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 48 

Abstract  49 

 50 

The organ of Corti, the auditory mammalian sensory epithelium, contains two types of 51 

mechanotransducer cells, inner and outer hair cells (IHCs and OHCs, respectively). 52 

IHCs are involved in conveying acoustic stimuli to the central nervous system while 53 

OHCs are implicated in the fine tuning and amplification of sounds. OHCs are 54 

innervated by medial olivocochlear (MOC) cholinergic efferent fibers. The functional 55 

characteristics of the MOC-OHC synapse during maturation were assessed by 56 

electrophysiological and pharmacological methods in mouse organs of Corti at postnatal 57 

days (P)11-13, hearing onset in altricial rodents, and at P20-22 when the OHCs are 58 

morphologically and functionally mature. Synaptic currents were recorded in whole-cell 59 

voltage-clamped OHCs while electrically stimulating the MOC fibers. A progressive 60 

increase in the number of functional MOC-OHC synapses, as well as in their strength 61 

and efficacy was observed between P11-13 and P20-22. At hearing onset, the MOC-62 

OHC synapse presented facilitation upon MOC fibers high-frequency stimulation which 63 

disappeared at mature stages. In addition, important changes were found in the VGCC 64 

that are coupled to transmitter release. Ca2+ flowing in through L-type VGCCs 65 

contribute to trigger ACh release together with P/Q- and R-type VGCCs at P11-13 but 66 

not at P20-22. Interestingly, N-type VGCCs were found to be involved in this process at 67 

P20-22 but not at hearing onset. Moreover, the degree of compartmentalization of 68 

calcium channels with respect to BK channels and presynaptic release components 69 

significantly increased from P11-13 to P20-22. These results suggest that the MOC-70 

OHC synapse is immature at the onset of hearing.  71 

 72 
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Significance statement  73 

 74 

The functional expression of both VGCCs and BK channels, as well as their localization 75 

with respect to the presynaptic components involved in transmitter release, are key 76 

elements in determining synaptic efficacy. In this work we show dynamic changes in the 77 

expression of VGCCs and Ca2+-dependent BK K+ channels coupled to ACh release at 78 

the MOC-OHC synapse and their shift in compartmentalization during postnatal 79 

maturation. These processes most likely set the short-term plasticity pattern and 80 

reliability of the MOC-OHC synapse upon high frequency activity. 81 

 82 

Introduction  83 

 84 

 85 

The organ of Corti, the sensory epithelium of the mammalian inner ear, contains two 86 

types of mechanoreceptor cells, inner and outer hair cells (IHCs and OHCs, 87 

respectively), that transform sounds into electrical signals. Upon depolarization by 88 

sounds, IHCs release glutamate and activate the auditory nerve fibers contacting them 89 

(Hudspeth, 1997; Fuchs et al., 2003) while OHCs change their length in response to 90 

sound-driven voltage variations (Brownell et al., 1985). These shape changes in the 91 

OHCs, termed electromotility, are powered by the motor protein prestin and are part of 92 

the mechanical feedback process that amplifies low-level sounds (Dallos, 2008). Outer 93 

hair cells are innervated by cholinergic efferent fibers of the medial olivocochlear 94 

(MOC) system (Liberman and Brown, 1986). MOC neurons, activated through several 95 

feedback loops from both the periphery and higher processing centers, reduce the 96 

sensitivity and sharp tuning of afferent fibers (Ashmore, 2008). We have recently 97 
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shown that the dynamics of the MOC-OHC synapse directly determines the efficacy of 98 

the MOC feedback to the cochlea, being a main player in the gain control of the 99 

auditory periphery (Ballestero et al., 2011; Wedemeyer et al., 2018).  100 

In the first two postnatal weeks, mouse OHCs undergo several functional and 101 

morphological changes. The most conspicuous being those occurring in K+ 102 

conductances (Marcotti & Kross, 1999; Marcotti et al., 1999), in the 103 

mechanotransduction apparatus, including changes in the stereocillia and associated 104 

proteins (Waguespack et al., 2007; Lelli et al., 2009), and in the cell’s size and shape 105 

(Marcotti and Kros, 1999; Oliver and Fakler, 1999). Moreover, prestin expression and 106 

electromotility, key factors in mature hearing, increase progressively after birth and are 107 

not fully functional until postnatal (P) days 14-18 (Oliver and Fakler, 1999; Abe et al., 108 

2007; Hang et al., 2016).  109 

Before hearing onset, around P12 in altricial rodents, MOC fibers transiently innervate 110 

the IHCs before reaching their final targets, the OHCs, at the beginning of the second 111 

postnatal week (Simmons, 2002). Both MOC-hair cell synapses are mediated by the 112 

cholinergic nicotinic receptor (nAChR) α9α10 (Elgoyhen et al., 2001; Weisstaub et al., 113 

2002; Gomez-Casati et al., 2005) functionally coupled to Ca2+-activated K+ channels 114 

that hyperpolarize the hair cells (Blanchet et al., 1996; Glowatzki and Fuchs, 2000; 115 

Oliver et al., 2000; Wersinger et al., 2010). The main function of the efferent system in 116 

vertebrate auditory organs is conserved among species: namely, to inhibit hair cells and 117 

thereby regulate the dynamic range of hearing (Art et al., 1984; Guinan, 2011). A low 118 

resting level of neurotransmitter release and facilitation of responses during high-119 

frequency firing has been described in the turtle papilla (Art and Fettiplace, 1984), the 120 

bullfrog sacculus (Castellano-Munoz et al., 2010), at the transient efferent synapse to 121 

mammalian IHCs (Goutman et al., 2005) and at the MOC-OHC synapse around the 122 
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onset of hearing (Ballestero et al., 2011; Wedemeyer et al., 2018). Synaptic strength at 123 

the mouse transient MOC-IHC synapse increases during postnatal development and the 124 

short-term plasticity (STP) pattern upon high frequency stimulation changes from 125 

facilitation at P4 to depression at P9-11 (Kearney et al., 2019). Moreover, there are 126 

changes in the types of voltage-gated Ca2+ channels (VGCCs) coupled to ACh release 127 

during the short period during which this synapse is functional (Zorrilla de San Martin 128 

et al., 2010; Kearney et al., 2019). Taking into account these evidences and those 129 

showing that OHCs undergo significant changes during development, we investigated 130 

the synaptic properties, the STP pattern, as well as the localization and types of VGCCs 131 

and presynaptic BK channels coupled to ACh release at the mouse MOC-OHC synapse 132 

during postnatal maturation. Two stages were studied: P11-13, around hearing onset, 133 

and P20-22, when the OHCs are morphologically and functionally mature. Significant 134 

changes between these stages were found in the STP pattern and in the types of VGCCs 135 

coupled to the release process as well as in their degree of compartmentalization. The 136 

present results suggest that the MOC-OHC synapse is still immature at the onset of 137 

hearing.  138 

 139 

 140 

Methods 141 

 142 

Isolation of the organ of Corti. Procedures for recording from the mouse organ of Corti 143 

were identical to those published previously (Ballestero et al., 2011; Wedemeyer et al., 144 

2018). Briefly, apical turns of the organ of Corti were excised from BALB/c mice of 145 

either sex at postnatal days (P) 11-13 or P20-22 (considering day of birth as P0), placed 146 

in the chamber for electrophysiological recordings mounted on the stage of an upright 147 
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Leica LFS or Olympus BX51WI microscope and viewed with differential interference 148 

contrast (DIC) using a 40X water-immersion objective and a camera with contrast 149 

enhancement (Hamamatsu C7500-50, Hamamatsu Photonics, or DMK 23UP1300, The 150 

Imaging Source). The preparations were used within two hours at P11-13 and within 151 

one hour at P20-22, since the acutely excised organ of Corti from mice at this 152 

developmental stage deteriorates faster than those of younger mice. Experimental 153 

protocols were performed in accordance with the American Veterinary Medical 154 

Association’s AVMA Guidelines on Euthanasia (2013) and approved by the IACUC at 155 

INGEBI-CONICET.  156 

 157 

Electrophysiological recordings. OHCs were identified by their characteristic shape and 158 

three row arrangement. The cochlear tissue was continuously superfused by means of a 159 

peristaltic pump (Gilson Minipuls 3, Bioesanco) with a saline solution of an ionic 160 

composition similar to that in the cochlear perilymph (in mM): 155 NaCl, 5.8 KCl, 1.3 161 

CaCl2, 0.9 MgCl2, 0.7 NaH2PO4, 5.6 D-glucose, and 10 HEPES buffer; pH 7.4, 295-305 162 

mOsm. When necessary, drugs and toxins were diluted in this saline and delivered 163 

through the perfusion system. Evoked inhibitory postsynaptic currents (eIPSCs) were 164 

obtained in OHCs from the first row in the whole-cell voltage-clamp recording 165 

configuration upon extracellular electrical stimulation of the MOC fibers. Recordings 166 

were made at room temperature (22–25°C) at a holding potential (Vh) of -40 mV using 167 

an Axopatch 200B or a Multiclamp 700B amplifier (Molecular Devices). Signals were 168 

acquired either with the software pClamp 9.2 (Molecular Devices) or WinWCP v5.2.7 169 

(John Dempster, University of Strathclyde, Glasgow, Scotland; RRID:SCR_014713), 170 

low-pass filtered at 2-10 kHz and digitized at 20-50 kHz with a Digidata 1322A board 171 

(Molecular Devices) or a NI BNC-2120 board (National Instruments). After breaking 172 
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into the whole-cell configuration, cell capacitance, resting potential and voltage-173 

dependent currents were monitored in each OHC to determine their viability along the 174 

experiment. Recordings were obtained with borosilicate glass electrodes (1B100F-4, 175 

World Precision Instruments) filled with (in mM): 140 KCl, 3.5 MgCl2, 0.1 CaCl2, 5 176 

EGTA, 5 HEPES buffer, 2.5 Na2ATP; pH 7.2, 283–290 mOsm; 6-7.5 MΩ resistance. 177 

Indicated holding potentials were not corrected for liquid junction potentials (-4 mV). 178 

Synaptic current analysis was made off-line with custom routines implemented in Igor 179 

Pro 6.37 (Wavemetrics; RRID:SCR_000325).  180 

 181 

Electrical stimulation of MOC efferent axons. The cochlear preparation was electrically 182 

stimulated to evoke acetylcholine (ACh) release from presynaptic terminals of the MOC 183 

efferent fibers as previously described (Goutman et al., 2005; Ballestero et al., 2011; 184 

