCs was affected in Neurod1CKO. Normally, IHCs 

differentiate earlier than OHCs [31], as shown in the control cochlea (Fig. 2E, arrow 

indicates the boundary of differentiated OHC expressing Myo7a in controls). In 

Neurod1CKO, both presumptive OHC and IHC rows extended toward the apex at E16.5 

(Fig. 2F). An additional effect associated with Neurod1 deficiency was the shortening of the 

cochlea. In Neurod1CKO and Atoh1/Neurod1CKO, the cochlea was shorter by 22% and by 

40%, respectively, compared to the littermate control or to the simple Atoh1CKO at E16.5 

(Fig. 2G). This morphogenetic effect of the cochlear length reduction indicates a novel 

genetic interaction of Atoh1 and Neurod1.

The Atoh1CKO spiral ganglion initially forms comparably to controls in contrast to the 
early abnormal formation of the spiral ganglion in both Neurod1CKO and double Atoh1/
Neurod1CKO mutants.

Next, we determined the effects of single and combined Atoh1 and Neurod1 deletions on the 

formation of the spiral ganglion (SG) and its innervation. Before HC differentiation at 

E14.5, the Atoh1CKO auditory ganglion structure (innervation and distribution of neurons) 

was comparable to control littermates (Fig. 3A, B). In contrast, the formation of the SG of 

Neurod1CKO and Atoh1/Neurod1CKO was aberrant already at E14.5 (Fig. 3C, D). Dense 

disorganized innervation was formed in Neurod1CKO, although many fibers were oriented 

straight towards the sensory epithelium (arrowheads in Fig. 3C). In Atoh1/Neurod1CKO 
compared to Neurod1CKO, SG neurons were mostly aggregated into the modiolus with 

larger patches of neurons missing and neuronal fibers of Atoh1/Neurod1CKO did not extend 

towards the sensory epithelium but instead formed a dense disorganized network with large 

loops in the E14.5 cochlea (arrows in Fig. 3D).

At P0, noticeably reduced SG with areas of completely missing neurons were found in the 

Atoh1CKO cochlea compared to controls (Fig. 3E, G). Although a large number of SG 

neurons was still found in the Atoh1CKO apex, innervation became extensively reduced in 

the Atoh1CKO compared to controls (Fig. 3F, H). The density of Neurod1CKO SG neurons 

and radial fibers was reduced compared to the control cochlea (Fig. 3E, F, I, J). Note 

overshooting fibers were found extending directly toward the lateral wall (arrows in Fig. 3I). 

In contrast, a massive loss of neurons was apparent in Atoh1/Neurod1CKO compared to 

Atoh1CKO or Neurod1CKO (Fig. 3G–L). Strikingly, considering a substantial reduction of 
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neurons, immunolabeling for tubulin revealed a dense fiber network in the apex of Atoh1/
Neurod1CKO, suggesting increased aberrant neuronal fiber growth.

Neuronal fibers grow towards SOX2+ sensory precursors without any differentiated HCs in 
the organ of Corti of Atoh1CKO and Atoh1/Neurod1CKO.

To understand how neuronal fibers project towards the sensory epithelium, we evaluated the 

presence of sensory epithelial cells and innervation (Fig. 4). No Myo7a+ HCs were detected 

in the Atoh1CKO or Atoh1/Neurod1CKO organ of Corti (Fig. 4 C, D, G, H). We found 

initial innervation of the SOX2+ epithelium without any differentiated HCs present in the 

apex of Atoh1CKO and Atoh1/Neurod1CKO (arrowheads in Fig. 4D, H). When SOX2+ 

cells were absent (shown in the base of Atoh1CKO and Atoh1/Neurod1CKO mutants), the 

innervation of the presumed organ of Corti was missing (Fig. 4C, G). Massive innervation in 

the double Atoh1/Neurod1CKO is noticeable especially in the apex compared to the control 

or single Atoh1CKO and Neurod1CKO mutants (Fig. 4H).

Apoptosis causes a loss of sensory epithelia in both the Atoh1CKO and Atoh1/
Neurod1CKO cochlea.

Our data show that sensory cells and neurons first disappeared from the base of the 

Atoh1CKO and Atoh1/Neurod1CKO cochlea, which corresponds to the temporal basal-to-

apical differentiation wave of sensory HCs [12]. Whole mount immunostaining of the 

cochlea at E16.5 showed the missing SOX2+ sensory epithelium from the base with still 

present SOX2+ cells in the middle part and apex of both Atoh1CKO and Atoh1/
Neurod1CKO compared to controls and Neurod1CKO (Fig. 5A–D). Immunostaining for 

cleaved caspase 3 revealed apoptotic cells among SOX2+ sensory precursors in the middle 

part of the Atoh1CKO and Atoh1/Neurod1CKO cochlea (arrowheads in Fig. 5B’, D’), 

whereas no apoptotic cells were detected in controls (Fig. 5A’) and Neurod1CKO (Fig. 5C’). 

