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The SNARE protein SNAP-25 is required for normal
exocytosis at auditory hair cell ribbon synapses

Charlotte Calvet,1,2 Thibault Peineau,3 Najate Benamer,1 Maxence Cornille,1 Andrea Lelli,1 Baptiste Plion,1

Ghizlène Lahlou,1,2,4 Julia Fanchette,1,5 Sylvie Nouaille,1 Jacques Boutet de Monvel,1 Amrit Estivalet,1

Philippe Jean,1 Vincent Michel,1 Martin Sachse,6 Nicolas Michalski,1 Paul Avan,7 Christine Petit,1 Didier Dulon,1,3

and Saaid Safieddine1,2,8,9,*
SUMMARY

Hearing depends on fast and sustained calcium-dependent synaptic vesicle fusion
at the ribbon synapses of cochlear inner hair cells (IHCs). The implication of the ca-
nonical neuronal SNARE complex in this exocytotic process has so far remained
controversial. We investigated the role of SNAP-25, a key component of this com-
plex, in hearing, by generating and analyzing a conditional knockout mouse model
allowing a targeted postnatal deletion of Snap-25 in IHCs. Mice subjected to IHC
Snap-25 inactivation after hearing onset developed severe to profound deafness
because of defective IHC exocytosis followed by ribbon degeneration and IHC
loss. Viral transfer of Snap-25 in these mutant mice rescued their hearing function
by restoring IHC exocytosis and preventing synapses and hair cells from degener-
ation. These results demonstrate that SNAP-25 is essential for normal hearing
function, most likely by ensuring IHC exocytosis and ribbon synapse maintenance.
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Médecine, Université;
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INTRODUCTION

The auditory sensory inner hair cells (IHCs) encode sound information into nerve impulses with high temporal

precision and sensitivity over a wide range of stimulus intensities.1–5 The depolarization of IHCs in response to

sound-evoked deflection of their hair bundle results in rapid calcium influx through voltage-activated Cav1.3

Ca2+ channels located in the IHC synaptic active zone,6–8 and the subsequent binding of Ca2+ ions to otoferlin,

the calcium sensor controlling the fusion of IHC synaptic vesicles.5,9–11 Striking functional and structural

features of IHC synapses are the extremely fast and sustained vesicle exocytosis, and the presence of an

electron-dense presynaptic organelle of submicron diameter called a ribbon, marking the center of the syn-

aptic active zone. Each ribbon is surrounded by nearby synaptic vesicles some of which are tethered to it.

Despite their functional and structural differences, IHC ribbon synapses and conventional central nervous sys-

tem (CNS) synapses share key molecules of regulated Ca2+-dependent synaptic vesicle exocytosis. IHC and

CNS synapses are both equipped with the presynaptic scaffold proteins bassoon and RIM.12,13 The presence

of the neuronal SNARE (soluble N-ethylmaleimide sensitive factor attachment protein receptor) complex in

auditory hair cell is well documented, including syntaxin 1, SNAP-25 and synaptobrevin1/2.14–17 Although,

these results led to the notion that vesicle fusion at CNS and IHC ribbon synapses involves similar SNARE pro-

teins,4,18,19 the study of null mutant mouse models failed to reveal a functional role for the neuronal SNARE

proteins in IHC synaptic transmission.14 This finding led to the proposal that the IHC synapses might operate

without neuronal SNARE proteins.14 However, existing null mutant mouse models for most of the neuronal

SNARE proteins die at birth or shortly after.20 Therefore, the IHC function in these mutants could only be

analyzed indirectly using organotypic culture models, wherein the findings may not faithfully reproduce the

in vivo functioning of IHC synapses in a healthy and mature hearing organ. To untangle this issue, we focused

on SNAP-25, a key component of the canonical synaptic SNARE complex. We generated a hair cell-specific

Snap-25 conditional knockout (Snap-25 cKO) mouse model to study the effect of acute inactivation of

Snap-25 in the IHCs, which turned out to cause deafness both when occurring at neonatal and at mature

stages. We characterized these mice by in vivo auditory tests and ex vivo physiological (membrane capaci-

tance) recordings, combined with imaging (immunostaining and transmission electron microscopy) experi-

ments. We further performed a series of in-vivo rescue experiments by using viral-mediated transfer of

Snap-25 cDNA in the IHCs of the mutant mice. Our results demonstrate that SNAP-25 is essential for normal

hearing function, most likely by ensuring IHC exocytosis and ribbon synapse maintenance.
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RESULTS

Generation of mice with a hair cell-specific Snap-25 inactivation

The expression of Snap-25 in IHCs as well as its paralogs (Snap-23, Snap-29, Snap-47) were first confirmed

using single-cell next generation sequencing of the transcriptome (Figure S1A and Table S1). Using multi-

plexed fluorescent RNAscope probes in situ hybridization (ISH) at single-cell resolution combined with hair

cell immunomarker (see STAR methods), we were also able to specifically localize Snap-25 mRNA to the

auditory hair cells (Figure S1B). Of interest, the Snap-25 mRNA puncta were highly enriched at the baso-

lateral zone of the IHC where the ribbon synapses are located, suggesting a local protein production to

meet the demand of IHC ribbon synapse activity21 (Figure S1B). We then aimed to study the role of

Snap-25 in IHC function. To this end, we generated Snap-25lox/lox mice allowing a selective inactivation

of Snap-25 in cochlear hair cells. In this mouse model, exon 4, which is common to the two SNAP-25 iso-

forms a and b, is flanked by two loxP sites that recombine in the presence of the Cre recombinase leading

to the exon excision (Figure S2A). Snap-25 lox/lox mice were crossed with PMyo15-hCre+/KI mice, in which

the expression of Cre recombinase, under the control of the myosin 15 promoter gene, was detected only

in cochlear hair cells from postnatal day 1 (P1) onwards (Figure S2B).22

Specific primers were used to detect the wild-type allele, floxed, and deleted allele lacking Snap-25 exon

and to show the presence of the Myo15-cre allele and that the deletion of Snap-25’s exon 4 occurs only

in the organ of Corti but not in tail biopsies (Figure S2A). Thus, in the cochlea of Snap-25lox/lox/PMyo15-

hCre+/KImice, Snap-25 inactivation occurs only in the auditory hair cells at early postnatal stages. We there-

after refer to these mice as Snap-25 conditional knockout (Snap-25 cKO) mice.
Snap-25 inactivation in neonatal mice leads to profound deafness

Unlike the Snap-25 total knockout mice, which die at birth,23 Snap-25 cKOmice were viable and displayed a

normal Mendelian pattern of inheritance. We first analyzed the morphoanatomy of the organs of Corti of

these mice at various developmental stages, using myosin 6 as a marker of auditory hair cells (Figures 1A

and 1B).24 Up to P10, the organ of Corti of Snap-25 cKOmice displayed near normal organization with three

rows of OHCs and one row of IHCs (Figures 1A and 1B). However, at P10, digital image quantification of

