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Abstract
In the mammalian auditory system, the synapse between efferent olivocochlear (OC) neurons and
sensory cochlear hair cells is cholinergic, fast and inhibitory. This efferent synapse is mediated by
the nicotinic α9α10 receptor coupled to the activation of SK2 Ca2+-activated K+ channels that
hyperpolarize the cell. So far, the ion channels that support and/or modulate neurotransmitter
release from the OC terminals remain unknown. To identify these channels, we used an isolated
mouse cochlear preparation and monitored transmitter release from the efferent synaptic terminals
in inner hair cells (IHCs) voltage-clamped in the whole-cell recording configuration.
Acetylcholine (ACh) release was evoked by electrically stimulating the efferent fibers that make
axosomatic contacts with IHCs before the onset of hearing. Using the specific antagonists for P/Q-
and N-type voltage-gated calcium channels (VGCCs), ω-agatoxin IVA and ω-conotoxin GVIA,
respectively, we show that Ca2+ entering through both types of VGCCs support the release process
at this synapse. Interestingly, we found that Ca2+ entering through the dihydropiridine-sensitive L-
type VGCCs exerts a negative control on transmitter release. Moreover, using immunostaining
techniques combined with electrophysiology and pharmacology, we show that BK Ca2+-activated
K+ channels are transiently expressed at the OC efferent terminals contacting IHCs and that their
activity modulates the release process at this synapse. The effects of dihydropiridines combined
with iberiotoxin, a specific BK channel antagonist, strongly suggest that L-type VGCCs
negatively regulate the release of ACh by fueling BK channels which are known to curtail the
duration of the terminal action potential in several types of neurons.
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Introduction
In the auditory system of rodents, synapses between sensory inner hair cells (IHCs) and the
dendrites of primary afferent spiral ganglion neurons in the cochlea are functional before the
onset of hearing (Beutner and Moser, 2001; Glowatzki and Fuchs, 2002). Neonatal IHCs fire
calcium action potentials during this prehearing period (Kros et al., 1998; Glowatzki and
Fuchs, 2000; Marcotti et al., 2003) driven mainly by ATP released from nearby supporting
cells (Tritsch et al., 2007). These Ca2+ spikes promote the release of glutamate at the first
auditory synapse which helps establish and refine synaptic connections in the auditory
pathway (Beutner and Moser, 2001; Glowatzki and Fuchs, 2002; Erazo-Fischer et al., 2007;
Tritsch and Bergles, 2010). During this period, IHCs are transiently innervated by
cholinergic fibers from the medial olivocochlear (MOC) system (Liberman et al., 1990;
Simmons, 2002). This synapse is inhibitory and modulates the spiking frequency of IHCs
(Glowatzki and Fuchs, 2000; Marcotti et al., 2004; Goutman et al., 2005). Therefore, it has
been suggested that OC efferents are involved in the proper establishment of the auditory
pathways (Beutner and Moser, 2001; Goutman et al., 2005).

The postsynaptic events following activation of the nicotinic cholinergic receptor (nAChR)
at this synapse are well characterized. Current data indicate that activation of the α9α10
nAChRs (Elgoyhen et al., 2001) leads to an increase in intracellular Ca2+ and the subsequent
opening of Ca2+-activated SK2 channels that hyperpolarize the cells (Fuchs, 1996;
Glowatzki and Fuchs, 2000; Oliver et al., 2000; Katz et al., 2004; Gomez-Casati et al.,
2005). Previous work showed that transmitter release at the neonatal rat efferent-IHC
synapse has a low probability of release that significantly increases upon high frequency
stimulation (Goutman et al., 2005).

In mammals, fast synaptic transmission is supported by multiple types of voltage-gated
calcium channels (VGCCs) (Katz et al., 1997; Iwasaki and Takahashi, 1998; Iwasaki et al.,
2000; Reid et al., 2003; Snutch, 2005). VGCC are transmembrane proteins formed by four
different subunits (α1, α2-δ, β and sometimes γ). The biophysical and pharmacological
diversity of VGCC which are classified as L-, P/Q, N-, R and T-type based on their
biophysical and pharmacological characteristics, arises primarily from the existence of
multiple pore-forming α1 subunits (Catterall, 1998). In some neurons the entry of Ca2+ that
triggers transmitter release also activates calcium- and voltage-sensitive K+ channels (BK)
that accelerate the repolarization of the terminal membrane (Storm, 1987; Berkefeld and
Fakler, 2008) and thereby exert negative feedback on the release process (Petersen and
Maruyama, 1984; Robitaille et al., 1993; Lingle et al., 1996; Raffaelli et al., 2004).
Investigations of BK channels in various types of neurons show that the activation of these
channels requires the delivery of Ca2+ through colocalized VGCC (Robitaille et al., 1993;
Marrion and Tavalin, 1998; Sun et al., 2003; Berkefeld and Fakler, 2008). This work is the
first description of the Ca2+ and Ca2+-activated K+ channels that support and regulate the
release of ACh at the synapse between efferent fibers and sensory hair cells of the
mammalian cochlea.

Methods
Animal procedures and isolation of the organ of Corti

Procedures for preparing and recording from the postnatal mouse organ of Corti were
essentially identical to those published previously (Glowatzki and Fuchs, 2000; Katz et al.,
2004). Briefly, apical turns of the organ of Corti were excised from BalbC mice of either sex
between postnatal day 9 (P9) and P11 (day of birth was considered P0), and used within 3
hours. Cochlear preparations were placed in the chamber for electrophysiological
recordings, mounted under a Leica LFS microscope and viewed with differential
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interference contrast (DIC) using a 40x water immersion objective and a camera with
contrast enhancement (Hamamatsu C275410). All experimental protocols were performed in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH Publications number 80 – 23), revised in 1978.