The SOX2+ sensory epithelium is comparable between the control and mutant apex (Fig. 

5A”–D”). In contrast, no detectable increase in caspase 3-positive neurons was found in 

Neurod1CKO to explain the reduction of SG neurons. We analyzed embryos at E11.5, 

E12.5, and E14.5 and did not identify any noticeable increase in the rate of apoptosis at any 

analyzed age (data not shown). Previously, we showed that the aberrant migration of inner 

ear neurons contributes to the abnormalities in the formation of the SG in the developing 

Neurod1CKO [15].

Elimination of Neurod1 alone or combined with Atoh1 deletion affects central and 
peripheral innervation patterns.

Going beyond the obvious differences in cellular organization in the cochlea of the three 

mutant lines outlined above, we employed tracing with lipophilic dyes to reveal topological 

details of the innervation and distribution of sensory neurons. Insertion of filter strips with 

lipophilic dyes with different spectral properties allows visualization of the distribution of 

sensory neurons and their processes, which can be labeled from a given discrete insertion 

area. In controls, a distinct segregation of central projections in the cochlear nucleus with 

labeled fibers from the cochlear base (red) and apex (green) dye applications was evident 

(Fig. 6A, I). Magenta dye applied to the anterior vestibular end organs (utricle, anterior and 

horizontal ampullae) labeled the vestibular nerve. Similar injections into the Atoh1CKO 

Filova et al. Page 8

Mol Neurobiol. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mutant ears showed that the central projections of Atoh1CKO mice were indistinguishable 

from those of control littermates, suggesting that the absence of HCs has no influence on the 

initial central projections and base versus apex fiber segregation in the cochlear nucleus (Fig. 

6B). Similarly, vestibular afferents were segregated from cochlear afferents in Atoh1CKO 
(Fig. 6B’). This is consistent with previous reports that the segregation of vestibular and 

cochlear afferents, and cochlear afferents in the cochlear nucleus is independent of 

peripheral HC or central target differentiation [32]. In contrast, the central innervation of 

Neurod1CKO showed incomplete segregation with overlapping fibers labeled from the base 

and apex in the cochlear nucleus (Fig. 6C, C’). These data are consistent with our previous 

report [15] and demonstrate that Neurod1 is essential for auditory neuron navigation 

properties, and central nervous system innervation. Combining conditional deletions of 

Atoh1 and Neurod1 resulted in a loss of the segregation of central axons, as cochlear basal 

and apical afferents overlapped and formed a widely ramifying and reduced fiber network 

(Fig. 6D). Note that cochlear afferents were detected in the area of the lateral vestibular 

nucleus, indicating unsegregated central projections from the inner ear (Fig. 6D’). Strikingly, 

compared to the substantial loss of SG neurons, the density of fibers in the cochlear nucleus 

of Atoh1/Neurod1CKO appeared more abundant than in the Neurod1CKO, similar to the 

excessive growth of processes into the undifferentiated organ of Corti (Fig. 1H).

The segregated basal and apical cochlear afferents of the auditory nerve were distinguished 

from the vestibular ganglion in the control and Atoh1CKO (Fig. 6E, F). In contrast, the basal 

and apical cochlear afferents overlapped and intermixed together with vestibular neurons and 

cochlear neurons (dye-labeled from the cochlear base and apex), forming an aberrant “spiro-

vestibular” ganglion in Neurod1CKO (Fig. 6G). A similar loss of segregation of central 

axons and formation of a “spiro-vestibular” ganglion was found in Atoh1/Neurod1CKO 
littermates (Fig. 6H), indicating that the deletion of Neurod1, affects axon navigation and 

ganglion segregation.

Next, we analyzed the spatial segregation of neurons and neuronal fibers in the cochlea. In 

controls, dye labeling showed spatial segregation in the cochlea between the cochlear base 

(red) and apex (green). No fibers were labeled from the vestibular dye application in the 

cochlea of controls (Fig. 7A). In contrast, the same dye applications demonstrated 

unsegregated and overlapping fibers in the Atoh1/Neurod1CKO cochlea (Fig. 7B, in detail 

7B’–B”“). Note that neurons and fibers labeled by dye injected into the vestibular end 

organs were found in the cochlea of Atoh1/Neurod1CKO (Fig. 7B”‘). Detailed analysis of 

the middle turn of the Atoh1/Neurod1CKO cochlea showed excessive innervation of the area 

of the presumed organ of Corti with fibers labeled by all three dye applications (Fig. 7B””). 

Similar disorganization in the cochlea with mingled bundles of fibers and the interlace 

distribution of neurons interconnecting the apex, base and vestibular end organs was found 

in Neurod1CKO (Fig. 7C–C”“). Together, these results indicate that Neurod1 deletion is 

responsible for disorganized and unsegregated innervation within the cochlea without any 

additional contribution of Atoh1 elimination.