RNAscope ISH combined with hair cell marker showed that the IHCs of Snap-25 cKO mice appeared ovoid

in shape and underwent a strong reduction in Snap-25 transcripts (10.21 G 0.43 puncta; n= 47) in compar-

ison to IHCs (20.78 G 0.75 puncta, n = 41) of wild-type mice (Figures 1C and S3). Similarly, the number of

synaptic ribbons per IHC at P10, as counted in the mid-apical region of the cochlea, was significantly

reduced in Snap-25 cKO (9.6 G 3.7, n = 81 cells from 7 mice) compared to wild-type mice (22.6 G 5.3,

n = 81 cells from 5mice) (Mann-Whitney test, p< 0.0001) (Figure 1D). We then performed transmission elec-

tronmicroscopy (TEM) on ultrathin (60 nm) sections from P10 Snap-25 cKOmice. Sections from the synaptic

active zone of IHCs of these mice displayed a ribbon structure decorated with synaptic vesicles and facing

the postsynaptic density of an auditory afferent dendrite (Figure 1E). From P10 onward though, the organ of

Corti was found to undergo a rapid process of hair cell degeneration (Figures 1B and S4). The Snap-25 cKO

mice turned out to be profoundly deaf at adult stages, as shown by the absence of auditory brainstem re-

sponses (ABRs) to sounds at all frequencies tested and sound levels up to 110 dB SPL (Figure 1F).
Snap-25 inactivation in neonatal mice impairs IHC exocytosis

We next investigated the kinetics of IHC synaptic exocytosis in the mid-apical cochlear regions of Snap-25

cKO mice before (P8) and at (P12) hearing onset, using membrane capacitance measurements

performed ex vivo in microdissected organs of Corti (Figure 2). On P8, the level of exocytosis of the readily

releasable pool of vesicles (RRP), recorded in response to short depolarizations ranging from 5 to 25 ms,

was significantly reduced in IHCs of Snap-25 cKO mice (Figures 2A and 2B; two-way ANOVA, p< 0.05)

but sustained (slow) release (SRP) (i.e., for stimulations longer than 30 ms) was normal (two-way ANOVA,

p= 0.16). IHCs from Snap-25 cKOmice had normal size, as indicated by the value of their resting membrane

capacitance (8.27G 0.33 pF, n = 10), which did not differ significantly from the value measured in wild-type

mice (9.03 G 0.22 pF, n = 7; unpaired-t test, p = 0.1). The peak Ca2+ currents amplitude and density (Ca2+

current amplitude normalized by the IHC membrane capacitance) were not significantly affected (unpaired

t test, p = 0.05; p = 0.15, respectively Figure 2C). Of note, the mechanoelectrical transduction (MET)

currents recorded by patch clamp on IHCs from P8 Snap-25 cKO mice displayed amplitudes and kinetics

similar to those of wild-type IHCs (Figure S5). On P12, both the fast (RRP) and the sustained (SRP) IHC exocy-

tosis levels in Snap-25 cKO mice were greatly reduced (two-way ANOVA, p< 0.05, Figure 2D). The IHC
2 iScience 25, 105628, December 22, 2022



Figure 1. Neonatal Snap-25 deletion leads to profound deafness associated with ribbon degeneration and hair

cell loss

(A and B) Organs of Corti obtained on P8 (A) and P10 (B) from Snap-25lox/lox control (left), and Snap-25 cKO (right) mice

stained for the hair cell marker myosin 6 (red). Up to P10 the organ of Corti of Snap-25 cKO mice displayed near normal

organization with three rows of OHCs and one row of IHCs, Scale bars = 15 mm.

(C) Organs of Corti from Snap-25lox/lox control (left), and Snap-25 cKO (right) subjected to Snap-25 RNAScope ISH (red)

and immunostained for myosin 7 (green), showing that the Snap-25 transcripts are severely reduced in the IHCs of the

Snap-25 cKO mice in comparison with the IHCs of the wild-type mice, scale bar (5 mm).

(D) P10 Organs of Corti from Snap-25lox/lox control and Snap-25 cKO mice immunostained for myosin 6 (red) and the

ribbon synapse presynaptic marker ribeye (green).

(E) 60 nm-thick transmission electronmicroscopy sections of IHC ribbon synapses from P10 Snap-25lox/lox control (left) and

Snap-25 cKO (right) mice. The insets at higher magnification show that, in both genotypes, the synapses contain a ribbon

(r) decorated with synaptic vesicles facing the postsynaptic density (psd) of a primary auditory dendrite. Upper and lower

Scale bars are 100 nm and 500 nm, respectively.

(F) Auditory brainstem responses recorded in Snap-25 cKO mice (n = 8) and Snap-25lox/lox control mice (n = 9) on P30.
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resting membrane capacitance was reduced by almost half, from 10.89G 0.73 pF in wild-type mice (n = 11)

to 5.85 G 0.62 pF in mutant mice (n = 6) (unpaired t test p< 0.01), suggesting imbalance of IHC plasma

membrane recycling process during early stage of hair cell development which is in agreement with pre-

vious observations in cultured neurons lacking Snap-25.25 The amplitude of total IHC Ca2+ currents was

also halved (unpaired t test p = 0.001), but the total Ca2+ current to membrane capacitance ratio remained

unchanged (unpaired t test, p = 0.24, Figures 2E and 2F). Altogether, these results suggest that SNAP-25 is

required for recycling process of the plasma membrane and for exocytosis at immature IHC ribbon

synapses.

Snap-25 inactivation after the hearing onset causes deafness in Snap-25lox/lox mice by

impairing IHC exocytosis

The cochlea of Snap-25 cKOmice, wherein the inactivation of Snap-25occurs at neonatal stages, undergoes

a rapid degeneration of the auditory hair cells starting at about the onset of hearing (i.e. P12), excluding any

further investigation of hearing in adult mice. To establish the function of SNAP-25 in mature IHCs, the Cre
iScience 25, 105628, December 22, 2022 3



Figure 2. Neonatal Snap-25 inactivation disrupts IHC Ca2+-evoked exocytosis

(A) Kinetics of IHC exocytosis in Snap-25lox/lox control and Snap-25 cKO P8 mice evoked during various voltage-steps of

increasing duration from �80 mV to �10 mV.

(B) Ca2+ currents evoked by a voltage-ramp protocol (1 mV/ms from �90 to +30 mV) in Snap-25lox/lox control and Snap-25

cKO P8 mice.

(C) Peak Ca2+ current amplitude (top) and Ca2+ current density (bottom) in P8 Snap-25 cKO mutant and Snap-25lox/lox

control IHCs.

(D) Kinetics of IHC exocytosis in Snap-25lox/lox control and Snap-25 cKO mice on P12.

(E) Ca2+ currents evoked by a voltage-ramp protocol (1 mV/ms from �90 to +30 mV) in Snap-25lox/lox control and Snap-25

cKO mice on P12

(F) Peak Ca2+ current amplitude (at top) and Ca2+ current density (at bottom) in P12 in Snap-25 lox/lox control and Snap-25

cKO mice.
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enzyme was delivered to mature IHCs using the Cre-recombinase-expressing AAV vector (AAV8-GFP-Cre)

thatwas injected into the cochleaof Snap-25lox/loxmiceonP14 (i.e. after hearingonset).We first analyzed the

cellular tropism and innocuity of AAV8-GFP-Cre in the mature cochlea of wild-type mice. Following the in-

jection of AAV8-GFP-Cre into the cochlea of P14 mice, the organ of Corti was microdissected on P30 and

immunostained for myosin 6 and GFP-Cre. We found that AAV8-GFP-Cre transduced almost all the

IHCs throughout the entire cochlear spiral with no hair cell loss (Figure 3A). In these control mice, no signif-

icant effects could be detected on ABR thresholds which remained normal and like those measured in non-

injected P30 wild-type mice, except at 15 kHz, for which a small elevation of about 5 dB was noticed

(Figure 3B). By contrast, Snap-25lox/lox mice (n = 14) subjected to Cre-mediated Snap-25 inactivation on

P14 displayed a progressive but significant increase in ABR thresholds from P22 onward (Figures 3C–3E).

