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Short-Term Facilitation Modulates Size and Timing of the
Synaptic Response at the Inner Hair Cell Ribbon Synapse
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Surgery and Neuroscience, Baltimore, Maryland 21205

Inner hair cells (IHCs) in the mammalian cochlea are able to continuously release neurotransmitter in the presence of constant stimuli.
Nonetheless, strong synaptic depression is observed over the first few milliseconds of stimulation. This process most likely underlies
adaptation in the auditory nerve. In the present study we demonstrate that under certain conditions of stimulation, facilitation can occur
at the IHC ribbon synapse. Using simultaneous whole-cell, voltage-clamp recordings from IHCs and afferent fiber endings in excised
postnatal rat cochleae, we stimulated IHCs with 2 ms long test depolarizations from a holding potential of �89 mV. Synaptic currents in
afferent fibers occurred with high failure rates of �50%. However, when a pre-depolarization to values of �55 to �49 mV was imple-
mented before the test pulse, success rates of the synaptic response increased to 100%, the strength of the synaptic response increased
�2.8-fold, and synaptic latency was reduced by �50%. When calcium influx was minimized during pre-depolarization, none of these
effects were found, suggesting that calcium influx during pre-depolarizations is required for synaptic conditioning. Similarly, in response
to paired-pulse protocols, short term facilitation occurred. The response to the second stimulus increased up to �5-fold, and its latency
was reduced by up to 35% compared to the response to the first stimulus. We propose that at the IHC resting membrane potential, the
ribbon synapse operates in a constantly facilitated mode caused by Ca 2� influx, optimizing the size and timing of the postsynaptic
response in auditory nerve fibers.

Introduction
Coding of sound information in the mammalian cochlea requires
high temporal precision and sustained transmission over long
periods of time. This imposes stringent conditions on the perfor-
mance of the ribbon synapse between an inner hair cell (IHC)
and the afferent neurons, the first synapse in the auditory path-
way (Fuchs, 2005). A single afferent neuron, typically fed by a
single synaptic ribbon, is able to encode submillisecond signals,
indicating how accurately neurotransmission occurs at this syn-
apse (Ruggero, 1992). Additionally, IHCs release vast amounts of
vesicles over long periods of time, drawing from a large reserve
pool of vesicles (Nouvian et al., 2006). In response to sound
signals with constant intensity, auditory nerve fiber activity
adapts (Galambos and Davis, 1943; Kiang et al., 1965; Furukawa
and Matsuura, 1978), most likely caused by exhaustion of pre-
synaptic vesicles ready for release (Moser and Beutner, 2000;
Spassova et al., 2004; Johnson et al., 2005; Schnee et al., 2005;

Goutman and Glowatzki, 2007; Li et al., 2009). In general, syn-
apses are classified as depressing or facilitating (or both), depend-
ing on their dynamics in response to repetitive stimulation
(Zucker and Regehr, 2002). In this respect, the IHC ribbon syn-
apse can be considered a depressing synapse; however, other
forms of short term plasticity have not been investigated yet.

In contrast to CNS neurons, mature IHCs do not fire action
potentials but instead produce graded receptor potentials in re-
sponse to sound (Russell and Sellick, 1978). Also, the IHC resting
membrane potential appears to be more depolarized than in
nerve cells (at �60 mV or more positive values) (Russell and
Sellick, 1978; Kros et al., 1998). Thus, at rest (in the absence of
acoustic inputs), a fraction of the L-type voltage-gated Ca 2�

channels located at IHC afferent synapses is activated (Brandt et
al., 2005; Johnson et al., 2005; Grant and Fuchs, 2008), resulting
in transmitter release and “spontaneous firing” in auditory nerve
fibers (Robertson and Paki, 2002). It is likely that these special
conditions affect the behavior of the IHC synapse. However, IHC
synaptic transmission has mostly been investigated by step depo-
larizations of the IHC membrane potential from artificially neg-
ative holding potentials of �90 to �70 mV (Parsons et al., 1994;
Moser and Beutner, 2000; Spassova et al., 2001; Johnson et al.,
2005; Schnee et al., 2005; Keen and Hudspeth, 2006; Goutman
and Glowatzki, 2007; Li et al., 2009).

Here, we investigate how the level of the IHC membrane po-
tential preceding a test depolarization affects transmitter release.
We show that pre-depolarizations to membrane potentials of
�55 to �49 mV (rather than holding at �89 mV) strengthen the
synaptic response to short test depolarizations. This process re-
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quires the influx of calcium in a time-dependent manner. Addi-
tionally, pre-depolarization shortens the latency of the synaptic
response. In paired-pulse protocols with brief stimuli, facilitation
is also unmasked.

We suggest that Ca 2� influx into the IHC at rest shifts the
release mechanism at the ribbon synapse into a constantly facili-
tated mode, resulting in improved synaptic strength and more
precise timing.