We next investigated if the excessive fibers in the Atoh1/Neurod1CKO mutant are afferents 

or efferents. We labeled inner ear efferents through targeted applications of dye to the 

olivocochlear bundle near the midline of the hindbrain and afferents through the application 
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of dye to the cochlear nucleus. Such applications in controls showed that at E16.5 only some 

afferents extend to OHCs and project along them toward the base (arrowhead in Fig. 8A, 

red). In Atoh1CKO, there was no detectable afferent nor efferent growth into the region of 

the organ of Corti (Fig. 8B), consistent with previous reports on full Atoh1 deletion mice 

[29] or Pax2Cre;Atoh1f/f mice [13]. Note that inner ear efferents formed the intraganglionic 

spiral bundle on the outer edge of the existing SG and the massive loss of SG neurons in the 

base of Atoh1CKO (arrowheads in Fig. 8B). In the Atoh1/Neurod1CKO cochlea, efferent 

and afferent fibers formed an unusual branching pattern at E16.5 (Fig. 8C). Neurod1 
deletion results in disorganized efferent and afferent innervation in the cochlea of 

Neurod1CKO at E16.5. Compared to controls at E18.5 (Fig. 8E), noticeable changes were 

found in the Neurod1CKO cochlea, including excessive afferent growth to the OHC region, 

missing intraganglionic spiral bundle, and disorganized radial fibers (Fig. 8F, F’). 

Combining the loss of Atoh1 and Neurod1 resulted in a significant reduction of SG neurons 

(Fig. 8G) but also excessive growth of processes into the area of the undifferentiated organ 

of Corti (arrowhead Fig. 8G’). Tracing of a single afferent fiber showed unusual 

bidirectional projection towards the apex and base in Atoh1/Neurod1CKO (Fig. 8G”). It 

should be noted that in the absence of Atoh1, there are no differentiated HCs and therefore, 

the excessive innervation is neuron autonomous.

Loss of Neurod1 affected developmental programs of gene expression associated with 
neuronal development and axon projections.

Our anatomical and molecular analyses indicate that NEUROD1 transcription factor 

orchestrates axon pathfinding of inner ear neurons, and guidance mechanisms for spatial and 

functional segregation of auditory and vestibular neurons. Furthermore, the absence of 

ATOH1 and sensory epithelium does not seem to influence Neurod1CKO innervation 

phenotype. To gain insights into the molecular changes induced by Neurod1 deletion, we 

carried out transcriptome analysis (RNAseq) in the E14.5 inner ear, when post-mitotic inner 

ear neurons are undergoing differentiation and initiate axon projection [33], and HCs start to 

differentiate [31]. We identified 152 differentially expressed protein coding genes (fold 

change ≥ 30%; adjusted p value < 0.1) in Neurod1CKO compared to controls (n = 4 

individual samples/genotype) with 75 up- and 77 down-regulated genes (Fig. 9A, Online 

Resource Table 1). The gene expression profiles were visualized using hierarchical 

clustering (Fig. 9B). Gene ontology (GO) terms enrichment analysis of differentially 

expressed genes revealed that the top GO terms for the biological processes category 

(enrichment score 8.3) were related to nervous system development and neurogenesis (Fig. 

9C, Online Resource Table 2). The full list of enriched GO-terms is provided in Table S3. 

Consistent with role of NEUROD1 as a neuronal fate driver, the major GO supercluster for 

down-regulated genes was neuron development, whereas cell adhesion and axonogenesis 

represented the major GO superclusters for up-regulated genes in the Neurod1CKO inner 

ear. Among enriched GO-terms, neuron projection development, synapse organization, cell 

migration, cell adhesion, neuron differentiation, and neurogenesis were represented (Online 

Resource Table 3). For example, down-regulated genes encoding regulatory proteins and 

transcription factors associated with the promotion of neurogenesis included Hmga2, Bach2, 

Neurod2, Pou4f1, Insm1, Nhlh1, Nhlh2, and Shox2 in the Neurod1CKO mutant inner ear. 

