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A B S T R A C T

Our understanding of how otoferlin, the major calcium sensor in inner hair cells (IHCs) synaptic transmission,
contributes to the overall dynamics of synaptic vesicle (SV) trafficking remains limited. To address this question,
we generated a knock-in mouse model expressing an otoferlin-GFP protein, where GFP was fused to its C-ter-
minal transmembrane domain. Similar to the wild type protein, the GFP-tagged otoferlin showed normal
expression and was associated with IHC SV. Surprisingly, while the heterozygote Otof +/GFP mice exhibited a
normal hearing function, homozygote Otof GFP/GFP mice were profoundly deaf attributed to severe reduction in
SV exocytosis. Fluorescence recovery after photobleaching revealed a markedly increased mobile fraction of the
otof-GFP-associated SV in Otof GFP/GFP IHCs. Correspondingly, 3D-electron tomographic of the ribbon synapses
indicated a reduced density of SV attached to the ribbon active zone. Collectively, these results indicate that
otoferlin requires a free intravesicular C-terminal end for normal SV docking and fusion.

1. Introduction

The mammalian hearing organ, the cochlea, harbors two types of
sensory cell, the inner (IHCs) and outer hair cells (OHCs). While the
OHCs act as mechanical amplifiers of the organ’s sound vibrations, the
IHCs are the primary sensory cells that transduce these vibrations into
electrical nerve impulses conveyed to the brain by auditory afferent fi-
bers. This neurotransmission process is triggered by voltage-dependent
activation of CaV1.3 calcium channels located at the IHC synaptic
active zones (Brandt et al., 2005; Vincent et al., 2018), leading to the
exocytosis of glutamatergic vesicles whose release content activates
postsynaptic AMPA receptors (Glowatzki and Fuchs, 2002; Rutherford
et al., 2023). The fusion of the synaptic vesicles in IHCs takes place at a
highly specialized structure, the synaptic ribbon, an electron-dense
structure of submicron diameter that marks the center of the synaptic
active zone and to which synaptic vesicles are attached (Smith and
Sjostrand, 1961; Lenzi and von Gersdorff, 2001; Lenzi et al., 2002;
Safieddine et al., 2012). In contrast to the action potential-initiated

bursts of transmitter release occurring at CNS neuronal synapses, IHC
ribbon synapses can sustain an extremely high rate of transmitter
release. This rate is continuously modulated in response to
sound-induced membrane depolarization (Goutman and Glowatzki,
2007). Prior to being primed for fusion, IHC synaptic vesicles undergo a
sequence of steps mirroring those documented in CNS synapses,
including trafficking and docking to the active zone through interactions
with SNARE proteins (Safieddine et al., 2012; 2022). Synaptic vesicle
exocytosis, activated by Ca2+ entry through nearby Ca2+ channels, in-
volves two functionally distinct pools of vesicles, namely a readily
releasable pool (RRP) composed of primed vesicles located below the
ribbon and directly apposed to the active zones, and a sustained
releasable pool (SRP) of vesicles likely attached to the ribbon or in its
close vicinity (Moser and Beutner, 2000; Vincent et al., 2017).
Otoferlin, a six C2 domain protein defective in a recessive form of

human pre-lingual deafness DFNB9 (Yasunaga et al., 1999), acts as an
essential Ca2+ sensor for RRP and SRP exocytosis in IHCs (Roux et al.,
2006; Michalski et al., 2017, Leclère and Dulon, 2023). Upon binding to
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calcium, otoferlin interacts with the IHC membrane fusion machinery
and the lipid membranes, thereby triggering synaptic vesicle fusion with
the pre-synaptic plasma membrane. Interestingly, otoferlin is enriched,
but not restricted, in the membrane of IHC synaptic vesicles and in the
pre-synaptic plasma membrane (Roux et al., 2006; Uthaiah and Hud-
speth, 2010; Vogl et al., 2015), suggesting that the protein could also be
involved in synaptic vesicle trafficking to the active zone (Heidrych
et al., 2008), in the RRP replenishment (Pangrsic et al., 2010; Jung et al.,
2015; Strenzke et al., 2016), in the maintenance of IHC calcium influx
(Pangrsic et al., 2010; Vincent et a., 2017), in the priming process (Vogl
et al., 2015), or even in endocytosis (Heidrych et al., 2009; Tertrais
et al., 2019). Hearing restoration using Adeno-Associated Virus (AAV)
gene therapy has been shown to be effective in mice Otof KO (Akil et al.,
2019; Al-Moyed et al., 2019). These findings have played a crucial role
recently in allowing to initiate multiple successful gene therapy clinical
trials in otoferlin deaf patients (Qi et al., 2024; Lv et al.2024). However,
several questions on the otoferlin function still remain to be elucidated,
in particular, how this protein interacts with the synaptic vesicles and
the plasma membrane at the IHC synaptic active zone.
Otoferlin is a tail-anchored protein through a single-spanning C-

terminal transmembrane domain (TMD), whose role remains unknown.
Mutations in exon 48 encoding the otoferlin TMD, leading to hearing
impairment, underline the importance of this domain (Vogl et al., 2016;
Iwasa et al., 2019; Vona et al., 2020; Santarelli et al., 2021). To shed
further light on the role of otoferlin in the IHC synaptic vesicle cycle and
the importance of its TMD, we engineered a knock-in mouse model
expressing an otoferlin-GFP fusion gene, in which Enhanced Green
Fluorescent Protein (EGFP) was fused to the intravesicular
carboxy-terminal end of its TMD (Fig. 1). We thoroughly examined these
mice using a comprehensive approach, including electrophysiology,
measurement of inner hair cell (IHC) membrane capacitance,
Two-photon fluorescence recovery after photobleaching (FRAP) exper-
iments, confocal and stimulated-emission-depletion (STED) microscopy,
as well as 3D electron tomographic reconstruction of the ribbon syn-
apses. Surprisingly, we found that, despite the GFP-tagged otoferlin
showing normal expression and subcellular distribution, the

homozygote Otof GFP/ GFP mice were profoundly deaf, while the het-
erozygote Otof +/ GFP mice had normal hearing. We show that the
hearing deficit in the Otof GFP/ GFP mice is explained by a severe reduc-
tion in the rates of docking and fusion of the synaptic vesicles at the
ribbon active zone. Our study reveals the essential role of the otoferlin
TMD in these processes.

2. Results

2.1. Generation and characterization of Otoferlin-GFP knock in mouse

In order to elucidate the function of the otoferlin transmembrane
domain and investigate the in vivo mobility of synaptic vesicles in live
IHCs, we generated a knock-in mouse expressing an otoferlin-GFP fusion
protein from the endogenous otoferlin genomic locus using homologous
recombination in mouse embryonic stem cells (Otof-GFP KIs). The GFP
tag was fused to the C-terminus by placing the enhanced GFP (EGFP)
cDNA within the exon 48 just before the stop codon of the otoferlin open
reading frame followed by a neomycin resistance cassette in the 3′ un-
translated region. Correctly targeted homologous recombinant mouse
embryonic stem cell clones were identified by southern blot and used to
generate chimeric mice that transmitted the targeted allele to their
offspring. RT-PCR experiments confirmed the presence of a recombinant
Otof-EGFP fused to the 48 exon just before the stop codon (Fig. 1A-B).
The otoferlin TMD is followed by 13 amino acids forming a short hy-
drophilic segment likely to be intravesicular, to which the GFP was
attached (Fig. 1C). To eliminate possible deleterious effects of the
neomycin resistance cassette, heterozygous otoferlin-GFP mice were
first crossed with PGK-Cre mice that expressed the Cre recombinase
under control of the phosphoglycerate kinase (PGK) promoter, and then
intercrossed to produce homozygous mice. The heterozygote and ho-
mozygote mice, referred to below as Otof +/ GFP and Otof GFP/ GFP mice,
respectively, were born at the expected Mendelian ratio, and both were
viable and fertile. These mutant mice showed no obvious morphological
defect and had overall normal behavior.

