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The organ of Corti, the auditory mammalian sensory epithelium, contains two types of mechanotransducer cells, inner hair
cells (IHCs) and outer hair cells (OHCs). IHCs are involved in conveying acoustic stimuli to the CNS, while OHCs are impli-
cated in the fine tuning and amplification of sounds. OHCs are innervated by medial olivocochlear (MOC) cholinergic efferent
fibers. The functional characteristics of the MOC-OHC synapse during maturation were assessed by electrophysiological and
pharmacological methods in mouse organs of Corti at postnatal day 11 (P11)-P13, hearing onset in altricial rodents, and at
P20-P22 when the OHCs are morphologically and functionally mature. Synaptic currents were recorded in whole-cell voltage-
clamped OHCs while electrically stimulating the MOC fibers. A progressive increase in the number of functional MOC-OHC
synapses, as well as in their strength and efficacy, was observed between P11-13 and P20-22. At hearing onset, the MOC-
OHC synapse presented facilitation during MOC fibers high-frequency stimulation that disappeared at mature stages. In addi-
tion, important changes were found in the VGCC that are coupled to transmitter release. Ca>" flowing in through L-type
VGCCs contribute to trigger ACh release together with P/Q- and R-type VGCCs at P11-P13, but not at P20-P22.
Interestingly, N-type VGCCs were found to be involved in this process at P20-P22, but not at hearing onset. Moreover, the
degree of compartmentalization of calcium channels with respect to BK channels and presynaptic release components signifi-
cantly increased from P11-P13 to P20-P22. These results suggest that the MOC-OHC synapse is immature at the onset of
hearing.

Key words: BK channels; calcium channels; cochlear efferent synapses; MOC-OHC synapse; short-term synaptic plastic-
ity; synapse maturation
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The functional expression of both VGCCs and BK channels, as well as their localization with respect to the presynaptic com-
ponents involved in transmitter release, are key elements in determining synaptic efficacy. In this work, we show dynamic
changes in the expression of VGCCs and Ca®"-dependent BK K™ channels coupled to ACh release at the MOC-OHC synapse
and their shift in compartmentalization during postnatal maturation. These processes most likely set the short-term plasticity
\pattem and reliability of the MOC-OHC synapse on high-frequency activity. /

ignificance Statement

Introduction

The organ of Corti, the sensory epithelium of the mammalian
inner ear, contains two types of mechanoreceptor cells, inner
hair cells (IHCs) and outer hair cells (OHCs), that transform
sounds into electrical signals. Upon depolarization by sounds,
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IHCs release glutamate and activate the auditory nerve fibers
contacting them (Hudspeth, 1997; Fuchs et al., 2003), while
OHCs change their length in response to sound-driven voltage
variations (Brownell et al., 1985). These shape changes in the
OHC s, termed electromotility, are powered by the motor protein
prestin and are part of the mechanical feedback process that
amplifies low-level sounds (Dallos, 2008). Outer hair cells are in-
nervated by cholinergic efferent fibers of the medial
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olivocochlear (MOC) system (Liberman and Brown, 1986).
MOC neurons, activated through several feedback loops from
both the periphery and higher processing centers, reduce the
sensitivity and sharp tuning of afferent fibers (Ashmore, 2008).
We have recently shown that the dynamics of the MOC-OHC
synapse directly determine the efficacy of the MOC feedback to
the cochlea, being a main player in the gain control of the audi-
tory periphery (Ballestero et al., 2011; Wedemeyer et al., 2018).

In the first 2 postnatal weeks, mouse OHCs undergo several
functional and morphologic changes. The most conspicuous are
those occurring in K" conductances (Marcotti and Kros, 1999),
in the mechanotransduction apparatus, including changes in the
stereocilia and associated proteins (Waguespack et al., 2007; Lelli
et al, 2009), and in the size and shape of the cell (Marcotti and
Kros, 1999; Oliver and Fakler, 1999). Moreover, prestin expres-
sion and electromotility, key factors in mature hearing, increase
progressively after birth and are not fully functional until post-
natal day 14 (P14) to P18 (Oliver and Fakler, 1999; Abe et al.,
2007; Hang et al., 2016).

Before hearing onset, at approximately P12 in altricial rodents,
MOC fibers transiently innervate the IHCs before reaching their
final targets, the OHCs, at the beginning of the second postnatal
week (Simmons, 2002). Both MOC-hair cell synapses are medi-
ated by the nicotinic acetylcholine receptor (nAChR) a9«10
(Elgoyhen et al., 2001; Weisstaub et al., 2002; Gomez-Casati et al.,
2005) functionally coupled to Ca®*-activated K* channels that
hyperpolarize the hair cells (Blanchet et al., 1996; Glowatzki and
Fuchs, 2000; Oliver et al., 2000; Wersinger et al., 2010). The main
function of the efferent system in vertebrate auditory organs is
conserved among species; namely, to inhibit hair cells and thereby
regulate the dynamic range of hearing (Art et al., 1984; Guinan,
2011). A low resting level of neurotransmitter release and facilita-
tion of responses during high-frequency firing has been described
in the turtle papilla (Art and Fettiplace, 1984) and the bullfrog sac-
culus (Castellano-Muiioz et al., 2010), at the transient efferent syn-
apse to mammalian IHCs (Goutman et al, 2005) and at the
MOC-OHC synapse around the onset of hearing (Ballestero et al.,
2011; Wedemeyer et al., 2018). Synaptic strength at the mouse
transient MOC-IHC synapse increases during postnatal develop-
ment, and the short-term plasticity (STP) pattern on high-fre-
quency stimulation changes from facilitation at P4 to depression
at P9-P11 (Kearney et al,, 2019). Moreover, there are changes in
the types of voltage-gated Ca®>" channels (VGCCs) coupled to ace-
tylcholine (ACh) release during the short period during which this
synapse is functional (Zorrilla de San Martin et al., 2010; Kearney
et al.,, 2019). Taking into account this evidence and that showing
that OHCs undergo significant changes during development, we
investigated the synaptic properties, the STP pattern, as well as the
localization and types of VGCCs and presynaptic BK channels
coupled to ACh release at the mouse MOC-OHC synapse during
postnatal maturation. The following two stages were studied: P11-
P13, around hearing onset; and P20-P22, when the OHCs are
morphologically and functionally mature. Significant changes
between these stages were found in the STP pattern and in the
types of VGCCs coupled to the release process as well as in their
degree of compartmentalization. The present results suggest that
the MOC-OHC synapse is still immature at the onset of hearing.

Materials and Methods

Isolation of the organ of Corti. Procedures for recording from the mouse
organ of Corti were identical to those published previously (Ballestero et
al,, 2011; Wedemeyer et al., 2018). Briefly, apical turns of the organ of
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Corti were excised from BALB/c mice of either sex at P11-P13 or P20-
P22 (considering day of birth as P0), placed in the chamber for electro-
physiological recordings mounted on the stage of an upright Leica LFS
or Olympus BX51WI microscope and viewed with differential interfer-
ence contrast using a 40 x water-immersion objective and a camera with
contrast enhancement (model C7500-50, Hamamatsu Photonics; or
model DMK 23UP1300, The Imaging Source). The preparations were
used within 2 h at P11-P13 and within 1 h at P20-P22, since the acutely
excised organ of Corti from mice at this developmental stage deteriorates
faster than those of younger mice. Experimental protocols were performed
in accordance with the American Veterinary Medical Association AVMA
Guidelines for the Euthanasia of Animals (Leary et al., 2013) and approved
by the Institutional Animal Care and Use Committee at Instituto de
Investigaciones en Ingenierfa Genética y Biologia Molecular (Consejo
Nacional de Investigaciones Cientificas y Técnicas).

Electrophysiological recordings. OHCs were identified by their charac-
teristic shape and three-row arrangement. The cochlear tissue was con-
tinuously superfused by means of a peristaltic pump (Gilson Minipuls 3,
BioEsanco) with a saline solution of an ionic composition similar to that
in the cochlear perilymph, as follows (in mm): 155 NaCl, 5.8 KCI, 1.3
CaCl,, 0.9 MgCl,, 0.7 NaH,PO,, 5.6 p-glucose, and 10 HEPES buffer;
pH 7.4, 295-305 mOsm. When necessary, drugs and toxins were diluted
in this saline and delivered through the perfusion system. Evoked IPSCs
(eIPSCs) were obtained in OHCs from the first row in the whole-cell
voltage-clamp recording configuration on extracellular electrical stimu-
lation of the MOC fibers. Recordings were made at room temperature
(22-25°C) at a holding potential (V},) of —40mV using an Axopatch
200B or a Multiclamp 700B amplifier (Molecular Devices). Signals were
acquired either with the software pClamp version 9.2 (Molecular
Devices) or WinWCP version 5.2.7 (John Dempster, University of
Strathclyde, Glasgow, UK; RRID:SCR_014713), low-pass filtered at 2-
10kHz and digitized at 20-50kHz with a Digidata 1322A board
(Molecular Devices) or a BNC-2120 board (National Instruments). After
breaking into the whole-cell configuration, cell capacitance, resting
potential, and voltage-dependent currents were monitored in each OHC
to determine their viability along the experiment. Recordings were
obtained with borosilicate glass electrodes (catalog #1B100F-4, World
Precision Instruments) filled with the following (in mwm): 140 KCI, 3.5
MgCl,, 0.1 CaCl,, 5 EGTA, 5 HEPES buffer, 2.5 Na,ATP; pH 7.2, 283-
290 mOsm; 6-7.5 M) resistance. Indicated holding potentials were not
corrected for liquid junction potentials (—4 mV). Synaptic current analy-
sis was made offline with custom routines implemented in IGOR Pro
version 6.37 (WaveMetrics; RRID:SCR_000325).

