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SUMMARY

Hearing starts, at the cellular level, with mechanoelectrical transduction by sensory hair cells. 

Sound information is then transmitted via afferent synaptic connections with auditory neurons. 

Frequency information is encoded by the location of hair cells along the cochlear duct. Loss of 

hair cells, synapses, or auditory neurons leads to permanent hearing loss in mammals. Birds, 

in contrast, regenerate auditory hair cells and functionally recover from hearing loss. Here, 

we characterized regeneration and reinnervation in sisomicin-deafened chickens and found that 

afferent neurons contact regenerated hair cells at the tips of basal projections. In contrast to 

development, synaptic specializations are established at these locations distant from the hair cells’ 

bodies. The protrusions then contracted as regenerated hair cells matured and became functional 2 

weeks post-deafening. We found that auditory thresholds recovered after 4–5 weeks. We interpret 

the regeneration-specific synaptic reestablishment as a location-preserving process that might be 

needed to maintain tonotopic fidelity.
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In brief

Sato et al. provide a timetable of the cytomorphological maturation and reinnervation of newly 

regenerated avian auditory hair cells, leading to functional recovery of hearing thresholds. Synapse 

reformation happens via an unusual mechanism at the tips of hair cell projections that reach 

toward afferent neurites near the basement membrane.

INTRODUCTION

Sensory cells in the cochlea, known as hair cells, are essential for auditory perception. 

Hair cells are compact cylindrical cells that convert mechanical stimuli of their apical 

hair bundle into the release of synaptic vesicles at afferent synapses with the dendrites of 

auditory neurons. The auditory neurons relay the sound-encoding post-synaptic potentials 

and generate action potentials. These electrical signals are transmitted along the axons of the 

auditory nerve, carrying them toward the brainstem, where central auditory processing starts.

Every component of the peripheral auditory system is crucial for our ability to perceive 

sound. Hair cells, synapses, and afferent neurons are susceptible to damage from various 

sources, including loud noises, specific medications, and the inevitable consequences of 

aging.1 This vulnerability results in hearing loss. Mammals lack the inherent capacity 

to regenerate lost cochlear hair cells or effectively repair damaged synaptic connections, 

resulting in incurable hearing impairment.
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Non-mammalian vertebrates, unlike mammals, can replace auditory hair cells throughout 

life. Age-related hearing loss, for example, does not exist in starling species.2 Chickens can 

readily recover from drug- and noise-induced hair cell loss,3 and songbirds can relearn vocal 

mimicry after recovery from deafness.4,5 At the core of the avian ability to naturally recover 

from hearing loss are facultative stem cells that, upon injury, divide and replace lost hair 

cells.6–8 These facultative stem cells are also called supporting cells; it remains a mystery 

why mammalian supporting cells have lost their ability to regenerate lost hair cells.9

The avian equivalent of the mammalian cochlea, the basilar papilla, has been used as an 

attractive model to study hair cell regeneration for decades.10–12 Damage methods that use 

systemic administration of ototoxic drugs such as aminoglycosides or acoustic trauma often 

affect only the base to middle regions of the basilar papilla.13–16 Systemic ototoxic drug 

administration can lead to nephropathy and morbidity, while acoustic trauma can have a 

variable impact on the morphology of surviving hair cells17,18; high-level sound exposure 

can cause supporting cell loss.19 Moreover, systemic aminoglycoside injection can result in 

the shrinkage of afferent and efferent nerve terminals on surviving hair cells, while acoustic 

trauma destroys efferent nerve endings.13,19 This variability can be reduced with carefully 

titrated systemic aminoglycoside-based damage models.20

We hypothesized that surgical delivery of the chemically well-defined ototoxin sisomicin 

directly into the chicken inner ear would further reduce variability,21 and we utilized a 

single infusion of the ototoxic drug sisomicin that elicits complete hair cell loss at 24 h 

post-sisomicin treatment (PST).22 This injury triggers a highly synchronized regenerative 

response of supporting cells that, combined with single-cell transcriptomic profiling, allows 

us to unravel signaling pathways that activate the regenerative capacity of supporting cells 

in vivo.23,24 Because birds do functionally recover from hearing loss and are able to restore 

auditory synapses and afferent innervation,13–16 we hypothesized that an animal model 

with complete hair cell loss and a synchronized regenerative response would allow us to 

investigate the time course of afferent reinnervation of newly regenerated hair cells and the 

functional restoration of auditory function.

To interrogate the reconnection of newly regenerated hair cells with auditory neurons, we 

focused on the avian tall hair cells, which correspond to mammalian inner hair cells and 

are mainly innervated by afferent fibers.25–27 Tall hair cells are located medially in a cross-

section of the avian hearing organ (Figure 1A). Here, we present a time course of functional 

restoration that begins with the retraction of neurites, followed by the reconnection of 

afferent fibers with newly regenerated tall hair cells. We identified a process in which the 

new hair cells exhibit protrusions that extend toward the basement membrane of the sensory 

epithelium, where the first new pre- and post-synaptic specializations are established. 

Reinnervation and morphological hair cell maturation subsequently manifest in a dynamic 

retraction of the hair cells’ protrusions, ultimately resulting in the typical cylindrical hair 

cell morphology and the restoration of synapses. This regenerative activity is distinct from 

the innervation process of avian hair cells during embryonic development, highlighting 

its specialized nature. Functional recovery, based on hearing threshold restoration, starts 

9 days PST, and reaches pre-damage levels within 28 to 35 days. Our findings illustrate 
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the exceptional regenerative potential of the avian hearing organ and provide a mechanistic 

template for mammalian auditory restoration.

RESULTS

Time course of basilar papilla hair cell regeneration

Immunohistochemistry at various time points PST revealed a consistent time course of 

hair cell regeneration in the chicken’s basilar papilla (Figures 1A–1H). One day after 

sisomicin infusion into the lateral semicircular canal, we observed complete extrusion of 

all auditory hair cells (Figure 1B). The extruded dead hair cells remained detectable using 

antibodies to Myosin 7A (MYO7A) and displayed F-actin-containing cellular debris as 

well as fragmented nuclear material 1 day PST (Figure 1B; Figure S1B). Dead hair cell 

debris lacked the typical cylindrical morphologies and distinct hair bundle shapes seen in 

undamaged controls (Figure 1A; Figure S1A). This rapid elimination of all basilar papilla 

hair cells and preservation of the supporting cells is consistent with previous findings.22 

Release of dead hair cells into the scala media has also been reported in mice.28 New 

hair cells were first detected with MYO7A immunostaining at 5 days PST. They were 

predominantly located in the medial side of the sensory epithelium (Figure 1C), indicating 

that tall hair cells reappear before short hair cells, which we first detected 7 days PST 

