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Proton-Mediated Block of Ca2� Channels during
Multivesicular Release Regulates Short-Term Plasticity at an
Auditory Hair Cell Synapse

Soyoun Cho and Henrique von Gersdorff
The Vollum Institute, Oregon Health & Science University, Portland, Oregon 97239

Synaptic vesicles release both neurotransmitter and protons during exocytosis, which may result in a transient acidification of the
synaptic cleft that can block Ca 2� channels located close to the sites of exocytosis. Evidence for this effect has been reported for retinal
ribbon-type synapses, but not for hair cell ribbon synapses. Here, we report evidence for proton release from bullfrog auditory hair cells
when they are held at more physiological, in vivo–like holding potentials (Vh � �60 mV) that facilitate multivesicular release. During
paired recordings of hair cells and afferent fibers, L-type voltage-gated Ca 2� currents showed a transient block, which was highly
correlated with the EPSC amplitude (or the amount of glutamate release). This effect was masked at Vh � �90 mV due to the presence of
a T-type Ca 2� current and blocked by strong pH buffering with HEPES or TABS. Increasing vesicular pH with internal methylamine in
hair cells also abolished the transient block. High concentrations of intracellular Ca 2� buffer (10 mM BAPTA) greatly reduced exocytosis
and abolished the transient block of the Ca 2� current. We estimate that this transient block is due to the rapid multivesicular release of
�600 –1300 H � ions per synaptic ribbon. Finally, during a train of depolarizing pulses, paired pulse plasticity was significantly changed
by using 40 mM HEPES in addition to bicarbonate buffer. We propose that this transient block of Ca 2� current leads to more efficient
exocytosis per Ca 2� ion influx and it may contribute to spike adaptation at the auditory nerve.
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Introduction
The firing of action potentials causes intracellular and extracel-
lular pH changes at diverse types of neurons and synapses (Bal-
lanyi and Kaila, 1998; Chesler, 2003; Kim and Trussell, 2009).
Recently, rapid pH changes have been observed at Drosophila
nerve terminals during high-frequency in vivo activity (Caldwell
et al., 2013; Rossano et al., 2013). These changes are mediated by
the activation of transporters and pumps in the plasma mem-
brane, but they can also be mediated in part by the exocytosis of
protons (H�) from synaptic vesicles because the lumen of secre-
tory vesicles is estimated to be very acidic (Miesenböck et al.,
1998; Einhorn et al., 2012; pH �5.5–5.7). This release of vesicular
protons can transiently acidify the narrow synaptic cleft and lead
to a rapid block of nearby Ca 2� channels because low pH shifts
the activation curve of Ca 2� currents to more depolarized volt-
ages and reduces the peak current amplitude (Barnes et al., 1993;
Klöckner and Isenberg, 1994). This occurs because the pores of

Ca 2� channels contain glutamate residues that can bind H� ions
at a site close the channel mouth and this extremely fast binding
reduces Ca 2� channel conductance (Prod’hom et al., 1987, 1989;
Chen et al., 1996).

To date, evidence for a block of Ca 2� currents by vesicular
protons has come primarily from retinal ribbon-type synapses
(DeVries, 2001; Palmer et al., 2003; Jarsky et al., 2010). At
these synapses, presynaptic L-type Ca 2� channels are located a
few nanometers from docked synaptic vesicles within special-
ized active zones that contain a synaptic ribbon organelle
(Zenisek et al., 2003; Vaithianathan and Matthews, 2014).
However, auditory and vestibular hair cells also contain syn-
aptic ribbons (Liberman et al., 1990; Nouvian et al., 2006).
Here, graded membrane potential changes, sometimes fluctu-
ating in the submillisecond time scale and as small as 0.2 mV,
are able to gate the entry of Ca 2� ions through L-type Ca 2�

channels (Russell and Sellick, 1983; Spassova et al., 2001). The
resulting rapid changes in free Ca 2� ion concentration trigger
glutamate release at the basal pole of hair cells in response to
sound-evoked signals. This rapid secretion of neurotransmit-
ter occurs via a highly synchronous form of multivesicular
release (Glowatzki and Fuchs, 2002; Grant et al., 2010; Schnee
et al., 2013), although fusion pore flickering of uniquantal
release may also play a role (Chapochnikov et al., 2014). Re-
cent studies suggest that protons are also released from vestib-
ular hair cells and may act as nonquantal neurotransmitters
that directly affect postsynaptic nerve terminals (Highstein et
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al., 2014). However, evidence for an effect of released protons
on Ca 2� channels has not been described for hair cell
synapses.

Here, we show that a copious amount of protons are released
from auditory hair cells in the bullfrog amphibian papilla. We
reveal the features that can mask this effect, such as underlying
T-type Ca 2�currents, hyperpolarized resting membrane poten-
tials, and specific drugs that change vesicle or extracellular pH
buffering strength. We also show that multivesicular release pro-
motes synaptic cleft acidification. Finally, we suggest that this
proton-mediated Ca 2� channel block may function to reduce
unnecessary Ca 2� influx, increase exocytosis efficiency, and
modulate short-term plasticity.

Materials and Methods
Hair cell preparation. After an Oregon Health & Science University Insti-
tutional Animal Care and Use Committee–approved animal care proto-
col, amphibian papillae were carefully dissected from adult female or
male bullfrogs (Rana catesbeiana) as described by Keen and Hudspeth
(2006) and Li et al. (2009). Amphibian papillae were placed in a record-
ing chamber with artificial perilymph containing the following (in mM):
95 NaCl, 2 KCl, 2 CaCl2, 1 MgCl2, 25 NaHCO3, 3 glucose, 1 creatine, and
1 Na-pyruvate with pH adjusted to 7.30 with NaOH and continuously
bubbled with 95% O2 and 5% CO2 (230 mOsm). The external solution at
pH 8.9 contained 10 mM TABS [N-tris(hydroxymethyl)-methyl-4-
aminobutanesulfonic acid; pKa 8.9]. During the recordings, the prepara-
tion was continuously perfused (2–3 ml/min) with oxygenated artificial
perilymph.