Electrical stimulation of MOC efferent axons. The cochlear prepara-
tion was electrically stimulated to evoke ACh release from presynaptic
terminals of the MOC efferent fibers as previously described (Goutman
et al., 2005; Ballestero et al., 2011; Wedemeyer et al., 2018). The electrical
stimulus was applied through a borosilicate glass pipette of 0.5-1 M(Q)
positioned 20 um below the IHC aligned with the OHC under study
(Fig. 1A). For optimal stimulation, cochlear supporting cells were gently
removed by applying negative pressure through a tip-broken glass pip-
ette. The position of the stimulation electrode was adjusted until eIPSCs
in the OHC were consistently observed. An electrically isolated constant
voltage source (Grass model S48 stimulator coupled to a SIU5 isolation
unit, A-M Systems) was triggered via the data acquisition software to
generate 200-300 pA pulses of 0.2-1 ms duration.

Estimation of the quantum content of transmitter release. Under the
assumption that evoked synaptic events in synapses with low release
probability follow a Poisson distribution, the quantum content of trans-
mitter release (1) on electrical stimulation of MOC fibers was estimated
by the “method of failures,” m = In (N/N,) (Del Castillo and Katz,
1954a), where N is the total number of stimuli and N, is the number of
failures. Protocols of 100 stimuli at a frequency of 1 Hz were used to esti-
mate m. To test the effect of drugs or toxins on the quantum content of
evoked ACh release from the MOC synaptic terminals, m was first
assessed two to three times to establish a mean control (Ctrl) value (m,)
before incubating the tissue with the drug or toxin to evaluate. The tissue
was then incubated for the time necessary to reach a plateau in the
observed effect of the tested compound. Dihydropyridines (DHPs),
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Synaptic strength at the MOC—OHC synapse increases with postnatal age. A, Schematic representation of the experimental preparation. OHCs from the first row were recorded
with a glass electrode during electrical stimulation of the MOC efferent fibers. Scale bar, 20 um. B, Representative traces of elPSCs in voltage-clamped OHCs (V}, =

—40mV) at P11-P13 (left)

and P20-P22 (right) in response to MOC fiber stimulation at 1 Hz. C, Percentage of responding OHCs on electrical stimulation of the MOC efferent fibers also increases during postnatal develop-
ment. Numbers over the bars indicate the number of cells tested. ,\/2 test; **p < 0.01. D, Violin plot for the quantum content of transmitter release at the MOC—0HC synapse (P11-P13,
n=110 cells; P20-P22, n=62 cells). Solid lines represent the median, and dashed lines represent the interquartile divisions. Mean values are represented with the + symbol. Mann—
Whitney test, ***p << 0.001. E, Quantum content versus recording time at both developmental stages (P11-P13, n=6; P20-P22, n =5). Repeated-measures ANOVA; no significant differences

were found within each developmental stage.

iberiotoxin (IbTx) and SNX-482 (SNX) reached a plateau after 5min of
incubation, while w-agatoxin (w-Aga) isovaleric acid (IVA) reached the
plateau after 10 min of incubation and w-conotoxin GVIA (w-CgTx),
after 15min. For each compound, three to five measurements after
reaching the plateau were used to obtain the mean values of the
treatment.

Estimation of the electrical properties and kinetic parameters in the
OHCs. OHC membrane resistance (R,,) and membrane capacitance
(C,y) values were calculated from averages obtained by 5mV, 5ms depo-
larizing steps that were applied five times. The protocol used started at
Vi, = —=70mV, a slightly hyperpolarized potential for OHCs, to guaran-
tee that no voltage-dependent currents are active when measuring the
parameters of interest. The amplitude of spontaneous IPSCs (sIPSCs)
was calculated as the difference between the holding current value right
before the spontaneous event and the peak of the response. To measure
eIPSC amplitudes of individual synaptic responses, the difference
between the peak and the baseline before the stimulation artifact was
computed. Rise and decay kinetics of eIPSCs (Triser 20-80%; Tdecays
10-90%) were analyzed only from those synaptic events that were not
compromised in shape by the stimulus artifact or by asynchronous
release events. The sIPSC and eIPSC halfwidth was calculated as the full
width of the synaptic responses at half-maximum amplitude. The sIPSC
and eIPSC charge was obtained by integrating the current versus time in
each trace.

Paired-pulse and train stimulation protocols. For paired-pulse experi-
ments, MOC efferent fibers were stimulated with a protocol that con-
sisted of 50-100 repetitions (sweeps) of two shocks with interstimulus
intervals (ISIs) of 12.5, 25, 50, and 100 ms (stimulation frequencies of 80,
40, 20, and 10 Hz, respectively). For train stimulation experiments at 10
or 80 Hz, protocols consisted of 30 sweeps for 10-pulse experiments, or a
single sweep for 50-pulse voltage-clamp experiments. Current-clamp 50-
pulse train experiments consisted of three sweeps at 80 Hz. Each proto-
col was applied at least three times on the same OHC to obtain mean
values of the parameters of interest for each cell. For every pulse in
paired-pulse and 10-pulse train experiments, the average response (S)

was computed as the average of recorded current amplitudes along the
number of sweeps, including failures of response, and the probability of
release (P) for each pulse was computed as the ratio between the number
of eIPSCs and the number of sweeps. The amplitude (A) was obtained
by averaging the successful eIPSCs amplitudes after each pulse, com-
puted as the difference between the peak of the response and the base-
line, which was considered as the current value before the stimulation
artifact. Facilitation indexes (FIs) were then calculated for S, P, and A by
normalizing their values in each pulse to those in the first pulse. For 50-
pulse experiments, the cumulative charge (Q) of the postsynaptic current
was obtained by integrating the area under the curve for the evoked
postsynaptic response.

Drugs, toxins, and reagents. Reagents were purchased from Sigma-
Aldrich. IbTx was purchased from Tocris Bioscience or Sigma-Aldrich.
DHPs nifedipine (Nife) and (=) Bay-K 8644 (BayK), as well as w-CgTx,
SNX, and w-Aga, were purchased from Alomone Labs. Invitrogen
EGTA-AM was purchased from Thermo Fisher Scientific. All drugs and
toxins were thawed and diluted in the extracellular solution just before
use. DHPs and EGTA-AM stock solutions were prepared in dimethyl-
sulfoxide (final concentration during the experiment, <0.1%). Peptidic
toxin stock solutions were prepared in distilled water and coapplied
through the perfusion system with bovine serum albumin (final concen-
tration during the experiment, <0.01%).

Statistics. All statistical tests were performed using custom routines
implemented in R version 3.6.3 (R Development Core Team) through
RStudio software version 1.0.153 (RRID:SCR_000432), except for the X’
test, performed using GraphPad Prism 6 (RRID:SCR_002798). Before
performing any analysis, data were tested for normal distribution using
the Shapiro-Wilk normality test, and parametric or nonparametric tests
were applied accordingly. For statistical analyses with two datasets, two-
tailed paired and unpaired ¢ tests or two-sided Wilcoxon rank sum and
Mann-Whitney tests were used. For comparisons of more than two
datasets, one-way ANOVA or repeated-measures ANOVA followed by
Tukey’s multiple-comparison test were used when data were normally
distributed. If a dataset was not normally distributed, Kruskal-Wallis or
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Friedman tests followed by Dunn or Conover multiple-comparison tests,
respectively, were used. When more than two datasets were compared
and significant differences were found, the reported p values correspond
to the post hoc multiple-comparison test. Values of p < 0.05 were consid-
ered significant. When significant differences were found, effect sizes
were calculated using the rstatix statistical package in R. Effect size coef-
ficients used were Hedges’ g for paired and unpaired ¢ tests, Wilcoxon’s r
for Wilcoxon and Mann-Whitney tests, partial n° (n3) for ANOVA
and repeated-measures ANOVA, and Kendall's W for Friedman tests.
All data are expressed as the mean = SEM. In all cases, n indicates the
number of cells tested, and for each of the reported experiments, at least
three animals were used. The statistical test used in each case is reported
in the figure legend.

Results

Synaptic strength at the MOC-OHC synapse increases
during postnatal development

Outer hair cells start to be innervated by MOC efferent fibers at
the second postnatal week (Dulon et al., 1998; He and Dallos,
1999; Simmons, 2002; Roux et al,, 2011). In previous work, we
showed that the quantum content of ACh release at the MOC-
OHC synapse around the onset of hearing (P11-P13) is very low
at 1 Hz stimulation. However, postsynaptic responses are signifi-
cantly enhanced on increasing the stimulus frequency due to
both presynaptic facilitation and postsynaptic summation
(Ballestero et al., 2011; Wedemeyer et al., 2018). In the present
work, we studied whether the strength of synaptic transmission
changes during postnatal development. To this end, we evaluated
both the number of OHCs presenting postsynaptic currents on
electrical stimulation of the MOC fibers and the quantum con-
tent of evoked release of each responding cell, both at the onset
of hearing (P11-P13) and at a more mature stage (P20-P22).
Near the physiological OHC membrane resting potential, which
is approximately —50 mV (Dallos, 1985), synaptic currents are
outward (Fig. 1B), therefore inhibitory. Inhibition arises because
the MOC-OHC synapse is mediated by the activation of the
a@9a10 nAChR coupled to the activation of Ca®"-activated K*
channels that hyperpolarize the hair cells (Oliver et al., 2000;
Elgoyhen et al,, 2001; Wersinger et al., 2010; Ballestero et al.,
2011; Rohmann et al,, 2015). Under our recording conditions,
the resting membrane potential on break-in was approximately
—60mV, and there were no significant differences in this param-
eter between P11-P13 and P20-P22 (Table 1: P11-P13, n=54
cells; P20-P22, n = 31 cells; p=0.6252).