(Figure 1D). Immature-appearing short hair bundles were apparent at 7 days PST, and 

the number of newly regenerated hair cells increased over the next 2 weeks (Figures 1E 

and 1F). Over time, hair cell regeneration and maturation continued, resulting in a typical 

cytomorphological appearance of hair cells along the whole basilar papilla between 21 and 

35 days PST (Figures 1F–1H; Figures S1C–S1F). MYO7A-immunoreactivity of hair cell 

debris remained detectable in the scala media through all time points of our investigation 

(Figures 1C–1H; Figure S1B). Quantitative analysis revealed no significant difference in 

tall and short hair cell numbers at 3–5 weeks PST compared to control, while tall hair cell 

regeneration preceded short hair cell reemergence (Figure 1I). From 3 weeks PST onwards, 

the regenerated hair cells displayed mature morphology. Hair bundles were not detected in 

newly generated hair cells at day 5 PST, were clearly visible with F-actin staining at day 7 

PST, and maturated over time; their heights and widths were equal to controls at 11 days 

PST (Figures 1J–1L).

Neurite retraction following sisomicin-induced hair cell loss

To assess the effects of sisomicin infusion and hair cell loss on auditory ganglion afferent 

neurites, we performed immunolabeling with beta III tubulin (TUBB3) antibodies. One day 

PST, after hair cell extrusion, we observed neurite retraction and sparser TUBB3 labeling 

within the sensory epithelia compared to the control (Figures 2A–2D). All afferent neurites 

along the medial-lateral axis, and the whole length of the basilar papilla rescinded toward 

the superior fibrocartilaginous plate (Figures 2B–2D). Efferent nerve fibers innervating the 

hyaline cells were also immunolabeled for TUBB3 and remained unaffected (Figures 2B–

2H, arrowheads in 2B), suggesting that the afferent neurite retraction was in response to the 

loss of hair cell targets and not a general neurotoxic effect of sisomicin on nerve fibers. The 

neurites appeared unaffected at 12 h PST when the hair cells were still intact (Figure 2E). 

Over the course of the first 4 days PST, the neurites remained withdrawn from the damaged 
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sensory epithelium (Figures 2F and 2G), principally remaining in a holding pattern near the 

basement membrane at 4 days PST (Figure 2H).

To ascertain that sisomicin infusion had no toxic effect on neurons, we conducted TUNEL 

assays. Twenty hours PST, hair cell nuclei were TUNEL positive (Figure S2A), indicating 

apoptotic hair cell death, which is the expected result of the sisomicin treatment.22 We did 

not detect TUNEL-positive supporting cells, glial cells, or ganglion cells at 20 h or 2 and 

3 days PST (Figure S2A), suggesting the viability of these cell groups. The number of 

auditory ganglion cells remained constant during the neurite retraction phase (Figures S2B 

and S2C). Based on these findings, we conclude that sisomicin infusion does not induce 

apoptosis of auditory ganglion or glial cells.

Reinnervation

Regrowth of retracted neurites coincided with the emergence of the newly regenerated 

hair cells (Figures 2I–2K). Nascent hair cells, in contrast to mature hair cells, can 

be immunolabeled with anti-TUBB3 antibodies and display elongated cytomorphology 

with discernable TUBB3- and MYO7A-positive basal protrusions toward the basement 

membrane (Figures 2L–2N). This fact limits the use of TUBB3 for tracking the 

reinnervation of newly regenerated hair cells. We, therefore, used antibodies to 

neurofilament (NF200) to label afferent neurites and to distinguish TUBB3-positive neurites 

from TUBB3-positive basal hair cell projections, which allowed us to track neurites over 

time (Figure 3A). At 5 days PST, the neurites remained retracted near the basement 

membrane. Extension of NF200-positive neurites and contact with basal hair cell protrusions 

were first observed at 7 days PST (Figure 3A). As hair cell maturation progressed, neurite 

outgrowth continued, and some neurites formed post-synaptic-like thickenings that were 

noticeable at 9 days PST (Figure 3A, 9 days: inset and arrowheads). As reinnervation 

proceeded, cup-like contacts of neurites with new hair cells became more numerous and 

were initially quite large (Figure 3A, 14 days, arrow) but became smaller at 21 days PST and 

refined to mainly two per hair cell at 28 days PST, which is comparable to the undamaged 

control (Figure 3B). We refer to these cup-like contacts as pre-synaptic thickenings, which 

have been anatomically described to be associated with 2–3 afferent nerve fibers per tall hair 

cell in various avian species.25,29 Antibodies to TUBB3 strongly labeled the pre-synaptic 

thickenings, which were also associated with the post-synaptic density protein 95 (PSD95), 

which retains AMPA-type glutamate receptors at the post-synapse (Figure S3A, control). 

PSD95 labeling reemerged after 4 days and was associated with TUBB3-positive afferent 

neurite endings (Figure S3A).

Although the pronounced TUBB3-positive projections that extend from newly regenerated 

hair cells from day 5 PST onwards (Figure 3A, 5–9 days) are not labeled with anti-NF200 

antibodies, we wanted to ensure that they are hair cell protrusions. Monoclonal antibodies to 

otoferlin exquisitely label avian hair cells30 and allowed us to clarify further the relationship 

between the hair cell protrusions and neurites. Hair cells in control specimen showed strong 

otoferlin immunoreactivity (Figure 3C). Newly formed hair cells at day 5 PST were weakly 

expressing otoferlin, but their basal projections displayed robust otoferlin immunoreactivity 

(Figures 3C and 3C′). Moreover, the otoferlin-positive tips were associated with the NF200-

Sato et al. Page 5

Cell Rep. Author manuscript; available in PMC 2024 May 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



labeled afferent neurites (Figures 3C′ and C″), as well as with PSD95-labeled post-synaptic 

thickenings (Figure S3B). As reinnervation progressed, the protrusions immunolabeled with 

otoferlin antibody retracted toward the hair cells’ bodies and became shorter and thicker.

New hair cells lost TUBB3 immunoreactivity from PST day 14 onwards and no longer 

expressed TUBB3 at day 28. Based on our immunohistochemical assessment, we conclude 

that reinnervation was nearly complete at 4 weeks PST (Figures 3A and 3B), extended along 

the whole tonotopic axis (Figures S4A–S4C), and appeared fully mature at 5 weeks PST 

(Figures S4D–S4F).