Fig. 1. Engineering a mouse line carrying EGFP-tagged Otof gene A) Schematic representation of the Otof endogenous wild-type (WT), recombined knock-in
allele before and after Cre-recombination, are shown. The last 8 of the 48 exons of Mus musculus otoferlin gene (Otof) are noted according to NCBI sequence
identifier: NM_001100395.1. B) The primer pair P3 and P4 is tailored to specifically detect the deletion of the wild-type allele (WT). These primers amplify a PCR
product of 0.7 Kb for the WT allele and 2.1 Kb for the EGFP knock-in allele. C) Schematic drawing representing a GFP-tagged otoferlin attached to a synaptic vesicle.
The C-terminal part of otoferlin after the transmembrane domain (TM), to which is attached GFP, is proposed to be intravesicular. The 3D structure of otoferlin
sequence was obtained using Alphafold prediction analysis (Jumper et al., 2021).
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2.2. Otof GFP/ GFP mice are profoundly deaf

Auditory brainstem responses (ABRs), reflecting the activity of the
auditory neurons in the central auditory pathway in response to sound
stimuli, were recorded in Otof +/+ (WT), Otof +/GFP and Otof GFP/GFP

littermates (Fig.2). Otof +/GFP mice (n = 9) produced characteristic ABR
waveforms similar to WT mice (n= 8), with thresholds ranging between
20 and 45 dB SPL, whereas Otof GFP/GFP mice (n = 14) showed no
detectable ABR, even for stimulus intensities above 90 dB SPL (Fig. 2A,
B,C). The similarity between the distortion product otoacoustic emis-
sions (DPOAEs) observed in Otof GFP/GFP and WT mice indicated that the
profound deafness in Otof GFP/GFP mice is likely associated with a defect
in the synaptic transmission of IHCs (Fig. 2D). We concluded from these
results that the homozygote Otof GFP/GFP mice have an auditory pheno-
type similar to that previously described in Otof KO mice, characteristic
of an IHC synaptopathy (Roux et al., 2006).

2.3. Otoferlin-GFP colocalizes with native otoferlin and synaptic vesicles
in IHCs

Neither Otof +/GFP nor Otof GFP/GFP mice exhibited any noticeable
morphological abnormality in the organ of Corti, whose sensory
epithelium displayed its characteristic organization composed of three
rows of OHCs and one row of IHCs of normal appearance. Similar GFP
fluorescence levels within the sensory hair cells from both genotypes
were also observed when assessed by confocal or two-photon

microscopy. This could be observed whether directly ex vivo in "live"
freshly dissected organs of Corti, maintained in artificial perilymph
(Fig. 3A,B), or after chemical fixation (Fig. 4A,B). Otoferlin-GFP signal
was detected in IHCs and OHCs from embryonic day 16 (E16) on, and
was no longer detectable in the OHCs by the onset of hearing around
postnatal day 12 (P12) in mice, and onwards. This pattern aligns well
with previous reports on native otoferlin, suggesting that the GFP-tag
did not disrupt the developmental regulation of otoferlin expression
(Roux et al., 2006; Beurg et al., 2008; Roux et al., 2009). Dual immu-
nolabeling of the heterozygote mouse cochleas for native otoferlin and
otoferlin-GFP demonstrated that both proteins exhibited comparable
subcellular distribution (Fig. 4B). As expected, the expression of
otoferlin-GFP was also observed in all hair cells of the vestibular tissues
at P2 and P30, with both live type I and type II hair cells displaying
strong intracellular fluorescence (Fig. 3C and Fig. S1). These results are
consistent with findings from previous vestibular immunolocalization
studies (Schug et al., 2006; Dulon et al., 2009).
In order to verify that the GFP-tag did not disrupt the subcellular

distribution of otoferlin, we examined the co-localization of otoferlin-
GFP in the IHCs with the VGLUT3 specific vesicular glutamate trans-
porter type 3 (VGLUT3), which localizes specifically to the IHC synaptic
vesicles (Ruel et al., 2008; Seal et al., 2008; Obholzer et al., 2008). The
patterns of otoferlin-GFP fluorescence and anti-VGLUT3 immunofluo-
rescence were comparable under conventional confocal microscopy
(Fig. 5). The precise subcellular distribution of otoferlin-GFP and its
colocalization with VGLUT3 in the IHCs were further examined by

Fig. 2. Otof +/GFP mice have normal hearing while Otof GFP/GFP are profoundly deaf A) Representative examples of click-ABR waves recorded at 70 dB SPL B)
Comparative click-wave I amplitude as a function of sound level, with 90 dB (SPL) as the highest sound level tested. C) Comparative of auditory thresholds of click
and tone-evoked ABR. D) Distortion product otoacoustic emissions (DPOAEs; 2 f1-f2 with f1 = 12.73 kHz and f2 = 15.26 kHz) as a function of sound intensity. ABRs
and DPOAEs were recorded in P25-P30 mice. Asterisks indicate significant difference with p<0.05 as compared to WT (Otof +/+ mice) while ns indicates not
significantly different (two-way ANOVA, Tukey’s multiple comparison test).
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stimulated emission depletion (STED) microscopy, which provides a
resolution surpassing the optical diffraction limit (Hell and Wichmann,
1994) and has been successfully used to visualize individual synaptic
vesicles in hypocampal neurons (Willig et al., 2006; Westphal et al.,
2008). When visualized in the intracellular IHC regions by dual-color
STED microscopy (Lauterbach et al., 2013), the distribution of both
DY485XL-stained VGLUT3 proteins and Atto565-stained GFP formed
numerous fluorescent spots of a diameter ranging 80–100 nm. These
spots could be readily distinguished within a single optical plane section,
thus likely localizing individual synaptic vesicles. Examination of the
nearest-neigbor distances between GFP-Atto565 and VGLUT3-DY485XL
spots validated the robust colocalization between the two populations of

spots (Fig. 5).
Altogether, these observations demonstrate that the GFP-tag fused to

the otoferlin TMD on its intravesicular side does not interfere with the
spatiotemporal expression pattern and subcellular localization otoferlin.
Otoferlin-GFP appears properly targeted to the synaptic vesicles of IHCs,
and its distribution within the cochlea and in vestibular hair cells was
indistinguishable from that of the endogenous otoferlin (Roux et al.,
2006, 2009; Dulon et al., 2009).

2.4. IHCs of Otof +/GFP mice exhibit normal synaptic exocytosis

To verify whether IHC synaptic vesicle exocytosis was affected by the

Fig. 3. Expression of otoferlin-GFP in freshly dissected living inner ear tissue from Otof GFP/GFP mice A) Confocal fluorescence imaging of a living surface
preparation from an organ of Corti of a pre-hearing P2 mouse showing a bright GFP fluorescence in both IHCs and OHCs. B) Surface preparation of an organ of Corti
from a post-hearing mature P30 mouse showing otoferlin-GFP fluorescence restricted to IHCs. C) Living surface preparation of a vestibular utricular organ from a P30
mouse, showing otoferlin-GFP expression in vestibular hair cells.