The number of functionally innervated OHCs significantly
increased during maturation. At P11-P13, only 131 of 211 cells
tested responded to electrical stimulation of the MOC fibers,
whereas at P20-P22, 62 of 80 cells tested responded (y? test:
X’ =6.171,df=1, z=2.484, p = 0.0065; Fig. 1C). In addition, the
m values of responding cells significantly increased during
maturation (P11-P13: m=0.24 = 0.02, n=110 cells; P20-P22:
0.37 £ 0.03, n=62 cells; p=0.0004, Wilcoxon’s r=0.27; Fig. 1D).
It is important to note, as illustrated by the violin plot in Figure
1D, that there is variability in this parameter and that in some
cases m values obtained at P11-P13 overlap with those at P20-
P22. We also tested the stability of this parameter at both age
groups. At P11-P13, m remains stable for at least 45min,
whereas at P20-P22, due to the faster deterioration of the coch-
lear tissue at this stage (see Materials and Methods), we only
tested its stability for 30 min (P11-P13: n=6 cells, p=0.9391;
P20-P22: n=>5 cells, p=0.2835; Fig. 1E).

During development, there was a significant increase in OHC
membrane capacitance and a significant reduction in membrane
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Table 1. Membrane properties of OHCs during postnatal development
P11-P13 (n=54) P20-P22 (n=31)

Vi (V) —63.43 £1.02 —62.98 + 0.88
G (pF) 11.54 = 0.22 15.87 = 0.43%**
R (MC2) 123.56 = 3.18 40.50 £ 2.43%%*

Unpaired ¢ test, ***p < 0.001.

Table 2. Properties of IPSCs in OHCs from mice during postnatal development

P11-P13 P20-P22

sIPSCs Amplitude (pA) 33.98 £3.07 31.97 £3.52
(P11-P13, n=6) Trise (MS) (20-80%) 18.78 = 1.85 16.13 = 2.44
(P20-P22, n=5) Taecay (MS) (10-90%) 47702930 3231 4.03
Halfwidth (ms) 32.93 £5.58 30.08 =3.78

Q (pQ) 249 =042 2.10 = 0.23

elPSCs Amplitude (pA) 30.20 = 1.53 34.93 = 2.08
(P11-P13, n=32) Tyise (MS) (20-80%) 1137 = 0.88 12.14 = 0.87
(P20-P22, n=17) Tdecay (MS) (10-90%) 4447 + 231 4238 +2.14
Halfwidth (ms) 4439 =178 41.68 = 1.63

Q (pQ) 1.83 £0.11 1.92+0.13

resistance (p=2 x 107, Wilcoxon’s r=0.62; and p = 2.7 x 107/,
Wilcoxon’s r=0.83, respectively; Table 1; P11-P13, n=>54 cells;
P20-P22, n=31 cells). This agrees with the increment in OHC
size and also with the increment in K™ currents during this period
(Marcotti and Kros, 1999; Oliver and Fakler, 1999). These changes
in OHC membrane properties did not alter the response of the
cell to the spontaneous release of ACh by the MOC fibers. The
amplitude of sIPSCs did not change between P11-P13 and P20-
P22 (p=0.6143; Table 2), indicating that the quantum size
remained constant during this period. In addition, no significant
changes were observed between both age groups in sIPSCs kinetics
(Triser P=0.1775; Tgecay> p=0.2102; n=5-6 cells; Table 2), which
have been shown to be dominated by the Ca>" gating of the SK2
channel (Oliver et al., 2000). This suggests that the functional cou-
pling of the SK2 channel to the nAChR did not change during this
developmental period. Moreover, in agreement with these results,
we found that the total charge going through the postsynaptic
membrane on each synaptic event did not change during the stud-
ied period (p = 0.4471, n=5-6 cells; Table 2).

We also analyzed the characteristics of eIPSCs in both age
groups, summarized in Table 2 (P11-P13, n=32 cells; P20-P22,
n=17 cells) and found that there were no significant differences
either in the kinetic parameters (7T p=0.9495 Taecays
p=0.5002), in the amplitude (p=0.4779), or in the total charge
going through the postsynaptic membrane on each synaptic event
during the studied period (Q, p=0.6371). The lack of changes in
the amplitude of successful events suggests that synaptic strength
increases with maturation due to an increment in the probability
of successfully evoking a release event, without increments in the
average number of vesicles released per action potential. In addi-
tion, the fact that no changes were observed in eIPSCs kinetics on
maturation indicate that as previously shown at P11-P13, the
summation of postsynaptic responses due to the slow decay
kinetics of eIPSCs would be an important factor contributing to
enhanced inhibition of OHC activity when MOC fibers fire at
high frequency (Ballestero et al., 2011; Wedemeyer et al., 2018).

Paired-pulse facilitation at the MOC-OHC synapse is absent
in hearing mice (P20-P22)

The significant increment in quantum content observed at the
MOC-OHC synapse between hearing onset (P11-P13) and a
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ISl (ms)

Paired-pulse facilitation observed at the MOC—OHC synapse around the onset of hearing is absent in hearing mice. A, Representative traces of 10 individual responses during

paired-pulse stimulation protocols at P11-P13 (top) and P20—P22 (bottom). ISIs are 12.5, 25, 50, and 100 ms, corresponding to MOC stimulation frequencies of 80, 40, 20, and 10 Hz, respec-
tively. Individual traces are represented with different colors for clarification purposes. B, Facilitation indexes (FI = X,/X;) for the total average response, Fl, the release probability, Flp, and the
amplitude of successfully evoked postsynaptic responses, Fl, plotted as a function of the ISIs tested. At the onset of hearing (P11-P13, top) at ISIs of 12.5 and 25ms, Fls and Flp were >1,
whereas Fly is close to 1 for all ISIs tested (n = 6-7). Paired t test or Wilcoxon rank sum test: *p << 0.05 and **p << 0.01 for Fls and Flp. At P20—P22 (bottom), Fls, Flp, and Fl, were not signifi-

cantly different from 1 within all ISIs tested (n = 5-6). See Table 3 for details.

Table 3. Calculation of Fly = X,/X; for S, P, and A at the MOC-OHC synapse, during postnatal development

P11-P13 (n=6-7)

P20-P22 (n=5-6)

ISls Flg = S,/5, Flp = Py/P, Fly = Ad/Ay Fls = S,/5, Fl = P,/P; Fla = Ao/Ay
100 ms (10 Hz) 113016 0.97 = 0.09 1.1 = 0.06 0.83 =+ 0.1 0.92 = 0.10 0.89 = 0.04
50 ms (20 Hz) 0.98 * 0.15 1.06 = 0.16 0.92 = 0.02 072 = 0.08 0.85 = 0.08 0.84 = 0.04
25ms (40 Hz) 1.80 = 0.20% 158 = 0.13* 1.12 = 0.05 0.84 =+ 0.17 0.76 = 0.08 0.96 = 0.13
12.5ms (80 Hz) 2.66 = 0.24** 254 = 0.19%* 1.07 = 0.04 120 = 0.18 1.08 = 0.13 111 =011

Paired ¢ test or Wilcoxon rank sum test, *p < 0.05; **p < 0.01.

more mature stage (P20-P22) led us to investigate whether this
increment was reflected in the behavior of this synapse on high-
frequency stimulation of the MOC fibers. Synapses that present
low quantum content tend to facilitate on high-frequency stimu-
lation (Debanne et al, 1996; Murthy et al., 1997; Zucker and
Regehr, 2002), as was observed at the mouse MOC-OHC syn-
apse at the onset of hearing (Ballestero et al., 2011), at neonatal
rat and mouse MOC-IHC synapses (Goutman et al, 2005;
Kearney et al., 2019), and also at efferent synapses on turtle and
frog hair cells (Art et al., 1984; Castellano-Muiloz et al., 2010).
To evaluate whether there were changes in the paired-pulse FI
between the two age groups under study, the S, P and the average
A values on MOC stimulation were measured for paired pulses
with ISIs ranging from 12.5 to 100 ms, corresponding to MOC
stimulation frequencies between 80 and 10 Hz, respectively (Fig.
2A). The FI was defined as the ratio X,/X;, where X, and X, are
the values for S, P, or A obtained in the OHC:s in response to the
first and the second pulse, respectively (Fig. 2B). FI values >1
indicate facilitation, while FI values <1 indicate depression (Del
Castillo and Katz, 1954b; Mallart and Martin, 1967; Katz and
Miledi, 1968; Goutman et al, 2005; Ballestero et al., 2011;
Kearney et al., 2019). At the onset of hearing (P11-P13; Fig. 24,
B, top) S,/S; and P,/P; ratios were significantly >1 for ISIs of
12.5 and 25ms (80 and 40 Hz, respectively), whereas the A,/A;
ratio was close to 1 for all ISIs tested (100 ms: FIs, p =0.99; Flp,
p=0.8119; FI,, p=0.6369; 50ms: Fls, p=0.99; Flp, p=0.9309;