Among genes associated with axon guidance and neurite growth, Cntn4, Cspg5, Ptn, 
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Decorin, Nr2e1, Timp2, Timp3, and Itga8 were up-regulated, whereas Ina, Igfbpl1, Igf1, 
Vegfd, and Epha5 were down-regulated. A panel of differentially expressed transcripts from 

the RNAseq analysis, i.e. Cntn4, Insm1, Epha5, Shox2, Nhlh1, Hmga2, Isl1, Neurod1, 
Nr2e1, Pou4f1, and Ntrk3, was validated by qPCR with reverse transcription (RT-qPCR) 

using additional biological replicates (Fig. 9D). Particularly, decreased expression of Epha5 
and Pou4f1 correlates with abnormalities in the peripheral and central innervation pattern of 

SG neurons of Neurod1CKO. Eph receptors are involved in axon guidance during early 

auditory circuit development and EphA5 is enriched in the early SG neurons [34]. Similarly, 

POU4F1 is important for the early neurogenesis, neuronal migration, and initial axon 

pathfinding of SG neurons [35]. POU4F1 together with NEUROD1 presumably co-regulate 

expression of neurotrophin receptors, including tyrosine kinase receptor C (Ntrk3 [10]), 

essential for the targeted projections to the brain and the periphery of sensory neurons 

[9,35]. A loss of Neurod1 negatively affected the expression of transcriptional regulating 

factors associated with neurogenesis, such as Isl1, Insm1, Nhlh1, Shox2, and Hmga2. 

Among significantly upregulated genes in the Neurod1CKO inner ear, we identified the 

nuclear receptor Nr2e1 (also known as Tlx), essential for maintenance of undifferentiated 

neural stem cells in adult neurogenesis [36]. Another significantly upregulated gene (a 

representative of cell adhesion and axonogenesis superclusters) contactin-4 (Cntn4) has been 

shown to promote target-axon specificity [37] and neurite outgrowth and branching [38]. We 

found that Prox1, which is involved in Type II fiber pathfinding [5], was not detected in SG 

neurons of Neurod1CKO (Fig. 9E, F). Taken together, these analyses provide candidate 

genes correlating with the Neurod1 deficiency phenotype of abnormal neuronal 

development, axon overgrowth, and altered axon pathfinding beyond the apparent expansion 

of remaining afferents to innervate the epithelium without any HCs in Atoh1/Neurod1CKO.

Discussion

In this study, we investigated NEUROD1-ATOH1 interdependency during the development 

of neurons and sensory cells of the cochlea. Using Isl1Cre, we generated new conditional 

deletions of Neurod1 and Atoh1 in the inner ear. We show that significant innervation 

remodeling (Neurod1CKO) or axon retraction and deterioration (Atoh1CKO) occur in these 

mutants. Importantly, we report here for the first time on Neurod1 and Atoh1 double 

conditional mutant mice that display previously unrecognized interactions of ATOH1 and 

NEUROD1 in inner ear development (summarized in Fig. 10). The double Atoh1/Neurod1 
mutants develop dense afferent innervation of the organ of Corti without any differentiated 

HCs and extensive central projections to the cochlear nucleus, consistent with an 

independent effect of either mutation. These data rule out that the Neurod1 phenotype of 

disorganized central and premature and excessive peripheral innervation [15] is dependent 

on Atoh1, because we find nearly identical disorganization in Atoh1/Neurod1CKO mice.

Elimination of Atoh1 resulted in apoptosis of sensory precursors and absence of 

differentiated HCs in the organ of Corti in both our Atoh1CKO and Atoh1/Neurod1CKO 
mutants. The absence of HCs and elimination of sensory SOX2+ precursors from the base-

to-apex was also reported for other Atoh1 deletion models [14,13]. We are the first to show 

nerve fibers reaching sensory SOX2+ precursors in the developing organ of Corti without 

needing the presence of differentiated HCs (Fig. 4). In all Atoh1 deficient models including 
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our single Atoh1CKO, only the differentiation of HCs is affected with no effect on 

morphogenesis or formation of undifferentiated precursors in sensory epithelia. 

Unexpectedly, we identified a more profound morphogenetic effect of shortening of the 

cochlea in our double Atoh1/Neurod1CKO. The Atoh1/Neurod1CKO cochlea is even more 

truncated compared to Neurod1CKO, indicating additional unrecognized genetic 

interactions between these bHLH factors (Fig. 2G). Previous work suggested that truncated 

growth in the cochlea of Neurod1 null mice is a result of alternations in spatiotemporal gene 

expression [10]. A similar extent of cochlear truncation was shown in a Neurog1 null mutant 

[8]. How these bHLH factors are interconnected in a gene regulatory network effecting 

cochlear morphogenesis remains unclear.

The neuronal phenotypes of our Neurod1CKO and double Atoh1/Neurod1CKO mutants 

show a number of novel features. In both these mutants, some SG neurons were translocated 

and formed, together with vestibular ganglion neurons, an aberrant “spiro-vestibular” 

ganglion, described previously in Neurod1CKO [15]. Accordingly, the central axons were 

not segregated in the auditory and vestibular nerve but overlapping fibers formed an aberrant 

auditory-vestibular nerve. Our dye tracing experiments showed some neurons of the SG 

were connected with HCs in the cochlear base and apex, and some neurons residing in the 

SG had connections to vestibular organs in both Neurod1CKO and Atoh1/Neurod1CKO. 