Electrophysiological recordings
IHCs were identified visually and by the size of their capacitance (7–12 pF) and by their
characteristic voltage-dependent currents (Kros et al., 1998). The cochlear preparation was
continuously superfused by means of a peristaltic pump (Gilson Minipulse 3, with 8
channels, Bioesanco, Buenos Aires, Argentina) containing an extracellular saline solution of
an ionic composition similar to that of the perilymph (mM): 155 NaCl, 5.8 KCl, 1.3 CaCl2,
0.7 NaH2PO4, 5.6 D-glucose, and 10 Hepes buffer; pH 7.4. Working solutions containing
the different drugs and toxins used were made up in this same saline and delivered through
the perfusion system. The pipette solution was (in mM): 150 KCl, 3.5 MgCl2, 0.1 CaCl2,
glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (5 mM EGTA), 5 Hepes buffer,
2.5 Na2ATP, pH 7.2. Some cells were removed to access IHCs, but mostly the pipette
moved through the tissue using positive fluid flow to clear the tip. Currents in IHCs were
recorded in the whole-cell patch-clamp mode using an Axopatch 200B amplifier, low-pass
filtered at 2–10 kHz and digitized at 5–20 kHz with a Digidata 1322A board (Molecular
Devices, Sunnyvale, CA, USA). Recordings were made at room temperature (22–25 °C).
Glass pipettes, 1.2 mm i.d., had resistances of 7–10MΩ. Indicated holding potentials were
not corrected for liquid junction potentials (−4 mV).

Electrical stimulation of the MOC efferent axons
Neurotransmitter release was evoked by bipolar electrical stimulation of the medial
olivocochlear efferent axons as previously described (Goutman et al., 2005). Briefly, the
electrical stimulus was delivered via a 20–80 μM diameter theta glass pipette placed at 20–
60 μM modiolar to the base of the IHC under study, voltage-clamped at −90 mV. The
position of the pipette was adjusted until post-synaptic currents in the IHC were consistently
activated. An electrically isolated constant current source (model DS3, Digitimer Ltd,
Welwyn Garden City, UK) was triggered via the data-acquisition computer to generate
pulses up to 30 mA, 200–2000 μs.

Estimation of the quantal content of transmitter release
The quantal content of transmitter release (m) was estimated as the ratio between the mean
amplitude of evoked synaptic currents (eIPSC) and the mean amplitude of spontaneous
synaptic currents (sIPSC) (del Castillo and Katz, 1957). In order to estimate eIPSC mean
amplitude, protocols of 200 stimuli were applied at a frequency of 1 Hz. sIPSC were
recorded during and after the stimulation protocols. To study the calcium cooperativity of
the MOC-IHC synapse, the relationship between transmitter release and Ca2+ was evaluated
by estimating m under different external Ca2+ concentrations in the absence or presence of
0.9 mM Mg2+ (the physiological Mg2+ concentration in the perilymph that bathes the
basolateral membrane of IHCs). Mg2+ was used as a control in order to compare our data to
those previously reported for the relationship between transmitter release and extracellular
Ca2+ but not used in the rest of the experiments reported in this work as it is known to
partially block the postsynaptic α9α10 nAChR (Katz et al., 2000, Weisstaub et al., 2002,
Gomez-Casati et al., 2005). Data were fitted with a power equation: m = K ([Ca2+]o)n, where
K is the proportionality constant and n is the coefficient of the power relation (Dodge and
Rahamimoff, 1967). Cooperativity of transmitter release (n) was estimated by fitting all the
data points (m values) obtained in the different cells upon variation of the extracellular
calcium concentration.

de San Martín et al. Page 3

J Neurosci. Author manuscript; available in PMC 2011 March 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Percentage quantal content (% m) was calculated as: ; where mc is the estimation of
m in the control condition and mt is the quantal content estimated after incubation of the
preparation with the drug or toxin under study for the time specified in the Results section
(treated preparations). To quantify the effects of each drug or toxin, the preparation was
incubated for the time necessary to reach a plateau in the observed effect. In addition, the
same procedure was used with preparations subjected to the same protocols, for the same
periods of time, but in which no drug or toxin was added (control preparations, see figure
1B). Failures of release were also computed in the absence or presence of the different drugs
or toxins in order to double check the quantal content of transmitter release under the
different conditions by the failures method (mf = ln N/N0, where N0 is the number of
failures and N is the total number of successive trials (100 trials at a frequency of 1 Hz)
(Hubbard et al., 1969). Failure analysis to calculate the quantal content of transmitter release
was only used in those cases in which the drug or toxin caused an increase in the number of
failures. The failures method can only be used when the probability or release is very low
and thus follows a Poisson distribution (Hubbard et al., 1969). Therefore, in the cases in
which the treatment caused a reduction in the number of failures, we only report the
percentage of failures during 100 successive trials at 1 Hz (N0/N)*100 in the absence or
presence of the drug or toxin tested.

Statistical comparisons (unpaired, one tail, Student’s t test) were made between control and
treated preparations. Values of p < 0.05 were considered significant. All data were expressed
as mean ± S.E.M. Synaptic currents and potentials were analysed with Minianalysis
(Synaptosoft, Decatur, GA, USA) and Clampfit 9.2 (Molecular Devices, Sunnyvale, CA,
USA).

Immunostaining
Immunofluorescent staining of organs of Corti from Balb/c mice (ages P9 to P22; Charles
River Laboratories) was performed as described previously (McLean et al., 2009) using the
following antibodies: rabbit polyclonal anti-BK channel (APC021; 1:500; Alomone Labs),
mouse monoclonal anti-BK channel (L6/23; 1:500; gift from Dr. James Trimmer, University
of California at Davis), mouse monoclonal anti-calretinin (MAB1568; 1:1000; Chemicon/
Millipore), goat polyclonal anti-synapsin (sc-1739; 1:500; Santa Cruz Biotechnology),
mouse monoclonal anti-CaV1.2 channel (L57/46; 1:50; NeuroMab), rabbit polyclonal anti-
CaV1.2 channel (ACC-003; 1:50; Alomone Labs), and rabbit polyclonal anti-CaV1.3
channel (ACC-005; 1:50; Alomone Labs). The specificity of all primary antibodies was
verified by western blot by the supplier. Secondary antibodies (Alexa Fluor 488 and 594
generated in either goat or donkey) were purchased from Invitrogen/Molecular Probes and
diluted 1:1000 in blocking buffer.

Microscopy and image analysis
Fluorescent images were acquired using an Olympus Fluoview FV1000 confocal
microscope with a 60X Olympus PlanoApo oil immersion lens (N. A. 1.42) under the
control of the Olympus Fluoview FV1000 version 1.6a software (Olympus Corporation,
Center Valley, PA, USA). Z-stacks were collected at 0.2 to 0.5 μm. 3D reconstructions of
confocal z-stacks were generated and analyzed using Imaris 6.4 3D image visualization and
analysis software (Bitplane). All images are presented as 3D reconstructions through the z-
axis.