Fl,, p=0.9183; 25 ms: FIg, p=0.03125; Wilcoxon’s r=0.58; FIp,
p=0.0013; Hedge’s g=145; Flh, p=0.5781; 12.5ms: FIg,
p=0.0065, Hedge’s g=1.71; Flp, p=0.0085, Hedge’s g=1.55;
Fla, p=0.2006; n=6-7 cells; Table 3). These results indicate that
facilitation of the S values at P11-P13 can be accounted for
entirely by an increase in the P values. Therefore, as previously
reported (Ballestero et al., 2011) at the MOC-OHC synapse,
facilitation in response to high-frequency stimulation is of pre-
synaptic origin. At P20-P22 (Fig. 2A,B, bottom), however, FI val-
ues for S, P, and A were not significantly different from 1 at any
of the ISIs tested (100ms: FI5, p=0.3125; FIp, p=0.558; Fl,,
p=0.0625; 50 ms: Flg, p=0.0625; Flp, p=0.2155; Fl,, p=0.125;
25ms: Flg, p=0.3125; Flp, p=0.1789; Fl5, p=0.4375; 12.5ms:
Flg, p=0.7261; Flp, p=0.4908; FI,, p=0.3125 n=6 cells; Table
3). The present results show that the facilitation of responses on
high-frequency stimulation is lost as the MOC-OHC synapse
matures and transmitter release becomes more reliable on low-
frequency firing of the MOC fibers.

Developmental changes in the contribution of presynaptic
VGCCs to ACh release at the MOC-OHC synapse

In mammals, fast synaptic transmission at both central and pe-
ripheral synapses is mediated by multiple types of VGCCs,
including P/Q, N, and R (Ca,2.1, Ca,2.2, and Ca,2.3, respec-
tively; Katz et al, 1997; Plant et al, 1998; Reid et al, 2003;
Catterall and Few, 2008; Catterall, 2011). Ca** channels coupled
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Figure 3. Differential contribution of VGCCs supporting ACh release at the MOC—OHC synapse at two different postnatal de-

velopmental stages. A, B, Effect of 200 nu w-Aga, 500 nm w-(gTx, 100 um Ni*, and 500 nm SNX, speific blockers of P/Q-,
N-, and R-type VGCCs, respectively, on the quantum content of evoked release at P11-P13 (A) and P20-P22 (B). C, D,
Summary of the data in A and B, expressed as a percentage of control quantum content. E, F, Time dependence (E) and total
effect (F) of the sequential application to the bath solution of 200 nm «-Aga and 500 nm SNX, speific blockers of P/Q- and R-
type VGCGs, respectively, at P11-P13. Values for w-Aga and SNX shown in F correspond to the last two points of each treat-
ment in E. Paired t test or Wilcoxon rank sum test for A—D; Friedman test followed by Conover post hoc comparisons for F;

*9 < 005, **p < 0.01, **p < 0.001.

to transmitter release have been shown to be developmentally

regulated both at central synapses (Iwasaki et al., 2000; Momiyama,
2003; Fedchyshyn and Wang, 2005) and at the neuromuscular junc-
tion (Rosato Siri and Uchitel, 1999). In previous work, we showed,
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by electrophysiological and pharmacologi-
cal methods, that the VGCCs coupled to
transmitter release at the transient MOC-
THC synapse are also developmentally
regulated (Kearney et al.,, 2019). From P4
to P7, ACh release is mediated by P/Q-,
R-, and, under certain circumstances,
also by L-type VGCCs, whereas at
P9-P11, transmitter release is medi-
ated only by P/Q- and N-type VGCCs
(Zorrilla de San Martin et al., 2010;
Kearney et al., 2019).

In view of these developmental
changes reported at the MOC-IHC syn-
apse, we investigated which types of
VGCCs are coupled to ACh release at the
MOC-OHC synapse both at P11-P13
and at P20-P22. To this end, we evaluated
the quantum content of transmitter
release in the presence of toxins that spe-
cifically antagonize P/Q-, N-, and R-type
VGCCs. w-Aga (200 nm) and w-CgTx
(500 nm) were used to block P/Q- and N-
type VGCCs, respectively. SNX (500 nm)
and Ni** (100 uM) were used to block R-
type VGCCs (Mintz and Bean, 1993;
Olivera et al., 1994; Newcomb et al., 1998;
Bourinet et al., 2001). At the onset of hear-
ing, m was significantly reduced by
w-Aga-IVA, SNX, and Ni*", but was not
affected by w-CgTx (Fig. 34; m. =
0.383 £ 0.057, mag, = 0.102 = 0.021, p =
0.00243, Hedge’s g= 2.49; m. = 0.371 =
0.084, mgnx = 0.162 = 0.048, p=0.0072,
Hedge’s g=1.07; m. = 0.158 = 0.018,
my = 0007 +0014, p= 3x10°,
Hedge’s g=1.99; m. = 0227+ 0.073,
Mcgry = 0.254 £ 0.089, p=0.5781; n=6-7
cells). SNX is a more selective blocker of
R-type VGCCs than Ni*", as this latter
compound also blocks T-type VGCCs
(Lee et al., 1999; Chow et al, 2003;
Obejero-Paz et al, 2008). Notwithsta-
nding, T-type channels have only been
detected in the hair cells (Inagaki et al,
2008; Levic and Dulon, 2012) and not in
lateral olivocochlear fibers (Gaborjan and
Vizi, 1999) or MOC fibers (Waka et al,,
2003). In addition, we found no signifi-
cant differences in the effect of SNX and
Ni?* on m (unpaired t test, p=0.1239),
which is consistent with the similar block
that these VGCC antagonists exert on
synaptic transmission at cerebellar synap-
ses (Myoga and Regehr, 2011). Therefore,
we only used Ni** to evaluate whether R-
type VGCCs were coupled to ACh release
at P20-P22. At this age group, the three
VGCC blockers tested exerted a signifi-
cant effect on m (Fig. 3B; m. = 0.501 *

0.177, mpg, = 0.197 = 0.103; p=0.0312, Wilcoxon’s r=0.62; m. =
0.534 = 0.199, my; = 0.191 = 0.062, p =0.0312, Wilcoxon’s r=0.62;
me = 0.199 % 0.017, mcgre = 0.096 * 0.021, p=0.0003, Hedge’s
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g=2.07; n=6 cells). The fact that at both age groups the summed
effect of the VGCC antagonists applied separately blocked >100%
of m (~130% at P11-P13 and ~170% at P20-P22) can be in part
accounted for by the fact that the relationship between external
Ca”" and the amount of transmitter released by the synaptic termi-
nal, as first described at the neuromuscular junction (Dodge and
Rahamimoft, 1967) and later at several central mammalian and pe-
ripheral synapses (Mintz et al., 1995; Borst and Sakmann, 1996;
Takahashi et al, 1996; Wu et al., 1999; Rosato-Siri et al., 2002),
including the transient mouse MOC-IHC synapse (Zorrilla de San
Martin et al., 2010), is highly nonlinear. Therefore, small variations
in the amount of Ca®" in the external milieu or in the activity of ter-
minal membrane VGCCs might exert a great impact on transmitter
release.

The sequential application of w-Aga-IVA and SNX at P11-
P13, however, shows there is still a small fraction (~10%) of m
that remains unblocked even in the presence of both VGCC
antagonists. Figure 3E illustrates the temporal course of the effects
of each toxin (percentage of control: mag = 36.77 * 5.53%;
Mpga+snx: 10.95 = 2.35%; n=8 cells), and Figure 3F illustrates
the results of the same experiment in each of the OHCs tested
(e = 0.338 % 0.100, mag, = 0.095 + 0.019, Mg+ snx = 0.036 *+
0.008; M. VS Magy p=2 % 10"% m, Vs Magursnxo P=6x 1075
Maga VS Magatsnx> P =2 X 10> Kendall's W = 1; n = 8 cells). The
higher block exerted by SNX when applied alone (~58%), com-
pared with that exerted by this toxin after blocking transmitter
release with w-Aga-IVA (~26%), is similar to that reported for
the effects of w-CgTx on transmitter release at the calyx of Held
synapse whether applied before or after partially blocking this pro-
cess with w-Aga-IVA (Iwasaki et al., 2000).

At P20-P22, the sequential application of w-Aga-IVA,
w-CgTx, and Ni*" was not possible because, as shown in Figure
1E, recordings in voltage-clamped OHCs only remain stable for
30 min, and this time is not enough to sequentially reach the
steady-state effect exerted by each of the three VGCC blockers
under study. The above results show that transmitter release at
the onset of hearing (P11-P13) is mediated by Ca*" entry
through P/Q- and R-type VGCCs, whereas at a more mature
stage (P20-P22), in addition to P/Q- and R-type VGCCs, N-type
VGCCs are also coupled to the release process. The late coupling
of N-type VGCCs to ACh release is identical to that found dur-
ing development at the transient MOC-IHC synapse (Kearney et
al., 2019).