Thus, the peripheral processes extending towards the organ of Corti, central projections, and 

migration properties of inner ear sensory neurons are affected by the deletion of Neurod1 
without any additional influence of ATOH1.

Previous studies generated Atoh1 and Neurod1 deletions in both the ear and the central 

auditory nuclei, significantly affecting the development of the cochlear nucleus and limiting 

assessment of the wiring defects [30,29,13]. In contrast, Isl1-Cre is not expressed in the 

cochlear nucleus and inferior colliculus [15], and therefore, our mutants retain Atoh1 and 

Neurod1 expression in the auditory nuclei and auditory midbrain. We extended previous 

suggestions that segregation of vestibular and cochlear afferents within the hindbrain is not 

affected by Atoh1 deletion [32]. For the first time, we show that the central projections of 

the cochlear nucleus and the tonotopic organization of the cochlear nucleus subdivisions in 

Atoh1CKO was virtually indistinguishable from the control, suggesting normal central axon 

pathfinding of inner ear neurons without any differentiated sensory epithelium. Thus, a 

subsequent loss of central axons is exclusively a secondary effect of neuronal death 

accompanying apoptosis of the sensory epithelium in the Atoh1CKO inner ear. In contrast, 

the tonotopic segregation was lost and overall coverage of the cochlear nucleus was 

considerably reduced in our Neurod1CKO and Atoh1/Neurod1CKO mutants compared to 

the control and Atoh1CKO. Our data suggest that NEUROD1 regulates the correct wiring of 

SG neurons to the cochlear nucleus independently of ATOH1, as evidenced by the same 

disorganization of central axons in the Neurod1CKO [15] and Atoh1/Neurod1CKO cochlear 

nucleus.

We also showed that combining the loss of Atoh1 with loss of Neurod1 resulted in an 

unusual pattern of premature fiber extension to the organ of Corti in the absence of any 

differentiated HCs or supporting cells, i.e. flat epithelia. Innervation of such flat epithelia 

can be driven by neurotrophin expression through residual supporting cell differentiation 
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[13] or viral transfection [39]. However, no excessive innervation was detected in our simple 

Atoh1CKO mice, thus ruling out any partial supporting cell differentiation. Therefore, the 

outgrowth of afferents detected in the Neurod1CKO apex is not driven by premature HC 

differentiation and/or their transformation but is SG neuron autonomous. By logical 

extension, we also show for the first time that the outgrowth of extending peripheral axons in 

simple Neurod1CKO mutant mice is not regulated by unregulated expression of ATOH1 in 

neurons, as the overall pattern of growth is similar to the double Atoh1/Neurod1CKO.

Our anatomical and molecular analyses indicate that NEUROD1 transcription factor 

orchestrates neurite growth, axon pathfinding of inner ear neurons, neuronal migration and 

guidance mechanisms for spatial and functional segregation of auditory and vestibular 

neurons. A number of genes affected in our Neurod1CKO have been implicated in 

determining SG ganglion size and abnormal innervation. For example, reduced Pou4f1 (also 

known as Brn3a) [40] and Ntrk3 (also known as TrkC) [41] are associated with the 

topographical losses of sensory neurons and misrouting axon projections in the basal turn of 

the cochlea. The more severe phenotype of our Neurod1CKO in axon projections and 

neuronal loss is in line with prior suggestions of NEUROD1 acting upstream of POU4F1 in 

a hierarchical transcriptional network controlling inner ear sensory neuron development 

[42]. Another member of the cascade of transcription factors regulating the development of 

inner ear neurons negatively affected by Neurod1 deletion is INSM1. Insm1−/− inner ear 

have a reduced number of vestibular and auditory neurons due to reduced proliferation of 

delaminated neuronal progenitors [43]. Similar to our Neurod1CKO, no significant increase 

in apoptosis was found in the inner ear ganglia of Insm1−/−. Interestingly, in the absence of 

Insm1 some OHCs transdifferentiate into IHCs [44] similar to the sensory phenotype found 

in the apex of our Neurod1CKO and other Neurod1 deletion mutants [10,30]. This indicates 

a possible interaction of NEUROD1 and INSM1 in nascent HCs in the apex. Reduced 

expression of Epha5 correlates with axon guidance and neuronal migration defects of 

Neurod1CKO [45].

Further experiments will be needed to fully identify the guidance mechanisms that may be 

altered by Neurod1 mutation specifically in auditory neurons and to determine whether the 

observed increased innervation following Neurod1 knockout has any potential therapeutic 

benefits in models of hearing loss. This includes enhancing understanding of how 

innervation can be stabilized in the long term after age-related loss of HCs [46], ototoxic 

drug [47] or sound induced hearing loss, including neuropathy [48] and for more effective 

nerve growth to support a cochlear implant [49].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The combined deletion of Atoh1 and Neurod1 results in a loss of the sensory hair cells 
and unusual interlaced innervation in the cochlea.
(A-H) Compared to the four rows of hair cells (HCs, labeled by Myo7a, a marker of HCs) in 

the control and Neurod1CKO cochlear base and apex, deletion of Atoh1 results in a 

complete loss of HCs in both Atoh1CKO and Atoh1/Neurod1CKO mutants, shown in whole 

mount immunostaining of the cochlea. As a consequence, neuronal fibers (labeled by 

tubulin) are affected in both these CKO mutants but in the double mutant, fibers form 

complicated network with loops and knots. Radial fibers of Neurod1CKO are less dense and 

longer, and the intraganglionic spiral bundle (IGSB) is not formed compared to the controls. 