Electrophysiology. Semi-intact preparations of hair cells and their con-
necting afferent fibers were viewed with an Olympus BX51WI micro-
scope equipped with a 60� water-immersion objective lens (Olympus)
and digital CCD camera (QImaging). For whole-cell recordings, patch
pipettes of borosilicate glass were pulled to resistances of 5– 6 M� for hair
cells and 7–10 M� for afferent fibers. Unless noted otherwise, pipettes
were filled with the control intracellular solution containing the follow-
ing (in mM): 77 Cs-gluconate, 20 CsCl, 1 MgCl2, 10 TEA-Cl, 10 HEPES,
2 EGTA, 3 Mg-ATP, 1 Na-GTP, and 5 Na2-phosphocreatine adjusted to
pH 7.3 with CsOH. For internal solutions containing 10 mM methyl-
amine (CH3NH2), a reduced amount of Cs-gluconate was used to match
osmolarity (230 mOsm). Whole-cell voltage-clamp recordings were per-
formed with an EPC-10/2 (HEKA) patch-clamp amplifier and Patch-
master software (HEKA) at room temperature. Hair cells were held at a
resting membrane potential of either �60 mV or �90 mV and afferent
fibers were held at �90 mV. Membrane potentials were corrected for a
liquid junction potential of 10 mV. Whole-cell calcium currents were not
leak subtracted. The averaged uncompensated series resistances in
whole-cell recordings were 10.8 � 0.2 M� for hair cells (n � 20) and
23.7 � 1.7 M� for afferent fibers (n � 18). Whole-cell recordings were
electronically compensated by 0% to 30% depending on the uncompen-
sated series resistance to maintain a constant series resistance throughout
the recordings.

Capacitance measurements. The measurements of the whole-cell mem-
brane capacitance (Cm) from hair cells were performed under voltage-
clamp conditions with the “Sine � DC” method (Lindau and Neher,
1988; Gillis, 2000) using an EPC-10/2 (HEKA) patch-clamp amplifier
and Patchmaster software (HEKA). Patch pipettes were coated with den-
tal wax to minimize their stray capacitance and to achieve better C-fast
compensation. Sine waves (50 mV peak-to-peak, 1 or 2 kHz) were super-
posed on the holding potential, which was set to either �90 mV or �60
mv, and the resulting current response was used to calculate Cm via a
Patchmaster software emulator of a lock-in amplifier (Gillis, 2000). The
average whole-cell capacitance of hair cells was 11.6 � 0.3 pF (n � 20).
The increase of Cm (	Cm) evoked by membrane depolarization was mea-
sured as 	Cm � Cm (response) � Cm (baseline) and was used as a measure of
synaptic vesicle exocytosis from hair cells. An average of Cm (response) and
Cm (baseline) was obtained by averaging capacitance data points before and
after the depolarizing pulse.

Data analysis. Data analysis was performed with Igor Pro (Wavemet-
rics) and Prism (GraphPad Software) software. Statistical significance
was assessed with paired and unpaired Student’s t tests. Data are ex-
pressed as mean � SEM.

Results
Ca 2� currents and synaptic transmission at different hair cell
holding potentials
We performed paired whole-cell recordings of hair cells and their
afferent fibers. The depolarization of hair cells activates Ca 2�

currents and the subsequent increase in Ca 2� ion concentration
triggers glutamate release. However, the profile of the Ca 2� cur-
rents was different depending on the hair cell holding potential
(Fig. 1A; Cho et al., 2011). When hair cells were depolarized from
�60 mV, which is close to the physiological resting membrane
potential of hair cells (Crawford and Fettiplace, 1980; Pitchford
and Ashmore, 1987), to a potential of �30 mV, the Ca 2� currents
showed a “notch”. This notch was absent in the Ca 2� currents of
hair cells that were held at �90 mV (n � 19; Fig. 1A). We called
this initial notch in the Ca 2� current a “transient block” (Fig.
1A2). Hair cells of the frog (Rana pipiens) sacculus also exhibit a
similar notch in their Ca 2� currents, although the details of this
notch were not studied (Rutherford and Roberts, 2006). The av-
erage size of the transient block was 22.9 � 2.6% of the peak Ca 2�

current (n � 19). Importantly, the average EPSC peak amplitudes
were significantly larger when hair cells were held at a holding
potential of �60 mV than when they were held at �90 mV (Fig.
1A2,C; n � 11). Moreover, the initial EPSCs elicited from hair
cells held at �60 mV had a fast rise time that reflected the syn-
chronous release of several vesicles because quantal size (single
vesicle release) at this synapse has been shown to be �50 – 60 pA
(Li et al., 2009; Fig. 1A2). The resting Ca 2� concentration inside
hair cells held at �60 mV is probably higher than at �90 mV
because some of Ca 2� channels are activated and remain open at
�60 mV (Graydon et al., 2011). This higher level of resting Ca 2�

may lead to facilitation of glutamate release and thus to larger
EPSCs. This may also contribute to calmodulin-mediated facili-
tation of Ca 2� channel opening kinetics, faster vesicle recruit-
ment, and shorter synaptic delays (Cho et al., 2011; Goutman and
Glowatzki, 2011).

Ca 2� current kinetics and synaptic delays at different
holding potentials
We next investigated how the resting membrane potential of hair
cells affects the kinetics of Ca 2� current activation and the syn-
aptic delay by holding the same hair cell first at �90 mV and then
at �60 mV. The delay time of the Ca 2� current onset was deter-
mined by the time between the beginning of the depolarizing
pulse and the onset of Ca 2� currents (Goutman and Glowatzki,
2011). For hair cells held at �60 mV, the delay time of the Ca 2�

current onset was 0.12 � 0.03 ms (n � 6), which was significantly
shorter than that for hair cells held at �90 mV (0.56 � 0.04 ms,
n � 6; p � 0.0002, paired t test). Next, the synaptic delay was
measured from the beginning of the depolarizing pulse to the
onset of the EPSC. As expected from the faster Ca 2� current
kinetics, the synaptic delay became significantly shorter by
changing the holding potential of hair cells from �90 mV (1.77 �
0.18 ms, n � 6) to �60 mV (0.99 � 0.08 ms, n � 6; p � 0.0014,
paired t test). These results are similar to those from rat inner hair
cell (IHC) synapses, in which the resting membrane potential of
IHCs determines release probability and synaptic delay (Gout-
man and Glowatzki, 2011; Goutman, 2012). We hypothesized
that this facilitated condition of hair cells at �60 mV may affect
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the efficiency of release. We estimated the efficiency of release by
calculating the ratio of EPSC charge to Ca 2� charge transfer dur-
ing a 20 ms pulse and then changing the membrane holding
potential from �90 to �60 mV. The calculated efficiency of re-
lease was significantly increased from 0.75 � 0.17 at �90 mV to

1.62 � 0.46 at �60 mV (n � 8, with p 

0.05, paired t test). This suggests that hair
cells with a resting membrane potential at
�60 mV are in a facilitated mode, with a
higher efficiency of release and a transient
block of Ca 2� current that decreased the
Ca 2� charge transfer during a 20 ms
pulse.