The role of L-type VGCC in the release process at the MOC-
OHC synapse at P11-P13 and P20-P22

Under normal conditions, L-type VGCCs do not support trans-
mitter release at fast synapses (Catterall, 2011). However, and in
agreement with reports at reinnervating synapses (Katz et al,
1996) and developing synapses (Sugiura and Ko, 1997; Rosato
Siri and Uchitel, 1999), we have recently shown that during the
early periods of neonatal development of the transient mouse
MOC-IHC synapse, Ca>" entry through L-type VGCCs can,
under certain circumstances, support transmitter release (Kearney
et al,, 2019).

L-type VGCCs are highly sensitive to micromolar concentra-
tions of DHPs that, either negatively (i.e., nifedipine, nitrendi-
pine) or positively (i.e., BayK), modulate their activity (Doering
and Zamponi, 2003; Catterall and Few, 2008). Therefore, to
study the role of L-type VGCCs in ACh release at the MOC-
OHC synapse during postnatal development, we tested the effects
of nifedipine and BayK on m at P11-P13 and P20-P22. We found
that at P11-P13 both the agonist (10 um BayK) and the antagonist
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(3 uM nifedipine) caused a significant increment in the amount of
transmitter released (Fig. 4A4; m. = 0.189 * 0.060, myi =
0.303 * 0.070; p=0.0004, Hedge’s g=0.66; m. = 0.321 = 0.103,
Mpayk = 0.666 = 0.254, p = 0.0313, Wilcoxon’s r=0.62; n=6 cells).
At P20-P22, however, the agonist and the antagonist had oppos-
ing effects on release. Nifedipine caused a significant increment in
release, while BayK caused a significant reduction of this parame-
ter (Fig. 4B; m. = 0.275 * 0.081, mys. = 0.497 * 0.108, p=0.0128,
Hedge’s g=0.88; m. = 0.479 = 0.159, mp,x = 0.216 = 0. 070,
p=0.0312, Wilcoxon’s r=0.62; n=6 cells). The results obtained
with DHPs are identical to those found at the transient MOC-
IHC synapse, where, at the early periods of development (P4-P7),
both BayK and nifedipine increase transmitter release (Kearney et
al, 2019), whereas at P9-P11 BayK reduces and nifedipine
increases this process (Zorrilla de San Martin et al., 2010). The
apparently contradictory effects of DHPs at the MOC-IHC syn-
apse were accounted for by the functional coupling of L-type
VGCCs and BK channels that accelerate the repolarization of the
terminal membrane and therefore reduce the amount of ACh
released per action potential (Roberts et al., 1990; Robitaille et al.,
1993b; Zorrilla de San Martin et al., 2010).

L-type VGCCs have been shown to be present both at presyn-
aptic MOC terminals (Waka et al., 2003; Zorrilla de San Martin
et al., 2010; Kearney et al., 2019) and also at postsynaptic hair cell
membranes (Michna et al., 2003; Knirsch et al., 2007). Therefore,
DHPs added to the bath solution would be targeting both pre-
synaptic and postsynaptic L-type VGCCs. Notwithstanding,
Ca>" currents are very tiny, almost negligible in OHCs voltage-
clamped at —40mV, even when recorded in the presence of 10
mM Ba?" (Knirsch et al., 2007). However, Knirsch et al. (2007)
have shown that BayK can significantly enhance these currents.
In addition, it has been shown that in IHCs from P9 to P11 volt-
age clamped at —40mV, although 10 um BayK does not have
any effect on eIPSC amplitudes, it significantly prolongs their
decay time (Zachary et al., 2018). Therefore, to study whether
there was any contribution of postsynaptic Ca** flowing in
through L-type VGCCs to the cholinergic response, we evaluated
eIPSC amplitudes and kinetics with and without BayK (10 um)
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in the bath solution. No significant differences between both
conditions were found either at P11-P13 (eIPSC amplitude:
Ctrl=32.74 + 4.02pA, BayK=38.38 +4.24pA, p=03346;
Trse Ctrl=13.09 = 044 ms, BayK=15.46 * 1.68 ms, p=0.2662;
T decay: Ctrl = 38.32 = 3.44 ms, BayK =49.64 * 1.68 ms, p =0.2665, n =
6) or at P20-P22 (eIPSC amplitude: Ctrl=42.28 = 10.77 pA,
BayK= 3333 *+379pA, p=04762 7y Ctrl=10.61+ 1.32
ms, BayK= 13.19 £ 0.77ms, p=0.2158 Tgecay: Ctrl=36.72 %
4.71 ms, BayK = 41.02 = 9.28 ms, p=0.4931; n=6). This lack of
effect of BayK on eIPSCs parameters reinforces the notion that
the observed effect of this drug on synaptic transmission at the
MOC-OHC synapse can be solely accounted for by its effects on
presynaptic L-type VGCCs.

Coupling between L-type VGCCs and BK channels changes
during maturation of the MOC-OHC synapse

In view of the above presented results with DHPs at the MOC-
OHC synapse and taking into account previous work at the tran-
sient MOC-IHC synapse (Zorrilla de San Martin et al., 2010;
Kearney et al., 2019), we first evaluated by electrophysiological
and pharmacological methods whether BK channels were func-
tionally expressed in MOC synaptic terminals at the two age
groups under study. The BK channel blocker, IbTx (200 nwm) sig-
nificantly increased the amount of ACh released on MOC stimu-
lation (Fig. 5A; P11-P13: m. = 0.129 =0.010, mprx =
0.219 = 0.021, p=0.0043, Hedge’s g=2.03; P20-P22: m. =
0224 +0.022, mpr, = 0376+ 0046, p=0.0012, Hedge’s
g=1.50; n=6-7 cells). These results show that BK channels are
functionally expressed at both age groups, suggesting that, as
found at the MOC-IHC synapse (Zorrilla de San Martin et al,,
2010; Kearney et al, 2019), Ca®" flowing in through L-type
VGCCs is fueling BK channels and therefore is blocking them
with nifedipine leads to an increase in the amount of transmitter
released at both age groups (Fig. 4). Interestingly, at P11-P13
BayK, which enhances the activity of L-type VGCCs (Hess et al.,
1984), had the same effect as nifedipine, whereas at P20-P22 it
reduced the number of ACh vesicles released per nerve impulse
(see above; Fig. 4). To elucidate whether at P11-P13, apart from
fueling BK channels, Ca>" influx through L-type VGCCs could
be contributing to ACh release as described at the MOC-IHC
synapse at the early stages of development (Kearney et al., 2019),
we conducted occlusion experiments in which we incubated the
cochlear preparation with the BK channel antagonist (200 nm
IbTx) before applying either nifedipine or BayK to the bath solu-
tion. In the absence of functional BK channels due to the pres-
ence of IbTx, nifedipine (3 um) was unable to enhance the
release of ACh at P11-P13 (Fig. 5Bi; m. = 0.233 * 0.062, mypry =
0.729 * 0.230, My + Nife = 0.803 = 0.257; n=5; m. vS Mypry
p=0.007; m. vs miprx + Nifer P=0.0015 My VS Miprx + Nifes
p=089% n’p=0.33) or at P20-P22 (Fig. 5Bii; m. = 0412 *
0.079, myyry = 0.696 = 0.089, Myyrs + Nife = 0.674 = 0.099; 1 =5;
m VS Mypry P =0.0003; m. VS M1y + Nife P =0.0039; mypyry VS
Mty + Nife P = 0.081; Kendall’s W =0.84). Under the same con-
ditions, however, BayK (10 um) still significantly enhanced
release at P11-P13 (Fig. 5Ci; m. = 0.221 = 0.035, myx =
0468 = 0.114, Myyryipagk = 0.682* 0.154 n=7; myry Vs
MipTx+Bayio P =0.0002; m VS Mipret Bayxo P =0.0006; mpyry V8
MipTx+Bayk> P = 0.0002; Kendall's W =1), whereas at P20-P22 this
DHP had no effect in the presence of the BK channel blocker (Fig.
5Cii; m. = 0351 % 0029, mpze = 0.527 = 0.057, Mipryspagk =
0.521 £ 0.057; n=6; m. vs Myt p=0.0003; m. VS Miyrx+Bayio
p=0.0001; M1 VS mibTsct Bayio P = 0.544; 1°p =0.38).
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Figure 5. Ca®* influx through L-type VGCCs fuel Ca> " -activated K™ (BK) channels at the
MOC—OHC synapse both at P11-P13 and P20—P22. Ai,ii, Effect on the quantum content of
transmitter release of 200 nm IbTx, a specific blocker of BK channels, at P11-P13 (i) and
P20—P22 (ii). Bi,ji, Effect of adding 3 um Nife on the quantum content of transmitter release
in cochlear preparations at P11-P13 (i) and P20—P22 (ii) previously incubated with 200 nm
IbTx. Giji, Effect of the sequential application of 200 nm IbTx and 10 wm BayK at P11-P13
(i) and P20-P22 (ii) on the quantum content of transmitter release. Paired t test or
Wilcoxon rank sum test in A; repeated-measures ANOVA or Friedman test followed by
Tukey's or Conover multiple-comparisons tests, respectively, for B and ¢ **p <0.01,
*¥p <0.001.