D. Dulon et al.
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presence of otoferlin-GFP, we performed ex-vivo whole-cell patch clamp
recordings of membrane capacitance in IHCs from post-hearing P18-P20
heterozygote Otof +/GFP mice. At holding membrane potential of
− 70 mV, in absence of stimulation, the cell membrane capacitance (a
proxy of resting cell size) of heterozygote Otof +/GFP IHCs (10.97 ±

0.26 pF; n= 22) was found similar to WT IHCs (10.61± 0.16 pF; n= 22;
SEM, unpaired t-test, p = 0.26; Fig. 6A), indicating a normal resting
balance between exocytosis and endocytosis. During voltage-step de-
polarization, Otof +/GFP IHCs displayed Ca2+ current with amplitude and
voltage-dependence similar to WT IHCs (Fig. 6B). We then characterized
the kinetics of Ca2+-evoked exocytosis (ΔCm) of the RRP by depolarizing
IHCs from − 80 mV to − 10 mV with increasing duration from 10 to
80 ms (Fig. 6C). The plot of ΔCm as a function of time indicated an
exponential rise with similar time constants in WT (τ = 26 ± 8 ms; n =

12) and in heterozygote Otof +/GFP IHCs (29 ± 4 ms; n = 12; SEM, un-
paired t-test, p = 0.78). The ΔCm responses reached a similar plateau
within 80 ms at 22.7 + 2.3 fF and 23.0 + 2.0 fF in WT and Otof +/GFP,
respectively (Fig. 6C). Overall, these results are consistent with the
normal ABRs found in heterozygote Otof +/GFP mice, and confirm that a

single allele expression of otoferlin-GPF, together with an expression of
native otoferlin by the other WT allele, do not modify synaptic vesicular
release in IHCs.

2.5. Synaptic exocytosis in Otof GFP/GFP IHC is severely impaired

The profound deafness with normal DPOAEs that characterize the
Otof GFP/GFP mice strongly indicates a malfunction in IHC synaptic
transmission. We therefore investigated the IHC synaptic exocytotic
function in these mice before and after the onset of hearing. The voltage-
gated Ca2+ influx and exocytotic membrane capacitance changes were
monitored in pre-hearing (P8) and post-hearing (P18-P20) from both
Otof +/GFP and Otof GFP/GFP IHCs. At a holding potential of − 70 mV, in
absence of stimulation, the cell resting membrane capacitance was
found significantly smaller in Otof GFP/GFP IHCs at both developmental
stages (8.71 ± 0.21 pF at P8, n=8, and 8.84 ± 0.22 at P14-P18, n = 15,
SEM) compared to Otof +/GFP IHCs (9.77 ± 0.22 pF at P8, n = 8, and
10.61 ± 0.16 pF at P14-P18, n = 22; SEM, unpaired t-test, p < 0.05 for
both comparisons). This difference in resting membrane capacitance

Fig. 4. Normal developmental regulation and overlapping of Otof-GFP with native otoferlin A) Confocal immunofluorescence imaging of the native otoferlin
(red) and otoferlin-GFP (anti-GFP) in fixed surface preparations of organs of Corti in P6 and P17 Otof +/GFP mice. Note the loss of otoferlin-GFP expression, as the
native otoferlin, in P17 OHCs. B) Comparative confocal immunofluorescence imaging of native otoferlin, otoferlin-GFP and CtBP2 (ribeye, in red) in WT Otof +/+

mice and Otof GFP/GFP mice. Note that the widespread intracellular distribution of otoferlin-GFP is similar to the native otoferlin in WT mice. C) Histogram showing a
significant synaptic ribbon loss in IHCs from P17 Otof GFP/GFP mice (p < 0.05; unpaired-t-test) as shown in Fig. S3. In all panels, the white horizontal bars indi-
cate 10 µm.

D. Dulon et al.
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suggested a balance defect between vesicle exocytosis and endocytosis
in homozygotes Otof GFP/GFP IHCs.
At P8, while Ca2+ currents recorded in Otof GFP/GFP and in Otof +/GFP

IHCs were similar in terms of amplitude and voltage-dependence
(Fig. S1A), the kinetics and amplitude of the RRP component of exocy-
tosis in P8Otof GFP/GFP IHCs were largely reduced as compared to P8Otof
+/GFP IHCs (Fig. S1B). For a brief 20 ms depolarization, that mostly in-
volves vesicles from the RRP, the amplitude of the exocytotic responses
averaged 7.8 ± 1.1 fF (n = 7, SEM) in P8 Otof GFP/GFP IHCs as
compared to 15.5 ± 2.7 fF (n = 7, SEM) in P8 WT IHCs (unpaired t-test;
p < 0.05). The SRP of exocytosis, tested by repetitive 100 ms depolari-
zation steps, was also largely affected in the homozygote Otof GFP/GFP

mutant mouse (Fig. S1C).
A severe reduction in the kinetics of the RRP and SRP exocytosis was

also observed in post-hearing P18-P20 Otof GFP/GFP IHCs as compared to
Otof +/GFP IHCs (Fig. 7). Notably, in these P18-P20 homozygote IHCs,
peak Ca2+ currents (ICa) were reduced by a factor ~2.5 as compared to
Otof +/GFP IHCs (52 ± 10 pA (n = 18, SEM) and 133 ± 7 pA (n = 12,
SEM), respectively, unpaired t-test, p < 0.05; Fig. 7A). This reduction in
the amplitude of the Ca2+ currents could explain in part the defect in
exocytosis in P18-P20 homozygote Otof GFP/GFP IHCs. To probe the

fusion process in Otof GFP/GFP IHCs independently of the Ca2+ channels,
we performed intracellular Ca2+ uncaging experiments on IHCs loaded
with DM-nitrophen using UV-flash photolysis. While Ca2+ uncaging
produced a similar fast rise in membrane capacitance in Otof +/GFP and
WT IHCs, this process was markedly reduced in P18 homozygote Otof
GFP/GFP IHCs (Fig. 7D), indicating that the Ca2+-dependent vesicular
fusion process was impaired independently of a possible defect in the
expression/organization of the Ca2+ channels. Overall, these results
demonstrate that although otoferlin-GFP, is normally targeted to the
synaptic vesicles (Fig. 4 and Fig. 5), it did not function effectively as a
Ca2+ sensor for exocytosis in the Otof GFP/GFP mutants.

2.6. The IHCs of Otof GFP/GFP mice display an abnormally high mobile
fraction of synaptic vesicles

To compare the synaptic vesicle dynamics at the IHC synaptic zone of
the normally hearing P18-P20Otof +/GFPmice and the deaf P18-P20Otof
GFP/GFP mice , otoferlin-GFP associated vesicles were visualized using
two-photon microscopy at the basolateral synaptic region below the cell
nucleus, and their mobility was assessed by FRAP.
InOtof +/GFP IHCs, the fraction of post-bleach recovery averaged 23.2

Fig. 5. Colocalization of otoferlin-GFP and VGLUT3 (A-C) Upper panels: Representative STED images of individual P15 IHCs in whole-mount preparations from
wild type (A), Otof +/GFP (B) and Otof GFP/GFP (C) cochleas immunolabeled for otoferlin and VGLUT3 (A), or for otoferlin-GFP and VGLUT3 (B and C). Scalebars, 2μm.
Lower panels: The same images after wavelet denoising and deconvolution, with the positions of the resolution-limited Atto565 and DY485 spots displayed in red and
green, respectively, within the delineated IHC (yellow dashed contour). (D-F) Plots of the distributions of nearest neighbor distances between otoferlin spots and their
corresponding closest VGLUT3 spots (green-filled histogram), or between VGLUT3 spots and their corresponding closest VGLUT3 spots (black histogram without fill),
for the wild-type (D), the Otof +/GFP (E), and the Otof GFP/GFP (F) IHCs. In all cases, the otoferlin-to-VGLUT3 nearest neighbor distance distribution display a marked
leftward shift (toward smaller distances) compared to the VGLUT3-to-VGLUT3 nearest neighbor distance distribution (p<10–4, Kolmogorov-Smirnov test), sup-
porting the colocalization of otoferlin-Atto565 with VGLUT3-DY485 spots in these IHCs.