Drugs and Toxins
Stock solutions of dihydropyridines (Nitrendipine, Nifedipine and Bay-K) were prepared in
dimethyl sulfoxide (final concentration ≤0.1%). Peptidic toxin stock solutions were prepared
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in distilled water. Drugs and reagents were purchased from Sigma-Aldrich Co. (St. Louis,
MO, USA); ω-conotoxin GVIA was purchased from Alomone Labs (Jerusalem, Israel) and
ω-conotoxinIVA from Peptides International Inc. (Louisville, Kentucky. USA). All drugs
and toxins were thawed and diluted in the extracellular solution just prior to use.

Results
Quantal content of transmitter release and Ca2+ cooperativity at the mouse transient MOC-
IHC synapse

To investigate whether the amount of transmitter released at the mouse transient MOC-IHC
synapse is similar to that reported in rats at the same postnatal age (Goutman et al., 2005),
we monitored electrically-evoked and spontaneously occurring cholinergic postsynaptic
currents (eIPSCs and sIPSCs) by whole cell recordings in P9–11 IHCs voltage-clamped at
−90 mV (see schematic representation of this procedure in Fig. 1a). The quantal content of
transmitter release (m) was computed as the ratio of the average amplitudes between eIPSC
and sIPSCs (see Methods). In the mouse cochlear preparation m was 1.1 ± 0.1 (n = 14 cells,
11 mice), a value similar to that reported in rats of the same age group (m = 1 ± 0.5)
(Goutman et al., 2005). The quantum size (q), as evaluated by the mean amplitude of
sIPSCs, −16.5 ± 0.5 pA (n = 2311 events, 44 IHCs, 11 mice), was similar to that reported in
rats (q = −18 ± 2 pA) (Goutman et al., 2005).

As one of the aims of the present study was to investigate the types of Ca2+ channels that
support release at this synapse, we checked the stability of the quantal content during the
times necessary to thoroughly test the effects of toxins specifically targeting these channels.
Figure 1b illustrates that m, evaluated by 200 stimuli given at 1 Hz each 5 min during 60
min, remained constant (30 min, m = 1.1 ± 0.2, n = 8; 60 min, m = 1.2 ± 0.4, n = 4). A one
way ANOVA test was used to compare data points taken at each 5 min; p = 0.99). Similar
results were obtained when the quantal content was calculated by computing the failures of
release (mf = ln N/N0, see methods; 30 min, mf = 1.0 ± 0.3; 60 min, mf = 1.4 ± 0.7).

In most fast chemical synapses, as first described at the frog neuromuscular junction by
(Dodge and Rahamimoff, 1967), the relationship between external Ca2+ and the amount of
transmitter released by the synaptic terminal is highly non-linear (Mintz et al., 1995; Borst
and Sakmann, 1996; Takahashi et al., 1996; Wu et al., 1999; Rosato-Siri et al., 2002).
Therefore small variations in the amount of Ca2+ in the external milieu or in the activity of
terminal membrane VGCCs might exert a great impact on transmitter release. As illustrated
in figure 1c, at this synapse changes in the extracellular Ca2+ concentration change the
probability of release in a cooperative way. The best fit to the power equation relating
quantal content to the external calcium concentration (see Methods): m = K ([Ca2+]o)n

(Dodge and Rahamimoff, 1967) was obtained with a power coefficient (n) of 2.49 ± 0.68, n=
8–15 data points for each [Ca2+]o tested, obtained in 15 IHCs from 10 mice. The addition of
a physiological concentration of Mg2+, similar to that present in the perilymph bathing the
basolateral membranes of IHCs (0.9 mM), did not produce any significant change in the
sensitivity of transmitter release to variations in external Ca2+ (the best fit to the power
equation was with 2.57 ± 0.61 (n = 8–15 data points for each [Ca2+]o tested, obtained in 15
IHCs from 10 mice. The addition of this physiological concentration of Mg2+ to the external
solution, caused a slight positive shift in the m-[Ca2+]o curve (data not shown). We did not
further investigate the effects of Mg2+ on the release process at this synapse (Dodge and
Rahamimoff, 1967) because this divalent cation also blocks the postsynaptic α9α10 nAChR
(Weisstaub et al., 2002; Gomez-Casati et al., 2005).
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Types of calcium channels that support transmitter release at the transient efferent-IHC
synapse

The two high voltage VGCC that more commonly support fast release at mammalian
synapses, namely P/Q and N (Reid et al., 2003; Snutch, 2005), can be readily distinguished
by their sensitivity to the spider toxin ω-Agatoxin IVA (ω-AgaIVA) and to the marine snail
toxin ω-conotoxin GVIA (ω-CgTx), that specifically block P/Q- and N-type VGCC,
respectively (Mintz et al., 1992; Olivera et al., 1994; Randall and Tsien, 1995; Doering and
Zamponi, 2003). In order to study which types of Ca2+ channels support transmitter release
at the transient efferent synapse to IHCs we tested the effects of the above mentioned toxins
on the quantal content of electrically-evoked transmitter release. The amplitude of eIPSCs
was greatly reduced after 15 min incubation with 200 nM ω-AgaIVA (Figure 2a); whereas
sIPSCs amplitude was not significantly affected by this toxin (Control = −11.8 ± 0.6 pA;
200 nM ω-AgaIVA = −11.1 ± 0.8 pA, p = 0.1279, 753 events, 4 cells, 4 mice, Figure 2d).
Under this condition, m was reduced to 44.6 ± 6.8% of the initial value (m = 0.9 ± 0.1; Fig.
2c; p < 0.001, 6 cells from 6 mice). Consistently, failures of release ([N0/N]*100)
significantly increased from 40.0 ± 6.8% to 70.5 ± 5.1% (p < 0.001, 6 cells, 6 mice). The
quantal content calculated by the failures method was reduced from mf = 1.1 ± 0.3 (control)
to mf = 0.4 ± 0.1 (ω-AgaIVA). We did not test higher concentrations of ω-AgaIVA because
application of 200 nM ω-AgaIVA for 15 min has been reported to completely block both P-
and Q-type channels in other preparations (Mintz et al., 1992; Katz et al., 1997, Randall and
Tsien, 1995; Bourinet et al., 1999). Moreover, higher concentrations of this toxin have non-
specific effects on N-type VGCCs (Sidach and Mintz, 2000). Thus, this result indicates that
P/Q-type VGCC contribute to ACh release at this synapse only partially. Therefore, we also
evaluated the effects of the N-type VGCC antagonist, ω-CgTx (300 nM). This toxin also
greatly diminished eIPSCs amplitude (Fig. 2a and 2b) without affecting the amplitude of
sIPSC (control = −13.4 ± 0.9 pA; 300 nM ω-CgTx = −13 ± 0.9 pA; p = 0.4095, 1002 events,
7 cells from 7 mice; Fig. 2d). In this case, transmitter release was also partially blocked after
20 min incubation with 300 nM ω-CgTx, m was reduced to 55.8 ± 15.2 of the initial value
(Fig, 2b; control, m = 1.1 ± 0.5; p < 0.05, n = 6 cells from 6 mice). In agreement with this
result, failures of release ([N0/N]*100) significantly increased from 37.8 ± 9.8 to 49.67 ±
13.2% (p < 0.05, 6 cells from 6 mice) and mf was reduced from 0.9 ± 0.2 (control) to 0.6 ±
0.2 (ω-CgTx). As ω-CgTx is sometimes used at higher concentrations to block N-type
VGCC in other preparations (Boland et al., 1994; Katz et al., 1997), we also tested the
effects of a 1 μM concentration. This higher concentration, however, did not further reduce
m (p = 0.5644 with respect to the reduction observed with 300 nM ω-CgTx, n = 3 cells from
3 mice, data not illustrated).

