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Abstract (< 250 words)  35 

GABAergic inhibition in neurons plays a critical role in determining the output of neural 36 

circuits. Neurons in avian nucleus magnocellularis (NM) utilize several tonotopic-region-37 

dependent specializations to relay the timing information of sound in the auditory nerve to 38 

higher auditory nuclei. Previously, we showed that feedforward GABAergic inhibition in NM 39 

has a different dependence on the level of auditory nerve activity, with the low-frequency 40 

region having a low-threshold and linear relationship, while the high-frequency region has a 41 

high-threshold and step-like relationship. However, it remains unclear how the GABAergic 42 

synapses are tonotopically regulated and interact with other specializations of NM neurons. 43 

In this study, we examined GABAergic transmission in the NM of chickens of both sexes and 44 

explored its contributions to the temporal coding of sound at each tonotopic region. We found 45 

that the number and size of unitary GABAergic currents and their reversal potential were 46 

finely tuned at each tonotopic region in the NM. At the lower-frequency region, unitary 47 

GABAergic currents were larger in number but smaller in size. In addition, their reversal 48 

potential was close to the resting potential of neurons, which enabled reliable inhibition 49 

despite the smaller potassium conductance. At the higher-frequency region, on the other hand, 50 

unitary GABAergic currents were fewer, larger, and highly depolarizing, which enabled 51 

powerful inhibition via activating the large potassium conductance. Thus, we propose that 52 

GABAergic synapses are coordinated with the characteristics of excitatory synapses and 53 

postsynaptic neurons, ensuring the temporal coding for wide frequency and intensity ranges.  54 

 55 

Significance statement (< 120 words)  56 

We found in avian cochlear nucleus that the number and size of unitary GABAergic inputs 57 

differed among tonotopic regions and correlated to respective excitatory inputs; it was larger 58 

in number but smaller in size for neurons tuned to lower-frequency sound. Furthermore, 59 

GABAergic reversal potential also differed among the regions in accordance with the size of 60 

Kv1 current; it was less depolarized in the lower-frequency neurons with smaller Kv1 current. 61 

These differentiations of GABAergic transmission maximized the effects of inhibition at each 62 

tonotopic region, ensuring precise and reliable temporal coding across frequencies and 63 

intensities. Our results emphasize the importance of optimizing characteristics of GABAergic 64 

transmission within individual neurons for proper neural circuit function. 65 

 66 

Introduction 67 
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The avian nucleus magnocellularis (NM) is the second order nucleus in the auditory pathway, 68 

homologous to anteroventral cochlear nucleus (AVCN) in mammals. It is responsible for 69 

transmitting the timing information of sound to binaural coincidence detectors in nucleus 70 

laminaris for computation of interaural time differences of microsecond orders (Hacket et al., 71 

1982; Young and Rubel, 1983). To do so, neurons within the NM generate action potentials 72 

reliably and precisely in response to excitatory synaptic inputs from the auditory nerve 73 

(Trussell, 1999). NM neurons are tuned to a specific frequency of sound (characteristic 74 

frequency, CF) and arranged tonotopically within the nucleus (Rubel and Parks, 1975). 75 

Temporal jitter of auditory nerve activity differs along the tonotopic axis, and it becomes 76 

larger for lower CF (Warchol and Dallos, 1990; Fukui et al., 2006). This variation is 77 

compensated for by pre- and postsynaptic specializations in NM. For example, the number 78 

and size of excitatory inputs differ tonotopically; low-CF neurons converge multiple small 79 

inputs, whereas high-CF neurons receive a single large input to generate a spike (Parks and 80 

Rubel, 1978; Jhaveri and Morest, 1982; Carr and Boudreau, 1991; Koppl, 1994; Fukui and 81 

Ohmori, 2004; Oline and Burger, 2014). NM neurons also differ along the tonotopic axis in 82 

the expression of voltage-gated ion channels, such as potassium channels (Kv1.1) and sodium 83 

channels (Nav1.6); Kv1-channel expression was lower while Nav-channel expression was 84 

higher in the low-CF neurons compared to the high-CF neurons (Fukui and Ohmori, 2004; 85 