Materials and Methods
Recordings of IHCs and afferent postsynaptic boutons. Excised apical turns
of 9- to 11-d-old rat cochleae (either sex; Sprague Dawley, Charles River)
were placed into a chamber under an upright microscope (Axioskop2 FS
plus, Zeiss) and superfused with saline at 2–3 ml/min. IHCs and contact-
ing postsynaptic terminals were visualized on a monitor via a 40� water-
immersion objective, 4� magnification, difference interference contrast
optics using a green filter, and a Newvicon camera (Dage-MTI). For
simultaneous whole-cell, patch-clamp recordings, the postsynaptic re-
cording was established first and the IHC recording second.

Pipette solution for isolating IHC Ca 2�-currents (in mM): 135
CsMeSO3, 13 tetraethylammonium chloride (TEA-Cl), 5 HEPES, 3.5
MgCl2, 2.5 Na2ATP, 1 EGTA, pH 7.2 (CsOH); liquid junction potential
(LJP), 9 mV. Postsynaptic pipette solution (in mM): 135 KCl, 3.5 MgCl2,
0.1 CaCl2, 5 EGTA, 5 HEPES, 2.5 Na2ATP, pH 7.2 (KOH); LJP, 4 mV.
Extracellular solution: 5.8 KCl, 114 NaCl, 0.9 MgCl2, 1.3 CaCl2, 0.7
NaH2PO4, 5.6 D-glucose, 10 HEPES, 30 TEA-Cl; pH 7.4 (NaOH) and 1–5
�M tetrodotoxin (Alomone Labs). All other chemicals were purchased
from Sigma.

Recording pipettes were fabricated from 1 mm borosilicate glass
(WPI), Sylgard coated and fire polished with tip resistances of 9 –12
(postsynaptic) and 6 – 8 (IHC) M�. Series resistance errors, 10 –20 M�
for IHC recordings, were compensated up to 70%. Holding potentials
were corrected for LJPs. Experiments were done at 22–24°C. Recordings
were performed with a 200A and a 200B Axopatch amplifier and Digidata
1322A board (Molecular Devices), filtered at 10 kHz, and digitized at 50
kHz. Data acquisition started 5–10 min after the IHC whole-cell recording.
During this time, a run-up of Ca2�-currents was typically observed. After
�40 min of recording, run-down of synaptic activity was observed and
therefore only data recorded within this time window were analyzed.

Data analysis. Data were analyzed off-line using pClamp Version 9.2 (Mo-
lecular Devices), Minianalysis (Synaptosoft), and Origin 7.5 (OriginLab).
For leak subtraction of IHC currents, IHC membrane resistance was
calculated from voltage steps between �89 and �69 mV. Ca 2� charge
was calculated by the integral of the Ca 2� current from its onset time up
to 2 ms after the end of the depolarizing pulse to include the tail current
in the analysis. The onset time was, in turn, computed as the time point
where the Ca 2� current trace crossed baseline (in the negative direction)
after test depolarization started. Activation time constant (�act) was ob-
tained by fitting the activation time course of the Ca 2� current from the
onset time to the peak. Postsynaptic response amplitude was calculated
as the sum of all EPSCs triggered by a given test pulse. Synaptic delay was
computed from the onset of a test pulse until the onset of the first EPSC.

If not specified in Results, for statistical comparison two-tailed Stu-
dent’s t test or one-way ANOVA (OriginLab) was used. Mean values are
presented � standard error (SE.).

Results
The IHC membrane potential before stimulation sets release
probability and synaptic delay during stimulation
Here, we study how the setting of the IHC membrane potential
preceding a test depolarization affects transmitter release at the
IHC afferent synapse. For this purpose, we performed paired
whole-cell, patch-clamp recordings from IHCs and postsynaptic
afferent fiber boutons directly where they contact the IHC in
excised postnatal rat cochlear turns (days 9 to 11), as described
earlier (Goutman and Glowatzki, 2007). IHCs were depolarized
by voltage step protocols, and IHC Ca 2� currents and postsyn-

aptic responses in afferent fibers were monitored in parallel. In
this preparation, about a dozen auditory nerve fibers contact one
IHC, and each afferent fiber receives input from only one IHC
through a single, unbranched dendrite (Liberman, 1980, 1982).
The presynaptic active zone is fed by 10 –100 L-type Ca 2� chan-
nels with very low maximum open probability (0.15 – 0.4)
(Rodriguez-Contreras and Yamoah, 2001; Brandt et al., 2005;
Zampini et al., 2010). Therefore, while IHC Ca 2� currents re-
corded in the whole-cell configuration include channels activated
at all synaptic contacts, the recorded postsynaptic response cor-
responds to the activity at a single presynaptic active zone (a
single ribbon synapse) and the stochastic gating of a subset of the
hair cell Ca 2� channels.

In a first set of experiments, IHCs were depolarized for 2 ms
from �89 mV to �29 mV (test depolarization) (Fig. 1). Ca 2�

currents activated fully (see Fig. 4 for further details) and the
postsynaptic response showed a high failure rate of 47% (47 �
14%, n � 6 cell pairs, 5–56 repetitions each) (Fig. 1A). Successful
postsynaptic responses varied in amplitude with an average size
of 177 � 32 pA (n � 6 cell pairs, 7 – 52 repetitions each,) and
EPSC waveforms often showed inflections (Fig. 1A), most likely
due to incompletely coordinated release of multiple vesicles
(Glowatzki and Fuchs, 2002). When the IHC was pre-depolarized
from �89 mV to �49 mV for 50 ms, the probability of release
increased to 1 during the test depolarization, and the average
EPSC amplitude increased about twofold (375 � 41 pA, n � 4 cell
pairs, 7 – 9 repetitions each, p � 0.006) (Fig. 1B).