Reformation of synaptic structures

During the formation of auditory circuits, the synaptic activity of maturing hair cells is 

essential for proper development and maturation.31 We hypothesized that the appearance 

of the pre-synaptic marker C-terminal binding protein 2 (CTBP2) would indicate the early 

essential stages of this process. CTBP2 is typically associated with distinct pre-synaptic 

punctae at the base of tall hair cells in the basilar papilla (Figure 4A, control). The first 

CTBP2-positive dots were observed at 6 days PST at the tips of the basal projections of 

newly regenerated hair cells, indicating that pre-synaptic structures first emerge basally and 

distant from the new hair cells’ bodies (Figure 4A, 6 days). The punctae were gradually 

detected more apically, coinciding with the retraction of the hair cell projections. When the 

hair cells acquired their typical cylindrical morphology at 14 days PST, the CTBP2-positive 

punctae settled at the regular basal location below the nucleus.

Next, we used an antibody to PSD95 to examine whether post-synaptic structures 

correlate with pre-synaptic specializations during reinnervation. In control hair cells, PSD95 

immunolabeling is detected in the post-synaptic thickenings at the terminals of afferent 

neurites (Figure 4B; Figure S3A). PSD95 immunoreactivity disappeared after hair cell loss 

and reappeared at the tips of afferent neurites after day 4 PST (Figure S3A). At day 6 

PST, close to CTBP2-positive dots in hair cell projections, we also detected PSD95-positive 

neurite tips near the basement membrane (Figure 4B). This correlation was robust and 

persisted throughout the reinnervation process. PSD95-labeled post-synaptic thickenings 

were associated with the migration of CTBP2 punctae and were detected at their regular 

basal location at 14 days PST.

We quantified the number of CTBP2-positive punctae over time PST compared to 

undamaged controls (Figure 4C). At 6 days PST, about half of the typical number of punctae 

were found. These punctae were located, on average, at a distance of 29 μm basally from 

the bottom of the hair cells’ nuclei (Figures 4D and 4E). The number of CTBP2-positive 

dots increased from PST day 6 until day 11, and, simultaneously, the average distance of the 

dots from the hair cells’ nuclei decreased. At 11 days PST, the number of CTBP2-positive 

dots was not significantly different from controls, and the dots were not significantly distant 

from the hair cells’ nuclei compared to controls. Together, our findings indicate that pre- 

and post-synaptic specializations form early during new hair cell maturation at the tips of 

basal hair cell protrusions and at the tips of afferent neurites. Hair cells and neurites appear 

to interact at these sites akin to the two index fingers in Michelangelo’s fresco painting 

Creazione di Adamo.32 The CTBP2-positive punctae subsequently migrate apically together 
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with the contracting basal protrusions; this process coincides with afferent neurite extension. 

The most dynamic phase of this process happens between PST days 7 and 11. The process, 

in general, was obvious and abundantly noticeable in the medial (neural) region of the 

basilar papilla. In the lateral region, mainly innervated by efferent nerves, basal projections 

were also obvious, and CTBP2-positive punctae were found, albeit less abundantly, at the 

tips of short hair cell protrusions (Figure S3C).

A potential role for calretinin during functional basilar papilla restoration

Calretinin, an EF-hand Ca2+-binding protein encoded by CALB2, is crucial in modulating 

Ca2+ influx and regulating exocytosis in sensory hair cells.33 Previous studies have 

demonstrated the expression of calretinin in inner and outer hair cells as well as in auditory 

neurons during the development of the mouse cochlea, with no detectable expression 

in supporting cells.34 A recent single-cell transcriptome study found CALB2 expression 

in the regenerating basilar papilla supporting cells and nascent regenerated hair cells.24 

To investigate the potential involvement of calretinin during functional basilar papilla 

restoration, we performed immunohistochemistry following sisomicin infusion. In control 

sections, calretinin was not detectable in hair cells; occasional but inconsistent dotted 

labeling was identified basolaterally near synapses (Figure 5A).

At 5 days PST, we observed robust calretinin expression in the nuclei of supporting cells 

and in new hair cells (Figure 5B). Over time, we noticed that calretinin expression was first 

lower in supporting cell nuclei of the medial region of the basilar papilla at 7 days PST 

(Figure 5C). Calretinin immunoreactivity gradually shifted toward the lateral side at 14 days 

PST, when the protein was detected in the cytoplasm of new short hair cells and in the nuclei 

of supporting cells; calretinin expression in new tall hair cells was markedly lower (Figure 

5D). This progression continued through 21 days PST until 28 days PST, when calretinin 

expression was sparse but still detectable mainly in the lateral region (Figures 5E and 5F).

We quantified calretinin expression in each cell type in the medial and lateral regions over 

time (Figure 5H). Notably, calretinin expression was observed in supporting cells’ nuclei 

before the newly regenerated hair cells emerged (Figures 5G and 5H). The expression of 

the calcium buffer protein declined earlier on the medial/neural side, with supporting cells 

exhibiting a more rapid decrease compared to hair cells (Figure 5H). Albeit correlative, we 

note that the downregulation of calretinin expression in new tall hair cells and in supporting 

cells of the medial region coincided with the most dynamic phase of hair cell protrusion 

condensation and neurite extension (Figure 5I). These observations suggest a potential 

role for calretinin and increased mobile Ca2+ buffer capacity in the regenerative processes 

associated with new hair cell maturation and the reestablishment of sensory function in the 

basilar papilla.

Comparison of regeneration and development

Our observation that newly regenerated hair cells exhibit basal projections that establish 

interactions with the retracted neurites is reminiscent of pre-synaptic projections of zebrafish 

lateral line hair cells during neural circuitry formation.35 This raised the question of whether 

the afferent innervation of newly differentiated hair cells in the avian basilar papilla 
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generally happens through short-range projections. Goodyear and colleagues reported 

otoferlin-rich hair cell processes in the embryonic day (E) 7–8 basilar papilla,30 suggesting 

that basal projections are a hallmark of newly generated hair cells. To investigate similarities 

and differences between regeneration and development, we examined how basilar papilla 

hair cells are innervated during embryonic development.

The first hair cells were detectable with antibodies to TUBB3 in the developing basilar 

papilla as early as E6.5. The nascent hair cells featured basal protrusions similar to 

the newly differentiated hair cells during regeneration (Figure 6A). Concurrently, NF200 

immunostaining revealed the extension of neurites into the sensory epithelium toward 

the hair cells (Figure 6B). Expression of MYO7A was first detected in developing short 

hair cells at E7 and appeared in the medial tall hair cells at E8. Putative post-synaptic 

condensations at the basal poles of developing hair cells were first observed at E8. During 

the refinement process, the neurites displayed buds and large synaptic thickenings (Figures 

6A and 6B). In contrast to regenerated hair cells, we found that CTBP2 expression during 

the development of hair cells exclusively occurred below the nuclei and not at the tips 

of the basal protrusions, starting at E8–E8.5 (Figure 6C). This suggests that nascent hair 

cells, during development, project toward the afferent neurites, which is similar to new 

hair cells during regeneration. However, pre-synaptic specializations during development are 

established subnuclearly at the basal poles.

