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Cellular/Molecular

Exocytotic Machineries of Vestibular Type I and Cochlear
Ribbon Synapses Display Similar Intrinsic Otoferlin-
Dependent Ca2� Sensitivity But a Different Coupling to Ca2�

Channels

Philippe F.Y. Vincent,1 Yohan Bouleau,1 Saaid Safieddine,2 Christine Petit,2,3 and Didier Dulon1
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1120, Centre Hospitalier Universitaire hôpital Pellegrin, 33076 Bordeaux, France, 2Institut Pasteur et Université Pierre et Marie Curie, Unité de Génétique et
Physiologie de l’Audition, Inserm Unité Mixte de Recherche 1120, 75015 Paris, France, and 3Collège de France, 75005 Paris, France

The hair cell ribbon synapses of the mammalian auditory and vestibular systems differ greatly in their anatomical organization and firing
properties. Notably, vestibular Type I hair cells (VHC-I) are surrounded by a single calyx-type afferent terminal that receives input from
several ribbons, whereas cochlear inner hair cells (IHCs) are contacted by several individual afferent boutons, each facing a single ribbon.
The specificity of the presynaptic molecular mechanisms regulating transmitter release at these different sensory ribbon synapses is not
well understood. Here, we found that exocytosis during voltage activation of Ca 2� channels displayed higher Ca 2� sensitivity, 10 mV
more negative half-maximum activation, and a smaller dynamic range in VHC-I than in IHCs. VHC-I had a larger number of Ca 2�

channels per ribbon (158 vs 110 in IHCs), but their Ca 2� current density was twofold smaller because of a smaller open probability and
unitary conductance. Using confocal and stimulated emission depletion immunofluorescence microscopy, we showed that VHC-I had
fewer synaptic ribbons (7 vs 17 in IHCs) to which Cav1.3 channels are more tightly organized than in IHCs. Gradual intracellular Ca 2�

uncaging experiments revealed that exocytosis had a similar intrinsic Ca 2� sensitivity in both VHC-I and IHCs (KD of 3.3 � 0.6 �M and
4.0 � 0.7 �M, respectively). In otoferlin-deficient mice, exocytosis was largely reduced in VHC-I and IHCs. We conclude that VHC-I and
IHCs use a similar micromolar-sensitive otoferlin Ca 2� sensor and that their sensory encoding specificity is essentially determined by a
different functional organization of Ca 2� channels at their synaptic ribbons.
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Introduction
Synaptic transmission at mammalian auditory and vestibular
hair cell ribbon synapses shares several fundamental properties.
In the auditory system, transmitter release occurs with high tem-
poral precision and reliability to ensure phase-locking and spatial
sound-localization (Kiang, 1965; Palmer and Russell, 1986). Sim-
ilar high temporal precision and speed are required at vestibular
hair cell synapses to trigger the ms-range vestibulo-ocular reflex
(Huterer and Cullen, 2002). Furthermore, both types of hair cells
must involve an indefatigable supply of synaptic vesicles to the

ribbon to sustain high rates of transmitter release during endless
ongoing stimulation (Fuchs, 2005; Eatock and Songer, 2011).
Another common property is multivesicular release that pro-
duces large EPSCs to instantaneously drive afferents fibers to
spike threshold (Glowatzki and Fuchs, 2002; Grant et al., 2010).
Evidence for multivesicular release has also been reported in ves-
tibular hair cells (Rennie and Streeter, 2006; Dulon et al., 2009).

Otoferlin, a C2 domain protein, is an essential Ca 2� sensor
that controls transmitter release at the ribbon synapses of co-
chlear (Roux et al., 2006; Beurg et al., 2010; Pangrsic et al., 2010)
and vestibular hair cells (Dulon et al., 2009). It has been suggested
that otoferlin functions as a high-affinity Ca 2� sensor that linear-
izes exocytosis during voltage activation of Ca 2� channels in
vestibular hair cells (Dulon et al., 2009). However, the intrinsic
Ca 2� sensitivity of otoferlin in vestibular and cochlear hair cell
synapses remains to be determined. In the present study, we used
gradual uncaging Ca 2� experiments combined with whole-cell
patch-clamp capacitance measurements to investigate the Ca 2�

sensitivity of exocytosis in vestibular Type I hair cells (VHC-I)
and cochlear inner hair cells (IHCs). Both types of hair cells differ
greatly in the morphological organization of their afferent syn-
apses. Notably, VHC-I are enveloped by a single large calyceal
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afferent ending that encodes the activity of several presynaptic
ribbons (Eatock and Songer, 2011; Lysakowski et al., 2011;
Songer and Eatock, 2013). On other hand, IHCs are contacted by
10 –20 individual small afferent bouton endings (Liberman et al.,
1990, 2011; Meyer et al., 2009), each bouton sensing the Ca 2�-
dependent activity of a single ribbon (Goutman and Glowatzki,
2007). Cav1.3 channels are the main L-type Ca 2� channel sub-
units involved in synaptic exocytosis in both IHCs (Platzer et al.,
2000; Brandt et al., 2003) and VHC-I (Dou et al., 2004). In IHCs,
the membrane-associated Cav1.3 channels aggregate in small
clusters in close spatial organization to the synaptic ribbons
(Brandt et al., 2005), forming a spatially restricted Ca 2� mi-
crodomain at the active zone (Frank et al., 2009; Wong et al.,
2014). However, neither the number of Ca 2� channels nor their
spatial distribution at VHC-I calyx ribbon synapses has yet been
explored. Here, we used various depolarizing protocols to inves-
tigate the functional organization of Ca 2� channels and the
Ca 2� sensitivity of exocytosis in mouse VHC-I and IHCs. Fur-
thermore, immunofluorescent confocal and stimulated emission
depletion (STED) imaging were used to characterize the spatial
organization of Cav1.3 channels in both types of hair cells.

Materials and Methods
Tissue preparation
Experiments were performed in accordance with the guidelines of the
Animal Care Committee of the European Communities Council Direc-
tive (86/609/EEC) and the ethics committee of the University of Bor-
deaux. All mice (C57BL6 of either sex) were anesthetized by
intraperitoneal injection of xylazine (6 mg/ml) and ketamine (80 mg/ml)
mixture (Sigma-Aldrich) diluted in physiological saline. For calcium un-
caging experiments, vestibular and cochlear organs were dissected from
littermate controls (Otof �/�, Otof�/ �) or from knock-out otoferlin
(Otof �/�) C57BL/6 mice as previously described (Dulon et al., 2009;
Beurg et al., 2010).

Electrophysiological recordings from IHCs were obtained in whole-
mount organ of Corti (OC) at postnatal day 12–14 (P12–P14), an age
near the onset of hearing in mice (Ehret, 1983). In OC, all recordings
were performed in the 20%– 40% normalized distance from the apex, an
area coding for frequencies ranging from 8 to 16 kHz (Meyer et al., 2009).

Electrophysiological experiments in VHC-I were performed in intact
whole-mount utricles at postnatal day 5–7 (P5–P7), an age close to the
onset of vestibular evoked potentials in mice (Jones and Jones, 2007; Lai
et al., 2008). In the utricle, VHC-I were identified under contrast micros-
copy by their surrounding large calyceal afferent fiber as previously de-
scribed (Dulon et al., 2009). All recordings were performed in the striola
region of the utricles in which faster maturation of Type I hair cells occurs
(Rüsch et al., 1998).

The OC or utricle was freshly dissected under binocular microscopy in
an extracellular solution maintained at 4°C containing the following (in
mM): 135 NaCl, 5.8 KCl, 1.3 CaCl2, 0.9 MgCl2, 0.7 NaH2PO4, 5.6 glucose,
2 Na pyruvate, 10 HEPES, pH 7.4, 305 mOsm. Tectorial membrane (OC)
and otoconia (utricle) were carefully removed. The OC or the utricle was
placed in a recording chamber and hair cells observed with a 60� water-
immersion objective (CFI Fluor 60� W NIR, WD � 2.0 mm, NA � 1)
attached to an upright Nikon FN1 microscope. The extracellular solution
was complemented with 0.5 �M of apamin (Latoxan) and 0.2 �M of
XE-991 (Tocris Bioscience) to block SK channels and KCNQ4 channels,
respectively. The external Ca 2� concentration was increased from 1.3 to
5 mM to enhance the amplitude of Ca 2� currents. All experiments were
performed at room temperature (22°C–24°C).

Whole-cell recording and capacitance measurement
All patch-clamp experiments were performed with an EPC10 amplifier
controlled by pulse software Patchmaster (HEKA Elektronik). Patch pi-
pettes were pulled with a micropipette Puller P-97 Flaming/Brown (Sut-
ter Instrument) and fire polished with a Micro forge MF-830 (Narishige)
to obtain a resistance range from 3 to 5 M�. Patch pipettes were filled

with intracellular solution containing the following (in mM): 145 CsCl, 1
MgCl2, 5 HEPES, 1 EGTA, 20 TEA, pH 7.2, 300 mOsm. Our recording
solution was ATP and GTP free to prevent the activation of P2Y-P2X
receptors when approaching the patch -pipette with positive pressure
near the cells, but also to reduce intracellular Ca 2� buffering by nucleo-
tides. The absence of ATP and GTP in the intracellular patch pipette did
not change Ca 2� currents and exocytosis when limiting: (1) the whole-
cell recording time to 5–7 min after break-in; and (2) the voltage stimuli
to a short period �100 ms. Exocytotic responses shown in the present
studies are comparable with our previous studies where 5 mM ATP and
0.5 mM GTP were present in the recording solutions (Dulon et al., 2009;
Beurg et al., 2010). Because the sensory organs are continuously bathing
in an extracellular medium with Na-pyruvate and glucose, we think that
hair cells produce and contain enough intrinsic intracellular ATP to
sustain brief RRP exocytotic responses.

Ramp stimulation. Cells were maintained at �80 mV and depolarized
from �90 mV to 30 mV in 120 ms giving a slope of voltage change of 1
mV/ms.

Counting of Ca2� channels. The number of Ca 2� channels in VHC-I
and IHCs was determined by using the nonstationary fluctuation analysis
of tail current previously described by Roberts et al. (1990). Tail currents
were recorded at �62 mV after a 15 ms depolarization step from �100
mV (holding potential) to 30 mV (maximum of open channels). This
protocol was repeated 500 times at intervals of 80 ms. Measurement of
variance was performed after rescale of each of the 500 peaks of tail
current to the maximum peak observed. Variance was calculated with the
following formula (Roberts et al., 1990; Brandt et al., 2005):

�2(t) � 1/(2K � 1)�
i�1

K�1

[Xi(t) � Xi�1(t)]2

where K is the number of stimuli used (500) and xi(t) is the leak sub-
tracted response to the ith stimulus. After plotting the variance versus the
mean of tail currents (Imean), data points were fitted using the following
formula:

var � iImean � (Imean
2/N)

where i is the unitary current and N the number of Ca 2� channels.
Tail-current recordings were performed in extracellular solution with 10
mM Ca 2� and 1 mM Ba 2� and 5 �M BayK8644, a dihydropiridine agonist
increasing the open probability of Ca 2� channels (Brown et al., 1984;
Brandt et al., 2005).