D. Dulon et al.
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± 2.0 %with a coefficient of diffusion of D= 0.33± 0.05 µm2/s (n= 62,
SD, Figs. 8A,8D). These results suggested that a significant, though
relatively modest fraction of the otoferlin-GFP proteins were mobile.
FRAP recovery curves obtained in similar conditions in the IHCs from
Otof GFP/GFP mice revealed a 60 % increase in the mobile fraction of
synaptic vesicles (37.5 ± 2.8 %, SD, n = 55, p < 10− 4, t-test) as
compared to theOtof +/GFPmice (Figs. 8B,8D). This large mobile fraction
in the Otof GFP/GFP IHCs showed however a similar coefficient of diffu-
sion (D = 0.27 ± 0.04 µm2/s; SD) as observed in Otof +/GFP IHCs (p
=0.36, t-test). These results suggested that a large pool of synaptic
vesicles had weaker interactions with docking sites in Otof GFP/GFP IHCs
as compared to Otof +/GFP IHCs. The coefficient of diffusion of this larger
mobile pool was however unaffected.
To test whether stimulation affected the mobility of synaptic vesi-

cles, we depolarized the IHCs by applying an extracellular solution of
40 mM K+ and 2.5 mM Ca2+. The mobile fraction of otoferlin-GFP
increased to 30.6 ± 2.8 % (n=44, SD, p=0.03, t-test) in presence of
40 mM K+ in Otof +/GFP (Figs. 8A,8D). This increased fraction of mobile
vesicle suggested that rising intracellular Ca2+ decreased otoferlin-GFP
intracellular interactions with docking sites. Using a similar K+ depo-
larization protocol in homozygote Otof GFP/GFP IHCs, we found that
the mean fraction of mobile otoferlin-GFP also slightly increased, but not
significantly to 40.4 ± 3.8 % (n = 25; SD, p = 0.53). Note that the dif-
ferences in the mobile fraction betweenOtof +/GFP and Otof GFP/GFP could
not be attributed to a difference in otoferlin-GFP membrane targeting or
recycling since the contribution to the GFP-fluorescence at the plasma
membrane was found simarly low in both genotypes (fig S4). These
results suggested that intracellular Ca2+-increase had a positive effect on
the mobile fraction of otoferlin-GFP associated synaptic vesicles in the
heterozygote mutants, while it had a marginal effect in the
homozygotes.

2.7. Reduced number of ribbon synapses in IHC of Otof GFP/GFP

The IHC ribbon synapses of P18 Otof GFP/GFP and Otof +/GFP mice
were examined at the apical turn of the cochlea by triple immunofluo-
rescence confocal microscopy, using an antibody directed against the
protein CtBP2 (identical to the Ribeye B domain, a major structural
components of the ribbon; Schmitz et al., 2000), an antibody against
glutamate receptor subunits 2 (GluR2), which are associated with the
dendrites of afferent neurons, and an antibody against the Cav1.3

channels that govern IHC vesicle fusion. Normal ribbon synapses were
defined by the presence of closely juxtaposed Ribeye, GluR2 and Cav1.3
fluorescent spots (Sergeyenko et al., 2013; Roux et al., 2006). We
quantified the number of ribbon synapses (including the ribbon and an
associated calcium channel-populated region) using 3D reconstructions
and found a mean of 19.5 ± 2.5 ribbons synapses (n = 97; SD; N = 3
mice) per IHC in the heterozygote Otof +/GFP mice. This number agrees
well with previous synaptic ribbon synapse quantification in WT IHCs
(Vincent et al., 2014). Similar measurements resulted in significantly
lower numbers in the homozygote Otof GFP/GFP mice, averaging to 14.5
± 2.5 (n = 102; SD; N=3 mice) ribbon synapses per IHC (Fig. 4C; p <

0.05). A similar loss of ribbon synapses was also described in otoferlin
KO mice (Tertrais et al., 2019, Roux et al., 2006), suggesting that a
normal exocytotic synaptic activity is required for the maintenance of
the IHC ribbon synapses.

2.8. The IHC ribbon synapses of Otof GFP/GFP display a reduced density of
docked vesicles

To establish an anatomical correlate for the exocytosis defect
observed in homozygote Otof GFP/GFPmice, we studied the ultrastructure
of the IHC ribbon synapse and quantified its associated pools of vesicles
by 3D electron tomography as previously described (Michalski et al.,
2017). For each genotype, nine IHC ribbon synapses from cochlear
apical turns of P20 mice were reconstructed. To ensure the accuracy of
our quantification of the vesicular pool, only data sets that included the
center or the entire ribbon were included from tomographic recon-
struction. The mean size (volume) of the synaptic ribbons in Otof +/GFP

IHCs (3.84 10− 3 ± 1.71 10− 3 µm3; n=9, SD) and in Otof GFP/GFP IHCs
(6.43 10− 3 ± 4.26 10− 3 µm3; n=9, SD) were not significantly different
(unpaired t-test p = 0.12), though the distribution of Otof GFP/GFP IHC
ribbon size showed a larger spread. For each ribbon, synaptic vesicles
were classified into three different pools, according to their position
relative to the presynaptic plasma membrane and the ribbon: (i)
ribbon-associated vesicles with centers lying within 40 nm of the pre-
synaptic plasma membrane were classified as the presumptive readily
releasable pool (RRP; in red); (ii) vesicles lying within 80 nm of the
ribbon but not apposed to the presynaptic plasma membrane were
classified as the ribbon-attached pool (RAP or presumptive SRP; in
green), and (iii) vesicles located between 80 nm and 350 nm from the
ribbon surface and not apposed to the presynaptic plasma membrane

Fig. 6. Ca2þ currents and exocytosis are normal in IHCs of P14-P18 Otof +/GFP mice A) Resting membrane capacitance of IHCs, measured at Vh = − 70 mV, is
comparable in WT and Otof +/GFP mice (p=0.25; unpaired-t-test). B) Ca2+ currents evoked during 25 ms voltage-steps at various potentials and (C) kinetics of
exocytosis (constant voltage-step from − 80 mV to − 10 mV with increasing time duration) in Otof +/GFP IHCs were comparable to WT. Values are mean with SEM and
ns indicates not significantly different (two-way ANOVA, Tukey’s multiple comparison test).
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comprised the outlying pool (OP1 80–100 nm and OP2 100–350 nm;
yellow and orange) (Fig. 9A). Since the volume of the ribbons showed
substantial variation with a wider distribution in the homozygote Otof
GFP/GFP IHCs, we plotted the number of ribbon-associated vesicles in the
RRP, SRP, and RRP+SRP as a function of the ribbon volume (Fig. 9B,C,
and D, respectively). While a strong linear correlation between the
ribbon volume and the vesicle number was observed in both genotypes
for the RRP and SRP, homozygote Otof GFP/GFP IHCs displayed a signif-
icantly lower synaptic vesicle density attached to the plasma membrane
active zone or to the ribbon (RRP slope: 1946 ± 263 vesicles/µm3; SRP
slope: 6783 ± 433 vesicles/µm3; RRP+SRP slope: 8729 ± 672 ves-
icles/µm3) as compared to the heterozygote Otof +/GFP IHCs (RRP slope:
3580 ± 663 vesicles/µm3; Ftest, p = 0.0027; SRP slope: 8740 ± 805
vesicles/ µm3; Ftest, p = 0.041; RRP+SRP slope: 12320 ± 1316 vesicles/
µm3, Ftest, p = 0.022). However, the density of the outlying pool of
vesicles around the ribbon was found not significantly different between
the heterozygote (OP1: 249 ± 80 vesicles/µm3; SD, n=9; OP2: 215 ± 65

vesicles/ µm3; SD, n = 9) and homozygote IHCs (OP1: 235 ± 59 ves-
icles/µm3; n=9; SD, unpaired t-test, p = 0.51); OP2: 216 ± 58 ves-
icles/µm3; n = 9; SD, unpaired t-test, p = 0.33; Fig. 9E).
Overall, our ultrastructural analysis suggested that the complete

replacement of the untagged WT form of otoferlin by otoferlin-GFP
reduced by nearly half the number of docked vesicle below the synap-
tic ribbon, while the number of vesicles attached to the ribbon were also
reduced by 22 %. These results are consistent with the FRAP experi-
ments, suggesting a reduced interaction of the otoferlin-GFP-tagged
vesicles with their specific targets at the synaptic ribbon, in the Otof
GFP/GFP IHCs. Of note, we did not observe a significant difference in the
distance vesicle-membrane or vesicle-ribbon between Otof +/GFP and
Otof GFP/GFP IHCs (Fig.S5). This suggested that the length of the vesicular
tethering elements, anchoring the vesicle to the ribbon and the plasma
membrane, was not affected in the deaf Otof GFP/GFP. The differences
could mainly arise from a decrease in the rate of vesicle docking and of
fusion.