Kuba and Ohmori, 2009; Akter et al., 2018; 2020).  86 

GABAergic inhibition plays a critical role in determining the output of the NM, and the level 87 

of inhibition is regulated based on ongoing inputs (Burger et al., 2011). GABAergic 88 

projection fibers in NM originate from superior olivary nucleus (SON), which are driven by 89 

the auditory nerve via nucleus angularis, the other cochlear nucleus in birds (Fig. 1A) 90 

(Lachica et al., 1994; Yang et al., 1999; Burger et al., 2005). Recently, we showed that 91 

GABAergic inputs increase linearly with excitatory inputs in low-CF neurons during the 92 

auditory nerve stimulation, whereas they are recruited at much higher intensities than 93 

excitatory inputs in high-CF neurons (Al-Yaari et al., 2020). The linearly coupled 94 

GABAergic inputs in the low-CF neurons would require fine adjustment of synaptic 95 

conductance, including the size as well as the number of unitary conductance. In addition, 96 

GABAergic inputs are depolarizing in the high-CF neurons and the inhibition is mediated via 97 

activations of Kv1 conductance as well as GABAergic shunting conductance (Hyson et al., 98 

1995; Monsivais et al, 2000; Lu and Trussell, 2001; Howard et al., 2007), emphasizing the 99 

importance of GABAergic reversal potential (equilibrium potential of Cl
–
, ECl) in regulation 100 
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of postsynaptic conductances. However, how GABAergic transmission interacts with other 101 

pre- and postsynaptic characteristics in the NM are not fully understood.  102 

In this study, we examined the number and size of IPSCs and their reversal potential along 103 

the tonotopic axis, and explored their implication in the temporal coding in NM. We found 104 

that unitary GABAergic inhibitory current was smaller and uniform in low-CF neurons, 105 

which was preferable in shaping the graded inhibition. Importantly, ECl was close to the 106 

resting potential in the neurons, ensuring inhibitory effects despite their small Kv1 107 

conductance, which allowed reliable and precise spike output during the converging 108 

excitatory input. On the other hand, unitary inhibitory current was much larger and ECl was 109 

depolarizing in high-CF neurons, which would be suited to activate Kv1 conductance and 110 

accomplish powerful inhibition against the large excitatory input. Our results highlighted the 111 

importance of interaction among GABAergic transmission, excitatory transmission, and 112 

postsynaptic neuronal properties for proper neural circuit function. 113 

 114 

Materials and Methods 115 

Animals Chickens (Gallus domesticus) of either sex at 1-7 days old were used in this study, 116 

unless otherwise stated. The care of experimental animals was in accordance with animal 117 

research at Nagoya University and the experiments were approved by the institutional 118 

committee. 119 

Tonotopic regions of NM Definition of tonotopic regions were described previously (Al-120 

Yaari et al., 2020), and neurons in low-CF and high-CF regions were used in this study. The 121 

low-CF region would correspond to NMc in Wang et al. (2017), where neurons have 122 

substantial dendrites (Akter et al., 2018). 123 

Immunohistochemistry Rabbit polyclonal VGAT antibody (2 µg/ml, Synaptic systems), 124 

mouse monoclonal MAP2 antibody (1:200, Sigma), rabbit polyclonal NKCC1 antibody (1 125 

µg/ml, Millipore), mouse monoclonal KCC2 antibody (5 µg/ml, UC Davis) were used for 126 

immunohistochemistry. Detailed immunostaining procedures were described previously 127 

(Kuba et al. 2010). Animals were perfused transcardially with periodate-lysine-128 

paraformardehyde fixative (ml/g body weight): 2% (w/v) paraformardehyde, 2.7% (w/v) 129 

lysine HCl (nacalai), 0.21% (w/v) NaIO4, 0.1% (w/v) Na2HPO4. The brainstem was postfixed 130 

for 2 hours at 4 ˚C. After cryoprotection with 30% (w/w) sucrose in PBS, coronal sections 131 