On P30, the increase in ABR thresholds relative to non-injected Snap-25lox/lox mice (n = 16) ranged from

20 to 40dBat all sound frequencies tested (5, 10, 15, 20, 32, and 40 kHz; unpaired t tests, p< 0.001; <0.01;

<0.001; <0.01; <0.001; <0.001, respectively; Figure 3D). Ten to twelve weeks after Snap-25 inactivation,

the ABR thresholds exceeded 75 dB SPL at all frequencies tested, indicating severe to profound deafness
4 iScience 25, 105628, December 22, 2022



Figure 3. Snap-25 deletion in hearing mice leads to progressive deafness

(A) Organ of Corti from themid-to-apical turn of the cochlea of a P30 wild-typemouse injected with AAV8-GFP-Cre on P14

and immunostained for myosin 6 (red) and GFP-Cre (green). The inset shows a high magnification of the IHCs of the

middle turn of the cochlea. Scale bars: 10 mm inset and 100 mm in overview.

(B) ABR thresholds were recorded at P20-P25 in wild-typemice after injection of AAV8-GFP-Cre on P14 (green) and in non-

injected wild-type control mice (black).

(C–E) ABR thresholds recorded in P22 (C), P30 (D) and in P90 (E) Snap-25lox/lox mice injected on P14 with AAV8-GFP-Cre

(green) and Snap-25lox/lox control mice (black).

(F) DPOAE recorded in P50 Snap-25lox/lox mice injected on P14 with AAV8-GFP-Cre (green) and in Snap-25lox/lox control

mice (black).
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(t tests, p < 0.05; <0.01; <0.01; <0.001; <0.001; <0.01, respectively, n = 6 injected Snap-25lox/lox mice, n = 7

wild-typemice) (Figure 3E). The amplitude of ABRwave I, which reflects the synchronous firing of the primary

auditory neurons as a function of sound intensity, whenmeasured at 10 kHz and 80 dB SPL, was significantly

reduced in mice subjected to intracochlear Cre injection (0.40 G 0.03 mV, n = 39 mice, measured at 10 kHz
iScience 25, 105628, December 22, 2022 5
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and 80 dB SPL) compared to non-injected Snap-25lox/lox mice (0.83 G 0.03 mV, n = 6 mice) (Mann-Whitney

test, p < 0.001). In contrast, distortion product otoacoustic emissions (DPOAEs), which probe the functional

integrity of OHCs, remained unaffected until P50, the last time point tested (Mann-Whitney test, p > 0.99,

n = 6 Snap-25lox/lox injected mice, n = 7 wild-type mice), suggesting that the inactivation of Snap-25 after

hearing onset did not impair the cochlear amplifier function of theOHCs (Figure 3F). The observed increase

in ABR thresholds with a decrease in wave I amplitude, and normal DPOAEs, is indicative of an auditory neu-

ropathy or synaptopathy in Snap-25lox/lox mice subjected to Cre-mediated Snap-25 inactivation, likely

arising from a functional defect of the IHC ribbon synapses. Indeed, recordings of Ca2+-evoked exocytosis

in Cre-positive IHCs from AAV8-GFP-Cre-injected ears of Snap-25lox/lox mice on P30 revealed a significant

decrease in the fast exocytotic release component (p< 0.05; two-way ANOVA) despite normal Ca2+ currents

(peak amplitude comparison, unpaired t test, p = 0.19) (Figures 4A and 4B). TheCa2+ efficiency of exocytosis

was also strongly reduced for a short 10ms depolarization (unpaired t test, p< 0.001) but not for a long 70ms

depolarization (Figure 4C), indicating an abnormal fusion of IHC synaptic vesicles belonging to the RRP. The

slow component of exocytosis, reflecting synaptic vesicle recruitment on repeated stimulation longer than

50 ms, was however unaffected (unpaired t test, p = 0.38) (Figure 4D), suggesting the SRP exocytosis is sup-

ported by a residual pool of the SNAP-25 protein and/or redundant SNAP-25 homologs, which are also pre-

sent in IHCs (Figure S1A).19 The impairment of the RRP response in IHCs lacking Snap-25 was further

confirmed in Ca2+ uncaging experiments, which directly probe the function of the synaptic machinery inde-

pendently of voltage-triggered Ca2+ currents (Figure 4E). In P30 IHCs from AAV8-GFP-Cre-injected mice,

intracellular Ca2+ uncaging evoked maximal levels of exocytosis responses similar to those of IHCs from

control (non-injected) Snap-25lox/lox mice (1.18 G 0.15 pF, n = 13, and 1.16 G 0.13 pF, n = 13, respectively,

unpaired t test, p = 0.49), indicating that the total number of competent synaptic vesicles for fusion was un-

affected in IHCs lacking Snap-25 (Figure 4E). The maximal rate of exocytosis in IHCs from AAV8-GFP-Cre-

injected mice (32.5 G 1.18 fF/ms (n = 13)) was also similar to that measured in control IHCs (32.7 G 2.1

fF/ms (n = 13), unpaired t test, p = 0.36) (Figure 4F). However, the onset of exocytosis in IHCs from AAV8-

Cre-injected mice was largely delayed (Figures 4F and 4G) (latencies of 22.2 G 3.7 ms in injected versus

8.5 G 1.30 ms in injected versus non-injected mice, respectively, n = 13 mice in both cases, unpaired t

test, p< 0.01). The deafness observed in mice subjected to Snap-25 inactivation after the onset of hearing

thus appeared to be due to an increased latency of RRP release. This finding is in line with previous reports

demonstrating that SNAP-25 is critical for the fast component of exocytosis.26 We then performed quanti-

tative analyses of the number of ribbon synapses per IHC in the Snap-25lox/lox mice that underwent AAV8-

GFP-Cre-injection at mature stages. Two weeks after Cre delivery (P28-P30), a stage on which synaptic

exocytosis was probed, the organ of Corti of the injected Snap-25lox/lox mice were microdissected and im-

munolabeled for otoferlin, Ribeye and GluA2 (Figure 4H). We found that the number of synapses per IHC

was significantly smaller in the Cre-positive cells (9.1 G 4.9 n = 53 cells from 7 mice) than in wild-type

IHCs (17.7 G 1.5 n = 66 cells from 6 mice; Mann-Whitney test, p< 0.0001). In addition, throughout the

cochlear spiral cochlea at this stage, we observed the presence of patches of immunostained IHCs sepa-

rated by zones devoid of IHC, that had considerably expanded by the age of three months (Figure S6).