Furthermore, the transient expression of calretinin during hair cell development was 

restricted to hair cells and, similar to regeneration, ceased first in tall hair cells at 

E16 (Figure 6D). In contrast to regeneration, we did not detect calretinin expression in 

supporting cells during hair cell specification, but some expression was noticeable in lateral 

supporting cells at E16.

Functional recovery

We conducted auditory brainstem response (ABR) measurements in sisomicin-infused 

chickens to evaluate hearing restoration during basilar papilla regeneration. Because cross-

hearing from the unaffected ear can alter the responses of interest in animals with one-sided 

deafness,36 it was necessary to prevent inputs from the untreated ear. We refrained from 

bilateral sisomicin infusion because preservation of vestibular function of the unaffected 

side is essential to avoid gait disturbance and malnutrition caused by bilateral vestibular 

dysfunction. Therefore, we selectively removed the basilar papilla on the unaffected side 

without damaging the vestibule. We confirmed that the extraction of the basilar papilla on 

the unaffected side did not significantly alter the ABRs of the opposite side (Figures S5A 

and S5B).

We measured ABRs in sisomicin-infused chickens before and at various time points PST 

(Figure 7A). First, we attempted to identify the time point of initial hearing recovery. The 

chickens lacked detectable ABR thresholds at 3 days PST (Figure 7B). Although deafness 

persisted until 7 days PST with no detectable thresholds, we detected high thresholds at 9 

days PST (Figure 7B). Modest threshold recovery was first consistently detected at 11 days 

PST, coinciding with our observation of the time courses of hair bundle formation, as well 

as the initiation of reinnervation and synaptic reformation (Figures 1, 3, and 4). We conclude 
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that the first physiologically detectable auditory recovery happens between 9 and 11 days 

PST. This finding supports the conclusion that new hair cells have mechanoreception and 

functional synapses during their cytomorphological maturation, probably becoming more 

mature with the conclusion of basal projection contraction.

Next, we examined hearing restoration from 11 days PST onwards. Over time, the hearing 

thresholds gradually recovered, eventually converging to an average threshold deficit of 

6.3–18.5 dB, which was principally not significantly different from pre-infusion and age-

matched controls (Figures 7B and 7C; Figure S5C). We found some variability of functional 

recovery, with some animals reaching pre-infusion hearing thresholds and others having an 

up to 20 dB shift at 5 weeks PST (Figure S5D). We presume that 5 weeks PST represents 

the earliest time point when complete functional recovery can be expected, and based on 

the visible trend of recovery over time (Figure 7B), we conclude that auditory restoration 

in completely deafened chickens is highly efficient and can reach pre-damage levels. This 

remarkable regenerative capability of the avian inner ear stands in stark contrast to the 

complete regenerative inertness of the mammalian cochlea.

DISCUSSION

Ototoxic drug administration is a suitable strategy for investigating inner ear regeneration 

in avian models and is generally less variable compared to acoustic trauma.5,17 We directly 

applied sisomicin to the inner ear, which induces complete loss of auditory hair cells within 

the first 24 h PST.22,24 This method avoids the nephrotoxicity, variability, and protracted 

damage responses observed with systemic aminoglycoside treatments.

Previous reports, mainly in mice, showed a reciprocal dependence of hair cells and auditory 

ganglion neurons where dysfunction in one cell type can affect the survival of the other 

cell type.37–41 It is important to note that despite the reported reliance on trophic factors 

released by murine hair cells, auditory ganglion neurons usually do not degenerate quickly. 

Moreover, this dependence seems less relevant in humans, where auditory neurons can 

survive for decades without their hair cell targets and become functionally integrated again 

in cochlear implant patients. This is an important consideration because future regenerative 

treatments in humans will require surviving auditory ganglion neurons. In our study, we 

were motivated by this perspective to investigate the interrelationship of hair cell loss and 

newly regenerated hair cells with their innervating auditory ganglion cells in chickens. 

Because avians functionally restore hearing after hair cell loss, we presumed that the 

reinnervation of newly regenerated hair cells is a well-orchestrated process.

Our experiments were designed based on the previously determined time course of hair 

cell demise and proliferative hair cell regeneration in the chicken basilar papilla after 

semicircular canal infusion of sisomicin.22,24 Using the same hair cell loss paradigm, 

we characterized hair cell loss, regeneration, reestablishment of afferent innervation, and 

functional auditory recovery in the chicken.

Tropic dependence of auditory ganglion neurons has been reported in developing chickens.42 

Forced activation of Wnt signaling showed that ectopic sensory patches were innervated, 
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suggesting that hair cells attract neurites during embryonic development.43 Several studies 

have put forward specific factors released from hair cells as attractants of afferent nerves 

during innervation in the development of chicken and mouse ears.44,45 In this context, 

BDNF, among other guidance molecules, has been shown to be crucial for innervation.46 

Although the sensory epithelia do not require afferent innervation for differentiation,41 a 

close interaction between hair cells and auditory neurons has been suggested to coordinate 

mutual maturation.47–49

In our study, we found that nascent auditory hair cells display basal projections toward the 

afferent neurites. These projections appear to be a hallmark of newly differentiated hair 

cells in development as well as during regeneration. We noted, however, that the location 

of the emerging synapse differs between development and regeneration. In development, 

CTBP2-positive punctae, indicators of the forming pre-synapse, were first detectable right 

below the hair cells’ nuclei, which is more or less the same location as synapses in mature 

hair cells. The synapses, therefore, are assembled at the basal poles of developing hair 

cells and not at the tips of the hair cells’ basal protrusions. In contrast, newly regenerated 

hair cells established synaptic connections far away from the cells’ nuclei at the tips of 

their basal projections. As the projections shortened over the course of several days, the 

contacting neurites followed and grew toward the hair cell bodies, where the location and 

number of synaptic connections were reestablished.