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 experi-
ment. Because capacitance measurement requires high and constant
membrane resistance (Rm) (Johnson et al., 2005), the amplitude of the
sine wave was small enough to avoid activation of significant membrane
current. Exocytosis (	Cm) was calculated by subtracting the average ca-
pacitance measurement 60 –100 ms after the depolarizing pulse (end of
tail current) and the average capacitance measurement 50 ms before the
pulse as baseline.

Voltage stimulation. Two protocols were used. First, a protocol prob-
ing the kinetics of exocytosis where the cells were depolarized from �80
mV to �10 mV for increasing time duration from 10 to 120 ms in 10 ms
increments. Second, a protocol probing the voltage dependence of exo-
cytosis where the cells were depolarized from �90 mV to 5 mV in 5 mV
increments for a constant 25 ms duration. Only cells with stable Rm, leak
current �50 pA at holding potential (�80 mV) and stable series resis-
tance �20 M� were considered in the study. All Ca 2� currents were leak
subtracted by using a linear function calculated from the leak current at
holding potential (�80 mV) and the approximated reversal potential of
the leak current (Brandt et al., 2005).

Calcium charge (QCa) measurement. The Ca 2� charge was calculated
with Patchmaster software by integrating the area from the start of the
Ca 2� current to the end of the Ca 2� tail current.
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Ca 2� chelator experiments
We evaluated the coupling distance between Ca 2� channels and Ca 2�

sensors by testing the concentration dependence of two Ca 2� chelators
(EGTA and BAPTA) on the Ca 2� efficiency of exocytosis (	Cm/QCa).
Data points were fitted using the linearized reaction diffusion equation
assuming that the saturation of exogenous buffer was negligible (Neher,
1998; Bucurenciu et al., 2008) as follows:

	Cm/QCa � exp 
�r/�b�/exp 
�r/�0�

�0 � �DCa/
Kon
o �B
o�

�b � �DCa/
Kon
o �B
o � Kon

b BT
b KD

b /
�Ca2�
r
n � KD

b �

where r is the distance between the Ca 2� channels and the sensor, DCa is
the diffusion coefficient of free Ca 2�, Kon

o �B
o is the buffer product of
endogenous buffer, Kon

b is the rate constant of Ca 2� binding to exoge-
nous buffer, BT

b is the total concentration of exogenous Ca 2� buffer, KD
b is

dissociation constant of exogenous buffer, �Ca2�
r
n is the resting Ca 2�

concentration and n the Hill cooperativity coefficient of otoferlin. We
assumed that physicochemical properties follow those previously de-
scribed (Bucurenciu et al., 2008; Vyleta and Jonas, 2014): DCa � 220
�m 2 � s �1, Kon

b � 4 � 10 8
M

�1 � s �1 for BAPTA and 1 � 10 7
M

�1 � s �1

for EGTA, KD
b � 0.22 �M for BAPTA and 0.07 �M for EGTA. �Ca2�
r

n has
been determined by using AM loaded dye in frog saccular hair cells (Hall
et al., 1997) and is assumed to be 1 � 10 �7

M in IHCs and VHC-I. The
coefficient of cooperativity (n) was set at 3 (see our Fig. 9). Kon

o �B
o was
determined as [B]endo � Eon � 9 � 10 7

M
�1 � s �1 � 0.001 M � 9000 s �1

in VHC and 9 � 10 7
M

�1 � s �1 � 0.003 M � 2700 s �1 in IHCs. [B]endo is
the concentration of endogenous buffer (1 mM in VHC; Hall et al., 1997;
0.3 mM in IHCs; Hackney et al., 2005). Eon is the on rate constant of Ca 2�

binding to endogenous buffer (9 � 10 7
M

�1 � s �1; Hall et al., 1997). We
assumed that Eon is equal in both VHC-I and IHCs.

Caged Ca 2� photolysis and Ca 2� concentration measurement
To trigger a progressive step-increase in the intracellular Ca 2� concen-
tration from the caged Ca 2� chelator DM-nitrophen (Interchim), we
used brief flashes from a UV LED light source (Mic-LED 365, 128 mW,
Prizmatix). The UV LED was directly connected to the epi-illumination
port at the rear of the upright Nikon FN1 microscope and illumination
focalized through the 60� objective (CFI Fluor 60� W NIR, WD � 2.0
mm, NA � 1). Changes in [Ca 2�]i were continuously measured with a
C2 confocal system and NIS-elements imaging software (Nikon) coupled
to the FN1 microscope. The low-affinity Ca 2� dye Oregon Green
Bapta-5N (OGB-5N, KD � 20 �M, Invitrogen) was used as intracellular
calcium probe. The dye was excited with a 488 nm solid-state laser (85-
BCD-010-706, Melles Griot) and emission recorded at 500 –530 nm. We
used OGB-5N because there is no photolysis of DM-nitrophen with
visible-light excitation at 488 nm. This allowed continuous monitoring
of Ca 2� signals during the multi UV flash protocol.

For simultaneous Ca 2� uncaging and OGB-5N-[Ca 2�]i experiments,
in which membrane capacitance was continuously recorded, patch pi-
pettes were filled with the following solution (in mM): 145 CsCl, 5
HEPES, 20 TEA, 10 DM-nitrophen, 10 CaCl2, 0.05 OGB-5N. After rup-
ture of the patch, we waited systematically for 2 min at holding potential
of �70 mV to load and equilibrate the cells. Thirteen TTL-triggered 10
ms UV flashes 200 ms apart were then applied to the cells. These brief
successive flashes allowed a progressive step-increase in [Ca 2�]i from up
to 20 �M. The 200 ms interval between each TTL-UV flash was meant to
allow nearly complete vesicular replenishment to the ribbon, as esti-
mated by Levic et al. (2011). OGB-5N-emission fluorescence was ana-
lyzed by the ratio F/Fmax ratio, where Fmax is the maximum fluorescence
found with in vivo calibration in each cell type. The instantaneous rate of
release was measured by fitting the first 20 ms of the response after each
flash, thereby giving the rate of the ready release component (RRP) at
each concentration of Ca 2�.

In some experiments, endocytosis was measured in hair cells loaded
with the following (in mM): 145 CsCl, 5 HEPES, 20 TEA, 10 DM-
nitrophen, 10 CaCl2, and flashed with a high energy UV illumination
system connected to the rear of the FN1 microscope (Nikon Intensilight

C-HGFI, HG lamp 130 W, excitation 330 –380 nm). In these conditions,
using the low-affinity Ca 2� dye Fluo-5N (KD � 90 �M; Invitrogen),
[Ca 2�]i was measured to jump directly to 80 �M.

In vivo calibration of OGB-5N. We performed an in vivo calibration of
the Ca 2�-dependent fluorescent signal of OGB-5N. Hair cells were
voltage-clamped at �70 mV in whole-cell configuration with different
solutions containing various free calcium concentrations ([Ca 2�]free)
from 1 to 100 �M. The patch pipettes were filled with a Cs-based solution
(in mM: 145 CsCl, 5 HEPES, 20 TEA, 0.05 OGB-5N) and different con-
centration of Ca 2� and EGTA. The freeware Ca-EGTA Maxchelator was
used to determine [Ca 2�]free. After 2 min of cell loading and equilib-
rium, the fluorescence signal was measured at each [Ca 2�]free in different
VHC-I and IHCs (Fig. 7 A, B). Fluorescence emission values were plotted
as F/Fmax against [Ca 2�]free. Data points were best fitted by using a
sigmoidal function with a KD of 13.81 � 1.81 �M and 23.30 � 0.71 �M in
VHC-I and IHCs, respectively. These KD values are very close to the value
reported in vitro (KD � 20 �M, Molecular Probes, Invitrogen). Intracel-
lular [Ca 2�] obtained after each UV flash was calculated by using the
following formula:

[Ca2�]i � KD (F � Fmin)/(Fmax � F)

where KD is the respective in vivo constant of dissociation measured in
VHC-I and IHCs (Fig. 7 A, B), F is the fluorescence at time t, Fmin is the
minimum fluorescence, and Fmax is the maximal fluorescence.

Immunohistofluorescence
Preparation of tissues. The ramps of the cochlear and vestibular apparatus
of P12–P14 mice were rapidly perfused with 100% methanol at �20°C
for 30 min and washed with cold PBS. The inner ear was then incubated
for 2 h in PBS solution containing 10% EDTA. The OC and utricle were
then dissected and the tectorial membrane and otoconia removed. Tis-
sues were first incubated with PBS containing 30% normal horse serum
for 1 h at room temperature. Then, they were incubated with primary
antibodies diluted with PBS (1:200) containing 5% horse serum and
0.1% Triton X-100. Synaptic ribbons, Cav1.3 channels, and otoferlin
were simultaneously labeled with anti-CtBP2 (goat polyclonal, Santa
Cruz Biotechnology; catalog #SC-5966), anti-Cav1.3 (rabbit polyclonal,
Alomone Labs; catalog #ACC-005) and anti-otoferlin (mouse monoclo-
nal, AbCam, Paris, France; catalog #ab53233) antibodies, respectively.
Actin-F was also used to visualize hair cells (1:100, Phalloidin Fluoprobe
405, Interchim; catalog #FP-CA9870). In some experiments, anti-
otoferlin antibodies were replaced by anti-NF200 antibodies to identify
the afferent calyceal processes around VHC-I. The OC and utricle were
then washed with PBS and incubated in two steps with secondary anti-
bodies at 1:500: first donkey anti-goat Fluoprobe 547H (Interchim; cat-
alog #FP-SB2110) and donkey anti-mouse Fluoprobe 647 (Interchim;
catalog #FP-SC4110), second after PBS rinse with goat anti-rabbit
AlexaFluor-488 (Invitrogen; catalog #A-11008). Surface preparations of
OC (apical turns) and utricles were then mounted on Superfrost-Plus
glass slides (Kindler) in a Prolong-Antifade medium (Invitrogen) and
kept in the dark at �20°C until observation. All immunoreactions in
utricles and OC were performed simultaneously on the same days in
rigorously identical conditions.

Image acquisition. Fluorescence images of utricles and OC were also
acquired in parallel with identical confocal imaging parameters during
the same imaging sessions. The experiments were repeated 5 times in
different mouse dissections and immunoreactions.