Together, our results suggest that the inactivation of Snap-25 expression in these normally hearing mice

impaired mainly the fast component of IHC exocytosis causing the degeneration of ribbon synapses and

subsequently that of IHCs. This hypothesis is consistent with the notion that synaptic dysfunction contrib-

utes first to pathogenic progression of noise or aging-induced hearing loss before the occurrence of

neuronal and hair cell degeneration.27–30
In vivo gene replacement rescues hearing and IHC exocytosis in Snap-25 cKO mice

To verify that the defects described above were caused specifically by the conditional inactivation of Snap-

25, we carried out rescue experiments through a gene replacement strategy. We used an AAV viral vector

expressing Snap-25 previously shown to rescue neuroexocytosis in embryonic chromaffin cells of Snap-25

null mice.31 Viral vector expressing Snap-25 driven by the CMV promoter were delivered to the cochlea of

Snap-25 cKO mice on P2. Remarkably, ABR recordings showed that, unlike untreated Snap-25 cKO mice,

the rescued mice had sizeable ABRs three weeks after Snap-25 cDNA transfer, with auditory thresholds

ranging from wild-type levels to 30–40 dB above those levels (Figure 5A). The mean amplitude of wave I

at 80 dB SPL in response to 10 kHz tone bursts was also significantly rescued in Snap-25 cKO treated

mice (0.45 mV G 0.020, n = 7) compared to non-treated mice (not detectable), reaching about half of

that in wild-type control mice at 10 kHz (0.93mV G 0.04, n = 9, t test, p< 0.05). The number of synaptic rib-

bons per IHC in rescued mice (13.4G 3.2, n = 25 cells from 3mice) was significantly higher than that of IHCs
6 iScience 25, 105628, December 22, 2022



Figure 4. Snap-25 deletion in hearing mice disrupts fast exocytosis

(A–D) IHC electrophysiological parameters assessed on P28-P30 Snap-25 lox/lox mice having received AAV8-GFP-Cre injection on P14 (green) and

Snap-25lox/lox control mice (black). (A) Kinetics of IHC exocytosis for brief depolarizing steps (from�80 to�10mV). (B) Ca2+ current amplitude as a function of

IHC depolarization. (C) Exocytotic Ca2+ efficiency measured for a 10 ms or a 70 ms voltage depolarization. (D) Mean cumulative DCm responses from GFP-

positive and control IHCs elicited with 100 ms repetitive voltage steps from �80 mV to �10 mV.

(E) Exocytosis evoked by Ca2+ uncaging, maximum release rate (F) and latency of exocytosis onset.

(G) in Snap-25 cKO mice having received AAV8-Snap-25-injection and Snap-25lox/lox control mice.

(H) Maximum-intensity projections of confocal z-sections of IHCs from the cochlear middle turn of a Snap-25lox/lox control (left) and Cre injected

Snap-25lox/lox (middle) mouse, immunostained for ribeye (green), GluA2 (red) and otoferlin (blue) at P30. Right, number of synaptic ribbons per IHC of

Snap-25lox/lox control and of Snap-25lox/lox mice subjected to Snap-25 inactivation on P14.
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Figure 5. In vivo gene replacement rescues hearing and prevents IHC loss in Snap-25 cKO mice

(A) ABR thresholds recorded between P20 and P25 in Snap-25 cKO mice (red), Snap-25 cKO mice rescued with AAV8-Snap-25 on P2 (blue), Snap-25lox/lox

control mice (black) and Snap-25lox/lox control mice injected with AAV8-Snap-25 on P2 (gray). Hearing thresholds were significantly improved in Snap-25 cKO

rescued mice. The five Snap-25 cKO mice for which rescue was most effective are represented by blue dotted curves.

(B) Maximum-intensity projections of confocal z-sections of IHCs from the cochlear middle turn of a Snap-25lox/lox control (at left) and rescued (at right)

mouse, immunostained for ribeye (green), GluA2 (red) and otoferlin (blue) on P30. Scale bars = 5 mm, dotted line outline two IHCs. Inset is a bar charts

showing the number of synaptic ribbons per IHC in P30 Snap-25lox/lox control and rescued Snap-25 cKO mice.

(C) Maximum-intensity projections of confocal z-sections from the cochlear middle turn of a Snap-25lox/loxmouse (at left), a Snap-25 cKOmouse rescued with

the AAV8-Snap-25 cDNA at P2 (at middle) and a Snap-25 cKOmouse (at right), immunostained at P30 for myosin 6 (red) and neurofilament (green), to identify

hair cells and auditory afferent fibers, respectively. Note the complete loss of hair cells in the Snap-25 cKO mice compared to the AAV8-Snap-25 rescued

mice. Scale bar = 5 mm.

(D) Intermediate - and high-magnification scanning electron micrographs of the apical surface of the middle turn of P30 organs of Corti from a control Snap-

25lox/lox control mouse (left), a Snap-25 cKOmouse rescued on P2 (middle), and a non-rescued Snap-25 cKOmouse (right); scale bars are 1 mm and 10 mm for

inset and overview, respectively.
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from mice subjected to Snap-25 inactivation (9.1 G 4.9 n = 53 cells from 7 mice; unpaired t test, p< 0.001),

but remained lower than that of wild-type IHCs (17.3 G 2.6, n = 25 cells from 3 mice unpaired t test, p<

0.0001) (Figure 5B), potentially accounting for the incomplete recovery of the ABR wave I amplitude in

rescued Snap-25 cKOmice. Consistent with these findings, whole-mount preparations of the organ of Corti

immunolabeled for myosin 6 and neurofilament to identify hair cells and auditory afferent fibers, respec-

tively, confirmed the complete loss of hair cells in the Snap-25 cKO mice and no IHC degeneration had

occurred up to P30 in the rescued mice, and that afferent innervation was preserved throughout the entire

cochlea (n = 171 cells from 5 mice) (Figure 5C). Furthermore, scanning electron microscopy analyses of the

organs of Corti showed a near complete loss of both OHCs and IHCs in non-rescued Snap-25 cKOmice on
8 iScience 25, 105628, December 22, 2022



Figure 6. In vivo gene replacement rescues IHC exocytosis in Snap-25 cKO mice

(A) RRP exocytosis (left) and calcium currents (right) recorded in IHCs from P30 Snap-25 cKO mice rescued on P2 (blue

curve) and Snap-25lox/lox control mice (black curve).

(B) Exocytosis evoked by Ca2+ uncaging (left), latency of exocytosis onset (middle) and maximum release rate (right) in

Snap-25 cKO mice having received AAV8-Snap-25-injection and Snap-25lox/lox control mice.
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P30 (Figure 5D). By contrast, the rescued mice had well-preserved organs of Corti at that stage, with a

morpho-structural organization of IHCs andOHCs similar to that of wild-type hair cells (Figure 5D). To verify

that the restoration of auditory function was associated with a rescue of the IHC exocytotic function, we

monitored Ca+-evoked exocytosis in IHCs from AAV-rescued Snap-25 cKO mice at 4 weeks of age.