We interpret that the regenerated hair cells “reaching down” toward the afferent neurites 

might reflect an omission of non-specific long-range neurite attractants normally present 

during development. Furthermore, this reaching process might be needed to preserve the 

tonotopic organization of the regenerating basilar papilla. We suggest that establishing 

direct local contact points suppresses the sprouting of neurites. The system, therefore, 

prevents the formation of synaptic contacts with hair cells that do not already match the 

established frequency-specific central projections of the auditory neurons. In conclusion, 

we propose that the observed mechanism of reinnervation of newly regenerated hair cells 

in the chicken auditory epithelium is specialized to preserve tonotopy. This preservation is 

not required during development because central projections are not mature. It is interesting 

in this context that basal hair cell protrusions were also found during zebrafish neuromast 

development but the locations of the emerging synapses were the same as in adults.35 

Neuromasts are part of the lateral line system for detecting water currents and providing 

spatial orientation. Hair cells in the neuromast are organized into two opposing groups 

that define the organ’s axis of best sensitivity to water flows. We surmise that tonotopy 

preservation is irrelevant in neuromasts and that afferent reinnervation, therefore, differs 

from the avian auditory system. In mammals, basal projections have not been reported 

except in the mature vestibular system, where vestibular hair cells display processes that 

appear to form synapses with the vestibular afferent nerve several cell diameters away.50 

Additional work is needed to determine the mechanism by which basal hair cell projections 

and afferent neurites find each other. Existing single-cell datasets from newly regenerated 

avian auditory hair cells exist,24 but additional datasets from auditory neurons obtained 

post-damage are needed for in-depth analyses of candidate genes.
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Newly differentiated immature hair cells express high levels of CALB2, encoding the mobile 

intracellular Ca2+ buffer calretinin. Calretinin expression in regenerated tall hair cells on the 

medial side of the basilar papilla overlapped with the establishment of afferent innervation 

and ceased upon functional recovery, based on ABR measurements. We can only speculate 

about the role of calretinin and mobile Ca2+ buffers during regeneration. Ca2+ signaling 

is important for hair cell function and regulates cellular projections.33,51 High levels of 

calretinin and Ca2+ signaling per se might be involved in the formation and retraction of 

hair cell protrusions during the reestablishment of afferent connections. Moreover, high 

calretinin levels might also modulate synaptic activity during reinnervation. The enrichment 

of otoferlin at the tips of newly regenerated hair cells’ basal projections is another indication 

of a possible role for Ca2+ that is based on otoferlin’s role in Ca2+-triggered neurotransmitter 

release from mammalian auditory hair cells.52,53

To ensure a comprehensive and systematic comparison, we conducted a thorough analysis 

of the morphological characteristics of hair cells at various embryonic stages, aiming to 

establish correlations with the regenerative process. By closely examining the similarities 

and differences between regeneration and development, our primary objective was to gain 

insights into the specific mechanisms governing hair cell regeneration.

Our findings provide compelling evidence that the morphological changes observed during 

hair cell regeneration bear striking resemblances to developmental processes. Our study 

revealed the formation of neurite branches and buds during reinnervation. Additionally, 

we observed swelling of afferent nerve endings and pronounced post-synaptic density 

formation. Previous research has indicated that these phenomena occur during inner ear 

development in chickens and mice.54,55 Furthermore, it has previously been shown that 

regenerating hair cells exhibited functional features shared with developing hair cells, such 

as the presence of Ca2+ channels necessary for spontaneous action potentials that could 

contribute to the survival and refinement of neuronal connections.56 The different location of 

emerging pre-synaptic specializations was the most striking difference between developing 

hair cells and regenerated hair cells. As already laid out, we speculate that this difference 

is owed to a different environment during regeneration where preservation of tonotopy is 

critical.

The investigation of functional recovery following inner ear damage has been an area 

of focus since the discovery of hair cell regeneration in chickens after acoustic trauma.6 

ABR thresholds returned to almost normal within 30–70 days after discontinuing systemic 

aminoglycoside administration except for the high frequencies.5,10 Persistent hearing loss 

at high frequencies was suggested to result from the cumulative effects of multiple 

traumas,15,57 while faster recovery at low-mid frequencies might be attributed to insufficient 

damage in the mid-apex regions. In a study involving local gentamicin administration with 

collagen sponges placed at the round window of the pigeon cochlea, complete hair cell 

loss, except for 20% of the apex, and maximum hearing loss were observed 5–7 days after 

treatment.58 Hearing loss at all frequencies showed minimal improvement until 13 days, 

followed by gradual recovery over time, resulting in hearing threshold shifts averaging 

7–28 dB after approximately 70 days. However, their findings also indicated a sluggish 

improvement in hearing thresholds around 28 days after treatment. It should be noted that 
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while these functional recovery results align with our study, structural recovery, including 

reinnervation, was not analyzed, and the prolonged effects of gentamicin sponges could 

have affected the outcomes. To comprehensively track hearing restoration accompanied 

by regenerated basilar papilla, ABR measurements should be coupled with evaluations of 

reinnervation, synaptic reformation, and regenerated hair cell maturation.

We found that regeneration starts already during hair cell demise, leading to supporting 

cell activation.23 Tall hair cell regeneration commences through a mainly proliferative 

mechanism24 and features afferent neurite retraction, a dynamic interplay between new 

hair cells’ basal projections and neurite reinnervation, accompanied by synaptic reformation. 

Functional recovery is indicated by the improvement of ABR thresholds over time and also 

reflects the time course of functional recovery of afferent innervation.

Overall, our study provides valuable insights into the remarkable regenerative capacity and 

functional recovery of the avian hearing organ. The gradual functional recovery observed in 

our study emphasizes that the regenerative process comprises multiple interconnected stages. 

This insight will contribute to future studies on hair cell regeneration and the development of 

potential therapeutic interventions for hearing loss.

Limitations of the study

While the study focused on hair cell regeneration and functional recovery, it did not 

extensively explore the broader auditory system, including central auditory processing 

and connectivity between regenerated hair cells and higher auditory centers. A deeper 

investigation into these aspects would provide a more holistic understanding of the 

regenerative process. In addition, we focused on afferent reinnervation of tall hair cells 

that happens primarily in the medial region of the basilar papilla. We show that short hair 

cells regenerate in our animal model and that hearing threshold recovery is nearly complete 

5 weeks post-damage. Such a recovery can only happen with functional short hair cells 

integrated into the efferent feedback loop that regulates cochlear amplification. However, 

we did not explicitly show the recovery of the amplification process and the efferent 

reinnervation of short hair cells. The latter requires additional markers and tools that need 

to be established for the avian model. Lastly, the specific mechanisms underlying hair cell 

regeneration, such as candidate genes for neurite outgrowth and synapse formation, as well 

as the functional role of calretinin, were not fully elucidated. Future research should delve 

into the molecular pathways and signaling mechanisms involved in hair cell regeneration 

and reinnervation to identify potential therapeutic targets for hearing loss treatment.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Stefan Heller (hellers@stanford.edu).

Materials availability—The study did not generate new unique reagents.
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Data and code availability

• All data reported in this paper will be shared by the lead contact upon request.