Samples were analyzed using a confocal laser scanning microscope
Leica SP8 with a 63� oil-immersion objective (NA � 1.4) and white light
laser (470 – 670 nm) (Bordeaux Imaging Center). Wavelengths were se-
lected by an acousto-optical tunable filter (AOTF) associated with a pho-
tonic crystal fiber. This combination allowed precise selection of multiple
wavelengths simultaneously. Phalloidin was imaged by using a diode
laser at 405 nm also mounted on the microscope.

Stack images were acquired with the following parameters: laser power
40%, scan rate 700 Hz, scans averaged per X-Y section 4 times, step size
250 nm, pixel size 80 nm giving an X-Y image size of 41 � 41 �m (512 �
512 pixels). Images were then processed for 3D blind deconvolution with
AutoQuant X2 (MediaCybernetics). After deconvolution, images were
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processed under ImageJ software (W.S. Rasband, National Institutes of
Health) and 3D-reconstructed for volume and surface area measure-
ments with Imaris software (Bitplane AG).

Image calibration. We used fluorescent microbeads as references to
calibrate confocal analysis of the Cav1.3 and CtBP2 signals. Fluoresbrite
yellow-green carboxy-microspheres (mean diameter of 0.490 � 0.004
�m; Polysciences) with excitation and emission spectra close to Alexa-
488 were used to calibrate Cav1.3 labeling. Fluoresbrite YO carboxy-
microspheres (0.487 � 0.011 �m; Polysciences), with excitation and
emission spectra close to Fluoprobe 547H, were used to calibrate CtBP2
labeling. A diluted mixture of YG and YO beads was mounted between
slide and coverslip in a mounting medium similar to that used for tissue
samples. Confocal imaging of beads was done the same day and with the
same confocal parameters as with tissue samples. Bead stack images were
3D-deconvoluted and 3D-reconstructed under the same conditions as
for tissue samples. 3D-reconstructed images appeared as ellipsoid objects
rather than as the expected spherical beads, suggesting image distortion.
We therefore estimated the correcting factors for oblate (X-Y ) and pro-
late ( Z) radius. We found that the X-Y measured diameters (80 nm
resolution) differed from real values by a factor of 1.21 and 1.00 in YG
(n � 43) and YO beads (n � 180), respectively. In Z-directions and at a
lower resolution of 250 nm, YG and YO diameters differed by a factor
2.11 and 3.01, respectively. All Cav1.3 and CtBP2 images were then cor-
rected using these respective factors. Ribbon volumes were assessed by
using the following formula: V � 4/3 � r 2

oblate rprolate and Cav1.3 surface
areas with S � � r 2

oblate.
Colocalization of Cav1.3 channels and ribbons. Colocalization (center

mass distance) was analyzed by the distance objects based methods with
the JACoP plugin (Bolte and Cordelières, 2006; Di Biase et al., 2008) in
ImageJ (W.S. Rasband, National Institutes of Health).

STED microscopy. For high-resolution imaging of Cav1.3 channels
clusters at VHC-I and IHC ribbons, we used a Leica DMI6000 TCS SP5
STED microscope with 100X objective (NA 1.4) (Bordeaux Imaging
Center). Mouse P21 sensory organs were fixed and incubated with pri-
mary anti Cav1.3 (1/100) and CtBP2 (1/100) antibodies in conditions
similar to those described above for confocal microscopy. Secondary
antibodies goat anti-rabbit Atto 647N (Sigma-Aldrich, catalog #40839;
1/200) and chicken anti-goat Alexa-594 (Invitrogen, catalog #A-21468;
1/200) were used to label anti-Cav1.3 and-CtBP2 primary antibodies,
respectively. Two-color STED microscopy used two lasers with excita-
tion wavelengths of 532 and 635 nm. The pulsed STED depletion laser
(pulsed laser IR, Spectra Physics Mai Tai) was set at 750 nm. Stack images
were acquired with the following parameters: scan rate 100 Hz, scans
averaged per X-Y section 8 times, pixel size 20 nm giving an X-Y image
size of 21 � 21 �m (1024 � 1024 pixels). Image analysis was performed
with ImageJ software.

Statistical analysis
Electrophysiological results were analyzed with Patchmaster (HEKA
Elektronik), OriginPRO 9.1 (OriginLab), and IgorPro 6.3 (Wavemet-
rics). Results are expressed as mean � SEM. Statistical analyses were
performed by using Student’s t test. The limit of significance was set at
0.05 ( p � 0.05).

Results
Density and voltage dependence of Ca 2� currents
The voltage-ramp protocol revealed much larger global Ca 2�

currents (ICa) in IHCs than in VHC-I (Fig. 1A). Maximum ICa

had a mean value of �53.33 � 6.69 pA (n � 7) and 190.13 �
18.70 pA (n � 10) in VHC-I and IHCs, respectively (p � 0.001).
Because run-up of the Ca 2� current can be observed after
break-in during whole-cell recording in hair cells (Schnee and
Ricci, 2003), ICa amplitudes were systematically measured after
stabilization of the run-up period (i.e., 2–3 min after rupturing the
patch membrane in our experimental conditions). The amplitudes
of the Ca2� currents are in good agreement with previous studies in
mouse VHC-I (Bao et al., 2003; Dulon et al., 2009) and IHCs (Brandt
et al., 2005; Johnson et al., 2005; Beurg et al., 2010).

Notably, we found that the cell membrane surface area of
VHC-I was twofold smaller than IHCs as indicated by their re-
spective membrane capacitance of 5.28 � 0.15 pF and 9.32 � 0.34
pF, respectively (Fig. 1F�). Therefore, membranous ICa density
(pA/pF) was calculated to be twofold larger in IHCs than in
VHC-I (VHC-I � �10.10 � 1.26 pA/pF; IHCs � �20.39 � 2.03
pA/pF; p � 0.001, Fig. 1A inset). Fitting the IV-ramp curve with a
sigmoidal Boltzmann function (I(V) � Imax/1� exp [(V1/2 � V)/k]),
between �70 mV and �10 mV, indicated a more negative half-
maximal voltage activation potential (V1/2) in VHC-I (�33.11 �
1.65 mV) than in IHCs (�27.07 � 0.73 mV, p � 0.05). The slope of
the Boltzmann function showed a similar relationship between
channel activation and voltage with k � 6.18 � 0.22 pA/mV and k �
5.56 � 0.28 pA/mV in VHC-I and IHCs, respectively (p � 0.22).

The total number of Ca 2� channels in VHC-I and IHCs was
then assessed by nonstationary fluctuation analysis of tail cur-
rents as previously described (Roberts et al., 1990; Brandt et al.,
2005). Cells were depolarized to 30 mV and tail currents recorded
at �62 mV (Fig. 2). Variance analysis of tail currents gave a total
number of Ca 2� channels N of 1175 � 96 (n � 17) and 1848 � 80
(n � 11) associated with a single-channel current i of 0.32 � 0.02
pA and 0.51 � 0.01 pA in VHC-I and IHCs, respectively (p �
0.05 for N and i). Using the relationship I � i.N.p, where I is the
macroscopic tail current, we found an open probability p of
0.82 � 0.02 and 0.81 � 0.03 (pmax in presence of BayK8644) in
VHC-I and IHCs, respectively (p � 0.71). Our estimates of chan-
nel number and conductance in IHCs are similar to the value
previously reported by Brandt et al. (2005). Our present study,
constituting the first estimate of the total number of Ca 2� chan-
nels in VHC-I, indicated that there was �36.4% fewer Ca 2�

channels in VHC-I than in IHCs.
Using quantitative immunofluorescent confocal imaging of

ribbons stained with a CtBP2 antibody, we then determined the
number of synaptic ribbons in each cell type (Fig. 1E�; see Fig. 4).
VHC-I displayed nearly twofold fewer ribbons than in IHCs:
7.4 � 0.8 (n � 49 VHC-I) and 16.5 � 2.5 (n � 16 IHCs), respec-
tively (p � 0.05; Fig. 1E�). These ribbon numbers per IHCs and
VHC-I are consistent with the previous findings of Meyer et al.
(2009) and Dulon et al. (2009), respectively. Assuming that all
Ca 2� channels are clustered to the ribbons, we calculated a total
number of 158 � 12 and 110 � 5 Ca 2� channels per ribbon in
VHC-I and IHCs, respectively (p � 0.05). Considering the mac-
roscopic current at �10 mV in 5 mM external Ca 2� (Fig. 1A), the
single-channel current, and total number of channels (Fig. 2), we
calculated a maximal open probability of 14.0 � 1.0% and 21.0 �
0.9% in VHC-I and IHCs, respectively (p � 0.05). A low open
probability of Ca 2� channels similar to VHC-I was previously
reported in immature IHCs (Zampini et al., 2010).

Considering their respective open probability at �10 mV in 5
mM external Ca 2�, we therefore estimated a number of open
channels per ribbon synapse that was similar in VHC-I and IHCs
(22.1 � 3.5 and 22.3 � 1.2, respectively, p � 0.46). Our results in
IHCs are in agreement with those of Brandt et al. (2005) who
estimated a total of 80 Ca 2� channels per IHCs synapse in which
20 channels are open simultaneously at �20 mV. Similar num-
bers were found in frog saccular hair cells (Roberts et al., 1990),
turtle cochlear hair cells (Wu et al., 1996), hair cells of the am-
phibian papillae (Graydon et al., 2011), and salamander cones
(Bartoletti et al., 2011), suggesting that there is a rather constant
number of Ca 2� channels per ribbon release site.

By fitting the tail current decay with a single exponential, we
found a faster deactivation of Ca 2� currents in VHC-I than in
IHCs (0.53 � 0.1 ms and 1.40 � 0.7 ms, respectively, p � 0.001).
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These “nonphysiological” slow deactivation time constants are
due to the dihydropiridine agonist BayK8644. This molecule has
indeed been described to increase the deactivation 	 decay from
0.1 ms to 1.2 ms in chick hair cells by Zidanic and Fuchs (1995).

Taken together with a more negative voltage dependence and
a lower single-channel current, our results suggest the involve-
ment of different composition of Ca 2� channels in VHC-I, pos-
sibly due to the expression of different regulatory subunits and/or


-subunit isoforms. However, the in-
creased open probability from 0.14 or 0.21
to �0.82 in the presence of BayK8644 sug-
gests that most of the Ca 2� channels in
both VHC-I and IHCs belong to the
L-type Ca 2� channel family.