Next, we tested how the duration of the pre-depolarizing step
affects the synaptic response. As we will show in Figure 5, Ca 2�

influx is required for the conditioning effect induced by pre-
depolarization. However, the size of the Ca 2� current in response
to depolarization varies among individual recordings. Therefore,
to allow for comparison between recordings, we adjusted the exper-
imental conditions for individual recordings to keep the size of
the Ca 2� currents during pre-depolarization within a narrow
range of 25– 60 pA (45 � 5 pA, n � 6 cell pairs). This was achieved
by setting the holding potential for pre-depolarization in individ-
ual recordings to values between �55 mV and �49 mV. As

Figure 1. The IHC membrane potential before stimulation sets release probability during
stimulation. Simultaneous whole-cell, voltage-clamp recordings from IHC and contacting post-
synaptic bouton are shown. Voltage command and pharmacologically isolated Ca 2� current
from the IHC are shown in top and middle traces, individual postsynaptic responses in bottom
traces (Ipost). A, The IHC was briefly depolarized with a step from �89 mV to �29 mV for 2 ms
(test pulse). This command evoked a presynaptic Ca 2� current and synaptic currents at the
postsynaptic terminal. In � 47% of the test pulses, synaptic failures were observed. B, The IHC
membrane potential was held at a more positive potential (�49 mV) for 50 ms (pre-
depolarization) and then depolarized to �29 mV for 2 ms, leading to an enhanced postsynaptic
response. No failures were observed in response to test pulses after pre-depolarization.
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shown previously, at �89 mV we ob-
served very few EPSCs (Goutman and
Glowatzki, 2007), but during pre-
depolarization to �55/�49 mV, the rate
of release increased to 35 � 9 EPSCs/s,
consistent with the idea that Ca 2� is en-
tering the IHC at these potentials. At �55/
�49 mV, multivesicular EPSCs were
found with average amplitudes of 100 �
12 pA, similar to values from our earlier
studies (Goutman and Glowatzki, 2007).

For the test depolarization, to activate
maximal release in all recordings, the
holding potential was set to values be-
tween �29 mV and �9 mV. In summary,
pre-depolarization pulses to �49/�55
mV of variable length (0, 1, 5, 10, 25, and
50 ms) were applied to individual IHCs
followed by 2 ms test depolarizations to
�29/�9 mV (Fig. 2). Without pre-
depolarization, the average EPSC ampli-
tude in response to the test pulse was
143 � 29 pA (including failures, n � 6 cell
pairs, 5– 8 repetitions each). Transmitter
release increased significantly with pre-
depolarization, reaching a maximum at a
pre-depolarization of 50 ms with an aver-
age amplitude of 333 � 35 pA, represent-
ing a � 2.8 � 0.7-fold increase (n � 6 cell
pairs; ANOVA, p � 0.00018) (Fig. 2B).

A closer analysis of the experiments
shown in Figures 1 and 2 indicated that
in addition to increased release, post-
synaptic responses activated after shorter delays when longer
pre-depolarizations preceded the test pulse (Fig. 2C–E). With-
out pre-depolarization, the synaptic delay measured from the
beginning of the test depolarization to the onset of the EPSC
was 3.38 � 0.44 ms (n � 6 cell pairs, 5– 8 repetitions each)
(Fig. 2C). With pre-depolarizations (5 ms and longer), synap-
tic delays became significantly shorter (Fig. 2 E), reaching a
minimum at a 25 ms pre-depolarization with a delay of 1.48 �
0.04 ms (n � 6, ANOVA p � 0.0001) (Fig. 2D).

In summary, both the probability of release and the synaptic
delay in response to a test pulse were affected by pre-depolarization,
suggesting that a common mechanism may underlie both these
changes. Also, these results raise the possibility that synaptic re-
sponses at the IHC ribbon synapse may be modulated by changes in
the preceding IHC resting membrane potential.