The fact that IbTx completely occluded the effects of nifedi-
pine and BayK at P20-P22 indicates that at this stage, Ca*"
influx through L-type VGCC is only involved in fueling BK
channels, as described at the most mature stages of the transient
MOC-IHC synapse (Zorrilla de San Martin et al, 2010).
Noteworthy, at P11-P13 IbTx also prevented nifedipine from
enhancing release, suggesting that under normal conditions the
contribution of L-type VGCCs at the MOC-OHC synapse at the
onset of hearing must be too small compared with that of P/Q-
and R-type VGCCs and, therefore, not sensitive to the applica-
tion of the DHP antagonist. Together, these results suggest that
at the onset of hearing, the negative feedback loop between L-
type VGCCs and BK channels might not be so tight (Zorrilla de
San Martin et al,, 2010; Kearney et al., 2019). Therefore, under
certain conditions, as in the presence of BayK that prolongs L-
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type VGCCs mean open time (Hess et al., 1984), Ca>* flowing in
through these channels could also reach the release sites and con-
tribute to triggering the release of ACh together with P/Q- and
R-type VGCCs.

The presynaptic components involved in ACh release are
scarcely compartmentalized at the onset of hearing

We next investigated whether the differential effects of the L-
type VGCC agonist BayK had at P11-P13 and at P20-P22 could
be accounted for by differences in the localization of VGCCs and
BK channels at the MOC presynaptic terminals. Intracellular
Ca’" is a complex signal that can be shaped by factors that alter
Ca*" buffering and/or Ca>" diffusion. Specifically, studies using
intracellular Ca®" chelators provide additional evidence in this
respect and are effective tools for disrupting specific interactions
between channels and synaptic proteins (Neher, 1998). Cell-per-
meant Ca®>" chelators, which become active intracellular Ca**
buffers after the action of cytoplasmic esterases, are a noninvasive
means of reducing the elevation of intracellular Ca*", despite the
fact that their final intracellular concentration is unknown (Tsien,
1981; Tymianski et al., 1994). We therefore evaluated the effects of
IbTx and BayK in preparations from the two age groups under
study that had been previously loaded with the cell-permeant slow
Ca>" chelator EGTA-AM. Treatment of different synaptic prepa-
rations with this slow buffer was shown to alter Ca>* dynamics
and disrupt synaptic facilitation without affecting the initial proba-
bility of release (Atluri and Regehr, 1996; Miiller et al., 2010).

To evaluate the time needed to effectively load the OHCs with
EGTA-AM (100 um), we monitored the facilitation index for P dur-
ing paired-pulse stimulation protocols (FI = P,/P;) at 100 Hz
(10 ms ISIs; see Materials and Methods). In agreement with previ-
ous reports at other synapses (Atluri and Regehr, 1996; Miiller et al.,
2010), facilitation (FI > 1) at the MOC-OHC synapse is abolished
after 12.5 min of incubation with EGTA-AM, while the initial prob-
ability of release remained constant (P;: Ctrl=0.131 = 0.031,
EGTA =0.111 * 0.024; n=6, p=0.252; Fig. 6A). The fact that facili-
tation was disrupted (P,/Py: Ctrl =2.055 = 0.238, EGTA =0.794 =
0.113; n=6, p=0.004, Hedge’s g =2.55; Fig. 6Bi), but the quantum
content was not altered by this treatment (m: Ctrl=0.144 % 0.038,
EGTA =0.121 * 0.027; n=6, p=0.2613; Fig. 6Bii) indicates that af-
ter 12.5min of incubation, the MOC synaptic terminals were suc-
cessfully loaded with this Ca®* chelator.

Under this condition (100 um EGTA-AM), we studied the
effects of IbTx and BayK at P11-P13 and P20-P22. At P11-P13,
EGTA loading precluded IbTx and BayK from affecting trans-
mitter release (m. = 0.110 £ 0.017, mppe = 0.107 *0.094,
MipTyipayk = 0.107 = 0.013; p=0.7454, n=5 cells; Fig. 6C),
whereas EGTA did not alter the effect of these drugs at P20-P22
(me = 0370 %£0.024, mypry = 0490 *0.029, Mery+Bayk =
0.474 = 0.026; p=0.0001, n’p=0.53; n=5 cells; Fig. 6D). At
P11-P13, the slow Ca®>" chelator was able to interfere with the
activation of BK channels by Ca>* influx through L-type VGCCs
(it occluded the increase in transmitter release observed on incu-
bation with IbTx; Fig. 5Ai) and precluded Ca’" influx from
reaching the release sites on incubation with BayK (Fig. 4B).
These results strongly suggest that at the onset of hearing, L-type
VGCCs are not as close to BK channels as they are at P20-P22.
In addition, they suggest that at P11-P13, L-type VGCCs are
close enough so that Ca** influx through these channels can
contribute to trigger release when their open probability is
increased by BayK (Hess et al., 1984). Notwithstanding, the fact
that the slow buffer EGTA was able to abolish the contribution
of L-type VGCCs to evoked release indicates that this type of
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nals around the onset of hearing. 4, Time course of the effect of 100 um EGTA-AM on the
probability of release (P;) and the facilitation index for the probability of release (Flp =
P,/P,) during a paired-pulse protocol with a 10 ms ISI (100 Hz). Biii, Quantification of the
effect of EGTA-AM on Flp (i) and the quantum content of transmitter release (ii). Values for
each individual cell in Ctrl and EGTA-AM were averaged from the time points indicated with
black and gray arrows in 4, respectively. C, D, Effect of the sequential application of 200 nm
IbTx and 10 zm BayK on the quantum content of transmitter release from P11-P13 (€) and
P20-P22 (D) mice in the presence of 100 um EGTA-AM. Paired ¢ test in B; repeated-meas-
ures ANOVA for Cand D. **p << 0.01.

VGCCs is not as close to the release sites, as reported at other syn-
apses mediated by P/Q-, N-, or R-type VGCCs where BAPTA, the
fast Ca®" buffer, but not EGTA can disrupt transmitter release
(Wu etal., 1999; Rosato-Siri et al., 2002; Timmermann et al., 2002;
Catterall, 2011; Eggermann et al.,, 2011).

The role of BK channels in synaptic plasticity at the
MOC-OHC synapse around the onset of hearing

The results presented so far show that in addition to the changes
in the types of VGCCs coupled to the release process, maturation
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protocol in the absence (top) or the presence (bottom) of 200 nm IbTx. 10Hz: n=4 for Ctrl and n=4 for 200 nm IbTx; 80 Hz: n =6 for Ctrl and n=6 for 200 nm IbTx. See Table 4 for

quantification.

Table 4. Calculation of Flx = X,/X; for S, P, and A at the MOC-OHC synapse, in the presence of 200 nm IbTx

Ctrl IbTx
(n=4) (n=4)

10 Hz Fls = Sg/S] Flp = Pg/P-| FlA = Ag/A1 FIS = 58/51 Flp = Pg/P‘] FIA = Ag/A1
123+0.28 1.10+0.19 112013 1.40 +0.38 1.26 = 0.22 1.00 = 0.14
(n=6) (n=6)

80 Hz Fls = 5/5; Flp = Py/P, Fly = Ay/A, Fls = 5,/5; Flp = Py/P; Fly = Ay/A,
4.98 = 1.82* 413 £ 1.22¢ 1.46 = 0.15 1.84 £ 0.70 142048 1172015

Paired ¢ test or Wilcoxon rank sum test; *p << 0.05.

of the MOC-OHC synapse also involves changes in the localiza-
tion of the presynaptic components making up the release ma-
chinery. These changes were observed on the two proteins that
make up the negative feedback loop, namely, L-type VGCCs and
BK channels, whose proximity, as judged by the experiments in
the presence of EGTA-AM (Fig. 6), seems to increase between
P11-P13 and P20-P22. Notwithstanding, even at the onset of
hearing, the negative feedback loop is already functional as
blocking BK channels with IbTx caused a quite significant
increase in ACh release (Fig. 5A).

Bearing in mind that BK channels have been shown to be sig-
nificantly relevant in controlling action potential firing at high
frequencies (Gu et al., 2007) and considering that in vivo MOC
fibers fire at frequencies ranging from 1 to 120 Hz (Robertson
and Gummer, 1985; Liberman and Brown, 1986; Atluri and
Regehr, 1996; Miiller et al., 2010), we investigated whether BK
channels are involved in signaling at the MOC-OHC synapse
during high-frequency activity of the MOC fibers. Because of
technical reasons, mainly in obtaining stable and reproducible
recordings during high-frequency stimulation trains at P20-P22,
the following experiments were only performed at MOC-OHC
synapses from P11-P13 mice. We first evaluated the role of these
channels in the STP properties of this synapse. To this end, we
applied 10-pulse trains at 10 and 80 Hz in the absence or pres-
ence of IbTx (200 nMm). Representative responses of the OHCs to
those trains are illustrated in Figure 7A. To analyze the behavior