Upon voltage-step depolarization, exocytosis and calcium currents recorded in IHCs from P30 Snap-25

cKO mice injected with AAV8-Snap-25 on P2 were similar to those from wild-type mice (similar fast exocy-

tosis kinetics, two-way ANOVA, p = 0.10, and similar ICa peak amplitudes, unpaired t test, p = 0.34; Fig-

ure 6A). Ca2+ uncaging experiments further confirmed that RRP exocytosis kinetics in transduced IHCs

were also restored to wild-type levels including maximal DCm (1.5 G 0.1 pF (n = 4) and 1.8 G 0.2 pF

(n = 10), respectively; unpaired t-test; p = 0.9) with a similar maximal rate of exocytosis (31 G 10 fF/ms

and 33 G 5 fF/ms, respectively; unpaired t-test, p= 0.2), and a similar onset latency (5.0 G 0.5 ms (n = 4)

and 8.5 G 1.3 ms, respectively, (n = 10); unpaired t test, p = 0.17; Figure 6B).

Overall, these data demonstrated that intracochlear AAV-mediated Snap-25 delivery effectively rescued

IHC exocytosis and hearing in Snap-25 cKO mice.

DISCUSSION

Since their discovery, overwhelming evidence has accumulated that the neuronal SNAREs syntaxin 1,

SNAP-25, and synaptobrevin1/232,33 are essential for fast neurotransmitter release and for neuropeptide

secretion.23,34–41 However, because of the lack of appropriate animal models, the role of these neuronal

SNAREs in IHC synaptic function has remained unresolved, and even questioned based on data obtained

in organotypic cultures of organ of Corti explants derived from Snap-25 null mice embryos. We here devel-

oped and characterized a Snap-25 cKOmousemodel in which the Snap-25 gene is selectively inactivated in

IHCs. Our results observed in the IHC subjected to SNAP-25 depletion before and after the hearing onset

recapitulate several previous findings of in vitro studies using the total Snap-25 KO. We found that, up to

P8, the hearing organ of Snap-25 cKO mice exhibited apparent normal hair cell organization, with no alter-

ations to hair cell MET currents and normal ribbon synapse structure, as demonstrated by electrophysio-

logical recordings, hair cell immunostaining and transmission electron microscopy. This suggests that

the normal morpho-structural development of the organ of Corti and of the IHCs either does not require
iScience 25, 105628, December 22, 2022 9
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SNAP-25, which would be consistent with what was reported in the CNS23,36 or may occur with the residual

pool of the SNAP-25 protein produced in the IHCs before total Snap-25 depletion. However, during the

second postnatal week of cochlear development, just before hearing onset, the IHCs of Snap-25 cKO

mice displayed a severe exocytotic defect affecting both the RRP and the SRP, which was associated

with degeneration of ribbon synapses and hair cell loss. These results indicate that SNAP-25 is essential

for the normal functioning and maintenance of IHC ribbon synapses. Consistent with these findings, syn-

aptic disruption followed by neuronal death has been observed both in vivo and in vitro in the absence

of several presynaptic proteins, including SNAP-25, VAMP, munc18 and syntaxin.23,25,42–44 This neuronal

loss was partly attributed to the implication of SNARE proteins in the release of neurotrophic factors

such as BDNF, which is essential for synaptogenesis and neuronal survival.38,45,46 However, the study of

Zuccotti et al.47 showed that the hearing function and hair cells survival were only moderately affected in

BDNF conditional knockout mice, arguing against a major involvement of neurotrophins in the profound

deafness we observed in the case of SNAP-25 inactivation.

One of the most notable findings of our study is the demonstration of the essential role played by SNAP-25

in the process of synaptic vesicle exocytosis in mature IHCs. This finding agrees well with the complete

absence of evoked release in mature hippocampal cultures from total Snap-25 KO mice.34 We have also

shown that the RRP exocytosis is severely affected first, suggesting the residual pool of the protein during

Snap-25 depletion is sufficient to ensure SRP release. This confirms a role for SNAP-25 in RRP fusion as

observed in Snap-25 KO embryonic chromaffin cells. Similarly to our observations in IHCs, the rapid phase

of secretion has also been reported to be delayed in Snap-25 KO embryonic chromaffin cells, which was

rescued using viral transfer of Snap-25.26,48,49 We also verified that the defects observed were, indeed,

because of IHC Snap-25 inactivation, by demonstrating that the AAV-mediated transfer of Snap-25

cDNA to the inner ear of Snap-25 cKO mice successfully rescued the fast component of IHC exocytosis,

prevented the degeneration of both ribbon synapses and hair cells, and restored hearing function in the

profoundly deaf Snap-25 cKO mice. We hypothesized that the exocytotic defect derives first from the

depletion of SNAP-25 at the synaptic hair cell active zone and that the degeneration of the ribbons is likely

a consequence. Such statement agree well with previous reports showing ribbon degeneration occurring in

IHCs wherein exocytosis is defective, such as in mice lacking otoferlin or after noise exposure and aging11,50

or after noise exposure and aging.27–30

Our present results lead to the conclusion that SNAP-25 is essential for hearing function and provide strong

evidence suggesting that protein is required to ensure synaptic exocytosis, maintenance of ribbon synap-

ses and IHC survival.
Limitations of the study

We provide in vivo evidence supporting the implication of SNAP-25 in synaptic exocytosis at both the

immature andmature IHC ribbon synapse. There are twomain limitations for this study: (1) We cannot state

with certainty that our in vivo and ex vivo data reflect the function of IHC totally devoid of SNAP-25. Indeed,

the kinetic of Cre expression in vivo and the half-life of SNAP-25 mRNAs and protein in IHC are challenging

to determine. (2) In addition to its central role in synaptic exocytosis, SNAP-25 is involved in many other

cellular processes such as cell development and survival. We therefore cannot exclude indirect and up-

stream membrane trafficking defects that might contribute to the observed impaired synaptic vesicle

exocytosis in the IHCs in absence of SNAP-25.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken polyclonal anti-GFP Abcam Cat#13970; RRID:AB_300798

Rabbit polyclonal anti-Otoferlin Roux et al., 2006 N/A

Mouse monoclonal anti-CtBP2 Fisher scientific Cat#612044; RRID:AB_399431

Rabbit polyclonal anti-Ribeye SYSY Cat#192–103; RRID:AB_2086775

Guinea pig polyclonal anti-Ribeye SYSY Cat#192104; RRID:AB_2800537

Mouse monoclonal anti-GluR2 Sigma-Aldrich Cat#MAB397; RRID:AB_11212990

Rabbit polyclonal anti-myo6 Roux et al., 2009 N/A

Rabbit polyclonal anti-myo7A Proteus BIosciences Cat#25–6790; RRID:AB_10015251

Chicken polyclonal anti-neurofilament Sigma-Aldrich Cat#AB5539; RRID:AB_11212161

Goat Anti-Rabbit-IgG - Atto 647N Sigma-Aldrich Cat#40839; RRID:AB_1137669

Goat Anti-Rabbit IgG - Atto 488 Sigma-Aldrich Cat#18772; RRID:AB_1137637

Goat Anti-Mouse IgG - Atto 633 Sigma-Aldrich Cat#78102; RRID:AB_1137635

Alexa Fluor� 488 conjugated

Goat Anti-Guinea pig IgG

Abcam Cat#ab150185; RRID:AB_2736871

Goat Anti-Mouse IgG - Atto 550 Sigma-Aldrich Cat#43314; RRID:AB_1137651

Goat anti-rabbit IgG - Alexa fluor 488 Sigma-Aldrich Cat# A32731; RRID:AB_2633280