We tested the effects of both toxins applied together to evaluate whether transmission was
completely blocked by blocking both P/Q- and N-type VGCCs. Applying 200 nM ω-
AgaIVA and 300 nM ω-CgTx, either sequentially or simultaneously, almost completely
blocked the release of ACh. As illustrated in Figure 2b and c, in the presence of both toxins
m was reduced to 3.9 ± 0.4% of the control value (control, m = 0.8 ± 0.2 p < 0.0001, n = 6
cells from 6 mice). Consistently, the quantal content evaluated by the failures method was
reduced from mf = 0.8 ± 0.3 (control) to mf = 0.07 ± 0.01(ω-AgaIVA plus ω-CgTx). These
results indicate that calcium entering through both P/Q and N-type VGCC support the
release of ACh with little, if any, participation of R- or L-type VGCCs in triggering this
process. Notwithstanding, as L-type VGCCs were shown to be present in the cochlea
(Platzer et al., 2000; Waka et al., 2003; Brandt et al., 2005; Layton et al., 2005; Knirsch et
al., 2007) and to participate in the release process in many fast synapses under certain
particular experimental or developmental conditions (Catterall, 2000; Flink and Atchison,
2003; Perissinotti et al., 2008), we investigated whether they had any role in the release
process at the OC-IHC synapse.
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L-type calcium VGCCs negatively regulate the amount of evoked transmitter release at this
transient efferent synapse

L-type VGCCs support the graded release of neurotransmitters and hormones and, although
they are present at many synaptic terminals, they do not support transmitter release at fast
synapses under normal conditions (Stanley and Atrakchi, 1990; Catterall, 2000). They have
however, been shown to participate in this process at reinnervating and developing
neuromuscular synapses (Katz et al., 1996; Sugiura and Ko, 1997) and also under other
particular conditions (Urbano et al., 2001; Flink and Atchison, 2003; Perissinotti et al.,
2008). In addition, they have been shown to be involved in the regulation of transmitter
release at several synapses either by the activation of calcium-dependent conductances
(Marcantoni et al. 2007; Robitaille et al., 1993; Sugiura and Ko, 1997; Marrion and Tavalin,
1998; Prakriya and Lingle, 1999; Sun et al., 2003; Berkefeld et al., 2006; Loane et al., 2007;
Muller et al., 2007; Berkefeld and Fakler, 2008; Fakler and Adelman, 2008; Grimes et al.,
2009) or by the activation of second messenger cascades that eventually also regulate the
influx of Ca2+ entering synaptic terminals (Sugiura and Ko, 1997; Jensen et al., 1999). L-
type VGCCs are highly sensitive to micromolar concentrations of dihydropyridines (DHP)
that, either negatively (i. e., nifedipine, nitrendipine) or positively (i. e., Bay K), modulate
their activity (Brown et al., 1984; Hess et al., 1984; Doering and Zamponi, 2003; Catterall
and Few, 2008). Therefore, in order to study the participation of L-type VGCC in ACh
release at the transient efferent synapse we tested the effects of nifedipine, nitrendipine and
Bay-K on m.

As illustrated by the representative records in Figure 3a, after 5 min of incubating the
cochlear preparation with 3 μM nifedipine, the amplitude of eIPSCs increased and the
failures of release diminished ([N0/N]*100 = 28.7 ± 7.1 % and 8.1 ± 3.7 % failures in the
absence or presence of nifedipine, respectively; p < 0.01, 7 cells from 7 mice). No effect was
observed on the amplitude of sIPSCs (p = 0.3654, 7 cells, 1670 events; Figure 3c, d). In the
presence of this drug, m increased to 195.2 ± 22.6 % of the initial value (m = 1.5 ± 0.2;
Figure 3b, n = 7 cells from 7 mice, p < 0.0005).

In addition, in the presence of 10 μM nitrendipine there was also an increase in the
amplitude of eIPSCs with a reduction in the number of failures ([N0/N]*100 = 41.0 ± 9.6 %
and 24.8 ± 8.9 failures in the absence or presence of nitrendipine, repectively; p < 0.005, 5
cells from 4 mice). This drug, however, slightly but significantly, reduced the amplitude of
sIPSCs (control = −14.6 ± 1.2 pA; nitrendipine = −11.5 ± 0.3; p < 0.05, n = 5 cells, 642
events from 4 mice), suggesting that apart from targeting the presynaptic L-type VGCC it
could be affecting the activity of the postsynaptic α9α10 nAChR receptor (Elgoyhen et al.,
2001; Gomez-Casati et al., 2005). Notwithstanding, when normalizing the mean amplitude
of eIPSCs to the mean amplitude of sIPSCs to calculate m, we found that the amount of
transmitter release was increased to 206.1 ± 31.6% of the initial value (m = 1.0 ± 0.2; p <
0.05, n = 5 from 4 mice) by this DHP.