Wedemeyer et al., 2018). The electrical stimulus was applied through a borosilicate 185 

glass pipette of 0.5-1 MΩ positioned 20 μm below the IHC aligned with the OHC under 186 

study (Fig. 1A). For optimal stimulation, cochlear supporting cells were gently removed 187 

by applying negative pressure through a tip-broken glass pipette. The position of the 188 

stimulation electrode was adjusted until eIPSCs in the OHC were consistently observed. 189 

An electrically isolated constant voltage source (Grass model S48 stimulator coupled to 190 

a SIU5 isolation unit) was triggered via the data acquisition software to generate 200-191 

300 μA pulses of 0.2-1 ms duration. 192 

 193 

Estimation of the quantum content of transmitter release. Under the assumption that 194 

evoked synaptic events in synapses with low release probability follow a Poisson 195 

distribution, the quantum content of transmitter release (m) upon electrical stimulation 196 

of MOC fibers was estimated by the “method of failures”: m = ln (N/N0)(Del Castillo 197 
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and Katz, 1954a), where N is the total number of stimuli and N0 the number of failures. 198 

Protocols of 100 stimuli at a frequency of 1 Hz were used to estimate m. To test the 199 

effect of drugs or toxins on the quantum content of evoked ACh release from the MOC 200 

synaptic terminals, m was first assessed 2-3 times in order to establish a mean control 201 

value (mc) before incubating the tissue with the drug or toxin to evaluate. The tissue was 202 

then incubated for the time necessary to reach a plateau in the observed effect of the 203 

tested compound. Dihydropyridines (DHPs), Iberiotoxin (IbTx) and SNX-482 reached a 204 

plateau after 5 minutes of incubation, while ω-Agatoxin IVA (ω-Aga) reached the 205 

plateau after 10 minutes of incubation and ω-Conotoxin GVIA (ω-Cono), after 15 206 

minutes. For each compound, 3-5 measurements after reaching the plateau were used to 207 

obtain the mean values of the treatment. 208 

 209 

Estimation of the electrical properties and kinetic parameters in the OHCs. OHCs 210 

membrane resistance (Rm) and capacitance (Cm) values were calculated from averages 211 

obtained by 5 mV, 5 ms depolarizing steps that were applied five times. The protocol 212 

employed started at Vh = -70 mV, a slightly hyperpolarized potential for OHCs, to 213 

guarantee that no voltage dependent currents are active when measuring the parameters 214 

of interest. The amplitude of spontaneous inhibitory postsynaptic currents (sIPSCs) was 215 

calculated as the difference between the holding current value right before the 216 

spontaneous event and the peak of the response. To measure eIPSCs amplitudes of 217 

individual synaptic responses, the difference between the peak and the baseline before 218 

the stimulation artifact was computed. Rise and decay kinetics of eIPSCs (20-80%, τrise; 219 

10-90%, τdecay) were analyzed only from those synaptic events that were not 220 

compromised in shape by the stimulus artifact or by asynchronous release events. The 221 

sIPSCs and eIPSCs halfwidth was calculated as the full width of the synaptic responses 222 
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at half-maximum amplitude. The sIPSCs and eIPSCs charge was obtained by 223 

integrating the current amplitude versus time in each trace.  224 

 225 

Paired-pulse and train stimulation protocols. For paired-pulse experiments, MOC 226 

efferent fibers were stimulated with a protocol that consisted in 50-100 repetitions 227 

(sweeps) of two shocks with inter stimulus intervals (ISIs) of 12.5, 25, 50 and 100 ms 228 

(stimulation frequencies of 80, 40, 20 and 10 Hz, respectively). For train stimulation 229 

experiments at 10 or 80 Hz, protocols consisted of 30 sweeps for 10-pulse experiments, 230 

or a single sweep for 50-pulse voltage clamp experiments. Current clamp 50-pulse train 231 

experiments consisted of 3 sweeps at 80 Hz. Each protocol was applied at least three 232 

times on the same OHC to obtain mean values of the parameters of interest for each 233 

cell. For every pulse in paired-pulse and 10-pulse train experiments, the average 234 

response (S) was computed as the average of recorded current amplitudes along the 235 

number of sweeps, including failures of response, and the probability of release (P) for 236 

each pulse was computed as the ratio between the number of eIPSCs and the number of 237 

sweeps. The amplitude (A) was obtained by averaging the successful eIPSCs 238 

amplitudes after each pulse, computed as the difference between the peak of the 239 

response and the baseline, which was considered as the current value before the 240 

stimulation artifact. Facilitation indexes (FIs) were then calculated for S, P and A by 241 

normalizing their values in each pulse to those in the first pulse. For 50-pulse 242 

experiments the cumulative charge (Q) of the postsynaptic current was obtained by 243 

integrating the area under the curve for the evoked postsynaptic response.  244 

 245 

Drugs, toxins and reagents. Reagents were purchased from Sigma-Aldrich. Iberiotoxin 246 

(IbTx) was purchased from Tocris Bioscience or Sigma-Aldrich. Dihydropyridines 247 



 

11 
 

(DHPs) Nifedipine (Nife) and BayK, as well as ω-conotoxin GVIA (ω-CgTx), SNX 482 248 

(SNX) and ω-agatoxin IVA (ω-Aga), were purchased from Alomone Labs. EGTA-AM 249 

was purchased from Invitrogen. All drugs and toxins were thawed and diluted in the 250 

extracellular solution just before use. DHPs and EGTA-AM stock solutions were 251 

prepared in dimethylsulfoxide (final concentration during the experiment ≤ 0.1%). 252 

Peptidic toxin stock solutions were prepared in distilled water and co-applied through 253 

the perfusion system with bovine serum albumin (final concentration during the 254 

experiment ≤ 0.01%). 255 

 256 

Statistics. All statistical tests were performed using custom routines implemented in R 257 

v3.6.3 (R Development Core Team, 2008), through RStudio software v1.0.153 258 

(RRID:SCR_000432), except for the Chi-square test, performed using GraphPad Prism 259 

6 (RRID:SCR_002798). Before performing any analysis, data were tested for normal 260 

distribution using the Shapiro-Wilk normality test, and parametric or nonparametric 261 

tests were applied accordingly. For statistical analyses with two data sets, two-tailed 262 

paired and unpaired t-tests or two-sided Wilcoxon rank sum and Mann-Whitney tests 263 

were used. For comparisons of more than two data sets, one-way ANOVA or repeated-264 

measures ANOVA followed by Tukey multiple comparison test were used when data 265 

was normally distributed. If a data set was not normally distributed Kruskal-Wallis or 266 

Friedman tests followed by Dunn or Conover multiple comparison tests, respectively, 267 

were used. When more than two data sets were compared and significant differences 268 

were found, reported p values correspond to the post-hoc multiple comparison test. 269 

Values of p < 0.05 were considered significant. When significant differences were 270 

found, effect sizes were calculated using the ‘rstatix’ statistical package in R. Effect size 271 

coefficients used were Hedge’s G for paired and unpaired t-tests, Wilcoxon’s r for 272 
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Wilcoxon and Mann-Whitney tests, partial η squared (η2p) for ANOVA and repeated-273 

measures ANOVA, and Kendall’s W for Friedman tests. All data are expressed as mean 274 

± SEM. In all cases n indicates the number of cells tested and for each of the reported 275 

experiments, at least 3 animals were used. The statistical test employed in each case is 276 

reported in the figure legend. 277 

 278 

 279 
Results 280 

 281 

Synaptic strength at the MOC-OHC synapse increases during postnatal development 282 

 283 

Outer hair cells start to be innervated by MOC efferent fibers at the second postnatal 284 

week (Dulon et al., 1998; He and Dallos, 1999; Simmons, 2002; Roux et al., 2011). In a 285 

previous work, we showed that the quantum content of ACh release at the MOC-OHC 286 

synapse around the onset of hearing (P11-13) is very low at 1 Hz stimulation. However, 287 

postsynaptic responses are significantly enhanced upon increasing the stimulus 288 

frequency due to both presynaptic facilitation and postsynaptic summation (Ballestero 289 

et al., 2011; Wedemeyer et al., 2018). In the present work we studied whether the 290 

strength of synaptic transmission changes during postnatal development. To this end we 291 

evaluated both the number of OHCs presenting postsynaptic currents upon electrical 292 

stimulation of the MOC fibers and the quantum content of evoked release of each 293 

responding cell, both at the onset of hearing (P11-13) and at a more mature stage (P20-294 

22). Near the physiological OHC membrane resting potential which is around -50 mV 295 

(Dallos, 1985), synaptic currents are outward (Fig. 1B), therefore inhibitory. Inhibition 296 

arises because the MOC-OHC synapse is mediated by the activation of the α9α10 297 

nAChR coupled to the activation of Ca2+-activated K+ channels that hyperpolarize the 298 
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hair cells (Oliver et al., 2000; Elgoyhen et al., 2001; Wersinger et al., 2010; Ballestero 299 

et al., 2011; Rohmann et al., 2015). Under our recording conditions the resting 300 

membrane potential upon break-in was around -60 mV and there were no significant 301 

differences in this parameter between P11-13 and P20-22 (Table 1: P11-13 n = 54 cells , 302 

P20-22 n= 31 cells; p = 0.6252). 303 

 304 

The number of functionally innervated OHCs significantly increased during maturation. 305 

At P11-13, only 131 out of 211 cells tested responded to electrical stimulation of the 306 

MOC fibers whereas at P20-22, 62 out of 80 cells tested responded (Chi-square test, Χ2 307 

= 6.171, df = 1, z = 2.484, p = 0.0065; Fig. 1C). In addition, the quantum content (m) of 308 

responding cells significantly increased during maturation (P11-13: m = 0.24 ± 0.02, n = 309 

110 cells, P20-22: 0.37 ± 0.03, n = 62 cells; p = 0.0004, Wilcoxon’s r = 0.27; Fig. 1D). 310 

It is important to note, as illustrated by the violin plot in Fig. 1D, that there is variability 311 

in this parameter and that in some cases m values obtained at P11-13 overlap with those 312 

at P20-22. We also tested the stability of this parameter at both age groups. At P11-13, 313 

m remains stable for at least 45 min, whereas at P20-22, due to the faster deterioration 314 

of the cochlear tissue at this stage (see Methods) we only tested its stability for 30 min 315 

(P11-13, n = 6 cells, p = 0.9391; P20-22: n = 5 cells, p = 0.2835; Fig. 1E).  316 