• No original code was developed.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All animal care and procedures complied with the Guide for the Care and Use of Laboratory 

Animals published by the National Institutes of Health. Fertilized pathogen-free chicken 

eggs were purchased from Charles River Laboratories. Chicken hatching, housing, and 

animal procedures were approved by the Stanford University Institutional Animal Care and 

Use Committee and performed as described.22

We took all necessary steps to minimize animal suffering, including the use of anesthesia 

and analgesia during surgical procedures, and careful monitoring of animal health and 

welfare. Both male and female animals were included in all analyses.

METHOD DETAILS

Animals for experiments—Fertilized chicken eggs (Charles River, Wilmington, USA) 

were used for the experiments. The eggs were placed in a humidified incubator set to 39°C 

with continuous egg rocking for 19 days and then transferred to a Brinsea Octagon incubator 

for hatching. The hatchlings were moved to a brooder cage equipped with an infrared heat 

lamp, digital thermometer, chick starter feed, and water. The chickens were raised in a calm 

and quiet environment with a 12-h artificial day-night cycle.

Infusion via the semicircular canal—On post-hatch day 7, chickens were anesthetized 

by administering 3% isoflurane and 2 L/min oxygen using a nose cone. The anesthetized 

chickens were positioned on a heating pad in the right lateral recumbent position. Anesthesia 

was maintained by delivering 2% isoflurane and 2 L/min oxygen. Subcutaneous injection 

of carprofen at 1 mg/kg was administered near the breast under the wing. Feather removal 

in the postauricular area was performed using Nair, followed by three alternating treatments 

with diluted betadine and 70% isopropanol. A 6–7 mm incision was made in the skin to 

expose the temporal bone’s surface. The lateral semicircular canals’ bony labyrinth was 

punctured using a 30 ½-gauge needle, resulting in slight discharge of perilymph. Infusion 

into the semicircular canal was carried out using a Micropump (UMP3Micro 4, World 

Precision Instruments) and a 35-gauge blunt Nanofil needle (World Precision Instruments) at 

a rate of 8 nL/s, delivering 2 μL sisomicin solution at 75 μg/μL in phosphate-buffered saline 

at pH 7.4 (PBS). The puncture wound was sealed with bone wax (Ethicon), and the skin 

wound was closed using surgical superglue. To facilitate the emergence from anesthesia, 

pure oxygen was provided, and the chicken was transferred onto bedding into a small plastic 

container. The chicken was closely monitored for 15 min before returning to the cage. 

Each chicken was identified with colored leg bands (Chicken Hill) for individual labeling 

purposes.
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Dissection of the chicken basilar papilla and vibratome sectioning—Following 

euthanasia by CO2 inhalation and subsequent decapitation, the chicken heads were bisected, 

and the temporal bone containing the basilar papilla was carefully excised using surgical 

scissors. The excised temporal bone was then placed in a solution of 4% paraformaldehyde 

in PBS and incubated overnight at 4°C. For developmental studies, eggs were candled 

to confirm viability, gently cracked open using surgical scissors, and the embryo was 

transferred to a Petri dish filled with PBS. The entire head was excised, immersed in 4% 

paraformaldehyde in PBS, and incubated overnight at 4°C. After rinsing the excised tissue 

with PBS, the basilar papillae were dissected and embedded in disposable molds containing 

liquid 4% low melt agarose in PBS. The embedded basilar papillae were positioned 

appropriately for cutting and stored in a humidified chamber at 4°C. Transverse sections 

of the basilar papillae were obtained using a Leica VT1200 vibratome with parameters set 

to 60–70 mm thickness, 1mm amplitude, and a cutting speed of 0.7 mm/s. The resulting 

sections were punched out using a 1.5 mm biopsy punch on a Sylgard 184 silicone plate. 

Additional details of this method are available.59

Immunohistochemistry—Immunostaining procedures were generally performed as 

previously described.22 We used the following antibodies: rabbit polyclonal antibodies to 

MYO7A, NF200, PSD95, CALB2, and mouse monoclonal antibodies to SOX2, TUBB3, 

and CTBP2. For visualization, donkey anti-mouse and anti-rabbit IgG secondary antibodies 

conjugated to Alexa 488 or Alexa 546 were employed. F-ACTIN was visualized using 

phalloidin conjugated with Alexa 647, and nuclei were identified using DAPI. For the 

PSD95 antibody, we adopted a different method, using a blocking buffer containing 3% 

BSA and 1% donkey serum in PBS, followed by permeabilization with 3% Triton in 

PBS, and culminating in a 36–40 h incubation with the primary antibody at 4°C. The 

DeadEnd fluorometric TUNEL System was used to detect apoptotic DNA fragmentation. 

After staining, the sections were mounted on glass slides using an antifade medium with a 

0.12 mm spacer between the slide and coverslip. All experiments were performed at least in 

triplicate, and representative images are presented.

Auditory brainstem response—The auditory brainstem response measurements were 

conducted according to a previously published protocol.60 Chickens were positioned in a 

prone position with a beak rest while under general anesthesia induced by an anesthetic 

cocktail comprising Ketamine (50 mg/kg) and Xylazine (16.7 mg/kg). If the animals started 

to regain consciousness and exhibited movement during the experiment, an additional 

injection of half the original dosage was administered. Three stainless steel needle electrodes 

were subdermally inserted at specific sites: the active electrode positioned above the midline 

of the skull, the reference electrode placed below the ear canal of interest, and the ground 

electrode positioned on the dorsal side of the neck. Prior to each ABR recording session, 

sound level calibration was carried out, and electrode impedance was confirmed to be below 

1.0 kΩ. Body temperature was maintained at 39°C using a heating pad throughout the testing 

process. Tone burst stimuli were used within a frequency range of 64–5600 Hz, with a rise/

fall time of 1 ms and a duration of 10 ms. The stimulus count was set at 1024 sweeps, and 

the presentation rate was maintained at 10–20 stimuli per second. The signal was filtered 

with a low pass of 100 Hz and a high pass of 3000 Hz. The sound stimuli were initially 

Sato et al. Page 14

Cell Rep. Author manuscript; available in PMC 2024 May 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



decreased in 10-dB steps and subsequently in 5-dB steps until the hearing threshold was 

determined. ABR measurements were conducted both before and after sisomicin infusion at 

various time points. To avoid cross-hearing, the unaffected ear was deafened by extracting 

the columella through a hole of the tympanic membrane followed by removal of the basilar 

papilla through the oval window. This procedure, which did not involve any skin incision 

and resulted in minimal bleeding, lasted approximately 5 min

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was evaluated using one-way ANOVA for the hair bundle height 

and width, the number of ganglion cells, and the number and distance of CTBP2-positive 

punctae. CTBP2-positive punctae were counted in 5 adjacent hair cells per sample in 

volumes of 60 × 60 × 60 mm3. We used Imaris imaging software to unequivocally identify 

individual hair cells in 3-dimensional space. In hair cell protrusions, we ensured that we 

count punctae associated with a single protrusion that can be traced back to a single hair cell. 