When the cochlear preparation was incubated with Bay-K (10 μM), a DHP that increases the
current through L-type VDCC by stabilizing their open state (Brown et al., 1984; Hess et al.,
1984; Doering and Zamponi, 2003; Catterall and Few, 2008), the amplitude of eIPSCs was
reduced and the number of failures of release increased ([N0/N]*100 = 20.2 ± 3.5% and 35.3
± 6.6% failures in the absence or presence of Bay-K, respectively; p < 0.05, 4 cells from 4
mice) (Figure 3a,b) and mf was reduced from 0.9 ± 0.2 (control) to 0.6 ± 0.2 (Bay-K). This
drug had no effect on the amplitude of sIPSCs (p > 0.05, n = 4 cells, 831 events, Fig. 3c, d).
Consistent with the positive effect that the antagonist DHPs (nifedipine and nitrendipine)
exerted on m, Bay-K had a negative effect on this parameter and therefore significantly
reduced the amount of transmitter release to 50.2 ± 5.6% of the initial value (m = 1.4 ± 0.1;
p < 0.01, n = 4 cells from 4 mice, Fig. 3b).
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BK channels also negatively regulate the amount of evoked release at the transient
efferent- IHC synapse

Our findings that L-type VGCC antagonists (nifedipine and nitrendipine) increase
transmitter release while the L-type VGCC positive modulator (Bay K) decreases transmitter
release, suggest that Ca2+ entering through L-type VGCCs somehow negatively modulate
release at the efferent-IHC synapse. This reduction could be accomplished by either
activating a Ca2+-dependent second messenger cascade (Sugiura and Ko, 1997; Jensen et al.,
1999) or by activating a Ca2+-dependent K+ conductance that would serve to accelerate the
repolarization of the terminal membrane and thereby reduce the width of the action potential
(Marcantoni et al.; Storm, 1987). Because BK Ca2+-activated K channels have been shown
to contribute to the repolarization of the action potential (Storm, 1987) and influence the
release of neurotransmitters in a variety of other synapses (Petersen and Maruyama, 1984;
Robitaille et al., 1993; Lingle et al., 1996; Raffaelli et al., 2004), we investigated whether
BK Ca2+-activated K channels were also involved in regulating release at the OC-IHC
synapse.

To test the involvement of BK channels, we incubated the cochlear preparation with
iberiotoxin (IbTx), a specific BK channel antagonist (Galvez et al., 1990). As illustrated by
the representative records in Figure 4a, after 5 min of incubating the cochlear preparation
with 100 nM IbTx, there was a dramatic increase in the amplitude of eIPSCs and a reduction
or complete disappearance in the number of failures of release ([N0/N]*100 = 14.2 ± 5.5 %
and 4.1 ± 3.2 % failures in the absence or presence of IbTx, repectively; p < 0.01, 7 cells
from 7 mice). This toxin did not exert any effect on the amplitude of sIPSCs (p = 0.1812; n
= 7 cells from 7 mice; 2559 events, Fig 4a inset). In the presence of IbTx, the quantal
content of transmitter release increased to 243.8 ± 45 % of the initial value without toxin
(control, m = 2.2 ± 0.7; p < 0.0001, n = 7 cells; Fig. 4). This result indicates that the activity
of BK channels reduces the amount of transmitter released per nerve impulse at the efferent-
IHC synapse.

L-type VDCC and BK channels are functionally coupled at the efferent-IHC synapse
The observation that both BK and L-type VDCC antagonists cause a significant increase in
the amount of transmitter released by these synaptic terminals suggests that as described in
other preparations (Marcantoni et al. 2007; Prakriya and Lingle, 1999; Sun et al., 2003;
Grunnet and Kaufmann, 2004; Berkefeld et al., 2006; Berkefeld and Fakler, 2008), there
could be a functional coupling between these two types of ionic channels. In order to test
this hypothesis, we first studied the effects of nifedipine in cochlear preparations
preincubated with 100 nM IbTx to suppress the activity of BK channels. Under this
condition, 3 μM nifedipine did not further increase the amount of transmitter being released
(Fig. 5a; control, m = 1.7 ± 0.5; IbTx, m = 3.3 ± 0. 7; IbTx + Nif, m = 3.0 ± 0.6; n= 6 cells
from 6 mice, p =0.1550, comparing the latter two values). Consistently, if we first blocked
L-type VGCCs with 3 μM nifedipine, 100 nM IbTx failed to further increase the amount of
transmitter released (Fig 5b; control, m = 1.3 ± 0.1; Nif, m = 2.5 ± 0. 4; Nif + IbTx, m = 2.5
± 0.5; n= 6 cells from 6 mice, p = 0.6868, comparing the latter two values).

To test whether our inability to further increase the amount of evoked neurotransmitter
released in response to serial application of BK channel and VGCC antagonists was possibly
due to the functional coupling of these two channels and not simply due to saturation of
evoked release, we performed two additional experiments. First, we preincubated the
preparation with 100 nM IbTx in 1.3 mM Ca2+ and we then increased the Ca2+

concentration to 1.5 mM. As shown in Fig. 5c, the quantal content of transmitter release
significantly increased (control, m = 1.6 ± 0.3; IbTx, 1.3 mM Ca2+, m = 3.9 ± 0. 5; IbTx 1.5
mM Ca2+, m = 6.4 ± 0.2; n =3 cells from 3 mice, p < 0.05), indicating that the system was
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not saturated and that the amount of ACh being released significantly increased upon
increasing external Ca2+. The next control was to use the positive L-type VGCC modulator,
Bay K, instead of nifedipine. As illustrated by the bar diagram in Fig. 5d, 10 μM BayK did
not exert any effect on m when BK channels were blocked (control, m = 1.2 ± 0.3; IbTx, m =
2.6 ± 0. 8; IbTx + BayK, m = 2.5 ± 0.6; n = 7 cells from 7 mice, p = 0.7344). Taken
together, these results strongly suggest that Ca2+ entering through L-type VGCCs activate
BK channels, thus reducing the amount of transmitter released by each nerve impulse In
addition, these results show that Ca2+ entering through P/Q or N-type VGCC fails to
activate BK channels. If Ca2+ entering through P/Q- and N-type VGCCs were activating BK
channels, the amount of transmitter released by each nerve impulse should have increased
upon incubation with the BK channel antagonist, as was shown at the frog neuromuscular
junction, where Ca2+ entering through N-type VGCCs support release and activate BK
channels which are closely associated to the release sites (Robitaille et al., 1993).