(30 µm) were obtained. The sections were incubated overnight with the primary antibodies, 132 

then with Alexa-conjugated secondary antibodies (10 µg/ml, Life Technologies) for 2 hours, 133 

and were observed under a confocal laser-scanning microscope (FV1000, Olympus) with a 134 



 

 5 

x40 objective lens (NA0.95, Olympus). Serial sections were Z-stacked with a step of 1 µm. 135 

VGAT-positive particles and MAP2-positive NM cells were quantified as described 136 

previously (Nishino et al., 2008). A series of two images were stacked and the number of 137 

VGAT-positive particles was counted automatically using ImageJ for a region of interest 138 

(160 x 160 µm) after setting a threshold by eye. The number of neurons within each region of 139 

interest was determined by eye. 140 

Slice preparation Slices were prepared as described previously (Al-Yaari et al., 2020). After 141 

decapitation under deep anesthesia with ether, brainstem was isolated and immersed in an 142 

oxygenated ice-cold high-glucose artificial cerebrospinal fluid (HG-ACSF, concentration in 143 

mM as follows: 75 NaCl, 2.5 KCl, 26 NaHCO3, 1.25 NaH2PO4, 1 CaCl2, 3 MgCl2, 100 144 

glucose, saturated with 95% O2 and 5% CO2). The brainstem was embedded in 3-4% agarose 145 

(Nacalai) and glued to a slicing chamber filled with HG-ACSF. Horizontal acute brain slices 146 

(200 µm) were cut with a vibratome (VT1200, Leica), and they were stored in HG-ACSF 147 

(37 °C) for 30-45 min before use. 148 

Electrophysiology Slices were perfused with an oxygenated ACSF (in mM: 125 NaCl, 2.5 149 

KCl, 26 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, 0.04 DNQX, 0.05 AP5, 17 glucose, 150 

saturated with 95% O2 and 5% CO2), and recordings were made at 37 °C. Patch pipettes had 151 

a resistance of 2-3 MΩ, and a Cs
+
-based internal solution (in mM: 150 CsCl, 10 NaCl, 0.2 152 

EGTA, 10 HEPES, pH 7.2) was used to facilitate voltage clamp. ECl was around +5 mV, 153 

while membrane potential was held at –63 mV unless otherwise stated. Miniature inhibitory 154 

postsynaptic currents (mIPSCs) were recorded in the presence of TTX (1 µM, Sigma) in the 155 

bath. When measuring ECl, the occurrence of mIPSCs was facilitated by elevating CaCl2 to 4 156 

mM and adding DTX (10-100 nM, Alomone Labs) in the bath. Evoked IPSCs were recorded 157 

under the blockade of Nav channels with QX314-Br (6 mM, Alomone Labs) in the pipette 158 

(Talbot and Sayer,1996). Spontaneous spikes were recorded under cell-attached clamp using 159 

a pipette filled with the ACSF and blocking Kv1 channels with DTX (40 nM) in the bath, 160 

while GABA (50 µM in ACSF) was puff-applied through the other pipette placed at ~30 µm 161 

away from the recorded cells.  162 

Electrical stimulation Unitary IPSCs (uIPSCs) were evoked with a theta-glass electrode (1-163 

µm tip diameter) placed at a distance of 40-60 µm from the soma. Maximum IPSCs were 164 

induced with a bipolar tungsten electrode (50-µm tip diameter) placed in the dorsolateral side 165 

of NM at a distance of ~300 µm away from the recorded cells. Biphasic square pulses were 166 

produced with an electronic stimulator (SEN-7203, Nihon Kohden) and applied through an 167 
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isolator (SS-202J, Nihon Kohden). Stimulus intensity was adjusted by changing the duration 168 

of pulses at a constant amplitude (Al-Yaari et al., 2020). 169 

Data acquisition and analysis Recordings were made with a patch-clamp amplifier (EPC8, 170 

HEKA Elektronik). Output signals were low-pass filtered at 3 kHz, sampled at 50 kHz 171 