In general, we found that hair cells displayed only single protrusions. The distance between 

CTBP2-positive punctae and regenerated hair cell nuclei was determined by measuring 

the lines from the point of contact of the tangential line against the nuclei to associated 

CTBP2-positive dots. Regarding counting the number of hair cells, the boundary between 

tall and short hair cells was first determined using age- and location-matched control 

samples. After calculating the percentage of each area of the total cross-section’s width, 

we defined the medial/tall hair cells’ and the lateral/short hair cells’ locations; the boundary, 

defined as 10% of the total width, was removed to avoid equivocal counts. Only sections that 

were perpendicular to the longitudinal axis were considered. Then, each MYO7A-positive 

hair cell with more than half a visible nucleus was counted in the 80 μm deep volume, 

represented by 40 individual optical sections. Hair cell numbers were assessed with a 

two-way ANOVA followed by Dunnett’s multiple comparison test to compare experimental 

and control data. For the analysis of ABR data, Tukey’s multiple comparisons test was 

employed. All statistical tests were performed using GraphPad Prism 8 software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• New auditory hair cells appear 5 days after hair cell loss

• New synapses appear near the basement membrane at the tips of hair cell 

projections

• Functional recovery starts 11 days after hair cell loss and is complete after 4 

weeks

• Cytomorphological maturation time course aligns with recovery of hearing 

thresholds
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Figure 1. Hair cell regeneration following sisomicin infusion
(A) Transverse vibratome sections through the middle region of the basilar papilla were 

immunolabeled with antibodies to MYO7A (magenta) to identify hair cells and SOX2 

(green) for supporting cells. F-ACTIN in hair bundles was visualized with phalloidin 

(white). The cell nuclei were stained with DAPI (blue). An enlarged image of the basilar 

papilla auditory epithelium is shown on the bottom. Tall hair cells are located in the medial 

region, and short hair cells are located in the lateral region. The medial and lateral regions 

have also been named neural and abneural, respectively. Scale bars: 100 μm (top) and 50 μm 

(bottom).

(B–H) All hair cells were extruded into the scala media at 1 day PST, and MYO7A-labeled 

debris was detectable throughout all time points analyzed. Newly regenerated hair cells were 

first detected 5 days PST; thereafter, the images document how regeneration proceeded up to 

21–35 days PST. The insets show hair bundles at different time points. Inset scale bar: 5 μm.
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(I) Quantitative analysis of the number of hair cell types per middle region cross-section and 

single optical section. Means ± SDs are shown. n = 4. The statistical analysis was performed 

using two-way ANOVA.

(J) Examples of F-actin (white) in hair bundles in control and newly regenerated hair cells 

in the middle region of the basilar papilla. New hair bundles were detected at 7 days PST 

and matured over time. The dotted lines in the control indicate how we measured hair 

bundle height and width. Scale bars: 10 μm (top) and 5 μm (bottom). The top shows oblique 

side-top views of the specimens, and the bottom provides side views.

(K and L) Quantifications of hair bundle height and width. Means ± SDs are shown. n = 4. 

The statistical analysis was performed using one-way ANOVA. *p < 0.05.

See also Figure S1.
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Figure 2. Neurite retraction following hair cell loss
(A) Auditory neurons were visualized with TUBB3 antibody (green). The magnified image 

representing the dotted box is shown on the bottom. The solid white line indicated by an 

arrowhead represents the superior fibrocartilaginous plate. Scale bars: 100 μm (top) and 50 

μm (bottom).

(B–D) One day PST, the neurites retracted across the basilar papilla shown in sections 

of distal (apex, B; middle, C; and proximal [base], D) regions. The efferent nerve fibers, 

highlighted with yellow arrowheads in (B), innervating the hyaline cells, were unaffected.

(E) No changes in neurite morphology were noted at 12 h PST.

(F–H) Neurites retracted progressively after hair cell loss, shown at 2–4 days PST.

(I–K) The neurites regrew when the newly regenerated hair cells emerged based on MYO7A 

and TUBB3 immunostainings across the basilar papilla. Scale bars: 100 μm (top) and 50 μm 

(bottom).
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(L–N) TUBB3 antibody immunolabeled the newly regenerated hair cells (unfilled arrows) as 

well as the neurites (filled arrowheads). Scale bar: 20 μm.

See also Figure S2.
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Figure 3. Reinnervation during hair cell regeneration
(A) Cross-sections of medial basilar papilla regions are shown. The control section reveals 

the normal innervation with TUBB3 (green) and NF200 (magenta) antibodies. At 5–9 days 

PST, the newly regenerated hair cells display prominent basal protrusions that contact the 

extending afferent neurites (dotted square). Post-synaptic-like neurite thickenings were first 

detected at 9 days PST (yellow arrowhead). Large post-synaptic thickenings (filled arrow, 

14 days) and neurite buds (unfilled arrows, 21 days) were detectable during reinnervation. 

Reinnervation appeared complete at 28 days PST. Scale bars: 20 μm and 5 μm for the inset 

(9 days).

(B) Quantification of post-synaptic-like thickenings during reinnervation. New tall hair cells 

were categorized into five groups based on the number of post-synaptic thickenings per hair 

cell. The insets show examples of each group. Scale bar: 5 μm. Means ± SDs are shown. n = 

4.
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(C) Middle region cross-sections labeled with antibodies to otoferlin (OTOF) and NF200. 

The tips of hair cell basal projections displayed strong OTOF labeling that appeared in close 

contact with NF200-positive neurites (yellow arrowheads in C′ and C″). The OTOF-labeled 

hair cell projections shortened and thickened between PST days 7 and 14. Scale bars: 20 μm 

and 5 μm.

See also Figures S3 and S4.
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Figure 4. Reappearance of pre- and post-synaptic specializations
(A) CTBP2-positive punctae (green) were detectable below the nuclei of hair cells in 

medial control sections. New punctae emerged at the tips of the basal protrusion of newly 

regenerated tall hair cells at 6 days PST and returned to the original position at 14 days PST. 

Scale bars: 20 μm (top) and 2.5 μm (bottom).

(B) In control tall hair cells, PSD95-positive post-synaptic thickenings (magenta) were 

associated basolaterally and in proximity to CTBP2-labeled pre-synaptic specializations. 