 317 

During development there was a significant increase in OHC membrane capacitance 318 

and a significant reduction in membrane resistance (p = 2 x 10-5, Wilcoxon’s r = 0.62 319 

and p =2.7 x 10-7, Wilcoxon’s r = 0.83, respectively; Table 1; P11-13 n = 54 cells; P20-320 

22 n = 31 cells). This agrees with the increment in OHC size and also with the 321 

increment in K+ currents during this period (Marcotti and Kros, 1999; Oliver and 322 
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Fakler, 1999). These changes in OHC membrane properties did not alter the cell’s 323 

response to the spontaneous release of ACh by the MOC fibers. The amplitude of 324 

sIPSCs did not change between P11-13 and P20-22 (p = 0.6143, Table 2), indicating 325 

that the quantum size remained constant during this period. In addition, no significant 326 

changes were observed between both age groups in sIPSCs kinetics (τrise p = 0.1775; 327 

τdecay p = 0.2102, n = 5-6 cells, Table 2) which have been shown to be dominated by the 328 

Ca2+ gating of the SK2 channel (Oliver et al., 2000). This suggests that the functional 329 

coupling of the SK2 channel to the nAChR did not change during this developmental 330 

period. Moreover, in agreement with these results, we found that the total charge going 331 

through the postsynaptic membrane upon each synaptic event did not change during the 332 

studied period (p = 0.4471, n = 5-6 cells; Table 2). 333 

 334 

We also analyzed the characteristics of eIPSCs at both age groups, summarized in Table 335 

2 (P11-13, n = 32 cells; P20-22, n = 17 cells), and found that there were no significant 336 

differences either in the kinetic parameters (τrise, p = 0.9495, τdecay, p = 0.5002), in the 337 

amplitude (p = 0.4779) or in the total charge going through the postsynaptic membrane 338 

upon each synaptic event during the studied period (Q, p = 0.6371). The lack of changes 339 

in the amplitude of successful events suggests that synaptic strength increases with 340 

maturation due to an increment in the probability of successfully evoking a release 341 

event, without increments in the average number of vesicles released per action 342 

potential. In addition, the fact that no changes were observed in eIPSCs kinetics upon 343 

maturation indicate that as previously shown at P11-13, summation of postsynaptic 344 

responses due to the slow decay kinetics of eIPSCs would be an important factor 345 

contributing to enhance inhibition of OHC activity when MOC fibers fire at high 346 

frequency (Ballestero et al., 2011; Wedemeyer et al., 2018). 347 
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 348 

Paired-pulse facilitation at the MOC-OHC synapse is absent in hearing mice (P20-349 

22) 350 

The significant increment in quantum content observed at the MOC-OHC synapse 351 

between hearing onset (P11-13) and a more mature stage (P20-22) led us to investigate 352 

whether this increment was reflected in the behavior of this synapse upon high 353 

frequency stimulation of the MOC fibers. Synapses that present low quantum content 354 

tend to facilitate upon high-frequency stimulation (Debanne et al., 1996; Murthy et al., 355 

1997; Zucker and Regehr, 2002), as was observed at the mouse MOC-OHC synapse at 356 

the onset of hearing (Ballestero et al., 2011), at neonatal rat and mouse MOC-IHC 357 

synapses (Goutman et al., 2005; Kearney et al., 2019) and also at efferent synapses on 358 

turtle and frog hair cells (Art et al., 1984; Castellano-Munoz et al., 2010). To evaluate 359 

whether there were changes in the paired-pulse facilitation index (FI) between the two 360 

age groups under study, the average response (S), the probability of release (P) and the 361 

average amplitude of successful events (A) upon MOC stimulation were measured for 362 

paired-pulses with inter stimulus intervals (ISIs) ranging from 12.5 to 100 ms, 363 

corresponding to MOC stimulation frequencies between 80 and 10 Hz, respectively 364 

(Fig. 2A). The FI was defined as the ratio X2/X1, where X1 and X2 are the values for 365 

either S, P or A obtained in the OHCs, in response to the first and the second pulse 366 

respectively (Fig. 2B). FI values >1 indicate facilitation, while FIs < 1 indicate 367 

depression (Del Castillo and Katz, 1954b; Mallart and Martin, 1967; Katz and Miledi, 368 

1968; Goutman et al., 2005; Ballestero et al., 2011; Kearney et al., 2019). At the onset 369 

of hearing (P11-13; Fig. 2A and B, top panel) S2/S1 and P2/P1 were significantly greater 370 

than 1 for ISIs of 12.5 and 25 ms (80 and 40 Hz, respectively), whereas A2/A1 was close 371 

to 1 for all ISIs tested (100 ms: FIS p = 0.99, FIP p = 0.8119, FIA p = 0.6369; 50 ms: FIS 372 
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p = 0.99, FIP p = 0.9309, FIA p = 0.9183; 25 ms: FIS p = 0.03125, Wilcoxon’s r  = 0.58, 373 

FIP p = 0.0013, Hedge’s G = 1.45, FIA p = 0.5781; 12.5 ms: FIS p = 0.0065, Hedge’s G 374 

= 1.71; FIP p = 0.0085, Hedge’s G = 1.55; FIA p = 0.2006; n = 6-7 cells, see Table 3).  375 

These results indicate that facilitation of the averaged postsynaptic responses (S) at P11-376 

13 can be accounted for entirely by an increase in the probability of release (P). 377 

Therefore as previously reported (Ballestero et al., 2011) at the MOC-OHC synapse, 378 

facilitation in response to high-frequency stimulation is of presynaptic origin. At P20-22 379 

(Fig 2A and B, bottom panel), however, FIs for S, P and A were not significantly 380 

different from 1 at any of the ISIs tested (100 ms: FIS p = 0.3125, FIP p = 0.558, FIA p = 381 

0.0625; 50 ms: FIS P = 0.0625, FIP p = 0.2155, FIA p = 0.125; 25 ms: FIS P = 0.3125, 382 

FIP p = 0.1789, FIA p = 0.4375, 12.5 ms: FIS p = 0.7261, FIP p = 0.4908, FIA p = 0.3125; 383 

n = 6 cells, see Table 3). The present results show that facilitation of responses upon 384 

high-frequency stimulation is lost as the MOC-OHC synapse matures and transmitter 385 

release becomes more reliable upon low frequency firing of the MOC fibers.  386 

 387 
 388 
Developmental changes in the contribution of presynaptic VGCCs to ACh release at  389 
 390 
the MOC-OHC synapse  391 
 392 
 393 

In mammals, fast synaptic transmission at both central and peripheral synapses is 394 

mediated by multiple types of VGCCs, including P/Q, N and R (Cav2.1, Cav2.2 and 395 

Cav2.3, respectively) (Katz et al., 1997; Plant et al., 1998; Reid et al., 2003; Catterall 396 

and Few, 2008; Catterall, 2011). Ca2+ channels coupled to transmitter release have been 397 

shown to be developmentally regulated both at central synapses (Iwasaki et al., 2000; 398 

Momiyama, 2003; Fedchyshyn and Wang, 2005) and at the neuromuscular junction 399 

(Rosato Siri and Uchitel, 1999). In a previous work we showed, by electrophysiological 400 
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and pharmacological methods, that the VGCCs coupled to transmitter release at the 401 

transient MOC-IHC synapse are also developmentally regulated (Kearney et al., 2019). 402 

From P4 to P7, ACh release is mediated by P/Q-, R- and, under certain circumstances, 403 

also by L-type VGCCs whereas at P9-11, transmitter release is mediated only by P/Q- 404 

and N-type VGCCs (Zorrilla de San Martin et al., 2010; Kearney et al., 2019).  405 

 406 

In view of these developmental changes reported at the MOC-IHC synapse, we 407 

investigated which types of VGCCs are coupled to ACh release at the MOC-OHC 408 

synapse both at P11-13 and at P20-22. To this end we evaluated the quantum content of 409 

transmitter release in the presence of toxins that specifically antagonize P/Q-, N- and R-410 

type VGCCs. ω-Agatoxin IVA (ω-Aga, 200 nM) and ω-Conotoxin GVIA (ω-CgTx, 500 411 

nM) were used to block P/Q- and N-type VGCCs, respectively. SNX-482 (SNX, 500 412 

nM) and Ni2+ (100 μM) were used to block R-type VGCCs (Mintz and Bean, 1993; 413 

Olivera et al., 1994; Newcomb et al., 1998; Bourinet et al., 2001). At the onset of 414 

hearing, m was significantly reduced by ω-AgaIVA, SNX and Ni2+, but was not affected 415 

by ω-CgTx (Fig. 3A; mc = 0.383 ± 0.057, mAga = 0.102 ± 0.021; p = 0.00243, Hedge’s G 416 

= 2.49; mc = 0.371 ± 0.084, mSNX = 0.162 ± 0.048; p = 0.0072, Hedge’s G = 1.07; mc = 417 

0.158 ± 0.018, mNi = 0.007 ± 0.014; p = 3 x 10-5, Hedge’s G = 1.99; mc = 0.227 ± 0.073, 418 

mCgTx = 0.254 ± 0.089; p = 0.5781; n = 6-7 cells). SNX is a more selective blocker of R-419 

type VGCCs than Ni2+, as this latter compound also blocks T-type VGCCs (Lee et al., 420 

1999; Chow et al., 2003; Obejero-Paz et al., 2008). Notwithstanding, T-type channels 421 

have only been detected in the hair cells (Inagaki et al., 2008; Levic and Dulon, 2012) 422 

and not in LOC (Gaborjan and Vizi, 1999) or MOC fibers (Waka et al., 2003). In 423 

addition, we found no significant differences in the effect of SNX and Ni2+ on m 424 

(unpaired t-test, p = 0.1239), which is consistent with the similar block that these VGCC 425 
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antagonists exert on synaptic transmission at cerebellar synapses (Myoga and Regehr, 426 

2011). Therefore, we only used Ni2+ to evaluate whether R-type VGCCs were coupled 427 

to ACh release at P20-22. At this age group, the three VGCC blockers tested exerted a 428 

significant effect on m (Fig. 3B; mc = 0.501 ± 0.177, mAga = 0.197 ± 0.103; p = 0.0312, 429 

Wilcoxon’s r = 0.62; mc = 0.534 ± 0.199, mNi = 0.191 ± 0.062; p = 0.0312, Wilcoxon’s r  430 

= 0.62; mc = 0.199 ± 0.017, mCgTx = 0.096 ± 0.021; p = 0.0003, Hedge’s G = 2.07; n = 6 431 

cells). The fact that at both age groups the summed effect of the VGCC antagonists 432 

applied separately blocked more than 100% of m (~130% at P11-13 and ~170% at P20-433 