Synaptic responses to longer test depolarizations are also
conditioned by pre-depolarization
The 2 ms test depolarizations used in Figure 2 resulted in low
success rates for synaptic events, allowing for positive modu-
lation to occur. For comparison, we investigated the effect of the
preceding IHC membrane potential on stimuli with a high prob-
ability of release. Stimulation protocols with longer test depolar-
izations were used (10 ms, from �89 to �29 mV), resulting in
100% success rates. During the 10 ms test depolarization, the
postsynaptic response reached its peak amplitude of 438 � 71 pA
(n � 5 cell pairs, 4- 6 repetitions each) (Fig. 3A) followed by
synaptic depression as described earlier (Goutman and Glo-
watzki, 2007). When pre-depolarizations to �49/�55 mV were
applied at different durations (1 to 50 ms), no change in the EPSC

amplitude in response to the test depolarization was found
(ANOVA for the six different conditions, p 	 0.05) (Fig. 3B). As
the peak of the response typically occurs within the first 10 ms
and its voltage dependence shows saturation at �29 mV, this
result was expected. However, we did observe an improvement
in synaptic delay for postsynaptic responses to longer pre-
depolarizations. When preholding the IHC membrane potential
at �89 mV, the postsynaptic response to the test pulse had a delay
of 4.76 � 0.46 ms (n � 5 cell pairs). This delay is slightly longer
compared to the synaptic delay in response to 2 ms test depolar-
izations (3.38 � 0.44 ms). This difference may arise because some
release events may fail to activate with weak stimuli (2 ms), but in
the case of long pulses and hence stronger stimulation, they may
occur only after a longer delay. Significant reductions in synaptic
delay of � 50% occurred at 25 and 50 ms pre-depolarization,
with values of 2.42 � 0.13 and 2.49 � 0.12 ms, respectively (n �
5 cell pairs; ANOVA p � 0.001) (Fig. 3C).

Together, these observations indicate that pre-depolarization
produces conditioning of transmitter release for synaptic re-
sponses occurring with low and high success rates.

Contribution of changes in Ca 2� current to conditioning of
transmitter release
For CNS synapses it has been shown that in response to re-
peated stimuli, Ca 2� currents can facilitate and in turn con-
tribute to facilitation of transmitter release (Inchauspe et al.,
2004; Mochida et al., 2008; Muller et al., 2008). We therefore
analyzed whether the IHC Ca 2� currents in response to test
pulses were affected by pre-depolarization (Fig. 4). Sample traces
of Ca 2� currents in response to 2 ms test pulses are shown in

Figure 2. Synaptic strength and timing are modulated by the length of the pre-depolarization. The IHC membrane potential
was pre-depolarized to �55/�49 mV for different durations, from 1 to 50 ms, before the test depolarization to �29 mV (2 ms)
was applied. A, IHC voltage clamp protocols are shown in the top panel. Ca 2� currents from the presynaptic IHC and postsynaptic
currents (Ipost) are shown in the middle and bottom panels in a color code that corresponds to different lengths of pre-
depolarization. Some EPSCs also occurred during pre-depolarization, as indicated by the arrowhead on the black trace (50 ms
pre-depolarization). B, Summary plot of average postsynaptic current amplitudes (6 cell pairs) in response to test pulses after
different durations of pre-depolarization. C, Synaptic responses to a test pulse from �89 mV to �29/�9 mV. Three individual
traces are shown in the bottom panel. Dashed line indicates the onset of the test pulse. D, Similar voltage protocol as in C, but
preceded by a 25 ms pre-depolarization to�49/�55 mV. E, Summary plot of synaptic delays (measured from the onset of the test
pulse to the onset of the synaptic response). *p � 0.05.
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Figure 4A. Ca 2� currents activated without pre-depolarization
(black trace) showed an obvious difference in time course com-
pared to Ca 2� currents activated with pre-depolarization (1 and
50 ms, red and green traces, respectively). As an estimate of the
Ca 2� current activation, we measured the delay time between the
beginning of the test pulse and the onset of the Ca 2� current (see
Materials and Methods). Figure 4B shows how this delay time
depends on pre-depolarization time. Ca 2� currents that were not
preceded by a pre-step showed longer delay times (0.57 � 0.03 ms,
n � 6 cell pairs, 5– 8 repetitions each, ANOVA p � 0.05). Even
after a brief 1 ms pre-depolarization, Ca 2� currents activated
significantly faster, similar to Ca 2� currents occurring in re-
sponse to longer pre-depolarizations (1 ms: 0.29 � 0.03 ms; 50
ms: 0.37 � 0.03 ms; ANOVA p 	 0.05, n � 6 cell pairs; for an
explanation of a possible underlying mechanism, see Discus-
sion). To investigate whether Ca 2� current kinetics were affected,
we performed an exponential fit of the activation phase. No dif-
ferences in the time constant of activation were found regardless
of the duration of the pre-depolarization (no pre-depolarization:
0.52 � 0.08 ms; 50 ms: 0.48 � 0.05 ms; ANOVA, p � 0.93) (Fig.

4C). As a measure of Ca 2� influx into the
cell, the integral of the Ca 2� currents (the
charge) in response to the test pulse was
computed (see Materials and Methods).
The Ca 2� charge for test pulses with no
pre-depolarization was 0.35 � 0.01 pC,
whereas a significant 1.07- to 1.13-fold in-
crease was observed when using any dura-
tion of pre-depolarization (1 ms: 0.39 �
0.02 pC (1.13-fold); 50 ms: 0.37 � 0.02 pC
(1.07-fold); n � 6 cell pairs each protocol,
ANOVA p � 0.0001) (Fig. 4D).