Studies of goldfish retinal bipolar cell
terminals reveal that depolarization acti-
vates an L-type current and the release of
protons that transiently block the Ca 2�

current, although this effect does not de-
pend on the holding potential (data not
shown; Palmer et al., 2003). We thus hy-
pothesized that H� ions are released from
fused vesicles and transiently block the
Ca 2� currents of hair cells. This hypothe-
sis is supported by the results with larger
EPSC amplitudes from hair cells held at
�60 mV (Fig. 1A). To confirm whether
the transient block of Ca 2� currents is
tightly correlated with the amount of
transmitter release, we stimulated hair
cells using a pair of depolarizing pulses
(Fig. 1B). Hair cell synapses showed
strong paired-pulse depression when we
held the cells at �60 mV (Cho et al.,
2011). This presumably reflects rapid ves-
icle pool depletion. We observed that, for
a large EPSC, the first Ca 2� current had a
large transient block (Fig. 1B). However,
the transient block was absent in the sec-
ond Ca 2� current, which elicited very
small and asynchronous EPSCs (Fig. 1B).
This was confirmed over several paired re-
cordings when we plotted the size of the
transient block against the EPSC ampli-
tudes (Fig. 1D). The size of transient
block, measured as the ratio of transient
block amplitude divided by the peak am-
plitude of the Ca 2� current, had a linear
relationship with the amplitude of the
corresponding EPSC (Fig. 1D; n � 27
measurements from 7 different paired re-
cordings). This strong correlation sug-
gests that the source of the rapid and
transient block in the Ca 2� current in hair
cells may be the fast release of protons via
multivesicular exocytosis similar to the
situation of retina bipolar cell ribbon syn-
apses (Palmer et al., 2003).

How much time is required for hair
cells to be held at �60 mV so that one can
begin to detect the transient block of the
Ca 2� currents? To answer this, we depo-
larized hair cells from �90 to �60 mV for
various durations as a prepulse and then

depolarized to �30 mV for 20 ms to elicit a sizable Ca 2� current
(Fig. 2A). Note that the depolarization from �90 to �60 mV also
evoked a small and non-inactivating Ca 2� current (27.5 � 7.1
pA, n � 6; Fig. 2A,B). We propose that this tonic Ca 2�current
plays a pivotal role in facilitating release by establishing an ele-

Figure 1. Ca 2� currents of bullfrog hair cells exhibit a transient block at a holding potential of �60 mV. A, Paired whole-cell
voltage-clamp recordings of presynaptic hair cell and a connected afferent fiber. The hair cell was depolarized from �90 mV
(black) or �60 mV (red) to �30 mV for 20 ms (A1). When a hair cell was held at �60 mV, the postsynaptic afferent fiber showed
a larger EPSC than for hair cells at �90 mV (A2). At �60 mV, the Ca 2� current showed a transient block in contrast with Ca 2�

currents of hair cells at �90 mV (A2). EPSCs evoked by stimulating hair cells from �60 mV (red) showed shorter synaptic delay
than that for hair cells at �90 mV (black) (A2). B, When the hair cells were stimulated by a pair of 20 ms pulses from �60 to �30
mV, the transient block was observed in the first Ca 2� current (black in B1) with large EPSCs and was absent in the second Ca 2�

current (blue in B1). With strong paired-pulse depression, the second Ca 2� current does not show the transient block. B2 shows
overlapped traces of Ca 2� currents with EPSCs from B1 on an expanded time scale. C, The peak amplitudes of EPSCs were
significantly increased by changing the holding potential of hair cells from �90 mV (485 � 104 pA) to �60 mV (1292 � 208 pA)
within the same pairs of recordings (n�11, p
0.001, paired t test). Open circles indicate individual pairs. D, The ratio of transient
block in Ca 2� currents was measured from the amplitude of transient block (b) divided by the peak amplitude of Ca 2� currents
(a). The ratio of transient block strongly correlates with the amplitude of the EPSCs (n � 27 measurements from 7 pairs). The red
line shows a linear fit (slope � 0.010 � 0.001, R 2 � 0.82).
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vated level of resting Ca 2� at �60 mV that
increases release probability (Cho et al.,
2011; Goutman and Glowatzki, 2011).
The transient block required �50 –100 ms
at �60 mV to start being detectable.
Moreover, the size of the transient block
increased as hair cells were held longer at
�60 mV (n � 5; Fig. 2C). Interestingly,
this time duration required for a detect-
able transient block (50 –100 ms) seems to
also be required for complete inactivation
of the T-type currents. It may also be a
time period required for the facilitation of
release (Awatramani et al., 2005).

L-type and T-type Ca 2� currents are
present in amphibian papilla hair cells
Next, we investigated further why hair
cells at �90 mV do not show an obvious
transient block in their Ca 2� currents.
Even considering the smaller amount of released vesicles (Fig.
1C), we should have seen some small trace of H� ions being
released from synaptic vesicles. Interestingly, a recent study
shows that T-type Ca 2� channels as well as L-type contribute to
transmitter release in chick auditory hair cells during develop-
ment (Levic and Dulon, 2012). We investigated whether adult
bullfrog auditory hair cells also have this additional type of
voltage-gated Ca 2� current. When we blocked L-type Ca 2�

channels using 10 �M isradipine, Ca 2� currents of hair cells
held at �90 mV were strongly inhibited and we observed an
almost complete block of exocytosis (n � 5; Fig. 3A1). The
average peak amplitude of the isradipine-insensitive Ca 2� cur-
rent was 42.9 � 7.1 pA (n � 5) and this current inactivated
quickly with a single exponential decay time constant (3.8 � 0.4
ms; n � 5, Fig. 3A2). This suggests that the isradipine-insensitive
Ca 2� current may mask the transient block while hair cells are
held at �90 mV. In contrast, 10 �M isradipine completely
blocked the Ca 2� current for cells held at �60 mV (n � 5; Fig.
3B), presumably because the T-type current was already inacti-
vated at �60 mV. Based on this activation profile and the fast
kinetics of inactivation, the isradipine-insensitive currents are
probably T-type Ca 2� currents (Hille, 2001). However, T-type
Ca 2� currents do not appear to significantly contribute to exo-
cytosis because 10 �M isradipine almost completely blocked the
changes in membrane capacitance (	Cm; n � 5) even for a 500 ms
long depolarizing pulse. Therefore, as at other auditory hair cell
synapses (Spassova et al., 2001; Brandt et al., 2005), L-type Ca 2�

channels mediate the triggering of transmitter release at adult
bullfrog hair cell synapses.