22) can be in part accounted for by the fact that the relationship between external Ca2+ 434 

and the amount of transmitter released by the synaptic terminal, as first described at the 435 

neuromuscular junction (Dodge and Rahamimoff, 1967) and later at several central 436 

mammalian and peripheral synapses (Mintz et al., 1995; Borst and Sakmann, 1996; 437 

Takahashi et al., 1996; Wu et al., 1999; Rosato-Siri et al., 2002), including the transient 438 

mouse MOC-IHC synapse (Zorrilla de San Martin et al., 2010), is highly non-linear. 439 

Therefore small variations in the amount of Ca2+ in the external milieu or in the activity 440 

of terminal membrane VGCCs might exert a great impact on transmitter release.  441 

 442 

The sequential application of ω-AgaIVA and SNX at P11-13, however, shows there is 443 

still a small fraction (~10%) of m that remains unblocked even in the presence of both 444 

VGCC antagonists. Figure 3E illustrates the temporal course of the effects of each toxin 445 

(% of control: mAga = 36.77% ± 5.53%; mAga+SNX: 10.95% ± 2.35%, n = 8 cells) and 446 

figure 3F illustrates the results of the same experiment in each of the OHCs tested (mc = 447 

0.338 ± 0.100, mAga = 0.095 ± 0.019, mAga+SNX = 0.036 ± 0.008; mc vs mAga: p = 2 x 10-5; 448 

mc  vs mAga+SNX  p = 6 x10-5 ; mAga vs mAga+SNX  p = 2 x 10-5; Kendall’s W = 1; n = 8 449 

cells). The higher block exerted by SNX when applied alone (~58%) as compared to 450 
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that exerted by this toxin after blocking transmitter release with ω-AgaIVA (~26%), is 451 

similar to that reported for the effects of ω-CgTx on transmitter release at the calyx of 452 

Held synapse whether applied before or after partially blocking this process with ω-453 

AgaIVA (Iwasaki et al., 2000). 454 

 455 

At P20-22, the sequential application of ω-AgaIVA, ω-CgTx and Ni2+ was not possible 456 

because, as shown in Figure 1E, recordings in voltage-clamped OHCs only remain 457 

stable for 30 min and this time is not enough to sequentially reach the steady state effect 458 

exerted by each of the three VGCC blockers under study. The above results show that 459 

transmitter release at the onset of hearing (P11-13) is mediated by Ca2+ entry through 460 

P/Q- and R-type VGCCs whereas at a more mature stage (P20-22),  in addition to P/Q- 461 

and R-type VGCCs, also N-type VGCCs are coupled to the release process. The late 462 

coupling of N-type VGCC to ACh release is identical to that found during development 463 

at the transient MOC-IHC synapse (Kearney et al., 2019). 464 

 465 

The role of L-type VGCC in the release process at the MOC-OHC synapse at P11-13 466 

and P20-22 467 

Under normal conditions, L-type VGCCs do not support transmitter release at fast 468 

synapses (Catterall, 2011). However, and in agreement with reports at reinnervating 469 

(Katz et al., 1996) and developing synapses (Sugiura and Ko, 1997; Rosato Siri and 470 

Uchitel, 1999), we have recently shown that during the early periods of neonatal 471 

development of the transient mouse MOC-IHC synapse, Ca2+ entry through L-type 472 

VGCCs can, under certain circumstances, support transmitter release (Kearney et al., 473 

2019).   474 

 475 
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L-type VGCCs are highly sensitive to micromolar concentrations of dihydropyridines 476 

(DHP) that, either negatively (i. e., Nifedipine, Nitrendipine) or positively (i. e., (±) 477 

Bay-K 8644: BayK), modulate their activity (Doering and Zamponi, 2003; Catterall and 478 

Few, 2008). Therefore, in order to study the role of L-type VGCCs in ACh release at the 479 

MOC-OHC synapse during postnatal development, we tested the effects of Nifedipine 480 

and BayK on m at P11-13 and at P20-22.  We found that at P11-13 both the agonist (10 481 

μM BayK) and the antagonist (3 μM Nifedipine) caused a significant increment in the 482 

amount of transmitter released (Fig. 4A; mc = 0.189 ± 0.060, mNife = 0.303 ± 0.070; p = 483 

0.0004, Hedge’s G = 0.66; mc = 0.321 ± 0.103, mBayK = 0.666 ± 0.254, p = 0.0313, 484 

Wilcoxon’s r = 0.62; n = 6 cells). At P20-22, however, the agonist and the antagonist 485 

had opposing effects on release. Nifedipine caused a significant increment in release 486 

while BayK caused a significant reduction of this parameter (Fig. 4B; mc = 0.275 ± 487 

0.081, mNife = 0.497 ± 0.108; p = 0.0128, Hedge’s G = 0.88; mc = 0.479 ± 0.159, mBayK 488 

= 0.216 ± 0. 070; p = 0.0312, Wilcoxon’s r = 0.62; n = 6 cells). The results obtained 489 

with DHPs are identical to those found at the transient MOC-IHC synapse, where at the 490 

early periods of development (P4 to P7), both BayK and Nifedipine increase transmitter 491 

release (Kearney et al., 2019), whereas at P9-11 BayK reduces and Nifedipine increases 492 

this process (Zorrilla de San Martin et al., 2010). The apparently contradictory effects of 493 

DHPs at the MOC-IHC synapse were accounted for by the functional coupling of L-494 

type VGCCs and BK channels that accelerate the repolarization of the terminal 495 

membrane and therefore reduce the amount of ACh released per action potential 496 

(Roberts et al., 1990; Robitaille et al., 1993b; Zorrilla de San Martin et al., 2010).  497 

 498 

L-type VGCCs have been shown to be present both at presynaptic MOC terminals 499 

(Waka et al., 2003; Zorrilla de San Martin et al., 2010; Kearney et al., 2019) and also at 500 
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postsynaptic hair cell membranes (Michna et al., 2003; Knirsch et al., 2007). Therefore, 501 

DHPs added to the bath solution would be targeting both pre- and postsynaptic L-type 502 

VGCCs. Notwithstanding, Ca2+ currents are very tiny, almost negligible in OHCs 503 

voltage-clamped at -40 mV, even when recorded in the presence of 10 mM Ba2+ 504 

(Knirsch et al., 2007). However, Knirsch et al. (2007) have shown that BayK can 505 

significantly enhance these currents. In addition, it has been shown that in IHCs from 506 

P9-11 voltage-clamped at -40 mV, even though 10 μM BayK does not have any effect 507 

on eIPSCs amplitudes it significantly prolongs their decay time (Zachary et al., 2018). 508 

Therefore, in order to study whether there was any contribution of postsynaptic Ca2+ 509 

flowing in through L-type VGCCs to the cholinergic response, we evaluated eIPSCs 510 

amplitudes and kinetics with and without BayK (10 μM) in the bath solution. No 511 

significant differences between both conditions were found either at P11-13 (eIPSC 512 

amplitude: Ctrl = 32.74 ± 4.02 pA,  BayK = 38.38 ± 4.24 pA, p = 0.3346; τrise: Ctrl = 13.09 ± 513 

0.44 ms, BayK = 15.46 ± 1.68 ms, p = 0.2662; τdecay: Ctrl = 38.32 ± 3.44 ms, BayK = 49.64 ± 514 

1.68 ms, p = 0.2665, n = 6) or at P20-22 (eIPSC amplitude: Ctrl = 42.28 ± 10.77 pA, BayK = 515 

33.33 ± 3.79 pA, p = 0.4762; τrise: Ctrl = 10.61 ± 1.32 ms, BayK = 13.19 ± 0.77 ms, p = 0.2158; 516 

τdecay: Ctrl = 36.72 ± 4.71 ms, BayK = 41.02 ± 9.28 ms, p = 0.4931, n = 6). This lack of effect 517 

of BayK on eIPSCs parameters reinforces the notion that the observed effect of this 518 

drug on synaptic transmission at the MOC-OHC synapse can be solely accounted for by 519 

its effects on presynaptic L-type VGCCs.   520 

 521 

Coupling between L-type VGCCs and BK channels changes during maturation of the 522 

MOC-OHC synapse 523 

 524 
In view of the above presented results with DHPs at the MOC-OHC synapse and taking 525 

into account previous work at the transient MOC-IHC synapse (Zorrilla de San Martin 526 
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et al., 2010; Kearney et al., 2019), we first evaluated by electrophysiological and 527 

pharmacological methods whether BK channels were functionally expressed in MOC 528 

synaptic terminals at the two age groups under study. The BK channel blocker, 529 

Iberiotoxin (IbTx 200 nM), significantly increased the amount of ACh released upon 530 

MOC stimulation (Fig. 5A, P11-13: mc = 0.129 ± 0.010 mIbTx = 0.219 ± 0.021, p = 531 

0.0043, Hedge’s G = 2.03; P20-22: mc = 0.224 ± 0.022, mIbTx = 0.376 ± 0.046, p = 532 

0.0012, Hedge’s G = 1.50; n = 6-7 cells). These results show that BK channels are 533 

functionally expressed at both age groups, suggesting that as found at the MOC-IHC 534 

synapse (Zorrilla de San Martin et al., 2010; Kearney et al., 2019), Ca2+ flowing in 535 

through L-type VGCCs is fueling BK channels and therefore blocking them with 536 

Nifedipine leads to an increase in the amount of transmitter released at both age groups 537 

(see Fig. 4). Interestingly, at P11-13 BayK, which enhances the activity of L-type 538 

VGCCs (Hess et al., 1984), had the same effect as Nifedipine, whereas at P20-22, it 539 

reduced the number of ACh vesicles released per nerve impulse (see above, Figure 4). 540 

In order to elucidate whether at P11-13, apart from fueling BK channels, Ca2+ influx 541 

through L-type VGCCs could be contributing to ACh release as described at the MOC-542 

IHC synapse at the early stages of development (Kearney et al., 2019), we carried out 543 

occlusion experiments in which we incubated the cochlear preparation with the BK 544 

channel antagonist (200 nM IbTx) before applying either Nifedipine or BayK to the 545 

bath solution. In the absence of functional BK channels due to the presence of IbTx, 546 

Nifedipine (3 μM) was unable to enhance the release of ACh at P11-13 (Fig. 5B i, mc = 547 

0.233 ± 0.062, mIbTx = 0.729 ± 0.230, mIbTx + Nife = 0.803 ± 0.257; n = 5, mc vs mIbTx: p = 548 