Goat anti-chicken IgG – Alexa 488 Sigma-Aldrich Cat#A11039; RRID:AB_2534096

Bacterial and virus strains

AAV8-CMV-PI-SNAP-25 This article N/A

AAV8.CMV.HI.eGFPCre.WPRE.SV40 Addgene Cat#105545

Chemicals, peptides, and recombinant proteins

SuperScript III Reverse Transcriptase Thermo Fisher Scientific Cat# 18080044

3M Vetbond glue Phymep Cat#1469SB

Paraformaldehyde Electron Microscopy Science Cat#15714

Horse serum Thermo Fisher Scientific Cat#16050122

Triton X-100 Sigma-Aldrich Cat#X-100

DAPI Sigma-Aldrich Cat#MBD0015

FluorSaveTM Calbiochem Cat#345789

ProLong Gold Antifade Mountant Invitrogen Cat#P10144

Cesium chloride Sigma-Aldrich Cat# 289329–25G

Magnesium chloride hexahydrate Sigma-Aldrich Cat# M2670-500G

HEPES Sigma-Aldrich Cat# H3375-100G

Ethylene glycol-bis(2-aminoethylether)-

N,N,N0,N0-tetraacetic acid

Sigma-Aldrich Cat# E4378-10G

Adenosine 50-triphosphate magnesium salt Sigma-Aldrich Cat# A9187-500MG

Guanosine 50-triphosphate sodium salt hydrate Sigma-Aldrich Cat# G8877-100MG

Tetraethylammonium chloride Sigma-Aldrich Cat# T2265-25G

Calcium chloride Sigma-Aldrich Cat# C5080-500G

Xylazine (Rompun 2%) Centravet Cat#ROM001

Ketamine (Imalgene 1000) Centravet Cat# IMA004

DM-nitrophen Interchim Cat#FP-005460

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Glutaraldehyde Electron Microscopy Science CAS #111-30-8

Osmium tetraoxide Electron Microscopy Science CAS #20816-12-0

Thiocarbohydrazide Electron Microscopy Science CAS #2231-57-4

Hexamethyldisilazane Sigma-Aldrich Cat#40191–100ML

Spurr’s low-viscosity epoxy resin Electron Microscopy Science Cat#14310

Uranyl acetate Electron Microscopy Science Cat#22400

Lead citrate Electron Microscopy Science Cat#17800

Critical commercial assays

RNAscope Multiplex Fluorescent

Reagent Kit v2 Assay

Advanced Cell Diagnostics Cat#323100

Mm-Snap-25 Advanced Cell Diagnostics Cat#16471

Opal dye 570 fluorophore Akoya Biosciences Cat#FP1488001KT

Experimental models: Organisms/strains

Mouse : Snap-25lox/lox: C57BL/6N This paper N/A

Mouse: Ai9(Rosa26-CAG-loxP-stop-loxP-tdTomato) Jackson laboratories #007914

Mouse : PMyo15-hcre+/KI: C57BL/6 N Carbelotto et al.22 N/A

Mouse : C57BL/6J mice producing Flp recombinase Carbelotto et al.22 N/A

Mouse: Snap-25 cKO: C57BL/6N This paper N/A

Oligonucleotides

50-GAAATCTCTGTAATGACTTGAGGACCC-30 This paper Primer-1 (reverse)

50-CCTCCATCTACCAAATGTTGAAGAGC-30 This paper Primer-2 (forward)

50-AGGGACCTGACTCCACTTTGGG-30 This paper Primer-3 (forward)

50-GGAACTGACCTTTCTTAGAGATCTTGGG-30 This paper Primer-4 (reverse)

50-TGGTGCACAGTCAGCAGGTTGG-30 This paper Primer-5 (reverse)

Recombinant DNA

AAV.CMV.PI.EGFP.WPRE.bGH Addgene Cat#105530

pAAV.CMV-PI-SNAP-25 This paper N/A

Software and algorithms

ImageJ Wayne Rasband, National

Institutes of Health

https://imagej.nih.gov/ij/

GraphPad Prism GraphPad Software https://www.graphpad.com/

scientificsoftware/prism/

Adobe Photoshop CS6 Adobe https://www.adobe.com/

Matlab MathWorks https://fr.mathworks.com/

RT-Lab Echodia http://echodia.fr

Patchmaster HEKA Electronic RRID:SCR_000034

OriginPro OriginLab RRID: SCR_015636

analySIS Soft Imaging System RRID: SCR_015636

Other

Single capillary (intracochear injection) World Precision Instruments Cat#1B150-4
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RESOURCE AVAILABILITY

Lead contact

Further information and request for resources and reagents should be directed to andwill be fulfilled by the

lead contact, Saaid Safieddine (saaid.safieddine@pasteur.fr).
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Materials availability

All reagents and mouse lines generated in this study are available from the lead contact.

Data and code availability

All data reported in this paper is available from the lead contact upon request. Of note, deep sequencing

data we provide here concerns only the neuronal SNAREs and proteins essential for IHC synaptic transmis-

sion, which is the scope of the article. These data represent only a small fraction of a bigger deep

sequencing dataset that is currently being analyzed and will be the subject of a separate publication.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this work paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

The Snap-25lox/lox (MGI:98331) mice were generated by homologous recombination (Institut Pasteur and

Clinique de la Souris, Illkirch, France). A targeting vector was designed in which loxP sites were introduced

upstream and downstream of Snap-25 exon 4, and a neo cassette flanked with Frt sites as selectable marker

was introduced downstream of exon 4. The targeting construct was electroporated into embryonic stem

cells from the C57BL6/N mouse strain, and 4 positive ES cells were selected. Stem cells carrying the

targeted construct were injected into blastocysts from C57BL/6N mice. After germline transmission,

mice were crossed with C57BL/6J mice producing Flp recombinase to remove the neo cassette. The

Snap-25lox/lox mice lack the neo cassette and behave like wild-type mice. Snap-25lox/lox mice were crossed

either with Myo15-cre recombinant mice carrying the Cre recombinase gene driven by the myosin-15 gene

promoter which, in the inner ear, deletes only the floxed fragment in hair cells22 or subjected to intraco-

chlear injection of AAV8-CMV-GFP-Cre at different time points.

The Rosa-tdTomato mice were obtained from Jackson Laboratories.

Male and female mice were used in this study and housed in a temperature-controlled room and main-

tained on a 12/12 h light/dark cycle. Food and water were available ad libitum and experiments were con-

ducted according to the European guide for the care and use of laboratory animals and approved by the

ethics committee of Institut Pasteur under the APAFIS #18368–019010910106739 (France).
METHOD DETAILS

Genotyping

Genotyping of Snap-25lox/lox recombinant animals was carried out by means of two PCR amplifications,

using primer-1 and primer 2 to detect the wild-type allele (1071-bp amplicon), floxed allele (1256-bp

amplicon), and deleted allele lacking Snap-25 exon 4 (274-bp amplicon). Genotyping of Snap-25lox/lox/

PMyo15-hCre (Snap-25 cKO) animals was carried out using two additional PCR amplifications. Primer-3

and primer-4 to detect the presence of the wild-type (587 bp amplicon) allele. Primer-3 and Primer-5

were used to detect the presence of the Cre allele (500 bp amplicon) leading the Snap-25 exon 4 deletion

in the inner ear hair cells. The list of primers and sequences used for genotyping can be found in the key

resources table.
Deep sequencing of inner hair cell mRNA

IHC samples were collected in triplicate from excised organs of Corti (from P2, P7 and P16 mice) placed

under two nylon meshes and observed with an Olympus 40X water-immersion objective (Tokyo, Japan).