Underlying mechanisms that cause the transient block of the
Ca 2� current
Our data suggest that the transient block of Ca 2� currents
results from vesicle release. During exocytosis, vesicles release
protons that can inhibit Ca 2� channels that are located near
the release sites (Fig. 4A). To confirm the relationship between
transient block of Ca 2� currents and the release of synaptic
vesicles, we changed the intracellular Ca 2� buffers from 2 mM

EGTA (our control Ca 2� buffer) to 10 mM BAPTA, a higher
concentration of a faster Ca 2� buffer (Fig. 4B). A high con-
centration of BAPTA is known to make evoked release less
synchronous in addition to reducing the amount of release in
response to a stimulus (Goutman and Glowatzki, 2007). In-

deed, with 10 mM BAPTA, hair cells held at both �60 mV and
�90 mV showed greatly reduced 	Cm (Fig. 4B; Graydon et al.,
2011). When hair cells are held at �60 mV, the average 	Cm

evoked by a 500 ms pulse in control (2 mM EGTA) was 160.9 �
14.4 fF (n � 8), and this became significantly smaller in 10 mM

BAPTA (17.3 � 3.7 fF, n � 8, p 
 0.0001, unpaired t test).
When hair cells are held at �90 mV, the average 	Cm evoked
by a 500 ms pulse in control (2 mM EGTA) was 147.3 � 9.1 fF
(n � 34), but 	Cm decreased to 17.5 � 2.8 fF with 10 mM

BAPTA (n � 8, p 
 0.0001, unpaired t test). With a 500 ms
pulse, the efficiency of release of hair cells at �60 mV signifi-
cantly decreased in 10 mM BAPTA (0.13 � 0.02 fF/pC, n � 8)
compared with control (1.55 � 0.32 fF/pC, n � 8; p � 0.0006,
unpaired t test). When hair cells were held at �90 mV, the
efficiency of release evoked by a 500 ms pulse was also signif-
icantly decreased in 10 mM BAPTA (0.13 � 0.03 fF/pC, n � 8)
compared with control (1.27 � 0.15 fF/pC, n � 9; p 
 0.0001,
unpaired t test). The lack of a “notch” in the Ca 2� current for
cells held at �60 mV (n � 9) confirms that this effect is tightly
correlated with the amount of exocytosis. With 10 mM

BAPTA, the difference between the Ca 2� currents for hair cells
held at �60 mV and �90 mV is probably due to T-type Ca 2�

currents (Fig. 3A2). We conclude that the transient block re-
quires the nearly synchronous release of several vesicles, be-
cause a small amount of H � ions released in an asynchronous
manner may simply be quickly buffered within the synaptic
cleft before it reaches Ca 2� channels. Therefore, the absence of
transient block with 10 mM BAPTA suggests that the evoked
release of vesicles needs to be copious and highly synchronous
in response to a stimulus to overwhelm the local pH buffers
within the cleft and thus inhibit Ca 2� channels effectively.

Our control internal solutions include 2 mM EGTA as a
Ca 2� buffer and it is known that Ca 2� binding activity of
EGTA is sensitive to pH (Tsien, 1980; Naraghi, 1997). To show
that the transient block of Ca 2� current was not due to the
properties of EGTA itself, we confirmed that the transient
block of Ca 2� currents still existed using 0.5 mM BAPTA, a
Ca 2� buffer that is much less sensitive to pH changes. Hair
cells with 0.5 mM BAPTA exhibited exocytosis via 	Cm jumps
and showed a transient block of Ca 2� current (n � 9; data not
shown). This again suggests that the transient block of Ca 2�

current is due to the release of H � ions.

-90 mV
-60 mV

10 ms
75
200 

1000

10 ms
20 ms

50 ms
75 ms

100 ms 200 ms 1000 ms
-90 
-60 
-30 mV

500 ms

ICa

ICa

A B

C

Figure 2. The transient block of the Ca 2� current requires a certain period of time at the more depolarized holding potential of
�60 mV. A, Ca 2� currents were recorded from hair cells held at �90 mV using a 20-ms-long pulse to �30 mV followed by
pre-depolarization to �60 mV for 10 –1000 ms. Different colors represent different durations of the pre-depolarization from �90
to �60 mV. Ca 2� currents started showing a transient block with 75 ms of pre-depolarization (arrow). B, A depolarization from
�90 to �60 mV evokes a small, non-inactivating Ca 2� current in the hair cell. C, Ca 2� currents elicited by the 20 ms pulses with
various pre-depolarization (10, 75, 200, and 1000 ms) were superimposed. The transient block becomes clearly larger as the
duration of the pre-depolarization increases.
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Another way to confirm that vesicular protons cause the
transient block is to dialyze 10 mM methylamine (CH3NH2), a
weak base, into the hair cells via the patch pipette. Methylamine
can remove the vesicular pH gradient (Johnson, 1987; Cousin and
Nicholls, 1997). Indeed, in goldfish bipolar cells, 10 mM methy-
amine removed the transient block in Ca 2� currents without
affecting exocytosis or reciprocal GABAergic feedback (Vigh et
al., 2005). When we applied methylamine to hair cells, the tran-
sient block was removed without altering vesicle release mea-
sured by 	Cm (n � 6; Fig. 4C). This directly suggests that the
transient block results from the exocytosis of vesicular protons

that inhibit Ca 2� currents. Apparently, with methylamine, hair
cells still release vesicles normally, but they cannot release free
protons that transiently acidify the cleft.