Kinetics of RRP exocytosis: Ca 2�

efficiency and dynamic range
To characterize the dynamics of the read-
ily releasable pool of vesicles (RRP), IHCs
and VHC-I were depolarized by a single
voltage-step from �80 mV to �10 mV of
increasing duration from 10 to 120 ms
(Fig. 1B,C). This single voltage-step to
�10 mV was chosen to instantaneously
reach maximal voltage activation of Ca 2�

channels (Fig. 1A). Increasing the dura-
tion of depolarization from 10 to 120 ms
at constant voltage made it possible to
compare the Ca 2� sensitivity of RRP exo-
cytosis (	Cm) in both types of hair cells in
regards to the size of the Ca 2� microdo-
main, independently of the respective
contributions of the number of open
channels and Ca 2� flux per channel. Us-
ing the data of Wu et al. (1996; their Fig.
3), this protocol would theoretically in-
crease, with 1 mM EGTA as diffusible buf-
fer, the size of the Ca 2� domain from a
maximal radius of 450 nm at 10 ms
([Ca 2�]i-450 nm �80 �M) to �1400 nm
at 120 ms ([Ca 2�]i-1400 nm �10 �M).
Inside each microdomain, [Ca 2�]i is con-
sidered to drop exponentially with dis-
tance from Ca 2� channels (Naraghi and
Neher, 1997). Fixed Ca 2� buffers as well
as diffusion barriers, such as the docked
vesicles and the ribbon itself, would also
influence the steady-state [Ca 2�] profile
near the Ca 2� channels (Graydon et al.,
2011).

The plot of 	Cm as a function of time
indicated an exponential rise with similar
time constants in VHC-I and IHCs (Fig.
1C; 	 � 35.7 � 5.7 ms; 	 � 35.4 � 6.3 ms,
respectively, p � 0.97). 	Cm responses
reached a plateau at 12.58 � 2.44 fF and
19.87 � 2.45 fF in VHC-I and IHCs (p �
0.069), respectively. By normalizing the
RRP to their respective number of ribbon,
we estimated a similar value of 1.70 � 0.25
and 1.19 � 0.14 fF/ribbon in VHC-I and
IHCs, respectively (p � 0.15). Consider-
ing a value of 34 aF per vesicle (Lenzi et al.,

1999), the total number of vesicles per ribbon involved in the
RRP exocytosis was calculated to be 50.0 � 7.4 and 34.5 � 4.1 in
VHC-I and IHCs, respectively (p � 0.15). These values are sim-
ilar to the 50 – 60 release ready vesicles per synaptic ribbon previ-
ously estimated in IHCs (Brandt et al., 2005). Considering a total
number of 158 and 110 Ca 2� channels per ribbon synapses in
VHC-I and IHCs, respectively, we calculated the involvement of
�3 Ca 2� channels per vesicle in both cell types. A similar number

Figure 1. Kinetics of RRP release in Type I vestibular hair cells (VHC-I, dark blue) and inner hair cells (IHCs, light blue). A, IV-ramp
activation curve of Ca 2� currents in VHC-I (n � 7) and IHCs (n � 10) from �90 mV to 30 mV (1 mV/ms). Inset, Ca 2� current
density relative to cell size (pA/pF). B, Examples of ICa and capacitance measurements (	Cm) in IHCs for 20 ms (black) and 80 ms
(orange) depolarization duration. Cells were depolarized from holding potential �80 mV to �10 mV with various time durations
(from 10 to 120 ms). C, 	Cm values were plotted against depolarization duration (top). Data were best fitted with a monoexpo-
nential function where 	� 35.7 � 5.7 ms (n � 7) and 	� 35.4 � 6.3 ms (n � 9) in VHC-I and IHCs, respectively. Bottom, Ca 2�

current charge integrals (QCa) plotted against time (linear fit). D, 	Cm values plotted against QCa (data from C) were fitted with a
simple power function with index of 0.51 and 0.46 in VHC-I and IHCs, respectively. E, 	Cm values plotted against QCa normalized to
the number of ribbon (E�). F, 	Cm values plotted against QCa to cell size (F�). Error bars indicate SEM. *p � 0.05.
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of 2–3 Ca 2� channels openings per vesicle
fusion event at each ribbon has been pre-
viously estimated in salamander cones
(Bartoletti et al., 2011).

Remarkably, the Ca 2� current charge
entry (QCa), calculated at each step-
duration, linearly increased with time in
both type of hair cells (Fig. 1C). This indi-
cated the absence of Ca 2� current inacti-
vation in both cell types. However, the
QCa increase showed a fourfold smaller
slope in VHC-I than in to IHCs (0.057 �
0.005 pC/ms and 0.243 � 0.026 pC/ms,
respectively; p � 0.001). The Ca 2� effi-
ciency of exocytosis was then obtained by
plotting 	Cm responses as a function of
QCa. Data were fitted with a power func-
tion: 	Cm � y0 � A [x � xc]

a with A �
Ca 2� efficiency slope; xc � QCa threshold,
a � power cooperative index, and y0 �
initial value. A similar low-power index
function with a � 0.51 � 0.04 and 0.46 �
0.06 was found in VHC-I and IHCs, re-
spectively (p � 0.45). This convex (super-
linear) relationship indicated an apparent
noncooperative relationship between ex-
ocytosis and cumulative Ca 2� entry in
both types of hair cells. This convex be-
havior may be due to the coexistence of
two regimes of exoctytosis: a regimen
based on independent Ca 2� nanodo-
mains and a regimen based on an increas-
ing Ca 2� “shell domain” (microdomain)
when the activity of the nanodomains
overlaps and linearly sums up during long
depolarization. A similar sublinear rela-
tionship with a power index of �0.78 was
reported in auditory hair cells of the bull-
frog amphibian papilla when varying exter-
nal Ca2� concentrations at constant voltage
(Cho et al., 2011). A quasi-linear exocytosis
was observed in IHCs when varying the number of open Ca2� chan-
nels, suggesting a nanodomain-like control of exocytosis in these
conditions (Johnson et al., 2005; Wong et al., 2014).

We found here that the Ca 2� efficiency slope (A) was larger in
VHC-I than IHCs with A � 5.09 � 1.19 fF/pC and 2.06 � 0.69
fF/pC (p � 0.05), respectively (Fig. 1D). Remarkably, the IHCs
Ca 2� efficiency slope is comparable with the maximum Ca 2�

efficiency of exocytosis (3.0 fF/pC) found in frog auditory hair
cells (Graydon et al., 2011). However, the higher Ca 2� efficiency
slope that we observed here for VHC-I indicated that the mobi-
lization of the RRP is more efficient in VHC-I than in IHCs.
Notably, exocytosis in VHC-I covered a much smaller Ca 2� dy-
namic range than in IHCs (6.36 � 0.59 pC and 27.02 � 2.87 pC,

respectively; p � 0.001). When normalizing 	Cm and QCa re-
sponses to ribbon numbers, Ca 2� efficiency of exocytosis per
ribbon synapse was estimated to be 1.73 � 0.43 fF/pC and 0.68 �
0.12 fF/pC in VHC-I and IHCs, respectively (p � 0.05; Fig. 1E).
Furthermore, when normalizing 	Cm and QCa responses to the
cell surface membrane area (Cm in pF), Ca 2� efficiency of exocy-
tosis was found to be 2.08 � 0.39 fF/pC and 1.03 � 0.64 fF/pC in
VHC-I and IHCs, respectively (p � 0.05; Fig. 1F). The QCa dy-
namic range of exocytosis per ribbon was nearly twofold smaller

in VHC-I (0.85 � 0.08 pC/ribbon) than in IHCs (1.62 � 0.17
pC/ribbon; p � 0.05). Overall, these results showed that the tem-
poral mobilization of RRP vesicles at the ribbon has similar ki-
netics in VHC-I and IHCs. However, RRP exocytosis in IHCs
required a much larger Ca 2� influx. This could be explained
either by a different Ca 2� sensitivity of the exocytotic sensor, by a
different Ca 2� single-channel conductance or by a different spa-
tial organization of Ca 2� channels with regards to the Ca 2� sen-
sor. Because VHC-I showed a lower elementary Ca 2� current
with lower open probability, the intrinsic property of the Ca 2�

channel current could not account for the higher Ca 2� efficiency
of RRP exocytosis in VHC-I than in IHCs. Therefore, considering
a similar number of open Ca 2� channels per ribbon (�22 at �10
mV), either a sensor with different Ca 2� sensitivity and/or a dif-
ferent spatial distribution of Ca 2� channels could underlie the
apparent higher Ca 2� efficiency of vesicle recruitment in VHC-I.

Voltage dependence of RRP exocytosis: functional
organization of Ca 2� channels
The relationship between 	Cm and ICa was then studied when
hair cells were step-depolarized to various membrane poten-
tials from �90 mV to 5 mV at a constant 25 ms duration (Fig.
3A). This protocol mainly probed RRP exocytosis by varying

Figure 2. Counting Ca 2� channels in VHC-I and IHCs. Variance analysis of Ca 2� tail currents were performed from an ensemble
of 500 sweeps (interval, 80 ms) after leak subtraction in one example of VHC-I (A) and IHCs (C). The plot of the variance against the
current represents a characteristic parabolic relationship in VHC-I (B) and IHCs (D). Gray lines indicate the response of individual
cells. Dark blue (VHC-I, B) and light blue (IHCs, D) lines indicate the average of each cell type. ncell, Number of cells; i, unitary current;
Nchannel, number of Ca 2� channels. Recordings were performed in presence of 10 mM Ca 2�, 1 mM Ba 2�, and 5 �M BayK8644.
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the open probability of Ca 2� channels in close vicinity to the
Ca 2� sensor.

As with the ramp-protocol (Fig. 1A), ICa step-activation
showed a different voltage dependence in VHC-I and IHCs (Fig.
3B). Indeed, the QCa voltage dependence was best fitted by using
a sigmoidal Boltzmann function with a V1/2 of �47.76 � 1.32 mV
and �38.18 � 2.00 mV in VHC-I (n � 6) and IHCs (n � 8),
respectively (p � 0.05). Notably, the voltage dependence of 	Cm

also indicated a different V1/2 of �42.51 � 1.79 mV and
�32.42 � 0.55 mV in VHC-I and IHCs, respectively (p � 0.05;

Fig. 3C). The slope of the Boltzmann
function indicated a much steeper voltage
dependence in IHCs exocytosis than in
VHC-I (5.07 � 1.79 fF/mV and 2.16 �
0.19 fF/mV, respectively; p � 0.05). These
data suggested that a significant exocyto-
sis can occur at more negative voltage in
VHC-I (threshold close to �60 mV) com-
pared with IHCs (threshold close to �50
mV). Notably, auditory hair cells of the
amphibian papilla also display Ca 2� cur-
rent with an activation threshold in the
�70 mV range (Graydon et al., 2011).
These results suggest that the Ca 2� chan-
nels of some hair cells have unusual prop-
erties. On the other hand, the voltage
exocytotic threshold values of VHC-I fit
well with the more negative resting mem-
brane potential in VHC-I (Rüsch et al.,
1998; Brichta et al., 2002) (��70 mV)
than in IHCs (��55 mV) (Johnson et al.,
2011). The steeper voltage dependence of
exocytosis in IHCs suggested a higher sen-
sitivity to voltage change in auditory hair
cell ribbon synapses than in VHC-I
synapses.