Next, we evaluated whether these dif-
ferences in Ca 2� charge could contribute
to the significant changes in transmitter
release. Assuming a power relationship
between Ca 2� influx and transmitter re-

lease with an exponent of 3– 4, the increased Ca 2� charge in
protocols with pre-depolarization could at most account for �
33% of the facilitation in transmitter release (1.13 4 equals a 1.6-
fold increase compared to a 2.8-fold actual increase) (Fig. 2).
Nonetheless, it has been proposed that the relation between Ca 2�

influx and IHC transmitter release is linear when evoked at neg-
ative potentials (Brandt et al., 2005; Johnson et al., 2005; Gout-
man and Glowatzki, 2007), suggesting an even smaller
contribution of the Ca 2� charge increase to facilitation of trans-
mitter release. All this suggests that an additional mechanism
must contribute to produce the amount of conditioning of trans-
mitter release for test pulses without pre-depolarization com-
pared to test pulses with pre-depolarization.

In addition to this line of reasoning, we also showed that Ca 2�

current characteristics were indistinguishable among experi-
ments with different durations of pre-depolarization (Fig. 4A–
D). However, synaptic responses after 50 ms pre-depolarization
compared to 1 ms depolarization were significantly larger
(ANOVA, Tukey as post hoc test, p � 0.01). Similarly, synaptic
delays after 25 and 50 ms pre-depolarization compared to 1 ms
pre-depolarization were significantly shorter (ANOVA, Tukey as
post hoc test, p � 0.0001). These results also suggest that the
changes in synaptic release that occur in response to varying the
duration of the pre-depolarization rely on a mechanism that is
different from Ca 2� current facilitation and most likely occurs
downstream of Ca 2� entry.

Ca 2� influx is required during pre-depolarization to induce
synaptic conditioning
Synaptic conditioning depends on the duration of pre-
depolarization, suggesting that either Ca 2� influx might be re-
sponsible for this effect or, alternatively, that pre-depolarization
per se might be required. To distinguish between these two op-
tions, a voltage step protocol was designed to minimize Ca 2�

influx during pre-depolarization. In control experiments, pre-
depolarization steps to �49/�55 mV were applied for 25 ms, and
transmitter release was triggered by a Ca 2� tail current that acti-
vated in response to repolarization of the IHC membrane poten-
tial from �71 to �89/�129 mV (Fig. 5A). EPSCs activated by
Ca 2� tail currents had amplitudes of 158 � 21 pA (Fig. 5A) and a
success rate of 0.89 � 0.20 (n � 4 cell pairs, 3–16 repetitions). The
synaptic delay measured from the time of repolarization was
1.22 � 0.11 ms, even shorter compared to the synaptic delay in
response to 2 ms depolarizing test pulses to �29 mV after 25 ms
pre-depolarization (Fig. 2B). When Ca 2� influx was minimized
by stepping directly to 71 mV instead of pre-depolarizing to �49/

Figure 3. Postsynaptic responses to long test pulses present shorter synaptic delays after pre-depolarization. A, IHC Ca 2�

currents and postsynaptic responses activated by 10 ms test pulses, either with no pre-depolarization (black traces) or preceded by
a 25 ms pre-depolarization (gray traces). B, Average postsynaptic response (n � 5 cell pairs) obtained with different pre-
depolarization times. C, Summary plot of synaptic delay (measured from the onset of the test pulse to the onset of the synaptic
response) in response to at test pulse after different durations of pre-depolarization. *p � 0.05.

Figure 4. Changes of the presynaptic IHC Ca 2� current by pre-depolarizations. A, Average
Ca 2� current traces for 2 ms depolarizations to �29 mV starting from �89 mV (no pre-
depolarization) or after pre-depolarizations of 1 or 50 ms. B, Delay to Ca 2� current activation,
calculated from the onset of the test pulse, as a function of pre-depolarization duration. Black,
red, and green arrows indicate ICa2� parameters after 0, 1, and 50 ms pre-depolarizations,
respectively. C, Activation time constant � act of Ca 2� currents.*p � 0.05. D, Ca 2� charge
QCa

2�. Ca 2� charge was calculated as the integral of the Ca 2� current during the 2 ms test
depolarization.
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�55 mV, no synaptic responses were ac-
tivated upon repolarization to �89 mV
(n � 4 cell pairs) (Fig. 5B). However, the
Ca 2� tail currents compared to the con-
trol experiment were similar in size
(pre-depolarization to 71 mV: 311 � 70
pA; 25 ms pre-depolarization to �49/
�55 mV: 300 � 73 pA; n � 4 cell pairs;
t test, p � 0.09). These experiments in-
dicate that pre-depolarization is insuffi-
cient by itself, but that Ca 2� influx is
required during pre-depolarization to
condition transmitter release.

Paired-pulse facilitation
Our observation that Ca 2� influx preced-
ing a test stimulus can condition neu-
rotransmitter release at the IHC ribbon
synapse is reminiscent of mechanisms un-
derlying short-term facilitation at CNS
synapses (Zucker and Regehr, 2002). We
therefore tested whether a paired-pulse
protocol might induce facilitation at the IHC ribbon synapse.