BK channels are expressed at the efferent-IHC synapse
To verify the expression of BK channels in the efferent terminals that transiently contact
IHCs, we immunostained identical cochlear preparations from P9–P11 mice with a rabbit
polyclonal antibody against the BK channel and a mouse monoclonal antibody against
calretinin, a cytoplasmic marker of IHCs as well as of the afferent fibers contacting them
(Dechesne et al., 1991; Dechesne et al., 1993; Zheng and Gao, 1997). BK-positive puncta
are clearly visible near the base of IHCs (Figure 6a–c). Although these BK-positive puncta
do not directly contact the base of IHCs, the pattern of immunoreactivity is, nevertheless, as
would be expected for a cytoplasmic label of the postsynaptic cell (calretinin) and a
membrane-bound protein of the presynaptic terminal (BK channel).

Observation of BK-positive puncta at this age was initially surprising since previous
experiments found no BK channel immunoreactivity in mice of this age (Pyott et al., 2004).
However, longer fixation times in those earlier experiments (2 hours compared to 50
minutes or less in these experiments) most likely abolished BK channel immunoreactivity.
Nonetheless, to confirm the specificity of BK channel immunoreactivity, we immunostained
cochlear preparations from similarly aged mice with both a rabbit polyclonal and a mouse
monoclonal antibody against the BK channel. These antibodies recognize discrete locations
of the BK channel. (APC-021 recognizes an epitope between amino acid residues 1089 and
1196, and L6/23 recognizes an epitope between amino acid residues 682 and 859). The
colocalized immunoreactivity (Figure 6d–f) suggests that both antibodies are specifically
detecting the BK channel.

To determine if the BK-positive puncta at the bases of IHCs indeed colocalize with efferent
terminals, we immunostained cochlear preparations with a rabbit polyclonal antibody
against the BK channel and a goat polyclonal antibody against synapsin, a cytoplasmic
marker of efferent presynapses (Pyott et al., 2007; McLean et al., 2009). BK-positive puncta
are clearly associated with synapsin-positive efferent terminals (Figure 6g–i). We also
observed BK-positive puncta further below the base of the IHCs (Figure 6c, i) that associate
with synapsin and, because of their location, may correspond to efferents of the lateral
olivocochlear system contacting the afferent dendrites (Liberman et al., 1990; Simmons,
2002) or to medial efferents that might also transiently contact the afferent dendrites
(Simmons et al., 1996).

Finally, we examined expression of the BK channel in cochlear preparations from hearing
mice (P20 to P22). At this age, BK channel immunoreactivity is no longer visible as small
puncta contacting the bases of IHCs but is instead restricted to larger puncta surrounding the
necks of these cells (Figure 6j–l), consistent with previous reports (Pyott et al., 2004;
Ruttiger et al., 2004; Hafidi et al., 2005). Although one group has reported BK channel
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immunoreactivity at the base of IHCs in similarly aged mice (Hafidi et al., 2005), we found
no such immunoreactivity even in conditions of reduced fixation. Thus, the expression of the
BK channel in efferent fibers contacting IHCs or IHC afferent fibers appears to be transient
and likely restricted to the transient efferent innervation that occurs after birth and
disappears after the onset of hearing (Liberman et al., 1990; Simmons, 2002; Katz et al.,
2004).

In addition to characterizing the expression of BK channels by immunostaining, we also
used immunofluorescence to identify the particular L-type VGCCs responsible for the
activation of BK channels observed by electrophysiology in the efferent terminals. We
immunostained organs of Corti from P9 and P10 mice with various antibodies against
CaV1.2 and CaV1.3 using fixation conditions established previously (Platzer et al., 2000;
Waka et al., 2003; Brandt et al., 2005; Layton et al., 2005; Knirsch et al., 2007). We
observed no immunoreactivity with either of the two CaV1.2 antibodies examined (data not
shown), supporting previous work reporting the absence of CaV1.2 immunoreactivity in the
mouse organ of Corti before P14 (Waka et al., 2003). CaV1.3 immunoreactivity did not
colocalize with BK channel immunoreactivity (data not shown) and, instead, appeared
restricted to the inner and outer hair cell ribbon synapses as described previously (Knirsch et
al., 2007; Zampini et al., 2010).

Discussion
Properties of the mouse efferent-IHC synapse

To identify the ion channels regulating synaptic transmission at the efferent-IHC synapse,
we monitored electrically-evoked and spontaneously occurring cholinergic postsynaptic
currents in P9–11 IHCs. The quantal content, m, of evoked release is low, as reported in the
rat MOC-IHC synapse (Goutman et al., 2005). In addition, we determined that the
relationship between m and the external Ca2+ concentration is non-linear with a power
coefficient of 2.5. This suggests the cooperative involvement of at least two Ca2+ in
triggering the release of each vesicle of ACh (Dodge and Rahamimoff, 1967). This value
falls in the lower range of those reported for other mammalian synapses, where it varies
between 2 and 5 (Mintz et al., 1995; Borst and Sakmann, 1996; Takahashi et al., 1996; Wu
et al., 1999; Rosato-Siri et al., 2002) and may reflect differences in the release machinery
and/or the types of VGCCs supporting release at this synapse.

P/Q- and N-type calcium channels support evoked release of ACh at the efferent-IHC
synapse

We show that transmitter release at the efferent-IHC synapse is supported by both N and P/
Q-type VGCCs. At many mammalian synapses, P/Q- and N-type VGCC mediate synaptic
transmission (Reid et al., 2003; Fedchyshyn and Wang, 2005; Snutch, 2005) with their
relative contribution varying between synapses and postnatal age (Iwasaki et al., 2000;
Ishikawa et al., 2005). In general, N-type channels support transmitter release at immature
synapses, but their contribution decreases with development, being replaced by P/Q-type
VGCCs (Rosato Siri and Uchitel, 1999; Iwasaki et al., 2000; Rosato-Siri et al., 2002). There
is evidence suggesting that release is more steeply dependent on the intraterminal Ca2+

concentration for P/Q- than for N-type VGCCs. Cooperativity in cerebellar synapses was
estimated to be 4 and 2.5 for P/Q- and N-type VGCCs, respectively (Mintz et al., 1995).
Although this does not hold for many synapses and is still controversial (Evans and
Zamponi, 2006), it would be interesting to study whether N- or P/Q-type channels are
equally efficient in triggering release at the MOC-IHC synapse or even if their contribution
varies during the short period (P1 to P13–14) during which this synapse is functional (Katz
et al., 2004).
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Transmitter release is almost completely abolished by the combined use of the P/Q- and N-
type VGCCs antagonists. The percentage block by each selective antagonist sum 100%. At
some synapses controlled by both P/Q- and N-type VGCCs, the percentage block of
synaptic currents by each antagonist sum to > 100%. Supra-additivity was taken as evidence
of a mixed population of P/Q-and N-type VGCCs coexisting at a single release site and
contributing jointly to the local Ca2+ transient that triggers transmitter release (Reid et al.,
2003). Although other experimental approaches should be employed to address this issue,
our results suggest that at this synapse N- and P/Q-type VGCCs could be segregated at
different release sites.