A strong positive pressure was applied through a patch pipette containing Hank’s balanced salt solution

to separate IHCs from the neighboring supporting cells. A second patch pipette containing�2 mL of Hank’s

solution was used to collect 20 IHCs. Each sample consisted in 20 IHCs collected from a different organ of

Corti. The sampled IHCs were then processed for reverse transcription to generate cDNA frommRNA, the

PCR amplification of cDNAs, and deep-sequencing as described elsewhere.51,52 Briefly, sampled IHCs

were placed in a tube containing the SuperScript III Reverse Transcriptase reagents, wherein the mRNA

was reverse-transcribed to generate cDNA, using a poly(T) primer with an anchor sequence (UP1). A poly(A)
16 iScience 25, 105628, December 22, 2022
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tail was added to the 30 end of the first-strand cDNAs, and the second-strand cDNAs were then synthesized

with poly(T) primers with another anchor sequence (UP2). The cDNAs were then uniformly amplified by PCR

with primers targeting the UP1 and UP2 anchor sequences. The PCR products were purified, and samples

were deep-sequenced with an Illumina Version 3 sequencer (100 bp paired-end reads, Eurofins, Germany).

For each transcript, the reads were mapped onto the mouse genome (Genomatix, Munich, Germany) and

normalized expression values were calculated as follows: f = 107 3 (#readsregion)/(#readsmapped), where 107

is a normalization constant, #readsregion the number of reads (sum of base pairs) corresponding to the tran-

script, and #readsmapped the total number of mapped reads in the sample (sum of base pairs). We did not

normalize by the length of the sequenced mRNA because the vast majority of sequenced reads were

located at the 30 end of mRNAs, next to the poly(A) tail. We considered only unambiguous unique hits

for the analysis.

RNAscope in situ hybridization

The cochleae were extracted in a cold PBS solution and then fixed in 4% PFA for 1 h at room temperature.

The organs were decalcified in 0.35 M EDTA, pH 7.5 at room temperature for 2 h. The bone of the cochleae

was removed bymicrodissection and then fixed in 4% PFA for 45 min. For RNA in situ hybridization, we used

the RNAscope kit (RNAscope Multiplex Fluorescent Reagent Kit v2 Assay) according to the manufacturer’s

instructions. In brief, the organs were dehydrated in successive ethanol washes, then dried 10 min at room

temperature. After incubation with hydrogen peroxyde for 10 min at room temperature, followed by

Protease Plus treatment at 40�C for 30 min, the tissues were hybridized with the appropriate target probe

(Mm-Snap-25-C1) at 40�C for 2 h. This was followed by four successive amplification steps using Amp1,

Amp2, Amp3, and horserasish peroxidase. The Opal dye 570 fluorescent probe at 1/1000 dilution was

then added to label the channel C1. Coverslips were mounted with Prolong Gold. channel C1. For RNA-

scope spot counting, 3D-stacks with an interval of 0.25 mm were analyzed using the Imaris software (v9.9,

Bitplane). The spots were subjectively selected by thresholding the quality of a 3D Gaussian fitting,

including or excluding spots.

Recombinant AAV constructs

The coding sequence of the murine Snap-25 cDNA (NM_011428.3) was inserted into p0101 (pAAV.CMV.

PI.EGFP.WPRE.bGH) plasmid from Addgene in place of eGFP. The recombinant vector AAV2-CMV-PI-

SNAP-25 was packaged in the AAV8 capsid and produced by the Penn Vector Core facility with a titer of

1.723 1014 GC/mL. The cochlear delivery of the Cre recombinase was carried out using the rAAV construct

from Addgene containing the inverted terminal repeat of AAV2 and the capsid of AAV8 serotypes with

CMV driven eGFP-Cre (AAV8.CMV.HI.eGFP-Cre.WPRE.SV40) with a titer of 2.88 3 1013 GC/mL.

AAV delivery

The protocols were approved by the Animal Care and Use Committee of the Institut Pasteur. Isoflurane anes-

thesia was used on P1-P3 and P12-P15mice and animals were placed on awarming pad. For P1-P3mice a local

injection of lidocaine 2% (5 mg/kg) was performed under the skin before opening. For P12-P15 mice, local in-

jection of lidocaine 2%was combined to ameloxicam (1mg/kg) subcutaneous injection 30min before surgery.

Animals were shaved (P12-P15) and the skin disinfected using betadine, the eyes were protectedwith ocry-gel.

A left postauricular incision wasmade, and the cochlear basal turn, stapedial artery and facial nerve were used

as landmarks to access the round window membrane of P1-P3 mice. For P12-P15 mice, the otic bulla was

exposed and opened to access the round window membrane. A micropipette (10 mm diameter) was used

to inject 1 to 2 mL of AAV viral vectors through the round window membrane. The hole was then plugged

with muscle and connective tissue, and the skin was sealed with biological glue (3M Vetbond). Mice were

kept on a warming pad until they woke up and then placed into their home cage.

Auditory brainstem responses (ABR) recording

Themice were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) and placed on a warming pad

into an attenuated-sound box. Three electrodes were placed on the vertex, the ipsilateral mastoid, and the

lower back as the ground electrode. Pure-tone stimuli were used at frequencies of 5, 10, 15, 20, 32, and 40

kHz. Sound intensities of 10 to 110 dB, in 10-dB steps, were tested. The hearing threshold was determined

as the lowest stimulus level resulting in a visual recognition of ABR waves. ABR analysis was performed with

Matlab software. The amplitude of ABR wave I was measured (Matlab) for sounds of high intensity (70 to 90

dB). Mice were kept on a warming pad until they woke up and then placed into their home cage.
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Distortion product otoacoustic emission analysis

Distortion product otoacoustic emissions (DPOAEs) were measured to evaluate OHC function. Mice were

anesthetized with ketamine and xylazine as previously described, and body temperature was maintained

close to 37�C with a warming pad. DPOAEs were conducted with Otophylab (Echodia) and analyzed

with RT-Lab software or with CubeDis system, Mimosa Acoustics, ER10B microphone, Etymotic Research.

The DPOAE at a frequency 2f1-f2 was recorded in response to two simultaneously presented primary tones

of equal energy levels and distinct frequencies f1 and f2, with f2/f1 = 1.20. Frequency f2 was swept at 12 kHz

and 16 kHz or 10 kHz and 15 kHz and responses were recorded in response to a 80 dB SPL stimulation. The

DPOAE threshold was plotted against frequency f2. The DPOAE threshold was defined as the smallest pri-

mary level leading to a detectable DPOAE.

Immunofluorescence

The cochleas were dislodged from the skulls of mutantSnap-25 cKO, or Cre-injected Snap-25lox/lox mice

and from control non-injected Snap-25lox/lox, or wild-type C57BL6/J mice depending on experiments.

They were perfused with 4% paraformaldehyde in PBS for 45 min at room temperature. The organs of Corti

were microdissected free from the rest of the cochlea and whole mounts of sensory epithelium were rinsed

(3 3 10 min) with PBS and incubated for 1 h at room temperature in PBS supplemented with 20% normal

horse serum and 0.3% Triton X-100.