(A’-H’) Higher-magnification images show the control littermate with many neuronal axons 

still not reaching their target outer HCs in the apex at P0. In contrast, the nerve fibers of 

Neurod1CKO reach the lateral part of the organ of Corti and form a dense disorganized axon 

net over the sensory epithelium. In Atoh1CKO, the loss of the sensory epithelium results in 

the retraction and doubling back of nerve fibers (arrowheads in D’), whereas the double 

deletion of Atoh1 and Neurod1 leads to the formation of abnormal long axons and dense 

network of fibers in the area of the presumed organ of Corti of Atoh1/Neurod1CKO (H’). (I) 

Quantification of fiber density in the area of the organ of Corti of Neurod1CKO (n = 5) and 

controls (n = 5). The values represent mean ± SD, t-test, **P < 0.01. IHC, inner hair cells; 
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OC, organ of Corti; OHC, outer hair cells; RF, radial fibers. Scale bars: 50 μm (A-H); 20 μm 

(B’, D’, F’, H’).
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Figure 2. Sensory epithelium is disorganized in the apex of Neurod1CKO and the length of the 
organ of Corti is reduced in Neurod1CKO and Atoh1/Neurod1CKO.
(A-D) In contrast to controls, the sensory epithelium in the apex of Neurod1CKO contains 

multiple hair cell rows and disrupted planar cell polarity (A, B scanning electron 

microscopy), and ectopic inner HCs (IHC) among outer HCs (OHC), as shown by confocal 

images of immunolabeling with IHC marker calretinin (red) and prestin, marker of OHC 

(green). (E, F) Whole mount immunolabeled cochlea shows differentiated Myo7a+ HCs 

(red) in the apex of Neurod1CKO (arrowhead) but not in the control apex. Asterisk indicates 

the border of the latest differentiated Myo7a+ HCs. Note the missing gradient of 

differentiation along the medial-lateral axis of the organ of Corti of Neurod1CKO with both 

IHCs and OHCs simultaneously differentiated in the apex at E16.5. In controls, IHCs are 

differentiating earlier than OHCs (arrow indicates the boundary of differentiated Myo7a+ 

OHCs). The cochlea is delineated by yellow dotted line. (G) The cochlear length in the area 

corresponding to the organ of Corti of Neurod1CKO and Atoh1/Neurod1CKO is 22% and 

40% shorter than controls, respectively. The values represent mean ± SD (n = 4 for controls, 

n = 3 for mutants), Dunnett’s multiple comparisons test, one-way ANOVA **P < 0.01, 

****P < 0.0001. Scale bars: 5 μm (A, B); 20 μm (C, D); 200 μm (E, F); HS, Hoechst nuclear 

staining.
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Figure 3. Atoh1 deletion in the sensory epithelium affects the survival of neurons, whereas a loss 
of Neurod1 alters the formation of the spiral ganglion.
(A-D) Whole mount immunolabeling of the cochlea with anti-NeuN (nuclear marker of 

differentiated neurons) and with anti-tubulin shows the comparable formation and size of 

spiral ganglion (SG) between control and Atoh1CKO at E14.5. In contrast, deletion of 

Neurod1 in Neurod1CKO and in Atoh1/Neurod1CKO results in a phenotype with an altered 

formation of the SG at E14.5. Note fibers in Neurod1CKO are oriented straight towards the 

sensory epithelium (arrowheads) and the overshooting fiber loops in Atoh1/Neurod1CKO 
(arrows in D). (E-H) At P0, Atoh1CKO SG neurons are missing in the base (arrowhead) and 

still present in the apex; however, the deterioration of innervation is noticeable along the 

whole cochlea compared to control littermates. (I, J) The overall density of Neurod1CKO 
SG neurons and radial fibers (RF) is lower with a missing intraganglionic spiral bundle 

(IGSB) compared to the control at P0. Overshooting fibers are detected in the cochlea of 