(BNC-2090A, National Instruments), stored and analyzed on a personal computer with 172 

AxoGraph X (AxoGraph Scientific). Series resistance (<10 MΩ) was not compensated, while 173 

liquid junction potential (3 mV) was corrected off-line for whole-cell recording. mIPSCs 174 

were filtered off-line at 1 kHz. Ensemble averages of mIPSCs were made from more than 70 175 

events, while overlapping events were excluded from the analysis. Rise time of mIPSCs was 176 

measured between the periods of 10-90 % amplitude, and half-width at 50% amplitude. 177 

Coefficient of variation (CV) of IPSC amplitude was calculated from 10-50 events. uIPSCs 178 

were defined as the responses at the minimum stimulus, where a rate of failure responses was 179 

above 30%. Maximum IPSCs were defined as the responses, whose amplitude did not 180 

increase further with an increase of stimulus intensity by 30-100% after reaching a plateau. 181 

Gramicidin perforated-patch recording Gramicidin perforated-patch recording was 182 

performed as described previously (Kim and Trussell, 2007). Briefly, gramicidin D (0.05 mg 183 

in 1 µl DMSO, Sigma) was added into 1 ml of a K
+
-based solution (in mM: 140 KCl, 10 184 

NaCl, and 10 HEPES-KOH, pH 7.2), and GABAergic currents were recorded with the puff-185 

application of GABA (50 µM) after series resistance reached ~20 MΩ, which was 186 

compensated by > 80%. Liquid junction potential was not corrected (Kim and Trussell, 2007). 187 

ECl was measured as an intersection of least square regression line in current-voltage 188 

relationship. Intactness of the patch membrane was confirmed by the absence of fluorescence 189 

in the cell. Animals at embryonic day 21 (E21) and posthatch day 0 (E22/P0) were used, 190 

because ECl is reported to reach a mature level by E17 (Lu and Trussell, 2001). 191 

Two-photon Cl
-
 imaging Two-photon Cl

–
 imaging was performed with a Cl

–
 indicator 192 

(MQAE, n-6-methoxyquinolyl acetoethyl ester, Biotium), as described previously (Adachi et 193 

al., 2019). A slice was incubated in HG-ACSF containing 6 mM MQAE for 10 min at 37 ˚C, 194 

and then washed in dye-free solution for 10 min at room temperature. The laser was tuned to 195 

750 nm, and fluorescence signal peaked at 460 nm was captured with a ×25, 1.05-NA 196 

objective (Olympus), a dichroic mirror (SDM570), bandpass filters (FF01-510/84-25 and 197 

FF01-630/92-25), and a GaAsP detector. During imaging, ACSF was circulated, while Cl
–
 198 

channels were blocked by adding NPPB (200 µM, R&D systems) in the bath. The 199 

temperature was 30 ˚C. GABA (50 µM) was puff-applied through a pipette near the imaged 200 

cells. Data were collected in a frame scan mode with 10 µs/pixel at 0.3 Hz, and signals for a 201 
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cell were calculated as an average of the somatic area. Data are expressed as ∆F/F0, where F0 202 

is the baseline fluorescence before application of GABA. Effects of GABA were evaluated at 203 

the end of application (30-60 s), at which Cl
–
 signals reached a plateau. 204 

Quantitative RT-PCR Detailed procedures were described previously (Kuba et al., 2015). NM 205 

was excised with a fine needle under an observation with a dissecting microscope. Extensive 206 

care was taken to avoid a contamination of surrounding tissues, and tissues from 3 animals 207 

were pooled for each set of experiments. Total RNAs were extracted from either low-CF or 208 

high-CF region of NM using NucleoSpin RNA XS kit (TaKaRa). Quality and concentration 209 

of extracted RNA were measured with Agilent 2100 Bioanalyzer (Agilent), and cDNA was 210 

synthesized using ReverTra Ace qPCR RT kit (TOYOBO). mRNA levels for NKCC1, KCC2, 211 

and GAPDH were quantified using THUNDERBIRD SYBER qPCR Mix (TOYOBO) with a 212 

StepOne Real-Time PCR system (Applied Biosystems). Primers used are listed in Table 1. 213 