The relationship between 	Cm and QCa

could be fitted with similar power func-
tions in VHC-I and in IHCs: with a low-
power index a � 0.61 and 0.49 and a slope
A (Ca 2� efficiency) � 7.04 � 1.39 fF/pC
and 9.81 � 1.22 fF/pC (p � 0.23), respec-
tively (Fig. 3D). A similar Ca 2� efficiency
suggests that exocytosis is similarly related
to the open probability of Ca 2� channels
in both types of hair cells. The nearly
linear behavior is compatible with an or-
ganization of independent Ca 2� nanodo-
mains whose activities are linearly
summing up with voltage. In these nano-
domains, the activity of one or few Ca 2�

channels (here probably 3) is sufficient to
activate the release of a nearby vesicle
(Brandt et al., 2005). In addition, the
quasi-linear Ca 2�-dependency of exocy-
tosis, when evoked by the activation of
voltage-gated Ca 2� channels, has been
proposed to result from the summation of
the activity of several supralinear ribbons
with different Ca 2� sensitivities (Heil and
Neubauer, 2010).

QCa thresholds were significantly
lower in VHC-I than in IHCs (0.49 � 0.04

pC and 2.33 � 0.16 pC, respectively, p � 0.05). Furthermore, the
QCa dynamic range covered by VHC-I was much smaller than in
IHCs (1.0 � 0.22 pC and 2.19 � 0.14 pC, respectively; p � 0.05).
When normalized to the number of ribbons per cell, the relation-
ship between 	Cm and QCa showed a similar Ca 2� efficiency of
3.32 � 1.24 fF/pC and 2.44 � 0.35 fF/pC in VHC-I and IHCs,
respectively; p � 0.58 (Fig. 3E). The QCa thresholds per ribbon
were estimated to be 0.066 � 0.005 pC and 0.14 � 0.01 pC in
VHC-I and IHCs, respectively (p � 0.05). The QCa dynamic
range per ribbon was 0.10 � 0.01 pC in VHC-I and 0.15 � 0.02

Figure 3. Voltage dependence of exocytosis in VHC-I and IHCs. A, Cells were depolarized by voltage-steps from�90 mV to 5 mV
in 5 mV increments for a constant 25 ms duration. Examples of ICa and capacitance measurements (	Cm) in an IHCs are shown. B,
QCa was plotted against membrane potential from �65 mV to �10 mV. Data were fit with a Boltzmann function with a V1/2 of
�47.8 � 1.3 and �38.2 � 2.0 mV in VHC-I (n � 6) and IHCs (n � 8), respectively. C, 	Cm values were plotted against
membrane potential. Data were fitted with a Boltzmann function with a V1/2 of �42.5 � 1.8 and �32.4 � 0.5 mV in VHC-I (n �
6) and IHCs (n � 8), respectively. D, 	Cm values plotted against QCa were fitted with a power function and a power index of 0.61 and
0.49 in VHC-I (n � 6) and IHCs (n � 8), respectively. E, Normalization to the number of ribbons. F, Normalization to cell size (pF).
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pC in IHCs, (p � 0.05). Similar results
were found when normalizing to cell size
(Fig. 3F). Again, the difference in QCa

threshold and QCa dynamic range in
VHC-I and IHCs could be explained ei-
ther by a different Ca 2� sensitivity of the
Ca 2� sensor and/or a different organiza-
tion–regulation of Ca 2� channels at the
ribbon.

Spatial organization of Cav1.3 channels
Using fluorescence confocal imaging of
immunolabeled whole-mount OC and
utricles at P12–P14, we assessed the num-
ber of ribbons and distribution of Cav1.3
channels in hair cells (Figs. 1E� and 4).
Ribbon synapses were identified as colo-
calized spots of ribbons (ribeye labeling
with anti-CtBP2) and Cav1.3 labeling. As
aforementioned in the manuscript, there
were nearly twice as many ribbons in
IHCs than in VHC-I (Fig. 1E�). However,
when normalizing to cell membrane sur-
face (Cm), a similar ribbon density of
1.40 � 0.15 pF�1 and 1.79 � 0.07 pF�1

(p � 0.13) was found in VHC-I and IHCs,
respectively. Assuming a specific mem-
brane capacitance of 0.01 pF/�m 2, we es-
timated the ribbon density to be 1.4 and
1.79 per 100 �m 2 in VHC-I and IHCs,
respectively.

Imaris analysis of 3D stack reconstruc-
tion indicated that the ribbons had a sim-
ilar size distribution in VHC-I and IHCs,
with a mean volume of 0.038 � 0.001
�m 3 (n � 291) and 0.033 � 0.001 �m 3

(n � 333), respectively (p � 0.90; Fig. 4E).
JaCoP analysis of the nearest neighbor
distance distribution between ribbon syn-
apses showed a similar mean distance of
1362 � 88 nm and 1174 � 58 nm in
VHC-I and IHCs, respectively. The nearly
constant distance between ribbons was
similar to previous values reported in
IHCs (Meyer et al., 2009). Interestingly,
we found a greater heterogeneity in the
size of the ribbon-associated Cav1.3 chan-
nel clusters in VHC-I than in IHCs. In
VHC-I, Cav1.3 spots showed a 50/50 dis-
tribution in small- (0.056 � 0.001 �m 2)
and large-sized spots (0.209 � 0.002
�m 2) (Fig. 4F). Cav1.3 spots in IHCs
showed a single Gaussian distribution in
size (0.194 � 0.002 �m 2), a value not dif-
ferent from the larger VHC-I Cav1.3 spots
(p � 0.25). The presence of a large pro-
portion of smaller Cav1.3 spots in VHC-I,
giving a global mean surface of 0.155 �
0.004 �m 2 (i.e., a surface reduction of
20% compared with IHCs, is in good cor-
relation with their smaller Ca 2� current
density than in IHCs) (Fig. 1A). Consid-
ering a mean number of 158 and 110 Ca 2�

Figure 4. Spatial distribution of Cav1.3 channels in VHC-I and IHCs. A, B, 3D Imaris reconstructions of confocal images from the
central striolar region of an utricle and the low-frequency apical turn of an OC, respectively. Both organs were dissected from mice
at P14. Hair cells were stained for F-actin (phalloidin, pink), otoferlin (anti-otoferlin, blue), ribbons (anti-CtBP2, red), and Cav1.3
(anti-
 1D, green). A�, B�, 3D-reconstructed images at higher magnification of some ribbons and their associated Cav1.3 cluster
in vestibular (A�; VHC-I) and cochlear hair cells (B�; IHCs). It is to be noted that these images are 3D stack reconstructions. The
distance between ribbons as well as their size are here distorted in 2D representation. C, Fluoresbrite YO carboxylate microspheres
were taken as reference for the ribbon volume analysis (see Materials and Methods). The hatched gray bars represent the observed
volume distribution of the beads (after correction for oblate and prolate image distortion) compared with their theoretical value
(red). D, Fluoresbrite Yellow Green microspheres were taken as references for the spheroid surface analysis of Cav1.3 clusters.
Hatched gray bars represent the observed surface distribution of the bead surfaces compared with their theoretical value (green).
E, Volume distribution analysis of ribbons in VHC-I (light red, filled squares) and IHCs (dark red, filled circles) displayed no
significant difference (VHC-I, 291 ribbons, 0.038 � 0.001 �m 3; IHCs, 333 ribbons, 0.033 � 0.001 �m 3, p � 0.90). F, Surface
distribution analysis of Cav1.3 clusters. In VHC-I, Cav1.3 channel clusters distributed in two equal populations of small (0.056 �
0.001 �m 2) and large (0.209 � 0.002 �m 2) clusters (green dashed line). In IHCs, the distribution of Cav1.3 channel clusters was
fitted with a simple Gaussian (0.194 � 0.002 �m 2; dark green). E�, F�, Insets, Synaptic ribbons at high magnifications in one
VHC-I (E�) and one IHC (F�). Scale bar, 1 �m.
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channels per ribbon (with an homogenous Ca 2� channel distri-
bution between ribbons), we estimated a mean density of 1019
and 567 Ca 2� channels per �m 2 in VHC-I and IHCs active zones,
respectively.

Next, we performed a 3D colocalization analysis of Cav1.3 and
CtBP2 fluorescent spots using JACoP software. The center
mass distances between Cav1.3 and CtBP2 (ribbons) spots
were smaller in VHC-I than in IHCs (167.8 � 4.5 nm, n � 83
ribbons; and 308.4 � 4.5 nm, n � 106 ribbons; p � 0.05;
Figure 5). 3D Imaris analysis indicated that 39.5 � 4.0% of the
Cav1.3 surface area did not overlap with CtBP2 in IHCs,

whereas the figure was only 3.5 � 3.0%
in VHC-I. This difference in the center
mass distance may reflect a different rib-
bon morphology with a more elongated
ellipsoid form in IHCs compared with
VHC-I. It may also be due to a different
arrangement of Ca 2� channels at the
ribbons. However, our optical analysis
is hindered by the spatial resolution of
confocal microscopy, which is limited
to a lateral resolution (R) of �130 –150
nm (r � 0.37 �ex/NA).

To further probe the organization of
Cav1.3 channels at a higher spatial resolu-
tion we then used STED microscopy in
P21 VHC-I and P21 IHCs (Fig. 6). Cav1.3
channels were found to form ellipsoidal
patches below the ribbons in IHCs, with
semi-major axis (a) of 190 � 32 nm and
semi-minor axis (b) of 86 � 9 nm, giving a
mean surface area (S) of 0.051 � 0.003
�m 2. In VHC-I, Cav1.3 channel clusters
formed more spherical patches with a �
128 � 22 nm and b � 110 � 20 nm, giving
S � 0.042 � 0.003 �m 2 (p � 0.45; non-
significantly different with the S of IHCs
Cav1.3 clusters; Fig. 6E). If we consider
that Cav1.3 channels are regularly tar-
geted to the periphery of the ellipse, an
elongated ellipse in IHCs predicts that
the focus points of interaction of Ca 2�

channels (F � �a2 � b2) are more dis-
tant in IHCs (F � 168 � 37 nm, n � 15)
than in VHC-I (F � 60 � 30 nm, n � 21;
p � 0.05; Fig. 6F). In this model, Ca 2�

influx from individual channels more ef-
ficiently sums up below VHC-I ribbons
than in IHCs.