From day 6 PST onwards, we observed an association of PSD95-positive neurite tips with 

CTBP2-positive punctae. We quantified CTBP2-positive punctae associated with individual 

PSD95-positive thickenings (n = 3; sets of five hair cells per sample) and found 4.7 ± 1.1 

CTBP2 punctae per PSD95-labeled structure in controls and 2.2 ± 0.6 per newly regenerated 

hair cell at 6 days, 2.9 ± 0.9 at 9 days, and 4.5 ± 1.6 after 14 days, on average. The dotted 

circles label hair cell nuclei. Scale bars: 2.5 μm.

(C and D) Quantification of CTBP2-positive punctae. Data points represent counts for five 

clearly defined tall hair cells in 60 × 60 × 60 μm3 volumes (dotted square in D′) and divided 

by 5 and for individual protrusions that can be traced back to single hair cells. The data are 

from sections through the middle area of basilar papillae. Means ± SDs are shown. n = 4 

independent experiments. Statistical analysis was performed using one-way ANOVA. ****p 

< 0.0001.
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(E)The distance between the nuclei of new hair cells and associated punctae was measured 

as illustrated in (D″). Means ± SDs are shown. n = 4 independent experiments. Statistical 

analysis was performed using one-way ANOVA. **p < 0.01. Scale bar: 20 μm.

See also Figure S3.
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Figure 5. Transition of CALB2 expression during regeneration
(A) In control sections, CALB2/calretinin immunoreactivity (magenta) is absent in mature 

hair cells and sporadically associated with potential post-synaptic structures. Scale bar: 50 

μm.

(B–F) CALB2/calretinin immunoreactivity was detectable in newly regenerated hair cells 

and in the nuclei of supporting cells. Both distributions gradually shifted toward the lateral 

side and became sparse 28 days PST.

(G and H) Quantification of CALB2/calretinin expression in regenerated hair cells and the 

nuclei of supporting cells. (G) shows an example at 3 days PST. White supporting cell nuclei 

indicate strong double staining with CALB2 and SOX2 antibodies. Medial and lateral sides 

were divided equally across the basilar papilla. Means ± SDs are shown. n = 3 (control) and 

4 (sisomicin-infused group).

(I) Correlation between the distance of CTBP2-positive punctae to the hair cell nucleus and 

percentile of CALB2-positive new tall hair cells on the medial side. The left y axis indicates 

the distance, and the right y axis indicates the percentage of CALB2-expressing hair cells. 

Means ± SDs are shown. n = 4.
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Figure 6. Hair cell differentiation and innervation in embryos
(A and B) Nascent hair cells displaying basal protrusions were detectable as early as 

E6.5 based on TUBB3 staining. Some NF200-positive neurites extended into the sensory 

epithelium at E6.5, as indicated by the inset for E6.5, and established post-synaptic-like 

thickenings with hair cells as early as E8 based on NF200 staining in (B). Neurite buds and 

post-synaptic thickenings became more frequent at E9 and E12, indicated by white unfilled 

arrows in A (E9) and filled arrows in B (E12). Scale bars: 50 μm (left), 20 μm (right), and 5 

μm (inset).

(C) CTBP2-positive punctae emerged at E8–E8.5. Punctae were counted in consistent 60 

μm2 medial regions, and distances were measured by the same procedure shown in Figure 4. 

Means ± SDs are shown. n = 4. Scale bars: 20 μm (unmagnified) and 5 μm (magnified).

(D) CALB2/calretinin expression was robustly detected in nascent hair cells and disappeared 

from the medial side at E16. Scale bar: 20 μm.
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Figure 7. Auditory functional recovery after sisomicin infusion
(A) Time points when ABR measurements were conducted.

(B) Audiogram of ABRs of five chickens observed over time. Hearing began to recover 

around 9 days PST and returned close to original levels 35 days PST. Means ± SDs are 

shown. n = 5.

(C) Comparison of 28 days and 35 days PST with pre-infusion and 35 day age-matched 

controls. Means ± SDs are shown. n = 5. The statistical analysis was performed using 

Tukey’s multiple comparisons test. *p < 0.05.

See also Figure S5.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-MYOSIN 7A (1:500) Proteus Biosciences Cat number 25-6790; RRID:AB_10015251

Mouse monoclonal anti-SOX2-488 (1:200) Santa Cruz Biotechnology Cat number sc-365823; RRID:AB_10842165

Rabbit polyclonal anti-Neurofilament 200 (1:800) Sigma Cat number N4142-.2ML; RRID:AB_477272

Rabbit polyclonal anti-calretinin (1:1000) Swant Cat number 7697; RRID:AB_305702

Rabbit polyclonal anti-PSD95 (1:100) Invitrogen Cat number 51-6900

Mouse monoclonal Anti-CTBP2 (1:200) BD Biosciences Cat number 612044; RRID:AB_399431

Mouse monoclonal anti-Tubulin β 3 (1:1000) BioLegend Cat number 801201

Donkey anti-Rabbit IgG, Alexa Fluor 546 (1:500) Thermo Fisher Scientific Cat number A10040; RRID:AB_2534016

Donkey anti-Mouse IgG, Alexa Fluor 488 (1:500) Thermo Fisher Scientific Cat number A-21206; RRID:AB_141607

Alexa Fluor 647 Phalloidin (1:50) Invitrogen Cat number A22287; RRID:AB_2620155

Chemicals, peptides, and recombinant proteins

Paraformaldehyde EMS Cat number 15710

DAPI (1:5000) Thermo Fisher Scientific Cat number D1306; RRID:AB_2629482

Low Melt Agarose BioRad Cat number 1613112

Mounting Media (Citifluor CFM-3) EMS Cat number 17979-30

Isoflurane, USP VetOne Cat number 502017

Carprofen Millipore Sigma Cat number SML1713

Sisomicin Millipore Sigma Cat number 1612801

Surgical superglue VetClose, Henry Schein 
Animal Health

Cat number BS031477

Critical commercial assays

DeadEnd fluorometric TUNEL System Promega Cat number G3250

Experimental models: Organisms/strains

Fertilized chicken eggs, SPF, Premium Charles River 10100326

Software and algorithms

Fiji/ImageJ Fiji https://fiji.sc; RRID:SCR_002285

Black Zen Zeiss https://www.zeiss.com/microscopy/en_us/products/
microscope-software/zen.html; RRID:SCR_018163

Blue Zen Zeiss https://www.zeiss.com/microscopy/en_us/products/
microscope-software/zen.html; RRID:SCR_013672

GraphPad Prism Prism_Version 8.4.1 https://www.graphpad.com/scientific-software/prism/

Bitplane Imaris 8.4.1 Oxford Instruments https://imaris.oxinst.com/
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