0.007, mc vs mIbTx + Nife: p = 0.001, mIbTx vs mIbTx + Nife: p = 0.89; η2p = 0.33) or at P20-22 549 

(Fig. 5B ii, mc = 0.412 ± 0.079, mIbTx = 0.696 ± 0.089, mIbTx + Nife = 0.674 ± 0.099; n = 5, 550 

mc vs mIbTx: p = 0.0003, mc vs mIbTx + Nife: p = 0.0039, mIbTx vs mIbTx + Nife: p = 0.081; 551 



 

23 
 

Kendall’s W = 0.84). Under the same conditions, however, BayK (10 μM) still 552 

significantly enhanced release at P11-13 (Fig. 5C i; mc = 0.221 ± 0.035, mIbTx = 0.468 ± 553 

0.114, mIbTx+BayK = 0.682 ± 0.154; n = 7; mIbTx vs mIbTx+BayK: p = 0.0002; mc vs mIbTx+BayK: 554 

p = 0.0006, mIbTx vs mIbTx+BayK: p = 0.0002; Kendall’s W = 1) whereas at P20-22 this 555 

DHP had no effect in the presence of the BK channel blocker (Fig. 5C ii; mc = 0.351 ± 556 

0.029, mIbTx = 0.527 ± 0.057, mIbTx+BayK = 0.521 ± 0.057; n = 6; mc vs mIbTx: p = 0.0003, 557 

mc vs mIbTx+BayK: p = 0.0001, mIbTx vs mIbTx+BayK: p = 0.544, η2p = 0.38).  558 

 559 

The fact that IbTx completely occluded the effects of Nifedipine and BayK at P20-22 560 

indicates that at this stage, Ca2+ influx through L-type VGCC is only involved in fueling 561 

BK channels, as described at the most mature stages of the transient MOC-IHC synapse 562 

(Zorrilla de San Martin et al., 2010). Noteworthy, at P11-13 IbTx also prevented 563 

Nifedipine from enhancing release, suggesting that under normal conditions the 564 

contribution of L-type VGCCs at the MOC-OHC synapse at the onset of hearing must 565 

be too small compared to that of P/Q- and R-type VGCCs and therefore, not sensitive to 566 

the application of the DHP antagonist. Taken together these results suggest that at the 567 

onset of hearing, the negative feedback loop between L-type VGCCs and BK channels 568 

might not be so tight (Zorrilla de San Martin et al., 2010; Kearney et al., 2019). 569 

Therefore, under certain conditions as in the presence of BayK that prolongs L-type 570 

VGCCs mean open time (Hess et al., 1984), Ca2+ flowing in through these channels 571 

could also reach the release sites and contribute to triggering the release of ACh 572 

together with P/Q- and R-type VGCCs.  573 

 574 

The presynaptic components involved in ACh release are scarcely compartmentalized 575 

at the onset of hearing 576 
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 577 

We next investigated whether the differential effects of the L-type VGCC agonist BayK 578 

had at P11-13 and at P20-22 could be accounted for by differences in the localization of 579 

VGCCs and BK channels at the MOC presynaptic terminals. Intracellular Ca2+ is a 580 

complex signal that can be shaped by factors that alter Ca2+ buffering and/or Ca2+ 581 

diffusion. Specifically, studies using intracellular Ca2+ chelators provide additional 582 

evidence in this respect and are effective tools for disrupting specific interactions 583 

between channels and synaptic proteins (Neher, 1998). Cell-permeant Ca2+ chelators, 584 

which become active intracellular Ca2+ buffers after the action of cytoplasmic esterases, 585 

are a noninvasive means of reducing the elevation of intracellular Ca2+, despite the fact 586 

that their final intracellular concentration is unknown (Tsien, 1981; Tymianski et al., 587 

1994). We therefore evaluated the effects of IbTx and BayK in preparations from the 588 

two age groups under study that had been previously loaded with the cell-permeant slow 589 

Ca2+ chelator EGTA-AM. Treatment of different synaptic preparations with this slow 590 

buffer was shown to alter Ca2+ dynamics and disrupt synaptic facilitation without 591 

affecting the initial probability of release (Atluri and Regehr, 1996; Muller et al., 2010).   592 

 593 

In order to evaluate the time needed to effectively load the OHCs with EGTA-AM (100 594 

μM), we monitored the facilitation index for the probability of release (P) during paired 595 

pulse stimulation protocols (FI = P2/P1) at 100 Hz (10 ms ISIs, see Methods). In 596 

agreement with previous reports at other synapses (Atluri and Regehr, 1996; Muller et 597 

al., 2010), facilitation (FI  >1) at the MOC-OHC synapse is abolished after 12.5 min of 598 

incubation with EGTA-AM while the initial probability of release remained constant 599 

(P1: Ctrl = 0.131 ± 0.031, EGTA = 0.111 ± 0.024; n = 6, p = 0.252; Fig 6A). The fact 600 

that facilitation was disrupted (P2/P1: Ctrl = 2.055 ± 0.238, EGTA = 0.794 ± 0.113; n = 601 
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6, p = 0.004, Hedge’s G = 2.55; Fig. 6Bi) but the quantum content was not altered by 602 

this treatment (m: Ctrl = 0.144 ± 0.038, EGTA = 0.121 ± 0.027; n = 6, p = 0.2613; Fig. 603 

6Bii) indicates that after 12.5 min of incubation, the MOC synaptic terminals were 604 

successfully loaded with this Ca2+ chelator.  605 

 606 

Under this condition (100 μM EGTA-AM) we studied the effects of IbTx and BayK at 607 

P11-13 and P20-22. At P11-13, EGTA loading precluded IbTx and BayK from 608 

affecting transmitter release (mc = 0.110 ± 0.017, mIbTx = 0.107 ± 0.094, mIbTx+BayK = 609 

0.107 ± 0.013; p = 0.7454, n = 5 cells; Fig. 6C) whereas EGTA did not alter the effect 610 

of these drugs at P20-22 (mc = 0.370 ± 0.024, mIbTx = 0.490 ± 0.029, mEIbTx+BayK = 0.474 611 

± 0.026; p = 0.0001, η2p = 0.53; n = 5 cells; Fig. 6D). At P11-13, the slow Ca2+ chelator 612 

was able to interfere with the activation of BK channels by Ca2+ influx through L-type 613 

VGCCs (it occluded the increase in transmitter release observed upon incubation with 614 

IbTx, see Fig. 5Ai) and precluded Ca2+ influx from reaching the release sites upon 615 

incubation with BayK (see Fig. 4B). These results strongly suggest that at the onset of 616 

hearing, L-type VGCCs are not as close to BK channels as they are at P20-22. In 617 

addition they suggest that at P11-13, L-type VGCCs are close enough so that Ca2+ 618 

influx through these channels can contribute to trigger release when their open 619 

probability is increased by BayK (Hess et al., 1984). Notwithstanding, the fact that the 620 

slow buffer EGTA was able to abolish the contribution of L-type VGCCs to evoked 621 

release indicates that this type of VGCCs are not as close to the release sites as reported 622 

at other synapses mediated by either P/Q-, N- or R-type VGCCs where BAPTA, the fast 623 

Ca2+ buffer, but not EGTA can disrupt transmitter release (Wu et al., 1999; Rosato-Siri 624 

et al., 2002; Timmermann et al., 2002; Catterall, 2011; Eggermann et al., 2011).  625 

 626 
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 627 
The role of BK channels in synaptic plasticity at the MOC-OHC synapse around the  628 
 629 
onset of hearing  630 
 631 
 632 

The results presented so far show that in addition to the changes in the types of VGCCs 633 

coupled to the release process, maturation of the MOC-OHC synapse also involves 634 

changes in the localization of the presynaptic components making up the release 635 

machinery. These changes were observed on the two proteins that make up the negative 636 

feedback loop, namely, L-type VGCCs and BK channels, whose proximity, as judged 637 

by the experiments in the presence of EGTA-AM (Fig. 6) seems to increase between 638 

P11-13 and P20-22. Notwithstanding, even at the onset of hearing, the negative 639 

feedback loop is already functional as blocking BK channels with IbTx caused a quite 640 

significant increase in ACh release (Fig. 5A).  641 

 642 

Bearing in mind that BK channels have been shown to be significantly relevant in 643 

controlling action potential firing at high frequencies (Gu et al., 2007) and considering 644 

that in vivo MOC fibers fire at frequencies ranging from 1 to 120 Hz (Robertson and 645 

Gummer, 1985; Liberman and Brown, 1986; Atluri and Regehr, 1996; Muller et al., 646 

2010), we investigated whether BK channels are involved in signaling at the MOC-647 

OHC synapse during high frequency activity of the MOC fibers. Due to technical 648 

reasons, mainly in obtaining stable and reproducible recordings during high-frequency 649 

stimulation trains at P20-22, the following experiments were only performed at MOC-650 

OHC synapses from P11-13 mice. We first evaluated the role of these channels in the 651 

short term plasticity properties (STP) of this synapse. To this end, we applied 10-pulse 652 

trains at 10 and 80 Hz in the absence or in the presence of IbTx (200 nM). 653 

Representative responses of the OHCs to those trains are illustrated in Figure 7A. To 654 
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analyze the behavior of the MOC-OHC synapse during the stimulation train we used the 655 

FI, as already done to evaluate the paired-pulse experiments illustrated in Figure 2. The 656 

S parameter (average amplitude of postsynaptic responses including release failures) 657 

was evaluated after each of the 10 stimuli and FIS was defined as the ratio between the S 658 

value corresponding to the pulse in which the difference with respect to this value in the 659 

first pulse was maximal (Sn and S1, respectively; FIs = Sn/S1). Therefore, the parameters 660 

P (probability of successfully evoking a release event) and A (average amplitude of 661 

successfully evoked IPSCs) were analyzed to evaluate the pre- or postsynaptic origin of 662 

STP (Goutman et al., 2005; Ballestero et al., 2011; Fioravante and Regehr, 2011). FIP 663 

and FIA, respectively, were defined for the same pulses used to define FIS. In agreement 664 

with the results obtained in the paired-pulse experiments (Fig. 2A and B, upper panels) 665 

and with previous reports (Ballestero et al., 2011), the MOC-OHC synapse at the onset 666 

of hearing (P11-13), only presented facilitation of responses upon high-frequency 667 

stimulation (80 Hz) of the MOC fibers (Table 4, Fig. 7B upper panels; FIS-Ctrl: 10 Hz, p 668 