Unlike confocal microcopy performed
in P14 VHC-I (Fig. 4), the surface area
distribution of Cav1.3 patches is distrib-
uted in a single Gaussian in P21 VHC-I
(Fig. 6E). The surface areas of the Ca 2�

channels clusters measured with STED
microscopy were found somewhat
smaller in both types of hair cells com-
pared with the less resolutive confocal mi-
croscopy (Fig. 4). The density of Ca 2�

channels was then estimated here using
STED microscopy to be �3500 and 2150
Ca 2� channels/�m 2 in P21-VHC-I and
P21-IHCs, respectively.

Probing the coupling between Ca 2� channels and sensors
with exogenous Ca 2� chelators
The physical distance between Cav1.3 channels and Ca 2� release
sensors was estimated by analyzing the concentration depen-
dence of intracellular BAPTA and EGTA on hair cell exocytosis
(Fig. 7). A similar method has been used to address the same issue
in several central synapses (Eggermann et al., 2011). Here, we
tested the effects of various concentrations of EGTA and BAPTA
on exocytosis (	Cm/QCa) evoked by a 25 ms voltage step depo-

Figure 5. Colocalization between Cav1.3 channels and ribbons. A, B, 3D stack reconstruction of confocal images of utricle (A,
striolar region) and OC (apical region, B). Organs (P14) were labeled for F-actin (pink), Cav1.3 (green), and CtBP2 (red ribbons).
Afferent fibers were labeled with Anti-NF200 (blue). Asterisks indicate VHC-I surrounded by large calyceal nerve terminals. Scale
bar, 6 �m. An example of a Cav1.3 channel cluster (green) and its ribbon (red) is shown for VHC-I (A�) and IHCs (B�). Scale bar, 0.25
�m. C, D, Colocalization between Cav1.3 and ribbon (CtBP2-ribeye) was assessed by plotting the fluorescence intensity profile
from a line scan (A�, B�, white dashed line). An example of fluorescence intensity profile is shown for VHC-I (C) and IHCs (D). E,
Colocalization analysis using JACoP plugin in ImageJ. Gaussian fit of the occurrences of center mass distance measured between
ribbon and Cav1.3 VHC-I (167.77 � 4.53 nm, n � 83) and IHCs (308.34 � 4.68 nm, n � 106) suggested a tighter organization of
Cav1.3 channels and ribbons in VHC-I.
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larization from �80 mV to �10 mV. We
found that the fast Ca 2� chelator, BAPTA,
completely suppressed exocytosis with
half-maximal inhibitory concentrations
(Ki) of 1.2 � 0.2 mM and 0.7 � 0.2 mM in
VHC-I and IHCs, respectively. Compara-
ble Ki values for BAPTA were reported in
gerbil apical and basal IHCs (Johnson et
al., 2008). On the other hand, the slow
Ca 2� chelator, EGTA, only partly reduced
exocytosis with a Ki of 9.0 � 0.7 and 2.6 �
0.9 mM in VHC-I and IHCs, respectively
(p � 0.05; Fig. 7). The lower sensitivity to
EGTA in VHC-I argues in favor of a
tighter coupling organization between
Ca 2� channels and release sensors com-
pared with IHCs. To evaluate the coupling
distance between Ca 2� channels and re-
lease sites, data for EGTA were fit by a
model of Ca 2� diffusion and buffering
(Bucurenciu et al., 2008; Vyleta and Jonas,
2014) (see Materials and Methods). A
mean coupling distance of 72 � 20 nm
and 46 � 12 nm was estimated in IHCs
and VHC-I, respectively (p � 0.05). It is
likely that this coupling distance, evalu-
ated here for a 25 ms step-depolarization
during which Ca 2� has time to diffuse
over several hundreds of nm, could rather
reflect the mean distance of overlapping
individual Ca 2� nanodomains than the
coupling distance between Ca 2� channels
and sensors (Kim et al., 2013). A looser
organization of Ca 2� channels in IHCs
may in part explain the apparent lower
Ca 2� sensitivity of exocytosis when con-
sidering the global Ca 2� current in Figure
3. A loose coupling organization of Ca 2�

channels in IHCs would enable endoge-
nous Ca 2� buffers to more efficiently
control saturation of the sensors. This
would likely allow a more gradual Ca 2�-
evoked exocytosis in IHCs than in VHC-I
and therefore explain the remarkable
large dynamic range (up to 40 dB) of
sound-evoked discharge rates of individ-
ual auditory nerve fibers (Kiang, 1965;
Taberner and Liberman, 2005).

Mouse IHCs and VHC-I exocytosis
were here recorded at the onset of co-
chlear and vestibular potentials, an age
at which hair cells are not yet fully ma-
ture. However, our conclusions likely
also apply to adult hair cells because
their fundamental exocytotic properties
(rate and calcium dependence) remain
largely unchanged after postonset de-
velopment, as demonstrated in mature
IHCs (Johnson et al., 2005; Beurg et al.,
2010; Wong et al., 2014) (�P20 –P25). Furthermore, the
STED imaging microscopy experiments in our study were car-
ried out at P21, an age at which VHC-I and IHCs can be
considered nearly mature.

Determination of Ca 2� sensitivity of exocytosis by gradual
Ca 2� uncaging
Exposure to 13 sequential low-intensity UV flashes, 200 ms apart,
allowed a progressive step-increase in [Ca 2�]i and Cm in both

Figure 6. Ca 2� channel organization in VHC-I and IHCs by STED microscopy. A, B, Two examples of STED images of immuno-
labeled ribbon (anti-CtBP2, red) and Ca 2�-channel (anti-Cav1.3 green) in P21 VHC-I (A) and P21 IHCs (B). Scale bars, 200 nm. C,
D, Semiaxis (a, b) size distribution in VHC-I (C) and IHCs (D). Data points were fitted by a simple Gaussian. The long semi axis “a” and
short semi-axis “b” are of similar values in VHC-I (C), whereas they show a nearly 2 times difference in IHCs (D). This suggested that
the arrangement of the Ca 2� channels clusters at the ribbon membrane forms an elongated stripe-like ellipsoide in IHCs and a
nearly circular disk in VHC-I. C, D, Top, Schematic representation of the active zone below the ribbon in VHC-I and IHCs. Assuming
that the Ca 2� channels are uniformly distributed at the edge of the ellipse, an elongated ellipsoid distribution would give a larger
distance for the interacting focus points of Ca 2� influx in IHCs compared with VHC-I. “F” represents the distance between the
center of the ellipse and each focus point. The model assumes that Ca 2� channels are organized as individual nanodoamains for
brief low-voltage stimulation (near threshold) and as microdomains with linear summation of Ca 2� activity for long high-voltage
stimulations. This summation of Ca 2� influx would be more efficient in VHC-I than in IHCs. E, Similar mean surface distribution of
Cav1.3 clusters in VHC-I and IHCs. F, Distribution and Gaussian fit of the distance between focus points and the center of the ellipse
(“F”) in VHC-I (“F” � 54.4 � 5.9 nm) and IHCs (“F” � 179.9 � 0.9 nm).
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VHC-I and IHCs loaded with DM-nitrophen (Fig. 8). A signifi-
cant Cm jump began at the fifth flash and reached a similar max-
imal plateau at 206.27 � 34.31 fF/pF and 233.42 � 48.89 fF/pF
(normalized to cell capacitance) in VHC-I and IHCs, respectively
(p � 0.3). After each flash, the kinetics of 	Cm could be decom-
posed in a fast component that could be attributed to the RRP
and a secondary slow component (SRP) that reflects the replen-
ishment of the fusion sites by distant vesicles (Beutner et al.,
2001). Similar experiments in Otof �/� VHC-I and Otof�/�

IHCs, lacking otoferlin, gave a similar step-increase in [Ca 2�]i

(Fig. 8C,D) but only a weak 	Cm response reaching a maximum
of 12.71 � 3.20 fF/pF and 2.25 � 2.36 fF/pF in VHC-I and IHCs,
respectively (Fig. 8E,F). These results confirmed that otoferlin is
essential for efficient fast exocytosis in both VHC-I and IHCs
(Roux et al., 2006; Dulon et al., 2009).

To determine the affinity of the Ca 2� sensor, each 	Cm pla-
teau value was plotted against the corresponding [Ca 2�]i in both
VHC-I and IHCs (Fig. 9A,B). Data were fitted using a similar
Hill sigmoidal function with a KD of 3.27 � 0.59 �M and
4.05 � 0.72 �M in control VHC-I and IHCs, respectively ( p �
0.46). A similar cooperative Hill coefficient of 3.19 � 0.69 and
2.69 � 0.25, respectively, was found in VHC-I and IHCs ( p �
0.19). The instantaneous-rate of the first exocytotic compo-
nent (RRP), as estimated by linearly fitting the first 10 –20 ms
of the 	Cm jump, was also plotted against the various [Ca 2�]i

obtained at each UV flash (Fig. 9C). Instantaneous rates were
also fitted using a similar Hill sigmoidal function with a KD of
1.28 � 0.34 �M and 1.10 � 0.24 �M in VHC-I and IHCs,
respectively ( p � 0.9). A similar cooperative Hill coefficient of
3.73 � 0.67 and 4.12 � 0.62 was found in VHC-I and IHCs,
respectively ( p � 0.5).

We then estimated the rate of the SRP by linearly fitting the
first 50 ms after the deflecting point of the 	Cm response at each
UV flash (Fig. 9D�, inset, black arrowhead). Plotted against the
various [Ca 2�]i (Fig. 9D), the SRP rates could also be fitted using
a sigmoidal Hill function with a KD of 3.58 � 0.27 �M and 1.03 �
0.10 �M in VHC-I and IHCs, respectively (p � 0.05). The SRP
rates against [Ca 2�]i showed a similar cooperative Hill coeffi-

cient of 4.22 � 0.76 and 3.58 � 0.54 in
VHC-I and IHCs, respectively (p � 0.56).
Considering that 94%–98% of the 	Cm re-
sponse is abolished in Otof�/� VHC-I and
Otof�/� IHCs (Fig. 9A,B), our results
suggested that otoferlin has a Ca 2� affin-
ity in the low micromolar range.

Surprisingly, previous Ca 2� uncaging
experiments using a single high-intensity
UV flash showed that the exocytotic rate
of IHCs does not saturate even at high
[Ca 2�]i, such as 100 �M, rendering diffi-
cult to estimate the KD value (Beutner et
al., 2001; Neef et al., 2014). When using a
single high-power intensity UV flash and
various concentrations of intracellular
DM-nitrophen (2.5, 4, and 10 mM) and
Ca 2� (5 and 10 mM), we also observed a
similar apparent nonsaturating exocytotic
rate in both VHC-I and IHCs when vary-
ing [Ca 2�]i from 1 to 80 �M (data not
shown). The discrepancy between results
using the multiflash and the single flash
protocol could be explained by the follow-
ing observations. Indeed, we found that

stepping the membrane potential from a holding potential of
�70 mV to �30 mV for 500 ms (near V1/2 of ICa) before a single
flash photolysis led to faster release rates and larger RRP exocy-
tosis in IHCs (without prestep: rate constant � 5.93 � 0.70 s�1

and plateau 	Cm � 11.02 � 2.33 fF/ribbon and with a prestep,
rate constant � 14.51 � 3.97 s�1 and plateau 	Cm � 20.36 �
3.21 fF/ribbon, p � 0.05; data not shown).