L-type VGCC functionally coupled to the activation of BK channels negatively regulate
ACh release

We find that transmitter release at the efferent-IHC synapse is enhanced by antagonists of
both L-type VGCC and BK channels. Fast release of transmitter occurs when the action
potential invades and depolarizes the synaptic terminal thus promoting the opening of Ca2+

channels with the consequent increase in cytosolic Ca2+ (Katz and Miledi, 1969). BK
channels are synergistically activated by membrane depolarization and intracellular Ca2+

(Fakler and Adelman, 2008). Therefore, the two conditions necessary to activate BK
channels are achieved when neurotransmitter is being released. In various types of neurons,
activation of BK channels requires the delivery of Ca2+ through closely associated L-type
VGCCs (Storm, 1987; Lingle et al., 1996; Prakriya and Lingle, 1999). This prompted us to
test whether L-type VGCCs and BK channels were functionally coupled at the efferent-IHC
synapse. Indeed, L-type VGCC antagonists or agonists failed to further enhance or reduce,
respectively, release in cochlear preparations that had been previously treated with the BK
channel antagonist. Moreover, pretreatment with DHPs completely occluded the effect of
the BK channel blocker supporting the idea of a functional coupling between L-type VGCCs
and BK channels at this synapse. This result also indicates that Ca2+ entering through N-and
P/Q- type VGCCs does not activate BK channels possibly located farther away from the
release sites.

We verified the expression of BK channels by immunofluorescence and found, in the region
below IHCs, BK-positive puncta that correspond to synapsin-positive efferent terminals in
prehearing mice (P9–P10). Paralleling the retraction of the transient efferent innervation to
IHCs (Liberman et al., 1990; Simmons, 2002; Katz et al., 2004) BK-positive efferent-IHC
terminals are no longer observed in hearing mice (P20–P22). Together with
electrophysiological and pharmacological findings, these results suggest that these BK-
positive efferent terminals correspond to the transient MOC terminals making axosomatic
contacts with IHCs up to the onset of hearing (Liberman et al., 1990; Simmons et al., 1996;
Katz et al., 2004). However, we cannot exclude the possibility that some BK-positive
efferent terminals correspond to LOC terminals, which contact the afferent dendrites that
innervate IHCs and persist throughout life (Liberman et al., 1990; Simmons, 2002). If this
were also the case, BK channels would be down-regulated in LOC terminals after the onset
of hearing.

Activation of BK channels by Ca2+ influx through VGCCs imposes spatial and temporal
constraints and suggests the formation of macromolecular complexes between BK channels
and their VGCC partners. Such a complex would provide a simple mechanism for reliably
activating BK channels without affecting other Ca2+-dependent intracellular processes
(Fakler and Adelman, 2008). We suggest that depolarization from an invading action
potential activates P/Q-, N-, and L-type VGCCs. Influx of Ca2+ via P/Q- and N-type
VGCCs closely associated with the release machinery would support release. In contrast,
influx of Ca2+ via L-type VGCCs functionally coupled with BK channels, and possibly
farther away from the release machinery (Flink and Atchison, 2003, Urbano, et al., 2001),
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together with membrane depolarization would activate BK channels (this model is
schematized in Figure 7). Activation of BK channels would then accelerate repolarization
and curtail release (Storm, 1987, Marcantoni et al., 2007).

Functional significance of negative feedback to the transient efferent-IHC synapse
We show that functionally-coupled L-type VGCCs and BK channels provide a negative
feedback loop that reduces ACh release from these synaptic terminals. From earlier work we
know that this synapse is functional (Glowatzki and Fuchs, 2000; Katz et al., 2004) and can
prevent spontaneous Ca2+-action potentials in neonatal IHCs (Glowatzki and Fuchs, 2000;
Goutman et al., 2005). These Ca2+ action potentials (Glowatzki and Fuchs, 2000; Tritsch et
al., 2007) trigger glutamate release at the first synapse of the auditory system before the
onset of hearing (Beutner and Moser, 2001; Glowatzki and Fuchs, 2002) and is thought to be
critical for the establishment and refinement of synaptic connections in the auditory system
(Erazo-Fischer et al., 2007; Tritsch and Bergles, 2010). If the quantal output of the efferent-
IHC synapse were too strong, the resulting hyperpolarization of the IHC would inhibit the
generation of action potentials and likely silence the entire afferent auditory pathway prior to
the onset of hearing, probably disrupting its proper development.

The MOC efferent-IHC synapses might subtly contribute to the prenatal activity of IHCs. In
the prehearing cat, firing of auditory nerve fibers in response to prolonged sound stimuli is
rhythmic (Pujol, 1972) and this rhythmicity is lost if the MOC pathway is transected (Walsh
et al., 1998). Coupled L-type VGCCs and BK channels curtail ACh release from the efferent
terminals and may play an important role in achieving the patterned activity at the first
auditory synapse that likely contributes to the correct establishment of synapses throughout
the auditory pathway.