= 0.74, and 80 Hz, p = 0.025, Hedge’s G = 1.63, n = 4-6 cells). As previously reported, 669 

changes in FIS at 80 Hz were followed by changes in FIP and not in FIA, indicating a 670 

clear presynaptic origin for facilitation (Table 4, Fig. 7B upper panel, FIP-Ctrl: 10 Hz, p = 671 

0.99, and 80 Hz, p = 0.0220, Hedge’s G = 3.11; FIA-Ctrl: 10 Hz, p = 0.52, and 80 Hz, p = 672 

0.28). In the presence of 200 nM IbTx, facilitation at 80 Hz was completely abolished. 673 

At 10 Hz, however, the behavior of the MOC-OHC synapse was not different from that 674 

observed in the control condition without IbTx (Table 4, Fig. 7B lower panels; FIS-IbTx: 675 

10 Hz, p = 0.95, and 80 Hz, p = 0.87; FIP-IbTx: 10 Hz, p = 0.71, and 80 Hz, p = 0.55; FIA-676 

IbTx: 10 Hz, p = 0.78, and 80 Hz, p = 0.74; n =4-6 cells). These results are consistent 677 

with the fact that blocking BK channels causes a dramatic increment in the quantum 678 

content of evoked release at this synapse (see Fig. 5A). This increment in synaptic 679 
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strength was also evidenced by the higher amplitude of synaptic responses in the 680 

presence of IbTx, which can be easily observed during the 10 Hz train (Fig. 7A, lower 681 

panel). The increment in the initial probability of release is usually accompanied by a 682 

decrease in short term facilitation (Murthy et al., 1997; Fioravante and Regehr, 2011; 683 

Kearney et al., 2019). This notion is in accordance with the present results.   684 

 685 

Even though the above results show that BK channels participate in signaling at the 686 

MOC-OHC synapse, the short stimulation protocols used to study the STP pattern do 687 

not necessarily represent the physiological behavior of this synapse. Considering that 688 

the in vivo firing frequency of the MOC fibers increases with the intensity of sound 689 

stimulation and that this response is part of the olivocochlear reflex that is activated by 690 

sounds of variable duration (Galambos, 1956; Wiederhold and Kiang, 1970; Gifford and 691 

Guinan, 1987; Brown, 1989; Guinan, 2011), it is expected that MOC fibers would 692 

normally fire for longer periods than that encompassed by a 10-pulse train. In addition, 693 

auditory function inhibition by MOC activity has been shown to last for as long as 694 

MOC fibers are stimulated and to decay within hundreds of milliseconds (Wiederhold 695 

and Kiang, 1970; Guinan, 1996). Moreover, it has also been shown that the MOC-OHC 696 

synapse is able to sustain release upon high-frequency firing of the MOC fibers for long 697 

periods (Ballestero et al., 2011). Therefore, in order to further investigate the role of 698 

presynaptic BK channels in signaling at this synapse, we tested the effects of blocking 699 

these channels during 50-pulse high frequency stimulation trains. Representative 700 

recordings at these two frequencies in the presence (upper panels) or absence of 701 

functional BK channels are shown in Figure 8. At a first glance, it can be observed that 702 

the current traces obtained at 10 Hz in the presence of 200 nM IbTx (Fig. 8A, left lower 703 

panel) showed greater synaptic activity compared to those obtained in the absence of the 704 
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BK channel blocker (Fig. 8A, left upper panel), which is consistent with the increment 705 

in the quantum content in the presence of this antagonist (see Fig. 5A). At 80 Hz, the 706 

response in the absence of IbTx is homogenous and sustained (Fig. 8A right upper 707 

panel) as was previously reported (Ballestero et al., 2011). Conversely, in the presence 708 

of the BK channel blocker, synaptic activity at 80 Hz becomes more erratic (Fig. 8A, 709 

right lower panel), probably due to the lack of the negative feedback control exerted by 710 

BK channel activation upon depolarization of the terminal membrane (Zorrilla de San 711 

Martin et al., 2010). In addition, the postsynaptic response maximal amplitude in the 712 

absence of functional BK channels was higher than that of controls (Ctrl: 77.02 ± 8.24 713 

pA; IbTx: 158.70 ± 20.71 pA, n = 6; Mann-Whitney test, p = 0.0022, Wilcoxon’s r = 714 

0.89), probably due to an enhancement of the efficacy of ACh release due to both 715 

presynaptic facilitation and postsynaptic summation already described during repetitive 716 

high-frequency stimulation at this synapse (Ballestero et al., 2011).  717 

 718 

Upon evaluation of the charge transferred along the stimulation protocol, we found that 719 

at a frequency of 10 Hz, there were no significant differences in the total charge 720 

accumulated in the control condition with respect to that in the presence of the BK 721 

channel blocker (Fig. 8B left panel and C). At 80 Hz, however, there was a significant 722 

increment in the total charge transferred during the stimulation train in the presence of 723 

200 nM IbTx (Fig. 8B right panel and C). Consistently, the maximal charge transferred 724 

(Qmax) which was evaluated at the end of the stimulation protocol was only significantly 725 

higher in the presence of the BK channel blocker at 80 Hz (Fig. 8C; 10 Hz: Qmax-Ctrl = 726 

33.28 ± 1.68 pC, and Qmax-IbTx = 51.84 ±12.84 pC, n = 4 cells, p = 0.31; 80 Hz: Qmax-Ctrl 727 

= 34.55 ± 6.59 pC, and Qmax-IbTx = 88.64 ± 14.96 pC, n = 6, p = 0.0130, Hedge’s G = 728 
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1.76). These results confirm that presynaptic BK channels play an important role in 729 

signaling at the MOC-OHC synapse. 730 

 731 

Following the same rationale, we evaluated the impact that BK channel blockade exerts 732 

on the magnitude of the hyperpolarization observed in the OHCs during prolonged high 733 

frequency stimulation. To this end, we held the OHCs under current clamp while 734 

applying a 50-pulse stimulation protocol at 80 Hz and analyzed the effect of 200 nM 735 

IbTx on the OHC membrane potential during the train (Fig. 9A). Under these 736 

conditions, significant differences were observed in the maximal hyperpolarization 737 

(ΔVmax) reached during the train (Fig. 9B; ΔVmax-Ctrl = 4.62 ± 0.78 mV, ΔVmax-IbTx = 738 

9.85 ± 1.37 mV, n = 5-6 cells, p = 0.0120, Hedge’s G = 1.70) and in the time necessary 739 

for the membrane potential to return to its basal value (Δtbase) in the presence and 740 

absence of IbTx (Fig. 8C; Δtbase-Ctrl = 0.22 ± 0.02 s, Δtbase-IbTx =0.48 ± 0.07 s, n = 5-6 741 

cells, p = 0.0160, Hedge’s G = 1.68). This latter result is consistent with the voltage-742 

clamp experiments shown above where it can be observed that in the presence of the 743 

BK channel blocker, there is an asynchronic activity that outlasts the end of the 744 

stimulation train (see Fig. 8A). These results confirm that at the onset of hearing BK 745 

channels provide a negative control mechanism at the MOC-OHC synapse. It is 746 

important to note that this mechanism is relevant even at this early stage when 747 

presynaptic components are scarcely compartmentalized, as evidenced by the fact that 748 

the slow Ca2+ buffer EGTA was able to interfere with the activation of BK channels by 749 

Ca2+ influx through L-type VGCCs (see Figure 6C). Therefore, at P20-22 this negative 750 

control mechanism would probably be even more robust since at this mature stage BK 751 

channels and L-type VGCCs are more tightly coupled (see Figure 6D). 752 

 753 
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Taken together, these results suggest that this mechanism is particularly relevant upon 754 

high frequency MOC fiber firing rate, in agreement with previous reports pointing to 755 

BK channels as fundamental elements in the control of presynaptic action potential 756 

firing frequency (Hu et al., 2001; Klyachko et al., 2001; Gu et al., 2007). 757 

 758 

Discussion  759 

The MOC-OHC synapse has a fundamental role in hearing as it is the effector of the 760 

MOC reflex on the Organ of Corti (Guinan, 2011) and its synaptic properties are crucial 761 

to determine the efficacy of this feedback to the cochlea (Ballestero et al., 2011; 762 

Wedemeyer et al., 2018). During development, the organ of Corti undergoes dramatic 763 

changes in the afferent and efferent innervation to the hair cells, which ultimately 764 

determine the correct function of this sensory epithelium in adult animals (Simmons, 765 

2002; Bulankina and Moser, 2012). In this work we studied the properties of transmitter 766 

release and the ion channels coupled to this process at the efferent MOC-OHC synapse 767 

at P11-13, around hearing onset, and P20-22, stage at which the mouse peripheral 768 

auditory system has already matured.  769 

 770 

Transmitter release properties, synaptic strength and STP pattern during MOC-OHC 771 

synapse maturation  772 

In altricial rodents, MOC fibers start to innervate the OHCs during the second postnatal 773 

week (Dulon et al., 1998; He and Dallos, 1999; Simmons, 2002; Roux et al., 2011). 774 

Accordingly, we found a progressive increase in the number of functional MOC-OHC 775 

synapses, as well as in their strength and efficacy during maturation. At hearing onset, 776 

the MOC-OHC synapse presented facilitation during MOC fibers high-frequency 777 
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stimulation which, consistent with the increment in synaptic strength (Fioravante and 778 

Regehr, 2011; Jackman and Regehr, 2017), disappeared upon maturation. Similar 779 

modifications in STP patterns were reported at the MOC-IHC synapse (Kearney et al., 780 

2019) and at some CNS synapses, namely, in the cerebellum (Pouzat and Hestrin, 781 

1997), hippocampus (Schiess et al., 2010) and the Calyx of Held (Taschenberger and 782 

von Gersdorff, 2000). At the MOC-IHC synapse, changes in synaptic strength and STP 783 

pattern correlate with RRP size and replenishment rate increments (Kearney et al., 784 

2019). This has also been reported at the Calyx of Held (Iwasaki and Takahashi, 2001), 785 

therefore, a similar process might take place at the MOC-OHC synapse during 786 

maturation. Changes in synaptic efficacy and STP patterns could be also accounted for 787 

by modifications in the proteins mediating vesicle fusion (Kochubey et al., 2016). 788 

Alternatively, the proteins controlling presynaptic VGCC function could undergo 789 

modifications. P/Q-type VGCCs have been shown to contribute either to mechanisms of 790 

short term facilitation or depression depending on the presynaptic regulatory proteins 791 

associated to them (Nanou and Catterall, 2018). Moreover, regulation of the number of 792 