Two 2 ms stimuli (S1 and S2) were applied to depolarize the
IHC from �89 to �29 mV, with various interstimulus intervals
(ISIs) ranging from 10 ms to 2 s (Fig. 6). The short stimuli en-
sured nonsaturating probability of release, allowing for positive
modulation. Similar to the results presented in Figure 2, the post-
synaptic response to S1 had a low probability of release, 0.56 �
0.11 (n � 5 cell pairs, 40 depolarizations) and an EPSC amplitude
of 123 � 37 pA (including failures) (Fig. 6A). S2, compared to S1,
elicited a facilitated synaptic response. The largest amount of
facilitation was found at an ISI of 100 ms with an �5-fold in-
crease in the paired-pulse ratio (R2/R1) of the synaptic response
(491 � 190%), ranging between 229 and 1236% (n � 5 cell pairs,
5–9 repetitions each) (Fig. 6B). This effect decayed for longer ISIs
with a time constant of 659 � 236 ms (n � 5). As expected, a
lower probability of release in response to S1 resulted in a higher
level of facilitation in response to S2 (data not shown).

Reminiscent of the results with pre-depolarization, a change
in the synaptic delay also occurred with paired-pulse facilitation.
In response to S1, the synaptic delay was 3.68 � 0.34 ms (n � 5
cell pairs, 40 depolarizations), whereas in response to S2 at 10 and
100 ms ISI, synaptic delays were 2.43 � 0.15 ms and 2.32 � 0.09
ms, respectively (n � 5 cell pairs, 5–9 repetitions each; ANOVA,
p � 0.01) (Fig. 6C). For ISIs 	100 ms the synaptic delay increased
again, and for ISIs of 500 ms and higher it reached values not differ-
ent from responses to S1 (ANOVA, p 	 0.05). In summary, re-
sponses of the IHC afferent synapse to a paired-pulse protocol
showed facilitation and shortening of the synaptic delay, both with a
maximal effect at an ISI of 100 ms.

Finally, Ca 2� currents were also analyzed for paired-pulse
experiments. The average Ca 2� charge in response to S1 was
0.25 � 0.03 pC (n � 5 cell pairs, n � 40 depolarizations). A small
but significant increase in Ca 2� charge was found at ISIs of 100
and 250 ms (maximal 1.04-fold of 0.26 � 0.02 pC and 1.05-fold
of 0.26 � 0.03 pC, respectively; n � 5 cell pairs; ANOVA, p �
0.05). These changes in Ca 2� charge were paralleled by an in-
crease in Ca 2� current amplitude (Fig. 6D), but no differences
were observed in activation kinetics (data not shown). If, again,
we assume a relationship between Ca 2� influx and transmitter
release with a power of 1– 4 (Brandt et al., 2005; Johnson et al.,
2005; Goutman and Glowatzki, 2007), the maximal synaptic fa-

cilitation that could be caused by Ca 2� current facilitation would
be � 1.22-fold and could support only a very small fraction of the
5-fold paired-pulse facilitation measured at an ISI of 100 ms.
Therefore, an additional mechanism other than Ca 2� current
facilitation must mostly support paired-pulse facilitation at the
IHC ribbon synapse.

Discussion
Short-term plasticity at the IHC afferent synapse
Auditory nerve fibers adapt in response to sound signals pre-
sented with constant intensity (Galambos and Davis, 1943; Kiang
et al., 1965). The main underlying mechanisms for auditory nerve
adaptation is most likely synaptic depression at the IHC ribbon
synapse caused by the exhaustion of presynaptic vesicles ready for
release (Furukawa and Matsuura, 1978; Moser and Beutner,
2000; Spassova et al., 2004; Johnson et al., 2005; Schnee et al.,
2005; Goutman and Glowatzki, 2007; Li et al., 2009). Some de-
pressing synapses in the CNS and at the neuromuscular junction
have been shown to facilitate in conditions of low release proba-
bility. Facilitation can be unmasked in paired-pulse protocols by
manipulating the extracellular Ca 2� concentration (Katz and
Miledi, 1968; Charlton and Bittner, 1978) or by reducing the time
of presynaptic depolarization (Felmy et al., 2003). In the present
study, short-term facilitation at the IHC ribbon synapse was re-
vealed when short paired pulses were applied to the IHC or when
the IHC was pre-depolarized to voltages of �55 to �49 mV,
thereby inducing Ca 2� influx and preconditioning for enhanced
release during a test pulse.