Cycle threshold data of individual molecules were analyzed with GAPDH as an internal 214 

standard, and they were compared between tonotopic regions. 215 

Simulation Neuronal modeling and simulation were performed with NEURON 7.6, using a 216 

model of low-CF NM neurons, as described previously (Al-Yaari et al., 2020). Excitatory 217 

input consisted of multiple unitary EPSC conductances (uEPSGs), and the input timing of 218 

each uEPSG varied randomly according to the normal distribution with a standard deviation 219 

of 0.24 ms. Individual uEPSG had a profile of α function (= gsyn•t/syn•exp(1-t/syn)), time 220 

constant (τsyn) of 0.3 ms, and amplitude of 4 nS, corresponding to those in low-CF NM 221 

neurons (Fukui and Ohmori, 2004). Inhibitory input consisted of multiple unitary IPSC 222 

conductances (uIPSGs), each of which was a tonic conductance with the size and the number 223 

the same as those of uEPSG otherwise stated (Al-Yaari et al., 2020). Parameters of spike 224 

responses were calculated from 2000 trials. Probability of spikes was defined as the 225 

probability during the trials, threshold conductance as the number of uEPSGs exceeding 226 

probability of 0.05, and jitter as the standard deviation of spike timing.  227 

Statistics Data were presented as a mean ± standard error (n = number of cells). Normality of 228 

data and equality of variance were evaluated by Shapiro-Wilk test and F-test, respectively. 229 

Statistical significance was determined by two-tailed Student’s t-test for comparison between 230 

two groups. ANOVA or Kruskal-Wallis test was used for comparison among more than two 231 

groups with normal or non-normal distributions, respectively, and post hoc Tukey test or 232 

Steel-Dwass test for pair-wise comparisons. The level of significance was set at 0.05.  233 

 234 
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 235 

Results 236 

A larger number of GABAergic synapses would impinge on low-CF neurons  237 

GABA-immunopositive terminals are densely accumulated at caudolateral areas in NM 238 

(Code et al., 1989). Therefore, we hypothesized that low-CF neurons receive more 239 

GABAergic synapses than high-CF neurons. To test this idea, we carried out 240 

immunohistochemistry using antibodies against VGAT and MAP2 at each tonotopic region 241 

of NM (Figs 1B, C). Quantitative analyses revealed that the density of VGAT-positive 242 

particles was higher at the low-CF region (Fig. 1D), while the density of MAP2-positive NM 243 

neurons did not differ between the regions (Fig. 1E), leading to a larger number of VGAT-244 

positive particles per cell at the low-CF region (Fig. 1F). On the other hand, the size of 245 

VGAT-positive particles was not different between the tonotopic regions (Fig. 1G).  246 

 247 

GABAergic quantal events are smaller and occur more frequently in low-CF neurons  248 

To further evaluate the number of GABAergic synapses in each NM neuron, we first 249 

recorded mIPSCs at each tonotopic region in the presence of DNQX (40 µM) and TTX (1 250 

µM) in the bath (Fig. 2). mIPSCs were identified as inward currents when recorded at –63 251 

mV with the CsCl-based internal solution (ECl of +5 mV) (Fig. 2A). The amplitude of 252 

mIPSCs varied greatly at both tonotopic regions, but its distribution in the histogram was 253 

narrower and negatively shifted in low-CF neurons, making the mean amplitude of mIPSCs 254 

smaller by 2 times in the neurons (Figs 2B-D). Of note, the fraction of mIPSCs below 0.2 nA, 255 

which roughly reflected the fraction around the primary peak in Fig. 2B, was 86% in the low-256 

CF neurons, whereas it was 47% in the high-CF neurons. These smaller mIPSCs tended to 257 

have faster time course for both rise time and half-width (Figs 2G-J). This made mIPSCs in 258 

the low-CF neurons slightly faster than those in the high-CF neurons; the rise time was 259 