Interestingly, the transient MOC efferent-IHC synapse facilitates upon high frequency
stimulation (Goutman et al., 2005). The role of BK channels in modulating release upon
high frequency stimulation is not known for this synapse. However, in hippocampal
neurons, BK channels inactivate when the frequency of the action potential-triggered
activation of BK channels exceeds their rate of recovery from inactivation. BK channels
become progressively unavailable to regulate firing frequency as the action potential train
progresses (Shao et al., 1999). At the efferent-IHC synapse high frequency stimulation could
cause inactivation of BK channels and facilitate release from the efferent terminal. In
addition, Ca2+ accumulation in the terminal due to high frequency stimulation could also
promote Ca2+ induced inactivation of L-type VGCCs (Morad and Soldatov, 2005) thus
reducing BK channel activation. In either case, the reduction in the number of BK channels
available would cause the terminal spike to broaden (Marcantoni et al. 2007; Storm, 1987),
increasing thereby the quantal output. Studies performed in IHCs from adult mice with a
targeted deletion in the α-subunit of the BK channel demonstrate the essential role of these
channels for the precise timing of cochlear signaling (Oliver et al., 2006). Future
experiments will investigate whether BK channels also contribute- to the stimulus-induced
facilitation of this synapse (Goutman et al., 2005) and should help clarify the role of BK
channels in both the intrinsic excitability of the transient MOC efferent-IHC synapse as well
as in the developing auditory network.
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Figure 1. Quantal content of evoked release at the mouse transient MOC-IHC synapse
a, Schematic representation of the mouse cochlear preparation used in the present study.
MOC efferent axons were stimulated using a bipolar electrode placed modiolar to the base
of the IHCs, and the postsynaptic responses were recorded from IHCs using a patch pipette
at a holding potential of −90 mV. b, Graph illustrating that the quantal content of transmitter
release (m) at this synapse was low (approximately 1) and stable over recording times of at
least 1 hour. m was calculated as the ratio between the mean amplitude of evoked synaptic
currents (eIPSC; determined from protocols consisting of 200 stimuli applied at a frequency
of 1 Hz) and the mean amplitude of spontaneous synaptic currents (sIPSCs). c, ACh release
at the efferent-IHC synapse was sensitive to variations in the external Ca2+ concentration.
Data were fitted according to Dodge and Rahamimoff (1967) with a power equation m = k
(Ca2+)n. Best fit was obtained with n = 2.49 ± 0.68 (n = 8–15 IHCs).
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Figure 2. Both P/Q- and N-type VGCCs support transmitter release at the MOC-IHC synapse
a, Representative traces of evoked synaptic currents (eIPSC) recorded at a membrane
potential of −90 mV before and after incubation with either 200 nM ω-Aga IVA or 300 nM
ω-CgTx, specific antagonists of P/Q- and N-type VGCCs, respectively. b, Bar graph
illustrating the effects on m of each of the toxins applied separately or at the same time. c,
Graph showing that the sequential application ω-Aga IVA and ω-CgTx almost completely
abolished the release of ACh. d, Representative records of sIPSC before and after incubation
with ω-Aga IVA (upper panel) and ω-CgTx (lower panel) show no change in sIPSC
amplitude.
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Figure 3. L-type VGCC activity negatively regulates transmitter release at the MOC-IHC
synapse
a, Representative traces of eIPSC recorded at a holding potential of −90 mV before and after
incubation with different DHPs: Nifedipine (Nif), Nitrendipine (Nitren) and Bay-K. b, Bar
graph showing that both L-type VGCC antagonists Nif (3 μM) or Nitren (10 μM) caused a
significant increase in m whereas the agonist Bay-K (10 μM) caused a significant reduction
in this parameter. c, Bar graph illustrating the effects of DHPs on the amplitude of sIPSC.
Nifedipine at a concentration of 3 μM had no effects on this parameter. Both Nitrendipine
and Bay-K which were used at higher concentrations (10 μM), slightly but significantly,
reduced sIPSC amplitude. d, Representative traces showing the average of 10–15 sIPSC
before and after incubation with DHPs.

de San Martín et al. Page 20

J Neurosci. Author manuscript; available in PMC 2011 March 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. BK channels also negatively regulate transmitter release at this synapse
a, representative traces of eIPSC recorded at a holding potential of −90 mV before (left
panel) and after incubation (right panel) with 100 nM Iberiotoxin (IbTx), a specific BK
channel antagonist. The inset shows that IbTx did not affect the amplitude of sIPSC, also
recorded at a holding potential of −90 mV.
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Figure 5. L-type VGCC and BK channels are functionally coupled
a, Bar graph showing that the effects of 3 μM Nifedipine on transmitter release were
occluded by prior incubation of the cochlear preparation with 100 nM IbTx. b, Bar graph
illustrating that the effects of 100 nM IbTx on transmitter release were occluded by prior
incubation of the cochlear preparation with 3 μM Nifedipine. c, Bar graph shows that
elevating external Ca2+ from 1.3 mM to 1.5 mM, increases transmitter release even in the
presence of 100 nM IbTx, suggesting that the release “machinery” of this synapse is not
completely saturated when BK channels are blocked. d, Bar graph showing that Bay-K was
not able to reduce m if BK channels had been previously blocked by IbTx.
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Figure 6. Immunostaining reveals transient expression of BK channels in the region of the MOC
efferent-IHC synapses
Cochlear preparations from P10 mice were immunostained with a rabbit polyclonal antibody
against the BK channel, a, and a mouse monoclonal antibody against calretinin, b, a
cytoplasmic marker of IHCs as well as the afferent fibers contacting IHCs. BK channel
immunoreactivity is visible as small puncta in the region below IHCs, c. To verify the
specificity of BK channel immunolabeling, cochlear preparations from similarly aged mice
were immunostained with both a rabbit polyclonal (APC-021), d, and a mouse monoclonal
(L6/23), e, antibody against the BK channel. The colocalized immunoreactivity, f, suggests
that both antibodies are specifically detecting the BK channel. To determine if BK-positive
puncta below IHCs are associated with efferent terminals, cochlear preparations were
immunostained with a rabbit polyclonal antibody against the BK channel, g, and a goat
polyclonal antibody against synapsin, h, a cytoplasmic marker of efferent presynapses. BK-
positive puncta indeed correspond with synapsin-positive efferent terminals, i. Finally,
cochlear preparations from P20 mice were immunostained with a rabbit polyclonal antibody
against the BK channel, j, and a mouse monoclonal antibody against calretinin, k. At this
age, BK channel immunoreactivity is no longer visible as small puncta below IHCs but is
instead restricted to larger puncta surrounding the neck of IHCs, l. Scale bars are 10 μm.
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Figure 7. Schematic representation of the ion channels that support and regulate transmitter
release from the MOC efferent presynaptic terminals innervating IHCs
Our results indicate that upon invasion of the terminal action potential, Ca2+ entering
through both P/Q- and N-type VGCCs support the release of ACh. In addition, they strongly
suggest that Ca2+ entering though L-type Ca2+ channels exert a negative control on
transmitter release by activating BK channels which accelerate the repolarization of the
terminal action potential and, thereby, reduce the amount of ACh released per nerve
impulse.
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