The samples were then incubated overnight with various primary antibodies in PBS: chicken anti-GFP

(1:500), rabbit anti-otoferlin (1:200), mouse anti-CTBP2 (1:100), guinea pig anti-ribeye (1:700), rabbit anti-ri-

beye (1:200), mouse anti-GluA2 (1:2000), Myosin 7a (1:700), and/or rabbit anti-myosin 6 (1:200)).

The samples were rinsed with (3 3 10 min) PBS and incubated for 1 h with various solutions of secondary

antibodies (1:500 dilution): ATTO-647–conjugated goat anti-rabbit IgG antibody, Alexa-488–conjugated

goat anti-chicken IgG antibody, Alexa-488 goat anti-rabbit IgG antibody, ATTO-488 goat anti-rabbit

IgG antibody, Alexa-488 goat anti-guinea pig IgG, ATTO 633-conjugated goat anti-mouse IgG antibody,

and ATTO-550–conjugated goat anti-mouse IgG antibody. Nuclei were labeled by incubation with 40,6-di-
amidino-2-phenylindole (DAPI) (1:7500) for 10 min. The samples were rinsed with (33 10 min) PBS and then

mounted in Fluorsave medium.

For immunofluorescent stainings after RNAscope IHS, the tissues were incubated in a blocking solution

(0.3% triton, 1% BSA, 20% goat serum) 1 h at room temperature, and then incubated overnight at room tem-

perature with the primary antibody (rabbit-antibody directed against Myosin 7a (1:200)), followed by 2 h of

incubation with the secondary antibody (goat anti-rabbit alexa fluor 488 (1:500)) at room temperature. DAPI

was finally added at 1:1000 concentration during 10 min at room temperature. The tissues were mounted

on coverslip with ProLong Gold Antifade Mountant. The list of antibodies used can be found in the key re-

sources table.

Images were captured with Zeiss LSM-700 or LSM-900 confocal microscopes equipped with a Plan Apo-

chromat 63x/1.4 N.A. oil immersion lens (Carl Zeiss).

Patch-clamp recording and capacitance measurement

Electrophysiological whole-cell patch-clamp recordings of hair cell mechanoelectrical transduction cur-

rents were performed in cochlear explants from P8 mice, as previously described.53

All the recordings of IHC capacitance measurement were performed at the mid-apical region of the co-

chlea 20–40% normalized distance from the apex, an area encoding frequencies ranging from 8 to 16

kHz, with an EPC10 amplifier controlled by Patchmaster software. For AAV8-GFP-Cre, only GFP-expressing

IHCs were recorded. IHCs were otherwise selected for recording at random from the tissue preparation.

Patch pipettes were pulled with a micropipette puller (P-97 Flaming/Brown; Sutter Instrument) and fire-pol-

ished with an MF-830 microforge (Narishige) to obtain a resistance range of 2 to 4 MU. Patch pipettes were

filled with an intracellular cesium-based solution containing the following: 145 mM CsCl, 1 mM MgCl2,

5 mM HEPES, 1 mM EGTA, 20 mM tetraethylammonium chloride, 2 mM ATP, and 0.3 mM GTP, pH 7.2,

300 mOsm. Changes in cell membrane capacitance (DCm) were used to monitor the fusion of synaptic ves-

icles during exocytosis. DCm was measured with the Lindau and Neher (1988) technique, using the lock-in

amplifier Patchmaster software (HEKA) and applying a 1 kHz command sine wave (20 mV amplitude) at a
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holding potential of �80 mV before and after the pulse experiment. As recording conditions can greatly

influence capacitance measurements, only IHC patch-clamp recordings with low series resistance, below

10 MU, and a maximum leak current of 25 pA (at Vh = �80 mV) were considered in this study.
Voltage stimulation

Two different protocols were used. First, readily releasable pool (RRP) exocytosis was recorded by the de-

polarization of IHCs from�80 to �10 mV for increasing durations, from 5 to 80 ms, in 5 ms increments. Sec-

ond, the replenishment in vesicles of the synaptic zone was probed by depolarizing IHCs during a train of

100 ms pulses from �80 to �10 mV.
Intracellular Ca2+ uncaging

We triggered a rapid increase in intracellular Ca2+ concentration from the caged Ca2+ chelator DM-

Nitrophen, using a brief (100 ms) flash from a 365 nm UV light source delivered by a Mic-LED-365 (350

mW; Prizmatix). The UV LED was connected directly to the epi-illumination port at the rear of a Nikon

FN1 upright microscope and illumination was focused through the 603 objective (CFI Fluor 60x W NIR,

WD = 2.0 mm, NA = 1). HCs were loaded with 145 mM CsCl, 5 mM HEPES, 20 mM TEA, 10 mM DM-

Nitrophen, and 10 mM CaCl2. Following patch rupture, we systematically waited for 2 min at a holding po-

tential of �70 mV to load and equilibrate the cells with the intrapipette solution. Upon UV photolysis,

[Ca2+]i, continuously measured with a C2 confocal system and NIS-Elements imaging software (Nikon)

coupled to the FN1 microscope, reached a peak of 20 G 5 mM within 15–20 ms.54
Scanning electron microscopy

Inner ears were fixed by incubation in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.3) for 2 h at

room temperature. The organs of Corti were microdissected and the samples were incubated in an alter-

nating series of solutions of 1% osmium tetroxide (O) and 0.1 M thiocarbohydrazide (T) (sequence:

OTOTO). The samples were then dehydrated by incubation in a graduated series of ethanol solutions

and dried to critical point with hexamethyldisilazane. Samples were analyzed with a Jeol JSM6700F-type

field emission scanning electron microscope operating at 5 kV. Images were obtained with a charge-

coupled camera (SIS Megaview3; Surface Imaging Systems), acquired with analySIS (Soft Imaging System),

and processed with Photoshop CS6.
Transmission electron microscopy

Cochleas were perfused with 4% paraformaldehyde and 2% glutaraldehyde in Sorensen buffer at pH 7.4

and immersed in the fixative solution for 2 h. They were then postfixed by incubation overnight in 1%

osmium tetraoxide in cacodylate buffer at 4�C. They were dehydrated in a graded series of acetone con-

centrations and embedded in Spurr’s low-viscosity epoxy resin, which was then hardened at 70�C. We cut

70 nm sections of the sensory epithelium (organ of Corti) and collected them on 100-mesh parallel-bar cop-

per grids. The grids were contrast-stained with 4% uranyl acetate in dH2O for 40 min and then with Rey-

nold’s lead citrate for 3 min. The sections were viewed in a FEI Tecnai G2 200 kV transmission electron

microscope.
STATISTICAL ANALYSES

All statistical analyses were performed in GraphPad and the following tests were used, as appropriate, de-

pending on the data concerned: Mann-Whitney test, Student’s t test, one-way ANOVA, two-way ANOVA.

Statistical significance is indicated in the figures as follows: n.s., not significant; *p< 0.05; **p< 0.01;

***p< 0.001, ****p< 0.0001. For ABRs, DPOAEs, and ribbon counts, all values are given as means G stan-

dard deviation. For IHC patch-clamp recordings and Ca2+ imaging, values are given as means G SEM.
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