VGCC expressed at the presynaptic terminals could determine synaptic strength and 793 

thus the plasticity properties of a synapse (Sheng et al., 2012). In accordance with the 794 

prevailing view on this issue (Jackman and Regehr, 2017), we show that the factors 795 

underlying facilitation at the MOC-OHC synapse at P11-13 are of presynaptic origin as 796 

previously described (Ballestero et al., 2011). At this age, the combined effect of 797 

facilitation and summation was shown to result in a frequency-dependent increase in 798 

OHC’s eIPSC amplitude indicating that STP is responsible for shaping MOC inhibition 799 

(Ballestero et al., 2011). Although facilitation disappears at P20-22, the increment in 800 

synaptic transmission reliability and the fact that no changes were observed in eIPSCs 801 

kinetics, support the idea that at this stage summation of eIPSCs upon MOC high-802 
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frequency activity in response to high-level sounds would determine the strength of 803 

MOC inhibition and, therefore, the gain of the cochlear amplifier.  804 

 805 

Changes in the VGCC types coupled to ACh release during MOC-OHC synapse 806 

maturation.  807 

Two main changes were found regarding the VGCC coupled to transmitter release at the 808 

MOC-OHC synapse: the participation of N-type VGCC at P20-22 but not at hearing 809 

onset, and that at this early stage, Ca2+ influx through L-type VGCCs can reach the 810 

exocytotic sites and trigger release together with P/Q- and R-type VGCCs (Fig.10). 811 

These changes in the VGCC types coupled to ACh release are consistent with reports at 812 

the neuromuscular junction (Rosato Siri and Uchitel, 1999) and at some CNS synapses 813 

(Iwasaki and Takahashi, 1998; Iwasaki et al., 2000; Momiyama, 2003; Fedchyshyn and 814 

Wang, 2005). Noteworthy, however, contrary to what has been reported at those 815 

synapses, at the MOC-OHC synapse P/Q-type VGCCs contribute to triggering release 816 

before N-type VGCCs participation. The late involvement of N-type VGCCs to ACh 817 

release has also been reported at the transient MOC-IHC synapse (Kearney et al., 2019). 818 

Interestingly, at both synapses the contribution of P/Q-type VGCCs persists along the 819 

studied periods. This suggests that this VGCC type is more efficiently coupled to 820 

transmitter release as reported at other synapses (Rosato Siri and Uchitel, 1999; Wu et 821 

al., 1999). In addition, a differential contribution of P/Q- and N-type VGCCs to STP has 822 

been described at GABAergic cortical synapses. At those synapses, facilitation and 823 

depression of IPSCs mediated by P/Q-type and N-type VDCCs, respectively, were 824 

observed (Yamamoto and Kobayashi, 2018). Moreover, during development of the 825 

Calyx of Held there is an increment in the expression of P/Q-type VGCCs and a 826 
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reduction in the expression of N-type VGCCs with a concomitant reduction in short 827 

term depression (Iwasaki and Takahashi, 1998; Iwasaki et al., 2000; Taschenberger and 828 

von Gersdorff, 2000).  829 

 830 

As mentioned above, facilitation of eIPSCs upon high frequency stimulation is no 831 

longer observed as the MOC-OHC synapse matures. Considering that facilitation and 832 

depression mechanisms coexist and therefore the postsynaptic current size depends on 833 

the short-term history of presynaptic activity (Zucker and Regehr, 2002; Fioravante and 834 

Regehr, 2011), the involvement of N-type VGCCs in transmitter release at P20-22 835 

might compensate P/Q-type VGCC mediated facilitation. Interestingly, at the MOC-836 

IHC synapse, this change in the contribution of N-type VGCCs to ACh release upon 837 

maturation is accompanied by a shift from facilitation at P4, when only P/Q- and R-type 838 

VGCCs are coupled to transmitter release, to depression at P9-11 when both P/Q- and 839 

N-type VGCCs contribute to this process (Kearney et al., 2019). At the MOC-OHC 840 

synapse however, R-type VGCCs continue being functional at mature stages and, 841 

together with P/Q- and N-type VGCCs, support transmitter release. The persistence of  842 

R-type VGCCs at the MOC-OHC synapse mature stages agrees with reports using RT-843 

PCR (Green et al., 1996) and with studies showing their localization at the base of the 844 

OHCs (Waka et al., 2003). Moreover, at hippocampal synapses, R-type VGCCs have an 845 

increased contribution to synaptic transmission at frequencies >1 Hz compared to P/Q 846 

and N-type VGCCs (Ricoy and Frerking, 2014). The participation of R-type VGCCs 847 

could be particularly relevant at MOC-OHC synapses when MOC fibers fire at high 848 

frequencies in response to high intensity sounds (Galambos, 1956; Wiederhold and 849 

Kiang, 1970; Gifford and Guinan, 1987). This could be directly related to the ability of 850 

the MOC pathway to regulate the gain of the auditory system which is fundamental for 851 
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noise protection (Liberman, 1991; Rajan, 2000; Maison et al., 2002; Taranda et al., 852 

2009; Boero et al., 2018). 853 

 854 

The role of L-type VGCCs and BK channels at the MOC-OHC synapse  855 

 856 

The present results show that the functional coupling of Ca2+ influx through L-type 857 

VGCCs to the activation BK channels regulates synaptic strength at the MOC-OHC 858 

synapse at both stages (Fig. 10). The functional coupling of VGCCs to BK channel 859 

activation (Marrion and Tavalin, 1998; Vergara et al., 1998; Grunnet and Kaufmann, 860 

2004; Womack et al., 2004; Vivas et al., 2017) and their role in negatively regulating 861 

transmitter release have been previously described (Roberts et al., 1990; Robitaille et 862 

al., 1993a; Robitaille et al., 1993b; Raffaelli et al., 2004; Zorrilla de San Martin et al., 863 

2010; Deng et al., 2013).  864 

 865 

At hearing onset, L-type VGCCs at the MOC-OHC synapse, apart from activating BK 866 

channels can contribute to trigger ACh release. This dual and antagonistic role of Ca2+ 867 

influx has been demonstrated for L-type VGCCs at the MOC-IHC synapse early stages 868 

(Kearney et al., 2019) and for N-type VGCCs at the frog neuromuscular junction 869 

(Robitaille et al., 1993a; Robitaille et al., 1993b). In addition, at P11-13, but not at P20-870 

22, the Ca2+ buffer EGTA disrupts the functional coupling between L-type VGCCs and 871 

BK channels indicating that at hearing onset, the distance between these channels is 872 

greater than at more mature stages. Moreover, at P11-13 this slow buffer also eliminates 873 

the direct contribution of L-type VGCCs to ACh release. These results suggest that 874 

during MOC-OHC synapse maturation compartmentalization of exocytotic machinery 875 
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components increases. A similar developmental tightening of presynaptic components 876 

involved in transmitter release has been reported at central synapses. (Iwasaki and 877 

Takahashi, 2001; Taschenberger et al., 2002; Fedchyshyn and Wang, 2005; Baur et al., 878 

2015; Nakamura et al., 2015).  879 

 880 

Multiple evidences point to BK channels as important determinants of synaptic 881 

transmission properties, particularly at synapses signaling at high frequencies (Hu et al., 882 

2001; Klyachko et al., 2001; Gu et al., 2007). As BK channels participate in action 883 

potential repolarization thereby altering their shape (Storm, 1987; Vergara et al., 1998), 884 

changes in the distance between these channels and their Ca2+ source might modify 885 

action potential duration during MOC-OHC synapse maturation. In spite of the greater 886 

distance between L-type VGCCs and BK channels at hearing onset, our results show 887 

that the role of this type of K+ channels would still be crucial for shaping OHC’s 888 

postsynaptic responses upon MOC fiber intense activity in response to high level 889 

sounds. 890 
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 1219 

 1220 

Figure Legends 1221 

 1222 

Figure 1. Synaptic strength at the MOC-OHC synapse increases with postnatal 1223 

age. A, Schematic representation of the experimental preparation. OHCs from the first 1224 

row were recorded with a glass electrode upon electrical stimulation of the MOC 1225 

efferent fibers. Scale bar, 20 μm. B, Representative traces of evoked inhibitory synaptic 1226 

currents (eIPSCs) in voltage-clamped OHCs (Vh = -40 mV) at P11-13 (left) and P20-22 1227 

(right) in response to MOC fiber stimulation at 1 Hz. C, Percentage of responding 1228 

OHCs upon electrical stimulation of the MOC efferent fibers also increases during 1229 

postnatal development. Numbers over the bars indicate the number of cells tested. Chi-1230 

square test; **p < 0.01. D, Violin plot for the quantum content of transmitter release at 1231 

the MOC-OHC synapse (P11-13: n = 110 cells; P20-22: n = 62 cells). Solid lines 1232 

represent the median and dashed lines represent the interquartile divisions. Mean values 1233 

are represented with the + symbol. Mann-Whitney test; ***p < 0.001. E, Quantum 1234 

content measurements versus recording time at both developmental stages (P11-13: n = 1235 

6; P20-22: n = 5). Repeated-measures ANOVA; no significant differences were found 1236 

within each developmental stage. 1237 

 1238 

Figure 2. Paired-pulse facilitation observed at the MOC-OHC synapse around the 1239 

onset of hearing is absent in hearing mice. A, Representative traces of 10 individual 1240 

responses during paired-pulse stimulation protocols at P11-13 (top) and P20-22 1241 

(bottom). Inter-stimulus intervals (ISIs) are 12.5, 25, 50 and 100 ms, corresponding to 1242 

MOC stimulation frequencies of 80, 40, 20 and 10 Hz, respectively. Individual traces 1243 
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are represented with different colors for clarification purposes. B, Facilitation indexes 1244 

(FI = X2/X1) for the total average response (S; FIS), the release probability (P; FIP) and 1245 

the amplitude of the successfully evoked postsynaptic responses (A; FIA) plotted as a 1246 

function of the ISIs tested. At the onset of hearing (P11-13, top panel) at ISIs of 12.5 1247 

and 25 ms, FIS and FIP were > 1, whereas FIA is close to 1 for all ISIs tested (n = 6-7). 1248 

Paired t-test or Wilcoxon rank sum test; *p < 0.05 and **p < 0.01 for FIS and FIP. At 1249 

P20-22 (bottom panel). FIS, FIP and FIA were not significantly different from 1 within 1250 

all ISIs tested (n = 5-6). See Table 3 for details. 1251 

 1252 

Figure 3. Differential contribution of VGCCs supporting ACh release at the MOC-1253 

OHC synapse at two different postnatal developmental stages. A and B, Effect of 1254 