The abovementioned observations suggest that holding the
hair cells at a low negative potential of �70 mV possibly impeded
the functional Ca 2� environment of the release sites. It is tempt-
ing to speculate that a significant Ca 2� channel activity is re-
quired to maintain a high density of vesicles at the active zone.
Indeed, Ca 2�-dependent synaptic vesicle trafficking, leading to a
superlinear exocytotic component varying with Ca 2� load
(Schnee et al., 2011), has been suggested in hair cells (Cho et
al., 2011; Levic et al., 2011). Our multiflash protocol, increas-
ing [free Ca 2�]i by steps in the same cell, likely offers the
advantage of progressively charging the sites of release with
vesicles during the sequential UV flashes. It is possible that a
single high energy UV flash from vesicle-depressed ribbons
would simultaneously test replenishment and fusion, thereby
explaining the nonsaturating exocytotic responses (Beutner et
al., 2001). Alternatively, it is possible that part of the nonsaturating
exocytotic response, when a single high energy photolysis is used,
comes from a Ca2�-independent osmotic-pressure effect on vesicle
fusion because DM-nitrophen molecules undergo cleavage to yield
two products with Ca2� and H� release (Ellis-Davies et al., 1996).

Similarly to Beutner et al. (2001), we found that the maximal
instantaneous release rates were more than one order of magni-
tude higher when using the uncaging Ca 2� protocol compared
with the RRP kinetics experiments with voltage activation of
Ca 2� channels in Figure 1C (VHC-I: 10.82 � 2.40 pF/s vs 0.57 �
0.23 pF/s; IHCs: 11.50 � 3.60 pF/s vs 0.50 � 0.09 pF/s, respec-
tively). Considering that vesicle fusion occurs exclusively at the
ribbon active zone and that [Ca 2�]i rise uniformly in the hair
cells during the uncaging experiments, one can speculate that an
elevation of [Ca 2�]i at large distance from the active zone greatly
influences the rate of vesicle fusion. In other words, the pressure

Figure 7. Concentration dependence of exogenous Ca 2� chelators. Ca 2� efficiency of exocytosis (	Cm/QCa obtained for a 25
ms depolarization from �80 mV to �10 mV) normalized to the maximum Ca 2� efficiency (obtained with 0.1 mM BAPTA) as a
function of different concentrations of intracellular BAPTA and EGTA in VHC-I (A) and IHCs (B). The dotted red curves fit EGTA data
using the linearized reaction diffusion equations of Ca 2� described in Materials and Methods. Best fits were obtained with a mean
coupling distance between Ca 2� channels and sensors r of 46 � 12 nm (A, VHC-I) and 70 � 20 nm (B, IHCs). Solid lines indicate
the fit with a Hill sigmoidal function. It is important to note that this coupling distance r was obtained for a somewhat long 25 ms
depolarization at maximal channel open probability. It may likely reflect here the interacting coupling distance between individual
Ca 2� nanodomains described in Figure 6.
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of the Ca 2�-dependent supply of vesicle
controls the rate of fusion at the ribbon
active zone. It is worth recalling that dur-
ing the depolarizing-RRP protocol, the
Ca 2� microdomain remains relatively
small with a decreasing [Ca 2�]i gradient
ranging from 80 �M at �10 nm from the
Ca 2� channels to �10 �M at �1.4 �m
(Wu et al., 1996). Alternatively or in addi-
tion, during the Ca 2� uncaging protocols,
we cannot exclude the participation of a
large extra-ribbon vesicle fusion that
speeds up the release rate in both types of
hair cells.

Endocytosis kinetics and
Ca 2� dependence
Remarkably, during the multiflash proto-
col, the instantaneous rate of exocytosis
decreased strongly at [Ca 2�]i �8 �M in
both types of hair cells (Fig. 8E,F). Con-
sidering that a 200 ms period between
each stimulation is sufficient to limit ves-
icle depression (Levic et al., 2011), we
speculated that the decrease in 	Cm re-
sponses was essentially due to a progres-
sive increase in the endocytotic rate when
[Ca 2�]i rises �8 �M. Fast endocytosis of
vesicle has indeed been shown to be trig-
gered during a transient rise in [Ca 2�]i in
many cell types (Beutner et al., 2001; Van
Hook and Thoreson, 2012; Wu and Wu,
2014). The fit of our data with a sigmoidal
function gave a KD of 7.36 � 0.84 �M and
9.79 � 1.79 �M in VHC-I and IHCs, re-
spectively (p � 0.35; Fig. 9E). These re-
sults suggested that vesicle endocytosis
displays a similar high Ca 2� sensitivity in
VHC-I and IHCs.

The rate of endocytosis was also stud-
ied when applying a single high-energy
UV flash in both VHC-I and IHCs loaded
with an internal solution with 10 mM DM-
nitrophen and 10 mM Ca 2�. The [Ca 2�]i

was estimated to instantaneously reach a
value close to 80 �M as measured with the
low affinity Ca 2� dye Fluo-5N (KD � 90
�M; data not shown). This Ca 2� uncaging
protocol triggered a fast 	Cm response
peaking within 200 ms and reaching a maximum value of 544 �
22 fF and 697 � 60 fF in VHC-I and IHCs, respectively (Fig.
10A,B). The exocytotic phase was then followed by a fast decline
in Cm that could be due to endocytotic membrane retrieval as
previously described (Beutner et al., 2001). We found that endo-
cytosis displayed an apparent slower instantaneous rate in VHC-I
than in IHCs (0.18 � 0.04 pf/s and 1.01 � 0.14 pf/s, respectively,
p � 0.001; Fig. 10C). However, when normalized to the amplitude
of the endocytotic peak, the kinetics of endocytosis showed similar
time constants in VHC-I and IHCs (1.47 � 0.42 s�1 and 3.10 � 0.69
s�1, respectively, p�0.051; Fig. 10D). Otof �/� VHC-I and Otof �/�

IHCs, displaying a reduced exocytotic response, showed appar-
ent slower instantaneous rates than their respective controls
(0.05 � 0.01 pf/s and 0.24 � 0.09 pf/s, respectively; p � 0.05).

However, when normalized to the endocytotic peak amplitude,
the endocytotic kinetics of Otof �/� VHC-I and Otof �/� IHCs
showed similar time constants to those of controls (VHC-I,
1.47 � 0.42 s�1 and 0.51 � 0.13 s�1, p � 0.37; IHCs, 3.10 � 0.69
s�1 and 2.41 � 0.60 s�1; p � 0.55; respectively for controls and
Otof �/�). Furthermore, VHC-I and IHCs lacking otoferlin dis-
played a similar percentage of membrane retrieval (control
VHC-I: n � 7, 35.52 � 14.26%, Otof �/� VHC-I, n � 7, 40.26 �
8.93; p � 0.8; control IHCs: n � 13, 52.95 � 4.43%, KO IHCs,
n � 7, 33.09 � 13.34%; p � 0.08; Fig. 10E). These results sug-
gested that otoferlin is not essential for the fast endocytotic pro-
cess in both VHC-I and IHCs, in agreement with Neef et al.
(2014).

Figure 8. Step increase in [Ca 2�]i and exocytosis evoked by multiflash Ca 2� uncaging. A, B, In vivo calibration of the calcium
dye OGB-5N in VHC-I (A) and IHCs (B) gave a dissociation constant close to the theoretical value of 20 �M (13.81 �M VHC-I and
23.30 �M IHCs). Numbers above each data point indicate the number of cells. C–F, Simultaneous recording of [Ca 2�]i (F/Fmax) and
	Cm (normalized to cell size) during the multiflash protocol (purple arrow indicates each UV flash) in VHC-I (C, E) and IHCs (D, F ).
Control VHC-I (dark blue line, mean of n � 7) and Otof �/� VHC-I (red line, mean of n � 10); control IHCs (light blue, mean of n �
9) and Otof �/� IHCs (red line, mean of n � 7).
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Discussion
We found that VHC-I and IHC ribbon synapses share several
common structural and functional properties: (1) a similar den-
sity of ribbons (relative to cell membrane surface) as well as a
similar ribbon size and interdistance interval distribution; (2) an
otoferlin-dependent exocytosis with similar high intrinsic

Ca 2� sensitivity; and (3) an otoferlin-
independent endocytosis with similar ki-
netics and Ca 2� dependence. Conversely,
we found fundamental differences that es-
sentially concern the functional organiza-
tion of Ca 2� channels: (1) the Ca 2�

channel density; (2) the voltage depen-
dence of Ca 2�-currents and exocytosis;
and (3) the spatial organization of Cav1.3
channels at the ribbons.

The synaptic ribbons
First described by Smith and Sjostrand
(1961), these electron-dense bodies, to
which hundreds of synaptic vesicles ag-
gregate, are thought to be the main sites
where conventional synaptic chemical
transmission occurs in hair cells. At the
ultrastructural level, VHC-I ribbons have
been described to have a spheroid form
(Wersäll et al., 1967; Favre and Sans,
1979), whereas IHC ribbons display an
elongated plate-like form (Sobkowicz et
al., 1982). The IHC ribbons facing high-
spontaneous rate fibers tend to be shorter
and rounder than those facing low-
spontaneous rate fibers but have a similar
overall volume (Kantardzhieva et al.,
2013). Our study showed that mouse
VHC-I and IHC ribbons display a similar
volume distribution, suggesting that a
similar number of vesicles are attached to
them. This hypothesis was reinforced by
our findings that the RRP per ribbon in
both VHC-I and IHCs is of similar size.
These results are consistent with previous
ultrastructural studies showing a rather
constant density of vesicles tethered to the
ribbons whatever the type of hair cells,
such as frog vestibular hair cells (Lenzi et
al., 1999), turtle auditory hair cells (Sch-
nee et al., 2005), and cat IHCs (Kantard-
zhieva et al., 2013).

An intriguing finding was that VHC-I
and IHCs display a similar ribbon density
(relative to cell membrane surface), sug-
gesting that the hair cell rather than the
morphology of the postsynaptic nerve fi-
ber determines the occurrence and the
distribution of each ribbon. Furthermore,
the 3D interdistance between ribbons was
similar in both types of hair cells (i.e., 1.2–
1.4 �m), suggesting that each ribbon
tends to regulate the occurrence of other
ribbons in its vicinity. A similar distribu-
tion of the nearest neighboring distance
between ribbons has been reported in

high- and low-frequency mouse IHCs (Meyer et al., 2009).