Fig. 7. RRP and SRP exocytosis defect in IHCs from P18-P20 Otof GFP/GFP mice A) Mean Ca2+ currents recorded in Otof +/GFP (blue) and Otof GFP/GFP (green)
IHCs during a depolarizing voltage-ramp protocol (1 mV/ms) from –90 to +30 mV. Note the reduction in the amplitude of the Ca2+ currents in Otof GFP/GFP IHCs as
compared to Otof +/GFP IHCs (maximum amplitude at − 10 mV: 52 ± 10 pA (n = 18) and 133 ± 7 pA (n = 12), respectively, unpaired t-test, p < 0.01). B) Kinetics of
RRP exocytosis evoked during brief voltage steps from –80 to –10 mV, with durations increasing from 10 to 100 ms, were largely reduced in IHCs from Otof GFP/GFP
IHCs (two-way ANOVA, p < 0.01). C) SRP exocytosis evoked during long-lasting voltage steps from –80 to –10 mV, with durations increasing from 100 to 1500 ms
(100 ms increment), was completely abolished in Otof GFP/GFP IHCs. D) Mean exocytotic response curves evoked by intracellular Ca2+ uncaging. Note the strong
reduction in the rate and amplitude of Otof GFP/GFP IHCs responses as compared to WT (black) and Otof +/GFP (blue) IHCs.Values are mean with SEM and asterisks
indicate significant difference with p<0.05 (two-way ANOVA).
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2.9. Intravesicular molecular crowding may explain the deficit in Otof
GFP/GFP IHCs

It has been suggested that multimerization of synaptotagmin 1, the
major a Ca2+ sensor for exocytosis at the CNS synapses, is critical for its

proper function (Courtney et al., 2021). Likewise, it has been demon-
strated that the dimerization of dysferlin, a protein containing six C2
domains and belonging to the ferlin family, through it TMD is crucial for
its role as Ca2+ sensor in muscle membrane repair (Xu et al., 2011). To
determine whether similarly otoferlin can possibly self-oligomerize

Fig. 8. FRAP experiments show a larger mobile fraction in Otof GFP/GFP IHCs Examples of two-photon FRAP experiment on an Otof +/GFP IHC (A) and an Otof GFP/
GFP IHC (B), following a bleach applied at the basal synaptic region of the cell. Shown on the left of each panel are a series of two-photon images acquired prior to the
bleach, just after the bleach (t = 0 s), and at various times during the fluorescence recovery phase. The bleached spot and the basal cell body are delineated on the
pre-bleach images (white and yellow dashed contours, respectively). The lower-left inset in (A) indicates the approximate location of the ~1 µm thick optical section
where the bleach was applied. Plotted on the right are normalized fluorescence recovery curves, showing the mean intensity measured within the bleached spot as a
function of time, under control conditions in extracellular medium (EC, dark green curves), or while the cells were being depolarized by application of 40 mM K+ to
the medium (light green curves). Solid curves represent experimental data, while the dashed curves are best fits to a simulation of the 2D-diffusion equation in the
plane of the image (performed as in (Boutet de Monvel et al. 2006)). (C) Quantification of the intensity measured within the bleached spot prior to the applied bleach,
showing that the GFP signal did not differ significantly in Otof +/GFP and in Otof GFP/GFP IHCs. (D) Quantification of the recovery fraction (mobile fraction of synaptic
vesicles) in Otof +/GFP and Otof GFP/GFP IHCs, as measured under control conditions (EC), or during 40 mM K+ stimulation. Note the pronounced increase in the mobile
fraction measured in the homozygote mutant under control conditions (EC). The mobile fraction of IHC synaptic vesicles was also observed to increase during the K+

stimulation, although this increase was significant only in Otof +/GFP IHCs, and remained marginal in Otof GFP/GFP IHCs.
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through its TMD, we performed structure analysis and representation of
the otoferlin TMD using Protter, a web-based tool for interactive protein
visualization (Omasits et al., 2014), AlphaFold protein structure data
base (Developed by Deep Mind and EMBL-EBI; Jumper et al., 2021;

Varadi et al., 2022), and PREDDIMER, a prediction tool for trans-
membrane α-helical dimer conformations (Polyansky et al., 2012,
2014). Otoferlin was predicted as a single-spanning membrane protein
that consists of a large cytoplasmic domain (containing six-C2 domains

Fig. 9. Comparative ultrastructural analysis of the different vesicle pools in Otof +/GFP and Otof GFP/GFP IHC ribbon synapses.A) Representative 3D tomo-
grams of the different pools of synaptic vesicles: presumptive readily-releasable pool (RRP) in red; the ribbon-associated pool or secondary releasable pool (SRP) in
green; the outlying pools OP1 (80–100 nm) and OP2 (100–350 nm) are overlaid in yellow and orange, respectively. B-C-D) Comparative ribbon volume relationship
with the number of vesicles associated with the RRP and SRP. Note the significant decrease in the number of vesicles for both components in Otof GFP/GFP IHCs (F-test,
p < 0.05). E) Mean vesicle densities in the OP1 and OP2 around the ribbon were not significantly different (p = 0.51 and 0.33 respectively, unpaired-t-test).

D. Dulon et al.



Progress in Neurobiology 240 (2024) 102658

11

and the Ca2+ binding sites), a juxtamembrane (JM) region (8 amino
acids), a transmembrane domain (TMD of 21 amino acids), and a short
intravesicular region of 13 amino acids (Fig. 10). Protter analysis pre-
dicted a 21 amino acid protein TMD structure containing a leucine
zipper-like heptad repeat of amino acids (Fig. 10A-B). This leucin repeat
structure has long been recognized to be essential for TMD protein
dimerization in several other single-spanning (bitopic) membrane pro-
teins (Landschulz et al., 1988; Gurezka et al., 1999; Cymer and
Schneider, 2010; Li et al., 2014). PREDDIMER analysis predicted the
possible formation of transmembrane α-helical TMD dimers with
excellent probability values (with best Fscor value of 3.7; Supplementary
table 1). These Fscor values are similar to the one generated in several
well characterized homodimer proteins whose structures were obtained
previously by nuclear magnetic resonance (Polyansky et al., 2014).
Together, the above in-silico analyses suggest that the otoferlin TMD
works as a dimerization module, which could provide a plausible
explanation for synaptic deficit observed in Otof GFP/GFP IHCs. Spe-
cifically, we propose that tagging the short intravesicular C-terminal tail
of TMD with GFP may generate intravesicular molecular crowding and
interfer with the assembly-disassembly dynamics of otoferlin TMD di-
mers, thereby affecting vesicle docking and fusion at the IHC active zone
(Fig. 10C).