Neurod1CKO (arrows in I). The apex of Neurod1CKO is innervated but the number of 

neurons is severely reduced. (K, L) The SG of Atoh1/Neurod1CKO is severely reduced with 

a few patches of neurons detected in the area corresponding to the SG, and altered 

innervation with unusual thick fibers, especially in the apex. Scale bars: 100 μm.
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Figure 4. Neuronal fibers in the Atoh1CKO and Atoh1/Neurod1CKO cochlea innervate SOX2 
positive sensory epithelium without any differentiated hair cells.
Immunohistochemistry for Myo7a (marker for hair cells, HCs), SOX2 (marker of sensory 

precursors and supporting cells), and tubulin (nerve fibers) in the vibratome sections of the 

cochlea shows nerve fibers innervating the sensory epithelium with Myo7a+ HCs and 

SOX2+ supporting cells in the control (A, B) and Neurod1CKO cochlea (E, F). (C, G) The 

base of Atoh1CKO and Atoh1/Neurod1CKO does not contain any Myo7a+ and SOX2+ 

sensory epithelium. (D, H) Neuronal fibers (arrowhead) project into the SOX2+ epithelium 

with missing Myo7a+ HCs in the apex of Atoh1CKO and Atoh1/Neurod1CKO. Note the 

excessive innervation in the apex of Atoh1/Neurod1CKO. Scale bars: 50 μm. HS, Hoechst 

nuclear staining; IHC, inner hair cells; OHC, outer hair cells; SC, supporting cells.
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Figure 5. Sensory epithelium precursors in Atoh1CKO and Atoh1/Neurod1CKO cochlea die by 
apoptosis.
(A-A”) Whole mount immunostaining of the control cochlea with anti-SOX2 and anti-

cleaved caspase 3 shows sensory epithelium without any detectable apoptotic cells at E16.5. 

(B-B”) In the Atoh1CKO midbase, the majority of SOX2+ epithelial cells are missing (arrow 

in B) and apoptotic Caspase-3+ cells are detected (red, arrowheads in B’). (C-C”) No 

apoptotic cells are found in the sensory epithelium of Neurod1CKO. (D-D”) SOX2+ domain 

is reduced in the Atoh1/Neurod1CKO cochlea as in Atoh1CKO with the majority of SOX2+ 

cells missing in the midbase and with the apex seemingly unaffected. Scale bars: 200 μm (A-

D); 50 μm (A’-D”). HS, Hoechst nuclear staining.
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Figure 6. Dye tracing revealed aberrant central projections from the inner ear of Neurod1CKO 
and Atoh1/Neurod1CKO.
(A) Dye-labeling shows two segregated bands of central projections to the brainstem 

cochlear nucleus (CN) complex [the anterior ventral CN (AVCN), posterior ventral CN 

(PVCN), and dorsal CN (DCN)], and the distinct vestibular nerve in the control. Dorsal (D) 

is up and rostral (R) is to the left. (B) A similar organization of the CN subdivisions is in 

Atoh1CKO. The plane of section of the PVCN is indicated by the dotted line. (B’) The 

section of the PVCN shows segregation of cochlear afferents in dorsal and ventral parts of 

the PVCN (dotted oval), and the segregation of vestibular afferents to the lateral vestibular 

nucleus (LVN, labeled by dye inserted into the vestibular organs) in Atoh1CKO. (C) 

Deletion of Neurod1 results in unsegregated and overlapping central projections from the 

cochlea and vestibular organs in Neurod1CKO. (C’) Single color image shows disorganized 

fibers in the CN labeled by dye injected in the apex of Neurod1CKO. (D) Combined 

deletion of Atoh1 and Neurod1 results in the Neurod1CKO-like overlapping cochlear 

projections. The section (D’) shows the near complete overlap of afferents from the cochlear 

base and apex to the PVCN (dotted oval) and cochlear fibers innervating the LVN in Atoh1/
Neurod1CKO. (EH) Segregated central axons from the apex and base form the auditory 

nerve that is separated from the vestibular ganglion (VG) in controls (E) and in Atoh1CKO 
mutants (F). In contrast, central cochlear and vestibular axons are not segregated and 

neurons labeled by vestibular, apical, and basal dye applications form an aberrant “spiro-

vestibular” ganglion (SVG) in the inner ear of Neurod1CKO (G) and Atoh1/Neurod1CKO 
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(H). (I) Schematic diagram of dye tracing from the inner ear using insertions of differently 

colored dyes into the vestibular organs (magenta), cochlear base (red), and apex (green). 