Ca 2� sensitivity of otoferlin-dependent exocytosis
Our multistep Ca 2� uncaging experiments showed that
otoferlin-dependent exocytosis in VHC-I and IHCs displays a
comparable high Ca 2� sensitivity with KD within the micromolar

Figure 9. Determination of Ca 2� sensitivity of exocytosis in VHC-I and IHCs. A, B, From the experiments of Figure 8, mean 	Cm

responses at each UV flash were plotted against corresponding [Ca 2�]i for VHC-I (A) and IHCs (B). A�, B�, Insets, 	Cm after two UV
flashes (fifth flash: 	Cm5 and sixth flash: 	Cm6) in control mice. 	Cm responses in Otof �/� VHC-I and Otof �/� IHCs show a very
poor Ca 2� dependence (red lines). A�, B�, The black dashed lines indicate the 	Cm plateau after each UV flash. Data points were
fitted with a Hill sigmoidal function. C, The instantaneous rate of the 	Cm fast component after each UV flash was plotted against
[Ca 2�]i for VHC-I (dark blue) and IHCs (light blue). C�, Inset, The method used to measure the instantaneous rate of the fast
component. We used a linear function to fit the first 20 ms of the capacitance response (red lines). As in A and B, we used a Hill
sigmoidal function to fit these data points. D, The second slow component of the 	Cm response was also plotted against [Ca 2�]i.
D�, Inset, The method used. We linearly fitted the first 50 ms (black lines) after the deflection point of the response (arrowhead).
Data points were fit with a Hill sigmoidal function. E, The instantaneous rate of the fast 	Cm responses deeply decreased at [Ca 2�]i

�8 �M. Data points were fitted with a decreasing sigmoidal function to obtain Ki (constant of inhibition) of exocytosis, which we
considered as the KD for endocytosis.
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range between 1 and 4 �M. In addition,
both cell types exhibit a similar Ca 2� co-
operativity with a Hill coefficient between
3 and 4. These results are in good agree-
ment with the data of Johnson and Chap-
man (2010) showing that, in vitro,
otoferlin C2 domains accelerate fusion of
liposomes bearing SNARE with high
Ca 2� affinity with a KD near 2 �M. This
apparent Ca 2� affinity of otoferlin is
nearly one order of magnitude greater
than that reported for synaptotagmin I
(Brose et al., 1992; Davis et al., 1999). No-
tably, synaptotagmin I is transiently ex-
pressed in immature spiking IHCs before
the onset of hearing (Beurg et al., 2010;
Safieddine et al., 2012). A lower-affinity
Ca 2� sensor, such as synaptotagmin I, in
addition to a loose distribution of Ca 2�

channels at the ribbons (Wong et al.,
2014), may contribute to the nonlinear
low Ca 2� efficiency of exocytosis in early
immature IHCs.

What can hair cells gain from having a
high-affinity Ca 2� sensor? Considering
that otoferlin is involved in both the vesic-
ular fusion and the resupply process
(Roux et al., 2006; Pangrsic et al., 2010), a
high-affinity Ca 2� sensor would not only
be instantaneously saturated near the
Ca 2� channels but also be effectively acti-
vated at large distance from the active
zone (i.e., at low micromolar Ca 2� con-
centration for an effective vesicle recruit-
ment). The duality of this Ca 2� sensing
process, possibly placing the vesicle resup-
ply as the rate-limiting step, would allow
both VHC-I and IHCs to sustain trans-
mitter release during long stimulations.

Ca 2�-dependent and otoferlin-
independent fast endocytosis
Sustained high rates of vesicle fusion at
the hair cell synapses imply a fast mecha-
nism of endocytosis (Beutner et al., 2001;
Neef et al., 2014). Here, we found that
both VHC-I and IHCs displayed fast en-
docytotic properties with rather similar
time constants. An apparent Ca2� affinity
ranging between 7 and 10 �M was estimated
in both types of hair cells. Furthermore, we
found that the relative endocytotic rate was
unaffected in VHC-I and IHCs lacking
otoferlin. These results suggested that the
fast endocytotic process does not require otoferlin.

Otoferlin is thought to couple clathrin-mediated endocytosis
in mature IHCs (Duncker et al., 2013). However, endocytosis
associated with the coating activity of clathrin proteins appears
too slow to entirely equilibrate the extremely high rate of exocy-
totic vesicle fusion in hair cells. Therefore, this clathrin-mediated
process might represent only a slow component of hair cell en-
docytosis. Other fast mechanisms, such as bulk endocytosis,
probably take place in hair cells (Neef et al., 2014).

Ca 2� channel density and spatial organization at the
ribbon synapses
Previous studies in Cav1.3�/� mice have shown that Cav1.3
channels carry �90% of total Ca 2� currents in IHCs (Platzer et
al., 2000; Brandt et al., 2003). In vestibular hair cells, only 50% of
total Ca 2� currents are driven by Cav1.3 channels (Dou et al.,
2004). Additional calcium channels, such as T-type (Nie et al.,
2008), N-type (Su et al., 1995), and/or R-type Ca 2� channels
(Martini et al., 2000), probably take part in the VHC-I Ca 2�

Figure 10. Endocytosis in VHC-I and IHCs. A, A single high-intensity UV flash rising [Ca 2�]i near 80 �M (data not shown)
produced a large 	Cm response in control VHC-I (dark blue line, mean of 7 cells) and a reduced 	Cm response in Otof �/� VHC-I
(red line, mean of 7 cells). B, Same as in A but in control IHCs (light blue line, mean of 13 cells) and in Otof �/� IHCs (red line, mean
of 7 cells). A�, B�, Example of endocytosis in VHC-I and IHCs, respectively. Endocytosis was essentially analyzed as described by Neef
et al. (2014). Briefly, the amplitude of fast endocytosis was measured as the difference between the maximum 	Cm (“1”) and the
point where the rate of endocytosis is reduced to 5% of the instantaneous rate (“2”). To calculate the endocytotic instantaneous
rate, we used a linear fit function at the point giving the faster rate between point “1” and point “2”. C, Histogram plot of the
endocytotic instantaneous rate obtained in each group. We found a reduced instantaneous rate in Otof �/� VHC-I compared with
VHC-I controls ( p � 0.011) but also in Otof �/� IHCs compared with IHCs controls ( p � 0.006). D, Rate constants were obtained
after normalizing the instantaneous rate to the amplitude of endocytosis. No statistical differences were found between control
and Otof �/� mice (VHC-I, p � 0.051; IHCs, p � 0.55). E, Percentage of membrane retrieval at the point corresponding to 5% of
the maximal instantaneous rate (point “2”) normalized by the amplitude of exocytosis ((“1” � “2”)/“1” � 100). The absence of
otoferlin did not interfere with the endocytotic capability of VHC-I and IHCs. C–E, Results are expressed as mean � SEM. *p �
0.05. # p � 0.001. n.s., No statistical difference.
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influx. Here, we found that Ca 2� currents and exocytosis in
VHC-I showed a voltage dependence that was shifted by �10 mV
toward negative potentials compared with IHCs. A similar highly
negative voltage dependence of Ca 2� currents has been described
in mouse (Bao et al., 2003), rat (Almanza et al., 2003), and
chicken VHC-I (Zampini et al., 2006). Because VHC-I have a
highly negative resting potential because of their specific large K�

conductance gK,L (Rüsch et al., 1998; Brichta et al., 2002), low-
voltage activated Ca 2� currents would facilitate quantal trans-
mission in these cells. Hair cells from the bullfrog amphibian
papilla also display Ca 2� current with highly negative voltage
dependence and multiquantal release can be triggered at these
very negative hair cell membrane potentials (Li et al., 2009; Gray-
don et al., 2011).

The manner in which auditory and vestibular hair cell afferent
ribbon synapses encode different sensory mechanical signals is
not well understood. In particular, auditory hair cell synapses
discriminate and encode complex acoustic signals over a wide
range of frequencies (20 Hz to 20 kHz, in human) and across a
wide dynamic range of sound intensity (0 –120 dB SPL) by mod-
ulating their firing rate from a few 10s of Hertz to 1 kHz (Kiang,
1965; Taberner and Liberman, 2005). Vestibular hair cell syn-
apses primarily code for head velocity over a low-frequency range
by modulating their firing rate with short-term dynamics
above and below a high resting level of 30 –100 spikes/s (Gold-
berg and Fernandez, 1971; Yang and Hullar, 2007). In addition
to conventional cochlear-like afferent bouton terminals on
Type II hair cells, the mammalian vestibular epithelia have
large afferent calyx terminals that surround VHC-I (Wersäll,
1956; Lysakowski and Goldberg, 2008). Furthermore, VHC-I
calyx transmission is thought to involve not only a conven-
tional quantal glutamatergic release but also a nonquantal
component likely mediated by ephatic electric coupling
and/or by K � accumulation in the large calyceal synaptic cleft
(Holt et al., 2007; Songer and Eatock, 2013). The role of non-
quantal transmission is unknown, but it could boost signaling
speed and/or participate in maintaining the resting firing fre-
quency of the calyceal afferent fibers.

Are the mechanisms of glutamatergic vesicular release similar
in cochlear and vestibular hair cells? Remarkably, we found that
voltage-activated RRP exocytosis displayed higher Ca 2� sensitiv-
ity in VHC-I than in IHCs. This is likely because of a tighter
spatial organization of Ca 2� channels at the VHC-I ribbons
rather than to a different intrinsic Ca 2� affinity of the sensor. A
looser coupling of Ca 2� channels likely allows a better tuning by
endogenous Ca 2� buffers as suggested at hippocampal synapses
(Vyleta and Jonas, 2014). This organization might produce a
more efficient gradual summation of Ca 2� at the IHC active zone
(Kim et al., 2013), thereby explaining the larger firing dynamic
range of auditory fibers compared with vestibular fibers. Cou-
pling of Ca 2� influx changes with IHC development (Wong et al.,
2014) and also varies between low-threshold and high-threshold
ribbon synapses (Frank et al., 2009). A loose coupling organiza-
tion associated with a relatively low level of endogenous Ca 2�

buffering proteins in IHCs (Hackney et al., 2005) may also be
essential for an efficient recruitment of a distant vesicular resup-
ply machinery. In conclusion, our findings suggest that auditory
bouton synapses and vestibular calyceal synapses tune their syn-
aptic firing properties by varying spatial distribution and gating
of Ca 2� channels at their hair cell pre-synaptic ribbons rather
than by using a different Ca 2� sensor.
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