Regarding the underlying mechanisms for short-term facilita-
tion, early observations of Katz and Miledi at the neuromuscular
junction suggested that paired-pulse facilitation depends on the
continued elevation of residual Ca 2� in the presynaptic terminal
after the first stimulus (Katz and Miledi, 1968). This observation
was later generalized to many vertebrate and nonvertebrate
synapses (Zucker and Regehr, 2002). Nonetheless, more re-
cent studies suggest that the residual Ca 2� concentration cannot
completely account for a �2-fold increase in the probability of
release (Felmy et al., 2003). Additional mechanisms have been
proposed to complement the residual Ca 2� hypothesis: (1) the
existence of a “facilitation site” with an additional high affinity
Ca 2� binding site that triggers facilitation upon Ca 2� binding

Figure 5. Ca 2� influx during pre-depolarizations is required to produce transmitter release conditioning. A, IHC was subjected
to a 25 ms pre-depolarization followed by a 5 ms pulse to �71 mV. Repolarization from � 71 to �89 mV activated a tail Ca 2�

current that induced transmitter release. Postsynaptic responses from two different trials are shown in the bottom panel. Dashed
line shows the time of repolarization during the test pulse. Some EPSCs are activated during the pre-step (see black trace). B,
Similar voltage protocol as in A, but pre-depolarization was set to �71 mV, minimizing Ca 2� influx during this period. Upon
repolarization of the test pulse (dashed line), the synaptic response failed in all trials of four cell pairs.
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(Atluri and Regehr, 1996; Tang et al., 2000); (2) Ca 2� buffer
saturation following the first stimulus resulting in a nonlinear
increase in Ca2� concentration (Rozov et al., 2001); and (3) Ca 2�

current facilitation resulting in facilitation of transmitter release
because of increased Ca 2� influx (Borst and Sakmann, 1998;
Cuttle et al., 1998; Xu et al., 2007; Muller et al., 2008).

Besides its crucial role in exocytosis, presynaptic Ca 2� can
affect priming of synaptic vesicles by binding to calmodulin, pro-
moting calmodulin’s binding to Munc13, and thereby determin-
ing the size of the readily releasable pool of vesicles (Junge et al.,
2004). After depletion, presynaptic Ca 2� is also involved in the
process of recovery of the readily releasable pool (Stevens and
Wesseling, 1998; Wang and Kaczmarek, 1998; Dittman et al.,
2000; Hosoi et al., 2007; Neher and Sakaba, 2008).

Here, we show that similar mechanisms may underlie facilita-
tion of transmitter release at the IHC ribbon synapse. First, facil-
itation is unmasked using short stimuli, which induce responses
with a low probability of release. Second, Ca 2� influx is required
during the conditioning stimulus to induce facilitation. How-
ever, the experiments presented here cannot discriminate
whether Ca 2� accumulation or other Ca 2�-dependent presyn-
aptic mechanisms are responsible for inducing facilitation.
Third, Ca 2� current facilitation occurs and can account in part
for facilitation of transmitter release. For CNS synapses, there has
been some debate on whether Ca 2� current facilitation is the
main factor responsible for transmitter release facilitation
(Inchauspe et al., 2004; Xu et al., 2007) or whether it has a limited
role (Muller et al., 2008). At the hair cell ribbon synapse, we
found that Ca 2� current facilitation is a minor contributor to
transmitter release facilitation. If we assume that the Ca 2�

dependence of release follows a power
relation with an exponent between 1
and 4 (Brandt et al., 2005; Johnson et al.,
2005; Goutman and Glowatzki, 2007),
Ca 2� current facilitation can maximally
explain 5% of the paired-pulse facilita-
tion and the increase in Ca 2� charge
can account for maximally 33% of
the facilitation in response to pre-
depolarization. Fourth, the decay of
paired-pulse facilitation with longer in-
terstimulus intervals occurred with a time
constant of 659 ms (Fig. 6B), similar to
other chemical synapses: for example,
synapses in microcultures of rat hip-
pocampal neurons (� � 380 ms) (Menn-
erick and Zorumski, 1995) or the synapse
between granule cell and Purkinje cell
(� � 200) (Atluri and Regehr, 1996).

Recent studies have shown that
steady subthreshold depolarizations on
the neuronal soma or directly on ca-
lyceal presynaptic terminals induce an
increase in action potential-evoked re-
lease (Awatramani et al., 2005; Christie
et al., 2011). Similar to our pre-
depolarization-induced conditioning,
this effect is dependent on Ca 2� influx,
but through P/Q type Ca 2� channels.

Ca 2� current facilitation
In short-term plasticity protocols, Ca 2�

current facilitation is mediated by cal-
modulin, which requires the binding of Ca 2� and plays a role
both in mediating facilitation and inactivation of Ca 2� channels
(Peterson et al., 1999; DeMaria et al., 2001). In our paired-pulse
experiments, we find larger Ca 2� current amplitudes, resulting in
larger Ca 2� charges in response to some ISIs. It seems reasonable
to assume that this Ca 2� current facilitation is mediated by such
a calmodulin-dependent mechanism, as calmodulin is also in-
volved in Ca 2� current inactivation in IHCs (Grant and Fuchs,
2008). However, it is less likely that such a mechanism can un-
derlie the faster activation of Ca 2� currents found in the pre-
depolarization experiments. Here, a larger Ca 2� charge is
observed, even after 1 ms pre-depolarization, which would be
unlikely to drive sufficient Ca 2� influx to trigger calmodulin-
dependent processes.

Alternatively, it should also be considered that voltage
jumps starting at the �49/�55 mV would reach �29/�9 mV
earlier than those starting from �89 mV. Accordingly,
voltage-dependent conductances, such as the Ca 2� currents we
show in Figure 4, would activate faster. A similar phenomenon
could occur in a physiological context where the IHC receptor
potential, driven by the mechano-transduction current, may un-
dergo faster depolarizing transitions because of this slightly ele-
vated resting membrane potential.