In mouse bipolar cells, a chloride-selective glutamate
transporter current can cause a “notch” in the presynaptic
Ca 2� current (Snellman et al., 2011). To determine whether
glutamate transporters contribute to the “notch” of Ca 2� cur-
rents in hair cells, we blocked the transporters using 100 �M

DL-threo-�-benzyloxyaspartic acid (TBOA). However, hair
cells still showed the transient block of Ca 2� current with
TBOA and the duration of pre-depolarization to �60 mV
needed for the transient block to become apparent was similar
to that of control (Fig. 5A; n � 6; see also Fig. 2C; data not
shown). The transient block of Ca 2� current was thus unaf-
fected by the presence of TBOA. Therefore, glutamate trans-
porters do not contribute to the transient block of hair cell
Ca 2� currents.

A previous study with amphibian papillae hair cells of leop-
ard frogs suggested that the transient block in the Ca 2� cur-
rent was due to a slowly activating and rapidly inactivating K �

current (IK) because it remained after 10 mM TEA but was
removed by 1 mM 4-aminopyridine (4-AP; Smotherman and
Narins, 1999). 4-AP is a membrane-permeable K � current
blocker (Armstrong and Loboda, 2001) and is also used clini-

cally in the treatment of multiple sclero-
sis because it enhances transmitter
release (Fujihara and Miyoshi, 1998).
When we applied 1 or 10 mM 4-AP to the
external bath, the transient block of the
Ca 2� current was also removed (n � 15;
Fig. 5 B, C). This confirms the previous
results. When we applied 10 mM 4-AP
via the patch pipette solution, it also sig-
nificantly decreased the amplitude of
transient block (n � 9; p � 0.0011,
paired t test; Fig. 5D) without changing
	Cm (27.9 � 3.0 fF in control and
28.1 � 3.1 fF in 4-AP; n � 9; p � 0.05,
paired t test). However, application of
external 20 mM TEA with a Cs �-based
intracellular patch pipette solution still
could not affect the “notch” of the Ca 2�

current, suggesting that it was not due to
an IK current (n � 5; data not shown).
Moreover, the transient inhibition was
more prominent at Vh � �60 mV (Fig.
1), a potential at which a putative inac-
tivating IK should be less prominent.
Together, these seemingly contradictory
results suggest that the blocking effect of
4-AP on the “notch” of Ca 2� current
was not due to its block of voltage-gated

K � currents. Instead, we propose that the effect of 4-AP is
through its H �-capturing ability as a weak base similar to
methylamine. Indeed, it has been shown that 4-AP can work as
a weak base that quickly crosses the plasma membrane (Guse
et al., 1994; Gobet et al., 1995).

Remarkably, a very similar “notch” in the Ca2� current of
catfish electroreceptors, which also form ribbon-type synapses, has
been reported previously (Sugawara, 1989). This “notch” was
blocked by 4-AP and was strongly correlated to transmitter re-
lease with paired recordings of the afferent fibers (Sugawara and
Obara, 1989). Given the above results, we suggest that fish elec-

control

-90 mV

isradipine

-30 mV
isradipine

isradipine

control

2 mM EGTAA1 A2

B

Figure 3. T-type Ca 2� currents mask the transient block for hair cells held at �90 mV. A1,
A hair cell was depolarized from �90 to �30 mV for 500 ms in control (black) and after
perfusion of 10 �M isradipine, a specific L-type Ca 2�channel blocker (red). The standard intra-
cellular hair cell Ca 2� buffer was 2 mM EGTA. 10 �M isradipine strongly inhibited Ca 2� currents
and the Cm jump elicited by the depolarizing pulse. A2, After applying isradipine, a small Ca 2�

current still persists in hair cells held at �90 mV (red). B, After holding hair cells at �60 mV,
isradipine completely blocked the Ca 2� current (red).

A B

C

Figure 4. The transient block of Ca 2� current requires the exocytosis of synaptic vesicles. A, Diagram showing that H � (gray)
ions are released from fused vesicles during exocytosis and can affect adjacent Ca 2� channels at an active zone of release (blue).
B, After the dialysis of 10 mM BAPTA into a hair cell, Ca 2� currents were evoked by a 500 ms pulse from �90 mV (black) or from
�60 mV (red) to �30 mV. Note that Ca 2� currents do not show the transient block now that exocytosis has been severely
decreased by 10 mM BAPTA. C, 10 mM methylamine was added to the internal pipette solution. This removed the transient block,
which went from 81 � 15 to 0 pA (n � 6, p � 0.0028, paired t test) without significant changes in 	Cm (136 � 2.4 fF in control
and 126 � 4.8 fF in 10 mM methylamine, n � 6, p � 0.05, paired t test). The Ca 2� current was evoked by a 500-ms-long pulse
from a holding potential of �60 to �30 mV. The Ca 2� currents were recorded in control (black) with a first patch pipette and
then, after repatching the same hair cell, using a second pipette containing 10 mM methylamine (red).
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troreceptors may also release protons that
produce a transient block of their Ca 2�

currents.

Changes in extracellular pH
buffer strength
We also attempted to change the transient
block by changing the extracellular pH
buffer. When the strength of external pH
buffering was increased by adding 40 mM

HEPES in addition to the control
NaHCO3, the amplitude of the transient
block was significantly decreased from
69.8 � 13.6 to 0.8 � 0.8 pA (n � 10, p �
0.0007, paired t test) without significantly
changing 	Cm (131.4 � 11.3 fF in control
and 129.4 � 12.0 fF in 40 mM HEPES, n �
8, p � 0.05, paired t test; Fig. 6A; n � 15).
With 40 mM HEPES, protons are thus
normally released from fused vesicles as in
control conditions. However, this high
concentration of HEPES in the synaptic
cleft can quickly capture protons before
they reach the Ca 2� channels. This result
supports the hypothesis that H� ions re-
leased from synaptic vesicles cause the
transient block of Ca 2� currents.