of the MOC-OHC synapse during the stimulation train, we used
the FI, as has already been done to evaluate the paired-pulse
experiments illustrated in Figure 2. The S parameter (the average
amplitude of postsynaptic responses including release failures)
was evaluated after each of the 10 stimuli, and FIg was defined as
the ratio between the S value corresponding to the pulse in which
the difference with respect to this value in the first pulse was maxi-
mal (S, and S, respectively; FIg = S,/S;). Therefore, the parame-
ters P (probability of successfully evoking a release event) and A
(average amplitude of successfully evoked IPSCs) were analyzed to
evaluate the presynaptic or postsynaptic origin of STP (Goutman
et al,, 2005; Ballestero et al., 2011; Fioravante and Regehr, 2011).
FIp and Fl,, respectively, were defined for the same pulses used to
define FIg. In agreement with the results obtained in the paired-
pulse experiments (Fig. 2A,B, top panels) and with previous
reports (Ballestero et al., 2011), the MOC-OHC synapse at the
onset of hearing (P11-P13) only presented facilitation of responses
on high-frequency stimulation (80 Hz) of the MOC fibers (Table
4, Fig. 7B, top panels; FIs ¢y 10 Hz, p=0.74; and 80 Hz, p =0.025,
Hedge’s g=1.63, n=4-6 cells). As previously reported, changes in
FIg at 80 Hz were followed by changes in FIp and not in FI,, indi-
cating a clear presynaptic origin for facilitation (Table 4, Fig. 7B,
top; Flp.cyi: 10Hz, p=0.99; 80 Hz, p=0.0220; Hedge’s g=3.11;
FIa_curr 10Hz, p=0.52; 80 Hz, p=0.28). In the presence of 200 nm
IbTx, facilitation at 80 Hz was completely abolished. At 10 Hz,
however, the behavior of the MOC-OHC synapse was not
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different from that observed in the control
condition without IbTx (Table 4, Fig. 7B,
bottom panels; Flg 1 10Hz, p=0.95; 80
Hz, p = 0.87; Flp_pyrs: 10 Hz, p=0.71; 80
Hz, p=0.55 FI, e 10Hz, p=0.78;
80Hz, p=0.74; n = 4-6 cells). These
results are consistent with the fact that
blocking BK channels causes a dra-
matic increment in the quantum con-
tent of evoked release at this synapse
(Fig. 5A). This increment in synaptic
strength was also evidenced by the
higher amplitude of synaptic responses
in the presence of IbTx, which can be
easily observed during the 10Hz train
(Fig. 7A, bottom). The increment in the
initial probability of release is usually
accompanied by a decrease in short-term
facilitation (Murthy et al., 1997; Fioravante
and Regehr, 2011; Kearney et al, 2019).
This notion is in accordance with the pres-
ent results.

Although the above results show that
BK channels participate in signaling at the
MOC-OHC synapse, the short stimula-
tion protocols used to study the STP pat-
tern do not necessarily represent the
physiological behavior of this synapse.
Considering that the in vivo firing fre-
quency of the MOC fibers increases with
the intensity of sound stimulation and
that this response is part of the olivoco-
chlear reflex that is activated by sounds
of variable duration (Galambos, 1956;
Wiederhold and Kiang, 1970; Gifford and
Guinan, 1987; Brown, 1989; Guinan,
2011), it is expected that MOC fibers would
normally fire for longer periods than that
encompassed by a 10-pulse train. In addi-
tion, auditory function inhibition by MOC
activity has been shown to last for as long as
MOC fibers are stimulated and to decay
within hundreds of milliseconds (Wieder-
hold and Kiang, 1970; Guinan, 1996).
Moreover, it has also been shown that the
MOC-OHC synapse is able to sustain
release on high-frequency firing of the
MOC fibers for long periods (Ballestero et
al.,, 2011). Therefore, to further investigate
the role of presynaptic BK channels in sig-
naling at this synapse, we tested the effects
of blocking these channels during 50-pulse
high-frequency stimulation trains. Repre-
sentative recordings at these two frequen-
cies in the presence (Fig. 8, top panels) or
absence of functional BK channels are
shown in Figure 8. At a first glance, it can
be observed that the current traces
obtained at 10 Hz in the presence of 200
nM IbTx (Fig. 84, left bottom) showed
greater synaptic activity compared with
those obtained in the absence of the BK
channel blocker (Fig. 84, left top), which
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is consistent with the increment in the quantum content in the
presence of this antagonist (Fig. 5A). At 80 Hz, the response in the
absence of IbTx is homogenous and sustained (Fig. 84, right top)
as was previously reported (Ballestero et al., 2011). Conversely, in
the presence of the BK channel blocker, synaptic activity at 80 Hz
becomes more erratic (Fig. 84, right bottom), probably due to the
lack of the negative feedback control exerted by BK channel acti-
vation on depolarization of the terminal membrane (Zorrilla de
San Martin et al, 2010). In addition, the postsynaptic response
maximal amplitude in the absence of functional BK channels was
higher than that of controls (Ctrl, 77.02 = 8.24 pA; IbTx, 158.70 =
20.71pA; n=6; Mann-Whitney test, p=0.0022; Wilcoxon’s
r=0.89), probably due to an enhancement of the efficacy of ACh
release due to both presynaptic facilitation and postsynaptic sum-
mation already described during repetitive high-frequency stimu-
lation at this synapse (Ballestero et al., 2011).

Upon evaluation of the charge transferred along the stimula-
tion protocol, we found that at a frequency of 10 Hz, there were
no significant differences in the total charge accumulated in the
control condition with respect to that in the presence of the BK
channel blocker (Fig. 8B, left, C). At 80 Hz, however, there was a
significant increment in the total charge transferred during the
stimulation train in the presence of 200 nm IbTx (Fig. 8B, right,
C). Consistently, the maximal charge transferred (Qy.y), which
was evaluated at the end of the stimulation protocol was only sig-
nificantly higher in the presence of the BK channel blocker at
80Hz (Fig. 8C; 10 Hz: Quax-ctn = 33.28 = 1.68 pC; Quax 1b1x =
51.84 £12.84 pC; n=4 cells; p=031; 80Hz Quaxc.coul =
34.55 £ 6.59 pC; Qmax-1rx = 88.64 = 14.96 pC; n=6; p=0.0130;
Hedge’s g=1.76). These results confirm that presynaptic BK
channels play an important role in signaling at the MOC-OHC
synapse.

Following the same rationale, we evaluated the impact that
BK channel blockade exerts on the magnitude of the hyperpolar-
ization observed in the OHCs during prolonged high-frequency
stimulation. To this end, we held the OHCs under current clamp
while applying a 50-pulse stimulation protocol at 80 Hz and ana-
lyzed the effect of 200 nm IbTx on the OHC membrane potential
during the train (Fig. 9A). Under these conditions, significant
differences were observed in the maximal hyperpolarization
(AVinao reached during the train (Fig. 9B; AViaccu =
4.62*+0.78mV; AV s = 985+ 1.37mV; n=5-6 cells;
p=0.0120; Hedge’s g=1.70) and in the time necessary for the
membrane potential to return to its basal value (Afy,) in the
presence and absence of IbTx (Fig. 8C; Atpase.crl = 0.22 = 0.02 s;
Atpase s = 0.48 £0.07 53 n=5-6 cells; p=0.0160; Hedge’s g=
1.68). This latter result is consistent with the voltage-clamp
experiments shown above where it can be observed that in
the presence of the BK channel blocker, there is an asynchro-
nous activity that outlasts the end of the stimulation train
(Fig. 8A). These results confirm that at the onset of hearing
BK channels provide a negative control mechanism at the
MOC-OHC synapse. It is important to note that this mecha-
nism is relevant even at this early stage when presynaptic
components are scarcely compartmentalized, as evidenced
by the fact that the slow Ca>* buffer EGTA was able to inter-
fere with the activation of BK channels by Ca’" influx
through L-type VGCCs (Fig. 6C). Therefore, at P20-P22 this
negative control mechanism would probably be even more
robust since at this mature stage BK channels and L-type
VGCCs are more tightly coupled (Fig. 6D).

Together, these results suggest that this mechanism is par-
ticularly relevant to high-frequency MOC fiber firing rate, in
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Figure 9.  Presynaptic Ca> " -activated BK channels control the degree of hyperpolarization
on high-frequency stimulation of the MOC fibers. A, Representative traces of OHCs recorded
in the current-clamp configuration on a 80 Hz 50-pulse train stimulation protocol in the ab-
sence (top) or the presence (bottom) of 200 nu IbTx. For clarifying purposes, stimulation arti-
facts were replaced by bars over the traces. B, C, Effect of 200 nu IbTx on the maximal
change of the membrane potential (AV;,4 B) and the time required to return to baseline
membrane potential after the end of the stimulation protocol (At after train; ). Unpaired ¢
test for B and C; *p << 0.05.

agreement with previous reports pointing to BK channels as
fundamental elements in the control of presynaptic action
potential firing frequency (Hu et al., 2001; Klyachko et al.,
2001; Gu et al., 2007).

Discussion

The MOC-OHC synapse has a fundamental role in hearing as it
is the effector of the MOC reflex on the organ of Corti (Guinan,
2011), and its synaptic properties are crucial to determine the ef-
ficacy of this feedback to the cochlea (Ballestero et al., 2011;
Wedemeyer et al, 2018). During development, the organ of
Corti undergoes dramatic changes in the afferent and efferent
innervation to the hair cells, which ultimately determine the cor-
rect function of this sensory epithelium in adult animals
(Simmons, 2002; Bulankina and Moser, 2012). In this work, we
studied the properties of transmitter release and the ion channels
coupled to this process at the efferent MOC-OHC synapse at
P11-P13, around hearing onset, and at P20-P22, the stage at
which the mouse peripheral auditory system has already matured.