200 nM ω-Aga, 500 nM ω-CgTx, 100 μM Ni2+and 500 nM SNX, specific blockers of 1255 

P/Q-, N- and R-type VGCCs, respectively, on the quantum content of evoked release at 1256 

P11-13 (A) and P20-22 (B). C and D, Summary of the data in A and B, expressed as a 1257 

percentage of control quantum content. E and F, Time dependence (E) and total effect 1258 

(F) of the sequential application to the bath solution of 200 nM ω-Aga and 500 nM 1259 

SNX, specific blockers of P/Q- and R-type VGCCs, respectively, at P11-13. Values for 1260 

ω-Aga and SNX showed in F correspond to the last two points of each treatment in E. 1261 

Paired t-test or Wilcoxon rank sum test for A-D; Friedman test followed by Conover 1262 

post-hoc comparisons for F; *p < 0.05, **p < 0.01, ***p < 0.001. 1263 

 1264 

Figure 4. Differential effects of L-type VGCCs modulators at the MOC-OHC 1265 

synapse during development. A, Effect of 3 μM Nife (i) and 10 μM BayK (ii), 1266 

antagonist and agonist of L-type VGCCs, respectively, on the quantum content of 1267 
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transmitter release at P11-13.  B, the same as A at P20-22. Paired t-test or Wilcoxon 1268 

rank sum test; *p < 0.05, ***p < 0.001.  1269 

 1270 

Figure 5. Ca2+ influx through L-type VGCCs fuel Ca2+-activated K+ (BK) channels 1271 

at the MOC-OHC synapse both at P11-13 and P20-22. A, Effect on the quantum 1272 

content of transmitter release of 200 nM IbTx, a specific blocker of BK channels, at 1273 

P11-13 (i) and P20-22 (ii). B, Effect of adding 3 μM Nife on the quantum content of 1274 

transmitter release in cochlear preparations at P11-13 (i) and P20-22 (ii) previously 1275 

incubated with 200 nM IbTx.  C, Effect of the sequential application of 200 nM IbTx 1276 

and 10 μM BayK at P11-13 (i) and P20-22 (ii) on the quantum content of transmitter 1277 

release. Paired t-test or Wilcoxon rank sum test in A; repeated-measures ANOVA or 1278 

Friedman test followed by Tukey or Conover multiple comparisons tests, respectively, 1279 

for B and C; **p < 0.01, ***p < 0.001.  1280 

 1281 

Figure 6. Scarce compartmentalization of the presynaptic components at the MOC 1282 

terminals around the onset of hearing. A, Time course of the effect of 100 μM 1283 

EGTA-AM on the probability of release (P1) and the facilitation index for the 1284 

probability of release (FIP = P2/P1) during a paired pulse protocol with a 10 ms ISI (100 1285 

Hz). B, Quantification of the effect of EGTA-AM on FIP (i) and the quantum content of 1286 

transmitter release (ii). Values for each individual cell in Ctrl and EGTA-AM were 1287 

averaged from the time points indicated with black and gray arrows in A, respectively. 1288 

C and D, Effect of the sequential application of 200 nM IbTx and 10 μM BayK on the 1289 

quantum content of transmitter release from P11-13 (C) and P20-22 (D) mice in the 1290 

presence of 100 μM EGTA-AM. Paired t-test in B; repeated-measures ANOVA for C 1291 

and D; **p < 0.01. 1292 
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 1293 

Figure 7. At around the onset of hearing, short-term synaptic facilitation during 1294 

high frequency stimulation is abolished by blocking Ca2+-activated BK channels. 1295 

A, Representative averaged traces of 10 individual synaptic responses in P11-13 OHCs 1296 

upon a 10 (left) or 80 Hz (right) 10-pulse train stimulation protocol in the absence (top 1297 

panel) or the presence (bottom panel) of 200 nM IbTx. For clarification purposes 1298 

artifacts were removed and bars over traces indicate the corresponding stimulation 1299 

pattern. B, The average response (S), the probability of release (P), and the eIPSCs 1300 

average amplitude (A) were computed for every pulse during 10-shock trains at 1301 

frequencies of 10 (left) and 80 Hz (right). The normalized mean values for these 1302 

parameters at the two stimulation frequencies are plotted against the pulse number 1303 

protocol in the absence (top panel) or the presence (bottom panel) of 200 nM IbTx. 10 1304 

Hz: n = 4 for Ctrl and n = 4 for 200 nM IbTx; 80 Hz: n = 6 for Ctrl and n = 6 for 200 1305 

nM IbTx. See Table 4 for quantification. 1306 

 1307 

Figure 8. Around the onset of hearing, presynaptic Ca2+-activated BK channels 1308 

limit the OHC output current during high frequency stimulation of the MOC 1309 

fibers. A, Representative traces of single synaptic responses in P11-13 OHCs upon 10 1310 

(left) or 80 Hz (right) 50-pulse train stimulation protocol in the absence (top panel) or 1311 

the presence (bottom panel) of 200 nM IbTx. For clarifying purposes stimulation 1312 

artifacts were replaced by bars over the traces. B, Average cumulative charge (Q) 1313 

plotted as a function of time during 10 (left) or 80 Hz (right) 50-pulse train stimulation 1314 

protocols. Thick lines indicate mean values, while thin lines and the shaded area 1315 

represent ± SEM. C, Average maximum charge (Qmax), corresponding to the maximum 1316 
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value reached in B at the end of the 50-pulse train stimulation protocols, for both 10 Hz 1317 

and 80 Hz stimulation frequencies. Unpaired t-test, *p < 0.05. 1318 

 1319 

Figure 9. Presynaptic Ca2+-activated BK channels control the degree of 1320 

hyperpolarization upon high-frequency stimulation of the MOC fibers. A, 1321 

Representative traces of OHCs recorded in the current-clamp configuration upon a 80 1322 

Hz 50-pulse train stimulation protocol in the absence (top panel) or the presence 1323 

(bottom panel) of 200 nM IbTx. For clarifying purposes stimulation artifacts were 1324 

replaced by bars over the traces. B and C, Effect of 200 nM IbTx on the maximal 1325 

change of the membrane potential (ΔVmax, B) and the time required to return to baseline 1326 

membrane potential after the end of the stimulation protocol (Δt after train, C). 1327 

Unpaired t-test for B and C, *p < 0.05.  1328 

 1329 

Figure 10. Schematic representation of the developmental changes in VGCC types 1330 

and localization at the MOC-OHC synapse. Around the onset of hearing (P11-13), 1331 

ACh release is supported by R- and P/Q-type VGCCs. At this developmental stage, 1332 

Ca2+ influx through L-type VGCCs plays a dual role as it activates BK channels and it 1333 

also partially contributes to ACh release. In hearing animals (P20-22), ACh release is 1334 

supported by R, P/Q- and N-type VGCCs. At this stage, L-type VGCCs are only 1335 

exerting a negative control on ACh release by activating BK channels. 1336 

 1337 
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Table I. Membrane properties of OHCs during postnatal development. 

 P11-13 (n = 54) P20-22 (n = 31) 

Vm (mV) -63.43 ± 1.02 -62.98 ± 0.88 

Cm (pF) 11.54 ± 0.22 15.87 ± 0.43*** 

Rm (MΩ) 123.56 ± 3.18 40.50 ± 2.43*** 

Unpaired t test; ***p < 0.001. 



 

 1 

 

 

  

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

 P11-13  P20-22  

sIPSCs 
(P11-13, n = 6) 
(P20-22, n = 5) 

Amplitude  (pA) 33.98 ± 3.07 31.97 ± 3.52 

τrise (ms) (20-80%) 18.78 ± 1.85 16.13 ± 2.44  

τdecay (ms) (10-90%) 47.70 ± 9.30 32.31 ± 4.03 

Halfwidth (ms) 32.93 ± 5.58 30.08 ± 3.78 

Q (pC) 2.49 ± 0.42 2.10 ± 0.23 

eIPSCs 
(P11-13, n = 32) 
(P20-22, n = 17) 

Amplitude (pA) 30.20 ± 1.53 34.93 ± 2.08 

τrise (ms) (20-80%) 11.37 ± 0.88 12.14 ± 0.87  

τdecay (ms) (10-90%) 44.47 ± 2.31 42.38 ± 2.14 

Halfwidth (ms) 44.39 ± 1.78 41.68 ± 1.63 

Q (pC) 1.83 ± 0.11 1.92 ± 0.13 
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Table III. Calculation of FIX = X2/X1 for S, P, and A at the MOC-OHC synapse, during postnatal development. 

 P11-13 (n = 6-7) P20-22 (n = 5-6) 

ISIs FIS = S2/S1 FIP = P2/P1 FIA = A2/A1 FIS = S2/S1 FIP = P2/P1 FIA = A2/A1 

100 ms (10 Hz) 1.13 ± 0.16 0.97 ± 0.09 1.11 ± 0.06 0.83 ± 0.11 0.92 ± 0.10 0.89 ± 0.04 

50 ms (20 Hz) 0.98 ± 0.15 1.06 ± 0.16 0.92 ± 0.02 0.72 ± 0.08 0.85 ± 0.08 0.84 ± 0.04 

25 ms (40 Hz) 1.80 ± 0.20* 1.58 ± 0.13* 1.12 ± 0.05 0.84 ± 0.17 0.76 ± 0.08 0.96 ± 0.13 

12.5 ms (80 Hz) 2.66 ± 0.24**  2.54 ± 0.19** 1.07 ± 0.04 1.20 ± 0.18 1.08 ± 0.13 1.11 ± 0.11 

Paired t-test or Wilcoxon rank sum test; *p < 0.05; **p < 0.01 
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Table IV. Calculation of FIX = Xn/X1 for S, P, and A at the MOC-OHC synapse, in the presence of 200 nM IbTx. 

10 Hz  

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

FIS = S8/S1 FIP = P8/P1 FIA = A8/A1 FIS = S8/S1 FIP = P8/P1 FIA = A8/A1 

1.23 ± 0.28 1.10 ± 0.19 1.12 ± 0.13 1.40 ± 0.38 1.26 ± 0.22 1.00 ± 0.14 

80 Hz  

 Ctrl ( n = 6)   IbTx (n = 6)  

FIS = S3/S1 FIP = P3/P1 FIA = A3/A1 FIS = S2/S1 FIP = P2/P1 FIA = A2/A1 

4.98 ± 1.82* 4.13 ± 1.22* 1.46 ± 0.15 1.84 ± 0.70 1.42 ± 0.48 1.17 ± 0.15 

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