0.7±0.1 ms and 1.0±0.1 ms (p=0.009), while the half-width was 16.3±1.1 ms and 19.2±1.4 260 

ms (p=0.1) in low-CF (n=8) and high-CF (n=8) neurons, respectively. This also rules out 261 

potential effects of filtering by dendrites in the low-CF neurons (Akter et al., 2018). 262 

The inter-event interval of mIPSCs also differed between the tonotopic regions, being shorter 263 

by 2 times in the low-CF neurons (Figs 2E, F). When the frequency of mIPSCs was 264 

calculated from the inter-event interval, it was 6.2±1.4 Hz and 2.4±0.4 Hz (p=0.02) in low-265 

CF (n=8) and high-CF (n=8) neurons, respectively. This raised two possibilities; one is that 266 

the low-CF neurons receive more GABAergic synapses and the other is that they receive 267 

GABAergic synapses with higher release probability.  268 
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 269 

Release probability at GABAergic synapses does not differ tonotopically 270 

We next examined release probability of GABAergic synapses at each tonotopic region by 271 

applying a train of 20 pulses at 100 Hz to projection fibers from SON with a bipolar tungsten 272 

electrode (Fig. 2K). In both tonotopic regions, IPSCs declined sharply during the train, while 273 

they were temporally summated to reach a plateau level due to the slow time course, which 274 

would underlie the stable inhibition during ongoing inputs (Lu and Trussell, 2000; Al-Yaari 275 

et al., 2020). The extent of synaptic depression did not differ between the tonotopic regions; 276 

the average IPSC amplitude relative to that at the 1st stimulus was 0.25±0.05 and 0.30±0.05 277 

(p=0.97) for the 2nd stimulus, while 0.07±0.01 and 0.05±0.01 (p=0.56) for the 18th-20th 278 

stimuli in low-CF (n=9) and high-CF (n=10) neurons, respectively (Steel-Dwass test after 279 

Kruskal-Walis test). The fluctuation of IPSC amplitude was also similar between the regions, 280 

being larger at a later period of the train, presumably due to a progression of vesicle 281 

depletion; CV of amplitude was 0.17±0.03 and 0.15±0.03 (p=0.99 by Tukey test) for the 1st 282 

stimulus, while 0.47±0.09 and 0.59±0.09 (p=0.63 by Tukey test) for the 18th-20th stimuli in 283 

low-CF (n=7) and high-CF (n=7) neurons, respectively (F(1, 24) = 0.55, p = 0.47 for 284 

tonotopy; F(1, 24) = 30.73, p <0.01 for train by two-way ANOVA). These results indicated 285 

that the release probability and rate of replenishment at GABAergic synapses do not differ 286 

between the tonotopic regions. This implied that the higher mIPSC frequency at the low-CF 287 

region would reflect a larger number of GABAergic synapses impinging on a cell, which is 288 

consistent with the immunohistochemical findings (Fig.1).  289 

 290 

A larger population of GABAergic neurons project onto low-CF neurons 291 

The number and the strength of GABAergic synapses were further evaluated at each 292 

tonotopic region (Fig. 3). We stimulated a projection fiber from SON in the vicinity of the 293 

cell using a theta glass electrode and recorded putative uIPSCs in NM neurons at the 294 

minimum intensity to cause current responses (grey traces) (Figs 3A, B). Failure responses 295 

(red traces) occurred in over 30% of trials at the minimal intensity, and they disappeared and 296 

the amplitude increased with an increase in the intensity. The uIPSC amplitude in low-CF 297 

neurons was 3 times smaller than in high-CF neurons (Fig. 3C). However, the CV of uIPSC 298 

amplitude did not differ between the neurons (Fig. 3D), confirming the similar release 299 

probability irrespective of the tonotopic regions. We found that the amplitude and kinetics of 300 

uIPSCs were similar to those of mIPSCs; the rise time was 1.0±0.1 ms and 0.9±0.1 ms 301 