Transmitter release properties, synaptic strength, and STP
pattern during MOC-OHC synapse maturation

In altricial rodents, MOC fibers start to innervate the OHCs dur-
ing the second postnatal week (Dulon et al., 1998; He and Dallos,
1999; Simmons, 2002; Roux et al.,, 2011). Accordingly, we found
a progressive increase in the number of functional MOC-OHC
synapses, as well as in their strength and efficacy during matura-
tion. At hearing onset, the MOC-OHC synapse presented facili-
tation during MOC fiber high-frequency stimulation, which,
consistent with the increment in synaptic strength (Fioravante
and Regehr, 2011; Jackman and Regehr, 2017), disappeared on
maturation. Similar modifications in STP patterns were reported
at the MOC-IHC synapse (Kearney et al., 2019) and at some
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CNS synapses, namely, in the cerebellum
(Pouzat and Hestrin, 1997), hippocampus
(Schiess et al., 2010) and the Calyx of Held
(Taschenberger and von Gersdorff, 2000).
At the MOC-IHC synapse, changes in
synaptic strength and STP pattern corre-

late with RRP (Readily releasable pool) W
size and replenishment rate increments

(Kearney et al,, 2019). This has also been a9a10
reported at the Calyx of Held (Iwasaki and

Takahashi, 2001); therefore, a similar pro- Ca? _ AGh

cess might take place at the MOC-OHC
synapse during maturation. Changes in
synaptic efficacy and STP patterns could
be also accounted for by modifications in
the proteins mediating vesicle fusion
(Kochubey et al., 2016). Alternatively, the
proteins controlling presynaptic VGCC
function could undergo modifications. P/
Q-type VGCCs have been shown to con-
tribute either to mechanisms of short-term
facilitation or depression depending on
the presynaptic regulatory proteins associ-
ated with them (Nanou and Catterall,
2018). Moreover, regulation of the num-
ber of VGCCs expressed at the presynap-
tic terminals could determine synaptic
strength and thus the plasticity properties
of a synapse (Sheng et al., 2012). In accordance with the prevailing
view on this issue (Jackman and Regehr, 2017), we show that the
factors underlying facilitation at the MOC-OHC synapse at P11-
P13 are of presynaptic origin, as previously described (Ballestero
et al, 2011). At this age, the combined effect of facilitation and
summation was shown to result in a frequency-dependent
increase in the eIPSC amplitude of OHC, indicating that STP is re-
sponsible for shaping MOC inhibition (Ballestero et al., 2011).
Although facilitation disappears at P20-P22, the increment in syn-
aptic transmission reliability and the fact that no changes were
observed in eIPSC kinetics support the idea that at this stage sum-
mation of eIPSCs on MOC high-frequency activity in response to
high-level sounds would determine the strength of MOC inhibi-
tion and, therefore, the gain of the cochlear amplifier.

K*

Figure 10.

Changes in the VGCC types coupled to ACh release during
MOC-OHC synapse maturation

The following two main changes were found regarding the
VGCC coupled to transmitter release at the MOC-OHC syn-
apse: the participation of N-type VGCCs at P20-P22 but not at
hearing onset; and that at this early stage, Ca>" influx through L-
type VGCCs can reach the exocytotic sites and trigger release to-
gether with P/Q- and R-type VGCCs (Fig. 10). These changes in
the VGCC types coupled with ACh release are consistent with
reports at the neuromuscular junction (Rosato Siri and Uchitel,
1999) and at some CNS synapses (Iwasaki and Takahashi, 1998;
Iwasaki et al, 2000; Momiyama, 2003; Fedchyshyn and Wang,
2005). Noteworthy, however, contrary to what has been reported
at those synapses, at the MOC-OHC synapse P/Q-type VGCCs
contribute to triggering release before N-type VGCCs participa-
tion. The late involvement of N-type VGCCs to ACh release has
also been reported at the transient MOC-IHC synapse (Kearney
et al,, 2019). Interestingly, at both synapses the contribution of P/
Q-type VGCCs persists along the studied periods. This suggests
that this VGCC type is more efficiently coupled to transmitter

P11-13

synaptoplasmic cistern

Vattino et al. e Maturation of the Efferent—Outer Hair Cell Synapse

synaptoplasmic cistern

.. OHC

/Caz*

MOC efferent K
terminal

Schematic representation of the developmental changes in VGCC types and localization at the MOC—OHC syn-
apse. Around the onset of hearing (P11-P13), ACh release is supported by R- and P/Q-type VGCCs. At this developmental
stage, Ca* " influx through L-type VGCCs plays a dual role as it activates BK channels, and it also partially contributes to ACh
release. In hearing animals (P20-P22), ACh release is supported by R, P/Q-type, and N-type VGCCs. At this stage, L-type
VGCGs are only exerting a negative control on ACh release by activating BK channels.

release, as reported at other synapses (Rosato Siri and Uchitel,
1999; Wu et al., 1999). In addition, a differential contribution of P/
Q- and N-type VGCCs to STP has been described at GABAergic
cortical synapses. At those synapses, facilitation and depression of
IPSCs mediated by P/Q-type and N-type VDCCs, respectively,
were observed (Yamamoto and Kobayashi, 2018). Moreover, dur-
ing development of the Calyx of Held there is an increment in the
expression of P/Q-type VGCCs and a reduction in the expression
of N-type VGCCs with a concomitant reduction in short-term
depression (Iwasaki and Takahashi, 1998; Iwasaki et al., 2000;
Taschenberger and von Gersdorff, 2000).

As mentioned above, facilitation of eIPSCs on high-frequency
stimulation is no longer observed as the MOC-OHC synapse
matures. Considering that facilitation and depression mecha-
nisms coexist and therefore the postsynaptic current size
depends on the short-term history of presynaptic activity
(Zucker and Regehr, 2002; Fioravante and Regehr, 2011), the
involvement of N-type VGCCs in transmitter release at P20-P22
might compensate for P/Q-type VGCC-mediated facilitation.
Interestingly, at the MOC-IHC synapse, this change in the con-
tribution of N-type VGCCs to ACh release on maturation is
accompanied by a shift from facilitation at P4, when only P/Q-
and R-type VGCCs are coupled to transmitter release, to depres-
sion at P9-P11 when both P/Q- and N-type VGCCs contribute
to this process (Kearney et al., 2019). At the MOC-OHC syn-
apse, however, R-type VGCCs continue being functional at
mature stages and, together with P/Q- and N-type VGCCs, sup-
port transmitter release. The persistence of R-type VGCCs at the
MOC-OHC synapse mature stages agrees with reports using
RT-PCR (Green et al, 1996) and with studies showing their
localization at the base of the OHCs (Waka et al, 2003).
Moreover, at hippocampal synapses, R-type VGCCs have an
increased contribution to synaptic transmission at frequencies
>1Hz compared with P/Q and N-type VGCCs (Ricoy and
Frerking, 2014). The participation of R-type VGCCs could be
particularly relevant at MOC-OHC synapses when MOC fibers
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fire at high frequencies in response to high-intensity sounds
(Galambos, 1956; Wiederhold and Kiang, 1970; Gifford and
Guinan, 1987). This could be directly related to the ability of the
MOC pathway to regulate the gain of the auditory system, which
is fundamental for noise protection (Liberman, 1991; Rajan,
2000; Maison et al., 2002; Taranda et al., 2009; Boero et al.,
2018).

The role of L-type VGCCs and BK channels at the MOC-
OHC synapse

The present results show that the functional coupling of Ca**
influx through L-type VGCCs to the activation BK channels reg-
ulates synaptic strength at the MOC-OHC synapse at both stages
(Fig. 10). The functional coupling of VGCCs to BK channel acti-
vation (Marrion and Tavalin, 1998; Vergara et al., 1998; Grunnet
and Kaufmann, 2004; Womack et al., 2004; Vivas et al., 2017)
and their role in negatively regulating transmitter release have
been previously described (Roberts et al., 1990; Robitaille et al.,
1993a,b; Raffaelli et al., 2004; Zorrilla de San Martin et al., 2010;
Deng et al., 2013).

At hearing onset, L-type VGCCs at the MOC-OHC synapse,
apart from activating BK channels can contribute to trigger ACh
release. This dual and antagonistic role of Ca®* influx has been
demonstrated for L-type VGCCs at the MOC-IHC synapse early
stages (Kearney et al., 2019) and for N-type VGCCs at the frog
neuromuscular junction (Robitaille et al., 1993a,b). In addition,
at P11-P13, but not at P20-P22, the Ca>" buffer EGTA disrupts
the functional coupling between L-type VGCCs and BK chan-
nels, indicating that at hearing onset the distance between these
channels is greater than at more mature stages. Moreover, at
P11-P13 this slow buffer also eliminates the direct contribution
of L-type VGCCs to ACh release. These results suggest that dur-
ing MOC-OHC synapse maturation compartmentalization of
exocytotic machinery components increases. A similar develop-
mental tightening of presynaptic components involved in trans-
mitter release has been reported at central synapses. (Iwasaki and
Takahashi, 2001; Taschenberger et al, 2002; Fedchyshyn and
Wang, 2005; Baur et al.,, 2015; Nakamura et al., 2015).

Multiple evidences point to BK channels as important deter-
minants of synaptic transmission properties, particularly at syn-
apses signaling at high frequencies (Hu et al., 2001; Klyachko et
al,, 2001; Gu et al., 2007). As BK channels participate in action
potential repolarization, thereby altering their shape (Storm,
1987; Vergara et al., 1998), changes in the distance between these
channels and their Ca®" source might modify action potential
duration during MOC-OHC synapse maturation. Despite the
greater distance between L-type VGCCs and BK channels at
hearing onset, our results show that the role of this type of K*
channels would still be crucial for shaping the postsynaptic
responses of OHCs on MOC fiber intense activity in response to
high-level sounds.
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