Scale bars: 100 μm. AN, auditory nerve; SVG, “spiro-vestibular” ganglion; VN, vestibular 

nerve.
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Figure 7. Distribution of multiple and interconnected innervation from the auditory and 
vestibular systems unveils disorganization in the inner ear of Atoh1/Neurod1CKO.
(A) Dye applications to the vestibular end organs (magenta), cochlear apex (green) and base 

(red) show spatially restricted labeling based on the injection site in controls. (B) Similar 

dye applications in double Atoh1/Neurod1CKO demonstrate overlapping and unsegregated 

pattern of innervation in the mutant cochlea. (B’-B”‘) Detailed analysis of the middle turn of 

the Atoh1/Neurod1CKO cochlea shows fibers and neurons labeled by the vestibular dye 

application mingled with fibers labeled by dyes applied to the cochlear base and apex. (B””) 

Images of individual colors of the separate channels and a merged image indicate dense, 

disorganized, and unsegregated innervation in the area of the organ of Corti of Atoh1/
Neurod1CKO. (C-C””) The interlace distribution of fibers and neurons interconnecting the 

base, apex and vestibular end organs demonstrate the disorganized organization of the 

Neurod1CKO cochlea. Scale bars: 100 μm. AN, auditory nerve; OC, the organ of Corti; RF, 

radial fibers; SVG, “spiro-vestibular” ganglion; VN, vestibular nerve.
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Figure 8. Pattern of organ of Corti innervation is revealed by afferent and efferent tracing from 
the brain.
The insertions of differently colored dyes into the area of olivocochlear bundle and cochlear 

nucleus label efferent and afferent fibers in the cochlea. (A) In controls, the dye applications 

overlapped; efferents form the intraganglionic spiral bundle (IGSB); note some afferents 

extend to OHCs in the base (arrowheads) at E16.5. (B) Absent afferent and efferent growth 

into the region of the organ of Corti (OC) together with missing SG neurons in the base (red) 

is noticeable in Atoh1CKO. Note the formed IGSB on the outer edge of the existing 

ganglion (arrowheads). (C) Atoh1/Neurod1CKO shows a larger loss of spiral ganglion 

neurons than the simple Atoh1CKO mutants at E16.5 with tangled network of afferents and 

efferents. (D) Reduced spiral ganglion and disorganized innervation is shown in the 

Neurod1CKO cochlea. (E-G) At E18.5, Neurod1CKO shows profound and premature 

outgrowth of afferents to the outer HC region of the OC (arrowhead in F’), the missing 

IGSB, disorganized radial fibers (RF), and reduced number of SG neurons compared to the 

control cochlea (E). Note unusual bidirectional afferent projection towards the OC (arrow in 

F’). A more profound innervation of the area of presumed OC (arrowheads in G’) with both 

afferents and efferents occasionally overshooting (arrow) is found in Atoh1/Neurod1CKO. 

(G”) A magnified view of the boxed region (G’) shows tracing of a single afferent fiber with 
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unusual bidirectional projection towards the apex and base in Atoh1/Neurod1CKO. Scale 

bars: 100 μm.
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Figure 9. Transcriptome analysis of the inner ear of Neurod1CKO vs. controls at E14.5 shows 
changes in axonogenesis and neurogenesis.
(A) MA plot of differentially expressed transcripts (fold change ≥ 30%; adjusted p value < 

0.1). (B) Heatmap showing hierarchical clustering of downregulated (blue) and upregulated 

(red) genes in Neurod1CKO mutants and controls (n = 4/genotype). (C) Gene Ontology 

(GO) analysis of the differentially expressed genes by David Bioinformatics Resources 6.8 

applying a cutoff of Expression Analysis Systematic Explorer (EASE) > 2. Clustering of 

genes was based on enrichment for biological processes for up-regulated and down-

regulated genes. Top three clusters of enriched GO terms in the category biological 

processes associated with down- and up-regulated genes in Neurod1CKO are shown (See 

also Extended data Tables 10–1, 10–2, 10–3). (D) Validation by RT-qPCR of relative 

expression of selected genes was done using using additional biological samples. The values 

represent means ± SEM (n = 8/genotype), t-test, *P ˂ 0.05, **P ˂ 0.01, ***P ˂ 0.001, ****P 

< 0.0001. (E, F) Transcription factor Prox1 (red) is expressed in supporting cells of the 

organ of Corti and SG neurons in the control cochlea but no Prox1 is detected in 

Neurod1CKO auditory neurons. The dotted line indicates the boundaries of the SG.
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Figure 10. Schematics of structural changes in the cochlea induced by expressional alternations 
of Neurod1 and/or Atoh1 as a combination of cues for guiding neuronal axons to their target 
sensory organs.
In the control cochlea, spiral ganglion (SG) neurons are radially connected (RF, radial fibers, 

red) with a single ending to IHC (10–20 neurons/1IHC). The loss of Atoh1 results in a flat 

epithelium without any sensory cells and innervation, reduction of SG neurons and 

retraction of radial fibers. Absence of Neurod1 correlates with reduced number of SG 

neurons, a loss of apex-base and vestibular fiber segregation, multiple endings of a single 

neuron to HCs, and the disorganized epithelium in the apex of Neurod1CKO. In Atoh1/
Neurod1CKO neuronal fibers ramify inside the flat epithelium that replaces the organ of 

Corti. Magenta color depicts neurons and fibers in the cochlea labeled by the dye application 

to the vestibular end organs.
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