We next lowered the extracellular pro-
ton concentration with a high-pH buffer
(Fig. 6B). Previous studies have shown
that alkaline pH solutions shift the Ca 2�

channel activation IV curve to the left
and increase the peak inward currents
(Barnes et al., 1993; Zhou and Jones, 1996;
Palmer et al., 2003). Indeed, with a TABS-based external solution
at pH 8.9, we observed both a significantly larger Ca 2� current
amplitude (48 � 8% increase, n � 6) and 	Cm (60 � 20% in-
crease, n � 6) evoked by a step depolarization from �60 to �30
mV (n � 6; Fig. 6B1,B3). This greatly enhanced 	Cm should have
increased the transient block of the Ca 2� current. Nevertheless,
the transient block of Ca 2� current quickly disappeared within
2–3 min, the time course of our external bath perfusion system
(Fig. 6B2). We thus propose that even though the amount of
exocytosis was enhanced by larger Ca 2� influx, building a strong
buffering environment within the synaptic cleft that quickly
mops up the released H� ions can severely interfere with the
transient block of the Ca 2� current. These results also indicate
that presynaptic Ca 2� current amplitude can be tonically con-
trolled by the external pH (Schnee and Ricci, 2003; Fahrenfort et
al., 2009).

Short-term plasticity and the transient block of Ca 2� currents
To determine the physiological role of the transient block, we
next changed our stimulating protocol into a train of stimulation
at the characteristic frequency of our hair cells, which are electri-
cally tuned to �400 Hz (Li et al., 2009). When we stimulated hair
cells held at �60 mV with a 400 Hz train of 1 ms pulses, the Ca 2�

currents showed a transient block initially and the corresponding
EPSCs were strongly depressed (Fig. 7A, black traces). The aver-
aged peak Ca 2� currents of hair cells during the train had a
double-exponential time course with fast (�fast � 3.9 ms; 86%)
and slow (�slow � 23.7 ms) time constants (n � 6; Fig. 7A). The
averaged evoked EPSCs were quickly depressed during the train of

stimuli (�fast � 1.3 ms with 91% and �slow � 7.4 ms; Fig. 7A). En-
hancing the extracellular pH buffer strength by adding 40 mM

HEPES removed the transient block of the Ca 2� currents and the
depression of the corresponding EPSC trains became slower (Fig.
7A, red; � � 2.6 ms). When we compare the normalized individ-
ual EPSCs from the same pair of recordings before (control; Fig.
7B, black) and after adding 40 mM HEPES (Fig. 7B, red), the
second EPSC in the control showed significantly stronger depres-
sion than the 40 mM HEPES condition. The averaged ratio of the
first and the second EPSCs (EPSC2/EPSC1) was significantly in-
creased from 0.28 � 0.03 (n � 6) to 0.42 � 0.04 (n � 6) after 40
mM HEPES removed the transient block of Ca 2� currents (p 

0.01, paired t test; Fig. 7C). The average � of the EPSC train
depression became significantly slower with 40 mM HEPES (from
1.4 � 0.2 to 2.6 � 0.3 ms; n � 6; p 
 0.05, paired t test; Fig. 7D).

We also studied the effect of 4-AP on the transient block during a
400 Hz train of stimuli identical to that of Figure 7A. Perfusion with
an external solution containing 10 mM 4-AP removed the transient
block and slowed the EPSC train depression (Fig. 7E). The average
paired-pulse ratio of the first two EPSCs was significantly enhanced
by 4-AP (from 0.28 � 0.05 to 0.45 � 0.06; n � 5; p 
 0.01, paired t
test; Fig. 7F). The average � of the EPSC peaks was also significantly
increased from 1.8 � 0.2 to 3.5 � 0.6 ms by 10 mM 4-AP (n � 5; p 

0.05, paired t test; Fig. 7G). These results are very similar to the effects
of 40 mM HEPES (Fig. 7A). Interestingly, the time course of this
rapid and pronounced depression matches well that of the fast spike
rate adaptation of some in vivo auditory nerve fiber recordings from
bullfrog amphibian papilla (Megela and Capranica, 1982). Impor-
tantly, in vivo fibers tuned to 400–500 Hz showed the fastest and

A

100 μM TBOA

B

10 mM 4-AP

C D

 4-AP

Figure 5. Glutamate transporter and K � currents do not contribute to the transient block. A, Ca 2� currents were evoked
in hair cells held at �90 mV using a pre-depolarization to �60 mV for 10 –1000 ms and then by a 20-ms-long pulse to
�30 mV (same protocol as Fig. 2A). The Ca 2� currents for the 20 ms pulses are shown superimposed. The transient block
of the Ca 2� currents was not blocked by 100 �M TBOA, a specific blocker of glutamate transporters (n � 6). The different
colors represent different durations of the pre-depolarization. The Ca 2� current started showing the transient block within
�75 ms of the pre-depolarization, which was very similar to control (Fig. 2C). B, 4-AP removed the transient block of the
Ca 2� current. However, this effect may not be related with the blocking of K � currents, but rather is probably due to the
H � capturing ability of 4-AP and its possible disruption of normal vesicle pH. C, 10 mM 4-AP significantly decreased the
amplitude of transient block from 98 � 20 pA to 0.6 � 0.6 pA (n � 9). **p 
 0.01, paired t test. Open circles indicate
individual pairs. D, When hair cells were depolarized from �60 to �30 mV for 20 ms, 10 mM 4-AP in the patch pipette
solution significantly decreased the transient block from 52.0 � 9.4 pA (black) to 2.2 � 2.1 pA (red, n � 9, p � 0.0011,
paired t test). Control recordings were performed within 27 � 7 s (n � 9) after break-in and the recordings of 4-AP effects
were done at 4 min 39 � 30 s (n � 9) after break-in to whole-cell mode.
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strongest adaptation (Megela, 1984). We thus propose that the tran-
sient block of the Ca2� currents, together with rapid vesicle pool
depletion, may contribute to the fast adaptation of frog auditory
nerve responses by reducing Ca2� influx and transmitter release.

Discussion
Our results show that the proton-mediated transient block of
Ca 2� current decreases Ca 2� influx and transmitter release
during a high-frequency stimulus train. This inhibitory effect
of released protons on Ca 2� currents was only apparent when
hair cells exhibit enhanced and synchronous multivesicular
release. Moreover, this form of release was facilitated when
hair cells were held at more depolarized and physiological
membrane potentials such as �60 mV. The synaptic delay was
also shorter compared with those of hair cells held at �90 mV
(Figure 1). Figure 2B shows that depolarization of hair cells
from �90 to �60 mV evokes a small, non-inactivating Ca 2�

current. This may elevate the resting Ca 2� concentration of
hair cells. Release probability will thus be higher and synaptic
vesicles may be more primed for release in hair cells held at
�60 mV. The transient block is thus much weaker at �90 mV
because less release occurs and this release is more asynchro-
nous (Figure 1). In addition, the activation of a T-type Ca 2�

current masks the transient block when hair cells are held at
�90 mV (Fig. 3). Although auditory hair cell Ca 2 currents do
exhibit a Ca 2�-dependent inactivation, this has a slow (sec-

onds) time course (Schnee and Ricci,
2003; Graydon et al., 2011).