3. Discussion

We generated a knock-in mouse expressing an otoferlin-GFP that
enable us to track synaptic vesicles in live cochlear IHCs in both normal
hearing and deaf mice. We demonstrated that the expression patterns of
the otoferlin-GFP fusion protein are indistinguishable from those of
native otoferlin. The heterozygote Otof +/GFP mice are viable, healthy,
and exhibit normal hearing and IHC synaptic transmission. Robust
fluorescence signals could be observed in the organs of Corti of these
mice, allowing for the direct detection of otoferlin-associated vesicles
and for live imaging of Otof-GFP in IHCs by confocal, two-photon, or
STED microscopy (Figs. 3–5). Otof-GFP was observed to accurately
localize to the IHC in both Otof +/GFP and Otof GFP/GFP mice. Moreover,
neither the native otoferlin nor Otof-GFP was detected in the OHCs past
the hearing onset, suggesting that the GFP tag did not disrupt the
developmental regulation of otoferlin expression within the organ of
Corti (Roux et al., 2006; Beurg et al., 2010). Finally, using VGLUT3 as a
specific marker for IHC synaptic vesicles imaged with STED microscopy,
we were able to demonstrate that Otof-GFP is targeted to both the IHC
synaptic vesicle and the presynaptic plasma membrane, as previously
shown in immunogold electron microscopy for native otoferlin (Roux
et al., 2006; Dulon et al., 2009). Similar normal localization of
synaptotagmin-GFP was found in brain synapses and synaptic vesicles
(Saegusa et al., 2002; Zhang et al., 2002; Han et al., 2005).
Interestingly, heterozygote Otof +/GFP mice exhibited normal ABRs

and DPOAEs, consistent with the normal Ca2+-dependant exocytosis
found in IHCs. FRAP experiments revealed that the mobile of GFP-
associated vesicles in IHCs of Otof +/GFP mice at room temperature is
relatively low (about 20 %), suggesting that a large pool of synaptic
vesicles is rather immobile and had strong intracellular interactions. A
similarly highly restrained population of vesicles was observed by FRAP
in nerve terminals (Henkel et al., 1996; Gaffield et al., 2006). We also
found that K+ depolarization of the IHC significantly increased the
mobile fraction of Otof-GFP. This indicates that an elevation in intra-
cellular Ca2+ reduces the strength of vesicle intracellular interactions
within the cell, thereby ensuring a steady supply of vesicles to the active
zone of the IHC ribbon synapse during sustained high rate of exocytosis,
a characteristic feature of this synapse (Moser and Beutner, 2000). The
coefficient of diffusion of this heightened mobile fraction remained
largely unchanged during K+ depolarization, implying that the intra-
cellular mobility of the synaptic vesicles is Ca2+ independent, consistent
with previous findings from FRAP experiments in bipolar cells (Holt
et al., 2004).

Surprisingly, homozygote Otof GFP/GFP mice were profoundly deaf
due to a severe impairment of IHC transmitter release, manifested in a
strong reduction in the kinetics of both the RRP and SRP exocytotic
components. Much like the IHCs of the constitutive Otof knockout mice
(Tertrais et al., 2019; Roux et al., 2006), the impairment in exocytosis
observed in Otof GFP/GFP IHCs was likewise associated with an approxi-
mately 30 % reduction in the number of synaptic ribbons. This
confirmed the necessity of functional otoferlin for the maintenance of
ribbon synapses (Stalmann et al., 2021). Several knock-in mice models
have been characterized and compared to the Otof knock-out mice, such
as those bearing mutations in the C2 domains, affecting Ca2+-binding
affinity: a C2C KI mice (Michalski et al., 2017) and a C2F KI mice (Chen
et al., 2023). While the C2C KI mice only displayed moderate and pro-
gressive hearing loss, the C2F KI mice displayed severe hearing loss due a
completely abolished exocytosis, similarly to Otof KO mice. The C2 do-
mains closest to the C-terminal transmembrane domain of otoferlin
(such as C2E-C2F) appears to be the most critical for otoferlin function
(Chen et al., 2024) as also assessed by virus-mediated rescue of IHC
exocytosis (Tertrais et al., 2019). Remarkably, in the C2C and the C2F
mutant mice, the number of ribbon synapses were maintained, in con-
trasy with Otof GFP/-GFP model and Otof KO mice (Roux et al., 2006;
Stalmann et al., 2021). These results further underlined the importance
of the free intravesicular C-terminal end of otoferlin the maintenance of
the synapses. Still, the large degradation of the Ca2+ currents in IHCs of
post-hearing Otof GFP/GFPmice as compared to Otof KO mice, Otof KI C2C
and C2F KI mice mice is puzzling. Since otoferlin has been proposed to
interact with Ca2+ channels (Ramakrishnan et al., 2009; Hams et al.,
2017; Vincent et al., 2017; Tertrais et al., 2019), the adjunction of GFP at
the C-terminal region of otoferlin may well impair the functional orga-
nization of the Ca2+ channels at the IHC active zones.
Interestingly, in the absence of depolarization, FRAP experiments

revealed a higher fraction mobile vesicles in the IHCs of Otof GFP/GFP as
compared to that of Otof +/GFP, suggesting a decrease in the strength of
interactions among intracellular vesicles. Importantly, previous findings
in Otof KO IHCs, demonstrated an impact on vesicle tethering (Vogl
et al., 2015; Chakrabarti et al., 2018). A comparable defect may explain
the higher mobile fraction of vesicles in Otof GFP/GFP IHCs. This could
further explain the reduction in the number of synaptic vesicles con-
nected to the active zone of the ribbon in homozygous Otof GFP/GFP IHCs,
as observed in our electron tomography analysis. Taken together, our
results suggest that tagging the C-terminal otoferlin TMD with GFP
impairs the protein’s function, potentially by reducing vesicular inter-
action and/or tethering—an indispensable step for synaptic vesicle
docking and fusion. In good agreement with the study of Manchanda
et al., (2021) showing that the truncation of TMD reduces membrane
docking in zebrafish hair cells, our study underlines the importance of
TMD.
Our study reveals the functional significance of the C-terminal

portion within the intravesicular region following the otoferlin-TMD.
This is in line with a clinical study showing severe hearing loss in pa-
tient bearing a substitution-mutation p.X1988RextX30, in which the
stop codon in exon 48 is shifted, and 30 additional residues are added to
the otoferlin TMD C-terminus intravesicular tail (Matsunaga et al.,
2012). Using our in silico analysis, we have put forward a model sug-
gesting that otoferlin function requires dimerization through its TMD
(Fig. 10). The available data indicates this is the most plausible
assumption, since dysferlin, a close otoferlin homolog from the ferlin-1
like protein family, demonstrates TMD-mediated dimerization both in
vitro and in living cells (Xu et al., 2011). Oligomerization of synapto-
tagmin 1, via its juxtamembrane linker, was also shown to be essential
for Ca2+ dependent exocytosis (Bello et al., 2018; Courtney et al., 2021).
It is worthwhile to note in this respect that mutations known to cause
DFNB9 hearing loss lie within the juxtamembrane linker of otoferlin (p.
Pro1931Leu and p.Pro1940Arg), a highly conserved domain in the ferlin
family (Santarelli et al., 2021). We therefore suggest that the GFP-tag
generates intravesicular molecular crowding and slows down otoferlin

D. Dulon et al.



Progress in Neurobiology 240 (2024) 102658

12

Fig. 10. Model prediction of otoferlin dimerization through its TMD module A) Amino acid sequence encoded by exon 48 according to Mus musculus otoferlin
(Otof), transcript variant 1, mRNA (NCBI sequence identifier: NM_001100395.1). The asterisks indicate the repetitive leucine (L), isoleucine (I) heptad zipper-like
structure in the juxtamembrane (black bold) and transmembrane domain (TMD, blue). B) Interactive protein feature representation using Protter analysis of the C-
terminal part of otoferlin, including C2F and TMD. The asterisks indicate the L positions in the TMD. C) 3D-representation of otoferlin TMD dimer structure predicted
using PREDDIMER analysis. Calculation of dimer packing probality of α-helices indicated a good Fscor of 3.7 (see supplemental table 1). D) Hypothetical mechanims:
In Otof +/GFP IHCs, otoferlin-TMD-GFP and otoferlin-TMD can dimerize and produce normal docking and fusion of synaptic vesicles. In Otof GFP/GFP IHCs, because of
GFP molecular crowding, otoferlin-TMD-GFP cannot properly self dimerize, then preventing or slowing-down vesicle docking and fusion. For clarity, note that we
omitted to represent the SNARE complex, such as Snap25, which interacts with otoferlin and is essential for exocytosis (Roux et al., 2006; Hams et al.,2017; Calvet
et al., 2022).
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dimerization assembly-disassembly, a process likely essential for proper
vesicle docking and fusion at the IHC ribbon active zone.