Synaptic delay changes with facilitation
A key observation in our study is that synaptic latency was short-
ened (2–3 times maximally) during paired-pulse facilitation or
after pre-depolarization. In both experimental protocols, the
postsynaptic response increased and synaptic latency decreased.
Longer, 10 ms test pulses activated synaptic currents maximally,

Figure 6. Paired-pulse facilitation at the IHC ribbon synapse. A, Paired-pulse protocol was tested with brief 2 ms depolariza-
tions from �89 mV to �29 mV and interstimulus intervals ranging from 10 ms to 2 s. Exemplar traces of single postsynaptic
responses to the first (S1) and second stimulus (S2) for representative ISIs. B, Paired-pulse ratio R2/R1 of the postsynaptic re-
sponses at different ISIs for six cell pairs. Broken line represents average amplitude of S1. Monoexponential fit of paired-pulse
facilitation decay is shown in gray. C, Synaptic delay of postsynaptic responses to S1 (open triangle) or S2 (closed triangles) at
different ISIs. D, Amplitude of Ca 2� currents for S1 (open square) and S2 at different ISIs (filled square). *p � 0.05.
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and therefore pre-depolarizations did not further enhance these
responses. However, for 10 ms test pulses also, shorter synaptic
delays after longer pre-depolarizations still did occur.

Reduced synaptic latency associated with facilitation has been
reported at other synapses, for example at the crayfish neuro-
muscular junction (Vyshedskiy and Lin, 1997) and in recipro-
cal synapses of pyramidal neurons in hippocampus and cortex
(Boudkkazi et al., 2007). It has also been shown recently that
synaptic delay is inversely correlated with the probability of re-
lease at retinal ribbon synapses (Jarsky et al., 2010).

Regarding possible mechanisms underlying the shortened la-
tency of the facilitated response in IHCs, one could propose that
the same processes that mediate the size increase (see Short-term
plasticity at the IHC afferent synapse, above) could also be re-
sponsible for the change in latency. An alternative explanation
could include the state of Ca 2� binding of the IHC Ca 2� sensor.
Even though the identity of the Ca 2� sensor in hair cells is still
under discussion (Safieddine and Wenthold, 1999; Roux et al.,
2006; Beurg et al., 2010; Johnson and Chapman, 2010; Johnson et
al., 2010; Pangrsic et al., 2010), it is clear from experiments using
flash photolysis that it is highly cooperative, requiring the bind-
ing of �5 Ca 2� ions to trigger release (Beutner et al., 2001). At
�89 mV, with minimal Ca 2� influx into the IHC and a low
ambient intracellular Ca 2� concentration, the great majority of
binding sites on the Ca 2� sensor may be unbound. When a stim-
ulus arrives, the Ca 2� sensor may need to go through all inter-
mediate states (partially Ca 2�-bound), imposing a delay before
release can occur. However, during pre-depolarization, Ca 2� in-
flux may cause frequent Ca 2� bindings to the sensor, favoring
intermediate Ca 2� bound states closer toward “fusion-
readiness.” This could result in shorter latencies of the synaptic
response. Simulating our experimental situation with a Ca 2�

sensor model and parameters as described by Beutner et al.
(2001) confirmed this trend to shorter latencies after pre-
depolarization (data not shown).

Coding of acoustic signals at the IHC afferent synapse
How do the experiments presented in this study relate to the
performance of the IHC afferent synapse in vivo? In the adult
guinea pig in vivo, the IHC resting membrane potential has been
reported at approximately �40 mV with sharp electrode record-
ings (Russell and Sellick, 1978). However, leakiness of these tech-
nically quite difficult recordings cannot be excluded. In vitro
patch-clamp recordings report more negative IHC resting mem-
brane potentials (Kros and Crawford, 1990; Marcotti et al., 2003);
however, due to the artificial composition of intracellular and
extracellular solutions, these measurements may not represent
the in vivo situation well. The best estimate of the IHC resting
membrane potential in vivo may be based on the observation that
spontaneous firing of auditory nerve fibers depends on the acti-
vation of L-type Ca 2� channels (Robertson and Paki, 2002). The
IHC resting membrane potential is therefore most likely more
positive than the activation threshold of L-type Ca 2� channels
that has been reported at about �60 to �50 mV (Brandt et al.,
2005; Johnson et al., 2005; Grant and Fuchs, 2008). Our study
demonstrates that the relatively positive resting membrane po-
tential of IHCs may have additional physiological relevance. We
show that pre-depolarization to potentials around �55/�49 mV
increased the probability of release and improved timing at the
IHC ribbon synapse. We propose that Ca 2� influx at rest may
shift the operating mode of the IHC into a constantly facilitated
mode that allows for a larger and faster synaptic response during
depolarization. For future experiments in vitro, it may be advis-

able to use more positive holding potentials rather than �90 or
�80 mV for more realistic estimates of size and timing of the
recorded synaptic responses.
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