Comparisons with other ribbon and
conventional synapses
Given the tight coupling of Ca 2� chan-
nels to docked vesicles at many syn-
apses, one must ask, why has the
proton-mediated block of Ca 2� chan-
nels not been observed at more synapses
and particularly at conventional active
zone synapses? Detectable transient
block will be determined by many fac-
tors, such as the kinetics of voltage-
gated Ca 2� channels, the distance
between release sites and Ca 2� chan-
nels, the amount and the synchronicity
of exocytosis, and the structure of the
synaptic cleft. L-type Ca 2� channels are
located under or adjacent to synaptic
ribbons (Rutherford and Pangršič,
2012). Moreover, a distinctive feature of
ribbon synapses is the occurrence of
multiple docked vesicles that can be re-
leased within a very short period of time
onto a narrow synaptic cleft (20 nm
wide). This compact ultrastructure
makes ribbon synapses especially sus-
ceptible to the transient acidification by
H � ions released from multiple vesicles
and optimizes the conditions for ob-
serving a transient block of the Ca 2�

channels. In contrast, the calyx of Held
synapse has �500 conventional active
zones distributed over a large presynap-
tic area. The release probability is low
and heterogeneous and Ca 2� channels

are also located at some distance from docked vesicles at im-
mature synapses (Wang et al., 2008; Leão and von Gersdorff,
2009), so the transient block is not seen, although the overall
EPSC is synchronous and quite large (up to 20 nA). Recently,
proton release was observed to trigger C. elegans muscle con-
traction (Beg et al., 2008) and synaptic cleft acidification has
been observed with imaging techniques at photoreceptor rib-
bon synapses (Wang et al., 2014) and at conventional synapses
of the amygdala (Du et al., 2014). Finally, we note that elec-
troreceptors display many similarities to auditory hair cells
and, surprisingly, also display a “notch” in their Ca 2� current
(Sugawara, 1989).

Why has the transient block of Ca 2� current not been seen
at mammalian inner hair cell synapses? We suggest several
explanations. First, the pH buffer used in the external solu-
tions will certainly play a key role. We routinely use bicarbon-
ate, a physiological buffer. Second, the transient block was
only detectable when we held hair cells at �60 mV (Fig. 1).
This facilitated release and inactivated the T-type current that
masks the transient block (Fig. 3; Levic and Dulon, 2012). We
thus suggest that the transient block is observed more clearly
under more depolarized and in vivo–like hair cell holding po-
tentials. Third, using 4-AP to block K � channels also prevents
the transient block because 4-AP can function as a weak base
that may alter cytosol or vesicle pH (Guse et al., 1994; Gobet et

A

B1 B2

B3

Figure 6. Protons released during exocytosis cause a transient block of Ca 2� currents. A, The hair cell was depolarized from
�60 to �30 mV for 500 ms in control condition (black) and after perfusion of external solution including 40 mM HEPES (blue). B,
External solution of pH 8.9 with 10 mM TABS increased the amplitude of Ca 2� currents and the 	Cm jump, but inhibited the
transient block of Ca 2� currents. Initial kinetics of the Ca 2� currents in B1 are shown in an expanded time scale in B2. As a pH 8.9
solution was applied, the transient block of Ca 2� currents was quickly removed. The time lapsed after a control recording as the pH
8.9 solution was being perfused is shown in different colors. In B3, we quantify the effects of the external solution with pH 8.9. The
amplitudes of Ca 2� currents (left) and 	Cm (right) evoked by a 500-ms-long depolarization from �60 to �30 mV are compared
in control (black) and after �3–5 min of perfusion with the pH 8.9 solution (purple). The average amplitude of Ca 2� currents was
significantly increased from 262 � 22 to 383 � 20 pA (n � 6) and 	Cm was significantly enhanced from 174 � 26 to 271 � 39
fF (n � 6) by pH 8.9 external solution. *p 
 0.05, paired t test; ***p � 0.001, paired t test. Open circles indicate individual pairs.
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al., 1995). Fourth, the amount of car-
bonic anhydrase in the synaptic cleft
may be an important factor. Strong ex-
pression of carbonic anhydrase has been
found in mammalian cochlea and this
fast enzyme may prevent the transient
block (Ichimiya et al., 1994; Okamura et
al., 1996). Fifth, the small size of afferent
fiber terminals in mammals (�2–3 �m)
may prevent the transient block by allowing
the rapid escape of released protons from
the synaptic cleft.

How many protons in a single
synaptic vesicle?
A possible role for the proton gradient be-
tween the vesicular lumen and the synap-
tic cleft may be to accelerate the rapid
release of glutamate (Brown et al., 2010).
Recent studies show that the time con-
stant of vesicle acidification is fast (� �
0.5–1 s in Budzinski et al., 2011, and � �
5 s at 25°C in Granseth and Lagnado,
2008). It is thus possible that the concen-
tration of H� contained within vesicles of
hair cells changes rapidly with changes in
membrane potential. However, this seems
unlikely for our hair cells because the time
period for the transient block to become
manifest was extremely fast (only 50 –100
ms; Fig. 2C).