3.1. Material and methods

3.1.1. Assessment of hearing function
Experiments were performed in C57BL6/J mice of either sex ac-

cording to the ethical guidelines of Institut Pasteur and University of
Bordeaux (French Ministry of Agriculture agreement C33–063–075;
ethical committee for animal research CEEA - 050; DAP 22860-
V3–2019112116537296). To record ABRs (Auditory Brainstem Re-
sponses, which represent the sound-evoked synchronous firing of the
auditory cochlear nerve fibers and the activation of the subsequent
central auditory relays), mice were constantly kept anesthetized under
isoflurane (2.5 %). The mouse was placed in a closed acoustic chamber
and its body temperature was kept constant at 37◦C during ABRs
recording. For sound stimulus generation and data acquisition, we used
a TDT RZ6/BioSigRZ system (Tucker-Davis Technologies). Click and
tone-based ABR signals were averaged after the presentation of a series
of 512 stimulations. Thresholds were defined as the lowest stimulus for
recognizable wave-I and II. The amplitude of ABR wave-I was estimated
by measuring the voltage difference between the positive (P1) and
negative (N1) peak of wave-I. Sound intensities of 10–90 dB SPL in
10 dB step, were tested.
Distortion product otoacoustic emissions (DPOAEs), which originate

from the electromechanical activity of the outer hair cells (OHCs), were
tested by using two simultaneous continuous pure tones with frequency
ratio of 1.2 (f 1 = 12.73 kHz and f 2 = 15.26 kHz) and of same intensity
ranging from 35 to 70 dB SPL. DPOAEs were collected with the TDT
RZ6/BioSigRZ system designed to measure the level of the “cubic dif-
ference tone” 2f1–f 2.

3.1.2. Immunohistofluorescence
To allow rapid fixation, the round and oval windows were opened,

and bone over the apical turn removed and the cochlea was perfused
with 4 % paraformaldehyde in PBS. After decalcification for several
hours in 10 % EDTA PBS, the cochlea was then post fixed in the same
fixative for 30 min at 4◦C. Whenever the Cav1.3 antibody was used,
cochlea was fixed with 99 % methanol for 20 min at − 20◦C. Cochlear
whole-mount preparations were permeabilized with 0.3 % Triton X-100
in PBS containing 20 % normal horse serum for 1 h at room tempera-
ture. The quantitication of the synaptic ribbon was done at the apex of
the cochlea. The following antibodies were used: rabbit anti-otoferlin
(1/250; home-made antibody characterized in Roux et al., 2006), goat
anti-CtBP2 (1:150; Santa Cruz Biotechnology), rabbit anti-CaV1.3 (1:50;
Alomone Labs), mouse anti-GluA2 (1:200; Millpore), and secondary Atto
Fluor Cy5-conjugated anti-mouse, Alexa Fluor 488-conjugated
anti-goat, and Atto Fluor 647-conjugated anti-rabbit IgG (1:200,
sigma) Antibodies. The preparations were then washed three times in
PBS, and finally mounted in one drop of Fluorsave medium (Biochem
Laboratories, France). Fluorescence confocal z-stacks from selected
cochlear regions from each ear were obtained with a Zeiss microscope
using a high-resolution 63X (1.4 numerical aperture) oil-immersion
objective and 4× digital zoom. Images were acquired in a 1024 ×

1024 raster with 0.2 μm steps in z. For each genotype and for each
immunofluorescence labeling and quantification, we used 72 cells from
at least 6 different cochlear preparations.

3.2. STED microscopy, Image processing and colocalization analysis

A custom-built system was used to perform dual STED microscopy
(Lauterbach, 2013), using two excitation beams at 488 nm and 532 nm,
and one STED (donut-shaped) beam tuned around 647 nm, all centered
on the focal spot of a 100X/1.4NA objective lens (Olympus, Tokyo,
Japan). STED imaging was achieved with two dyes, Atto565 and
DY485XL, excited with the 532 nm and 488 nm lines, respectively (near

the excitation peaks of 592 nm for Atto565 and 485 nm for DY485XL).
Fluorescence was collected with an avalanche photodiode (Perkin
Elmer) behind a 585/65 emission filter, encompassing the emission
peaks of both dyes (around 592 nm for Atto565 and 560 nm for
DY485XL). A pixel size of 20 nm and a scanning dwell time of 100 µs
were used for the acquisitions. Note that in this configuration the fluo-
rescence light emitted, if any, by GFP under the 532 nm excitation beam
was for the main part blocked by the 585/65 emission filter. Also, GFP
fluorescence is known to be strongly quenched in 4 % PFA fixed tissues.
We performed a number of control experiments without DY485 staining,
or with DY485 staining targeted to Cav1.3 channels and Atto565 anti-
bodies targeted to Ribeye, and could check that in this configuration no
appreciable signal was detected under 485 nm excitation inside the
cells. We are thus confident that the DY485 signal was not significantly
corrupted by GFP in our colocalization analysis.
STED images were processed by wavelet denoising and deconvolu-

tion as described (Michalski and al, 2017). The staining pattern observed
in either the Atto565- or the DY485-channel images consisted in
numerous resolution-limited spots representing otoferlin-GFP- and for
VGLUT3-stained structures, respectively, within the IHCs. To assess the
colocalization between otoferlin and VGLUT3 spots, the positions of
each type of spots were first obtained by maxima detection, with a
resolution typically better than the pixel size, retaining only maxima of
intensity larger than 15 % of the image’s maximum value. We then
evaluated the distribution of the distance between a randomly chosen
otoferlin spot and the closest VGLUT3 spot, which we compared with the
distribution of the distance between a random VGLUT3 spot and its
nearest VGLUT3 neighbor. The latter VGLUT3-VGLUT3 nearest
neighbor distance distribution could be used as a proxy for the expected
distribution of nearest-neighbor distances for random points of the same
density as the VGLUT3 spots. A shift of the otoferlin-VGLUT3 near-
est-neighbor distance distribution towards smaller distances (compared
to the typical VGLUT3-VGLUT3 nearest neighbor distances) indicated
colocalization of the two proteins. The significance of this shift was
assessed by the Kolmogorov-Smirnov test for comparing two
distributions.
We performed a number of control experiments without DY485

staining, or with DY485 staining targeted to Cav1.3 channels and
Atto565 antibodies targeted to Ribeye, and could check that in this
configuration no appreciable signal was detected under 485 nm exci-
tation inside the cells. We are thus confident that the DY485 signal was
not significantly corrupted by GFP in our colocalization analysis.

3.2.1. 3D-electron tomography
Cochleas were perfused with 4 % PFA and 2 % glutaraldehyde in

Sorensen buffer at pH 7.4, and immersed in the fixative solution for 2 h.
They were then post-fixed by overnight incubation in 1 % osmium tet-
raoxide in cacodylate buffer at 4◦C, dehydrated in graded acetone
concentrations, and then embedded in Spurr’s low-viscosity epoxy resin
(EMS) hardened at 70◦C. For tomographic analysis, thick (200 or
250 nm) sections of organs of Corti were collected on 100-mesh parallel
copper grids and incubated for 30 min on each side with undiluted
15 nm gold particles conjugated with secondary anti-rabbit antibodies
(UMC Utrecht, The Netherland). The grids were then stained by incu-
bation with 4 % uranyl acetate in dH2O for 45 min, followed by lead
citrate for 3 min. The sections were transferred to an FEI Tecnai G2
200 kV Transmission Electron Microscope for 3-D electron tomography.
The microscope is equipped with a high resolution FEI Eagle 4 K CCD
camera and Digital Micrograph (Gatan) tomography acquisition soft-
ware. Zero-loss tilted series (from approximately − 65◦ to +65◦, with a
1◦ increment). Tomographic slices were processed with a custom
wavelet denoising algorithm implemented in Matlab (Mathworks), to
reduce the noise while preserving fine details. The images of each
tomographic tilt series were then aligned by tracking the gold particles
present in the sample, and the final volume was reconstructed with a
weighted back-projection algorithm, using the IMOD software (Kremer
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et al., 1996) for single or dual axis reconstruction.