How many protons can be released
from a fused vesicle? To estimate this, we
use the mean vesicle inner diameter of
32.9 nm (Graydon et al., 2011). This gives
the volume of a single vesicle: 2 � 10�20 L.
Assuming the concentration of glutamate
in vesicles as 100 –200 mM (Naito and
Ueda, 1985; Burger et al., 1989), a single
vesicle contains �1200 –2400 glutamate
molecules. Synaptic vesicular pH is esti-
mated to vary from 5.3 to 5.7 at conven-
tional synapses (Miesenböck et al., 1998;
Sankaranarayanan et al., 2000) and may
vary from 5.0 to 6.5 at hair cells (Einhorn
et al., 2012; Neef et al., 2014). Here, we
assume a vesicle pH of 5.5 (DeVries, 2001)
and estimate that the number of free H�

in a vesicle is 
1. Consider that pH is de-
fined as the logarithm of the reciprocal of
H� activity (pH � �log10 aH�). The ac-
tivity of H� (aH�)is a product of the con-
centration of H� ([H�]) and activity
coefficient ( g), which depends on tem-
perature and the ionic strength of the so-
lution (aH� � g · [H�]; Covington et al.,
1985; Fujishiro et al., 1994). Assuming
that g is 1 to simplify our calculation,
[H�] in a vesicle with pH 5.5 is 10�5.5 M
(3.16 � 10�6 M). Considering the volume of a single vesicle (2 �
10�20 L) and Avogadro’s constant (6.022 � 10 23 mol�1), a single
vesicle contains �0.04 free H�. Even if we assume that g is 0.1,
there are 0.4 free H� per single vesicle. However, the number of

bound protons within vesicles may be much larger because syn-
aptic vesicles contain 1200 –2400 glutamate molecules and the
pKa of glutamate is 4.1. The Henderson-Hasselbalch equation
states:

10 mM 4-AP

τ  
 (

m
s)

τfast = 3.9 ms (86%)
τslow = 23.7 ms (14%)
 

control 40 mM HEPES

control

40 mM 
HEPES

τ  
 (

m
s)

τ = 2.6 msτfast = 1.3 ms (91 %)
τslow = 7.4 ms (9%)

τ = 2.5 ms

A

B C D

E F

G

Figure 7. Effects of released H � ions on EPSC amplitudes during a 400 Hz train of stimuli. A, Hair cells were stimulated by a train
of 1 ms depolarizing pulses from �60 to �30 mV with an interpulse interval of 1.5 ms. A total of 40 stimuli were given at 400 Hz
for 100 ms. Ca 2� currents showed a transient block with a double exponential recovery (dashed line; �fast � 3.9 ms and �slow �
23.7 ms) in control (left). EPSCs evoked by the 400 Hz train of pulses showed depression (dashed line; �fast � 1.3 ms and �slow �
7.4 ms). After perfusion of the external solution with added 40 mM HEPES (right), the hair cell Ca 2� currents do not show the
transient block and the corresponding EPSCs show depression with a single exponential time constant (� � 2.6 ms). B, EPSCs in
control (black) and 40 mM HEPES (red) were normalized and superimposed. The second and third EPSCs become larger when 40 mM

HEPES removed the transient block in the Ca 2� currents. Note that the second EPSC (arrow) was significantly larger with 40 mM

HEPES than in control. C, The ratio of the first and the second EPSCs (EPSC2/EPSC1) in control (black) and with 40 mM HEPES (red).
EPSC2/EPSC1 with 40 mM HEPES was significantly increased (0.42 � 0.04) compared with that in control (0.28 � 0.03; n � 6). D,
From 6 pairs, the average � of the EPSC peaks in 40 mM HEPES (red, 2.6 � 0.3 ms) was significantly increased compared with
control (black, 1.4 � 0.2 ms). E, When hair cells were stimulated by a 400 Hz train of 1 ms depolarizing pulses from �60 to �30
mV, an external solution with 10 mM 4-AP removed the transient block in Ca 2� currents and slowed the kinetics of the EPSC train
depression (fit with a single exponential time constant: �� 2.5 ms). F, EPSC2/EPSC1 in control (black) and with 10 mM 4-AP (red).
EPSC2/EPSC1 with 10 mM 4-AP was significantly increased (0.45 � 0.06) compared with that in control (0.28 � 0.05; n � 5). G,
From 5 pairs, the average � of the EPSC peaks in 10 mM 4-AP (red, 3.5 � 0.6 ms) was significantly increased compared with control
(black, 1.8 � 0.2 ms). *p 
 0.05, paired t test; **p 
 0.01, paired t test. Open circles indicate individual pairs.
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pH � pKa � log� �A�

�HA�
So the ratio of the negatively charged form of glutamate
([A�]) to glutamic acid ([HA]) inside a vesicle is �25 (for
1200 –2400 glutamate molecules, we get 1154 –2308 glutama-
tes and 46 –92 glutamic acids). After the vesicle fuses with the
plasma membrane, this ratio will change to 1585 because the
pH in the synaptic cleft is 7.3. This indicates that, after vesicles
fuse, all of the glutamate molecules become negatively
charged. According to this calculation, �46 –92 glutamic acid
molecules release H � ions and become deprotonated gluta-
mates per vesicle. How many protons are released during a 20
ms depolarizing pulse? The average 	Cm evoked by a 20 ms
pulse from a holding potential of �60 to �30 mV was 24.2 �
3.4 fF (n � 14). Considering that the membrane capacitance of
a single synaptic vesicle is 34 aF, �700 vesicles are released by
a 20 ms pulse and these vesicles release �32,000 – 63,000 H �

ions into the synaptic cleft during a 20 ms pulse. This corre-
sponds to 640 –1260 H � ions per synaptic ribbon and 16 –31
H � ions per Ca 2� channel (40 Ca 2� channels per ribbon and
50 ribbons per hair cell; Graydon et al., 2011). Therefore,
because glutamate itself can function as a potent H � buffer,
the number of bound H � ions is much larger than that of free
H � ions in synaptic vesicles. We thus propose that the com-
bined acidification stemming from multiple vesicles released
within a millisecond can transiently overwhelm the pH buffers
within the narrow synaptic cleft.

Protons released from fused vesicles also can affect post-
synaptic receptors in the afferent fibers. It has been reported
that H � ions inhibit AMPA receptor activity by enhancing
desensitization (Traynelis and Cull-Candy, 1991; Lei et al.,
2001). However, ribbon-type synapses, including our bullfrog
hair cell synapses, do not appear to exhibit tonic desensitiza-
tion of AMPA receptors (Singer and Diamond, 2006; Pang et
al., 2008; Cho et al., 2011; Graydon et al., 2014). In summary,
we propose that the transient block in Ca 2� current functions
as a negative feedback mechanism that reduces subsequent
transmitter release, leads to more efficient exocytosis per Ca 2�

ion influx, and may also contribute to fast spike rate adapta-
tion in the auditory nerve during sound stimulation (Megela,
1984).
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