3.2.2. 3D reconstructions and pool size
Analysis of the ribbon synapses, including segmentation, 3D recon-

struction, and rendering, were carried out using AMIRA software
(version 5.1; Mercury Computer Systems, San Diego, CA). The contours
of the ribbon, the presynaptic density of the afferent dendrite, and or-
ganelles such as mitochondria, coated pits and tubular structures, were
drawn on every section. Spheres with a constant diameter were used to
mark synaptic vesicles. The ribbon was defined as being the center of the
presynaptic plasma membrane. For each ribbon, we counted the number
of synaptic vesicles that were distant by less than 80 nm from the ribbon
surface. This represented the ribbon-attached vesicle pool and consid-
ered as the slowly releasable pool (SRP). A subset of the ribbon-attached
vesicles, where the distance of the vesicle was within 20 nm from the
presynaptic membrane, and located below the ribbon (within 100 nm of
the center of the active zone), was considered the docked pool or the
readily releasable pool (RRP)—the presumed pool of vesicles that
release first during a depolarization (Lenzi et al., 1999, Schnee et al.,
2011). The value of 20 nm was chosen because t-SNARE and v-SNARE
proteins have a cytosolic length of ~ 10 nm, so SNARE interactions may
occur from a distance of 20 nm from the presynaptic plasma membrane
(Zenisek et al., 2000, Castorph et al., 2010). By using our ribbon
reconstruction data and taking into account the SVs distribution, we
estimated the total size and volume density of the ribbon-attached
synaptic vesicles per ribbon, and the number and volume density of
outlying cytoplasmic vesicles located within 350 nm of the ribbon’s
surface. To estimate these vesicle pools in our tomographic re-
constructions of ribbon synapses, we used only data sets that included
more than half of the ribbon surface. Assuming that SVs attached to the
ribbon are homogeneously distributed around its surface, one can esti-
mate the vesicle pool based on the percentage of the vesicle attached to
the ribbon reconstructed.

3.2.3. Two-photon FRAP experiments
Ex vivo cochlear preparation was mounted on the stage of a two-

photon microscope, and superfused with an artificial perilymph solu-
tion at room temperature, or while warming the objective and chamber
to 37◦C. After collecting baseline images, up to four otoferlin-GFP spots
were selected in different IHCs and were simultaneously bleached by a
brief exposure to high-intensity laser light (~50 % of the total available
intensity estimated to 2 mW at the focal plane of the objective, for an
excitation wavelength of 930 nm). The bleach caused a sharp drop of
fluorescence intensity, followed by a period of recovery lasting between
5 and 25 s. The FRAP image series were analyzed off-line and various
parameters characterizing the fluorescence recovery were obtained: the
fraction of mobile fluorescent molecules at the location of the bleached
spot, the recovery half-time (t1/2), and the effective diffusion coefficient
(Deff, in µm2/s), which was estimated by simulation of the diffusion
equation after normalization of the images, according to the analysis
protocol described previously for FRAP experiments on auditory hair
cells (de Monvel et al., 2006). All averaged values of these parameters
are given in the text as mean ± standard error.

3.2.4. Tissue preparation, whole-cell patch clamp recording and
capacitance measurement from IHCs
Electrophysiological recordings from IHCs were obtained in living

whole-mount organs of Corti in the 20–40 % normalized distance from
the apex, an area coding for frequencies ranging from 8 to 16 kHz
(Meyer et al., 2009). The organ of Corti (OC) was freshly dissected under
binocular microscopy in an extracellular solution maintained at 4◦C
containing (in mM): NaCl 135; KCl 5.8; CaCl2 1.3; MgCl2 0.9; NaH2PO4
0.7; Glucose 5.6; Na pyruvate 2; HEPES 10, pH 7.4, 305 mOsm. Tectorial
membrane was carefully removed. The OC was placed in a recording
chamber and hair cells observed with a 60x water immersion objective
(CFI Fluor 60X W NIR, WD = 2.0 mm, NA = 1) attached to an upright

Nikon FN1 microscope. The extracellular solution was complemented
with 0.5 µM of apamin (Latoxan, Valence, France) and 0.2 µM of XE-991
(Tocris Bioscience, Lille, France) to block SK channels and KCNQ4
channels, respectively. The external Ca2+ concentration was increased
from 1.3 mM to 5 mM in order to enhance the amplitude of Ca2+ cur-
rents. All experiments were carried out at room temperature (22–24 ◦C)
All patch clamp experiments were performed with an EPC10

amplifier controlled by pulse software Patchmaster (HEKA Elektronik,
Germany). Patch pipettes were pulled with a micropipette Puller P-97
Flaming/Brown (Sutter Instrument, Novato, CA, USA) and fire polished
with a Micro forge MF-830, (Narishige, Japan) to obtain a resistance
range from 3 to 5 MΩ. Patch pipettes were filled with intracellular so-
lution containing (in mM): CsCl 145; MgCl2 1; HEPES 5; EGTA 1; TEA
20, ATP 2 and GTP 0.3, pH 7.2, 300 mOsm.

Real time capacitance measurement: membrane capacitance measure-
ments (Cm) were performed using the Lock-in amplifier Patchmaster
software (HEKA) by applying a 1 kHz command sine wave (amplitude
20 mV) at holding potential (-80 mV) before and after the pulse exper-
iment. Because capacitance measurement requires high and constant
membrane resistance (Rm), the amplitude of the sine wave was small
enough to avoid activation of significant membrane current. Exocytosis
(ΔCm) was calculated by subtracting the average capacitance measure-
ment 60–100 ms after the depolarizing pulse (end of tail current) and
the average capacitance measurement 50 ms before the pulse as base-
line. Only cells with stable Rm, leak current below 50 pA at holding
potential (-80 mV) and stable series resistance below 15 MΩ were
considered in the study.

3.2.5. Caged Ca2+ photolysis and Ca2+ concentration measurement
To trigger a fast step-increase in the intracellular Ca2+ concentration

from the caged Ca2+ chelator DM-nitrophen (Interchim, catalog
#317210), we used a brief flash from a UV LED light source (Mic-LED
365, 128 mW, Prizmatix, Givat Shmuel, Israel). The UV LEDwas directly
connected to the epi-illumination port at the rear of the upright Nikon
FN1 microscope and illumination focalized through the 60X objective
(CFI Fluor 60X W NIR, WD = 2.0 mm, NA=1). Changes in [Ca2+]i were
continuously measured with a C2 confocal system and NIS-elements
imaging software (Nikon, Japan) coupled to the FN1 microscope.
Following patch rupture, we systematically waited for 2 min at a hold-
ing potential 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 ± 5 μM
within 15–20 ms (Vincent et al., 2014). For Ca2+ uncaging, in which
membrane capacitance was continuously recorded, patch pipettes were
filled with the following solution (in mM): CsCl 145; HEPES 5; TEA 20;
DM-nitrophen 10; CaCl2 10.

3.2.6. Statistical Analysis
Results were analyzed with OriginPro 9.1software (OriginLab,

Northampton, USA), and in Matlab (The Mathworks, Natik, USA). Data
were tested for normal distribution using the Shapiro–Wilk normality
test, and parametric or nonparametric tests were applied accordingly.
For statistical analyses with two data sets, two-tailed unpaired t-tests or
two-sided Mann–Whitney tests were used. For comparisons of more than
two data sets, one-way ANOVA or two-way ANOVA followed by Tukey
multiple comparison test were used when data was normally distributed.
If a data set was not normally distributed Kruskal–Wallis tests followed
by Dunn multiple comparison tests, respectively, was used. When more
than two data sets were compared and significant differences were
found, reported p-values correspond to the post-hocmultiple comparison
test. Values of p < 0.05 were considered significant. Results are
expressed as mean ± SEM or SD as indicated in the text.
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