(p=0.3), and the half-width was 13.5±4.0 ms and 15.0±2.0 ms (p=0.4) for low-CF (n=7) and 302 
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high-CF (n=5) neurons, respectively. This raised the possibility that the stimuli with the theta 303 

electrode underestimated the amplitude of uIPSCs due to a blockade of antidromic spike 304 

conduction into other branches. Therefore, we stimulated a fiber more proximally using a 305 

bipolar electrode placed at the dorsolateral side of NM, but the amplitude of uIPSCs did not 306 

differ from that by the theta electrode (data not shown).  307 

We then examined the maximum IPSCs in NM neurons with the bipolar electrode (Figs 3E-308 

G). With an increase of the stimulus intensity, the amplitude of IPSCs increased 309 

systematically, and the maximum level (black trace) did not differ substantially between low-310 

CF and high-CF neurons; it was 7.8±0.7 nA and 8.9±0.5 nA (p=0.19) for low-CF (n=7) and 311 

high-CF (n=7) neurons, respectively. Taken together, these results indicated that low-CF 312 

neurons would receive GABAergic inputs from a larger population of SON neurons, while 313 

each input was smaller in the neurons, making the maximum GABAergic current similar 314 

between the neurons. The maximum IPSCs showed a slower decay kinetics. This might 315 

reflect a delayed clearance of transmitters after a robust transmitter release (Barberis, et al., 316 

2004; Nusser et al., 2001) and/or a voltage-clamp error, which could occur due to the large 317 

synaptic current despite the usage of Cs
+
-based internal solution. 318 

 319 

GABAergic current is not so depolarizing in low-CF neurons 320 

Inhibitory synaptic strength is determined by reversal potential (ECl) as well as conductance 321 

of GABAergic current. Therefore, we estimated ECl at each tonotopic region by recording 322 

mIPSCs immediately after the formation of whole-cell configuration (Fig. 4). We first 323 

measured the time course of replacement of cytosol with the pipette solution (ECl = +5 mV) 324 

after break-in in high-CF neurons, as the physiological ECl in the neurons was characterized 325 

by perforated patch recordings (~ –30 mV, Lu and Trussell, 2001; Monsivais and Rubel, 326 

2001; Howard et al., 2007). When the membrane potential was held at –13 mV, more positive 327 

than the physiological ECl, mIPSCs reversed from outward to inward at 8-10 s after break-in 328 

(Fig. 4A). In addition, when the membrane potential was held at –33 mV, near the 329 

physiological ECl, mIPSCs did not appear until 0.7 s after break-in, but they were obvious and 330 

became bigger rapidly afterwards; the mean amplitude of mIPSCs calculated at each bin (1-s 331 

width) increased with a time constant of 6.1 s (Fig. 4B). Therefore, we used mIPSCs within 332 

0-0.4 s after break-in, which was sufficiently shorter than the time course of replacement, for 333 

our estimation of ECl.  334 

Low-CF neurons were held at a potential between –93 mV and –3 mV; mIPSCs were 335 

outward above –33 mV, not detectable at –43 mV~ –53 mV, and inward below –73 mV (Fig. 336 
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4C). The mean mIPSC amplitude from each cell was plotted against the holding potential and 337 

ECl was determined as an intersection of the fitted line. The estimated ECl was –50 mV, which 338 

was close to the resting potential of the cell (–60 mV, Fukui and Ohmori, 2004). Importantly, 339 

the ECl was close to the reversal potential at which mIPSCs were not detectable (–43 mV~ –340 

53 mV), validating our procedure. We also estimated ECl in high-CF neurons with the same 341 

procedure (Fig. 4D); it was –33 mV, which was similar to that in the previous reports. These 342 

results indicated that ECl is differentiated along the tonotopic axis and it is less depolarized in 343 

low-CF neurons than in high-CF neurons. Indeed, when ECl was measured under gramicidin 344 

perforated-patch recording, it was –50.5±2.5 mV and –21.1±3.9 mV (p<0.0001) for low-CF 345 

(n=6) and high-CF (n=5) neurons, respectively (Figs 4E, F; see also yellow circles in Figs 4C, 346 

D). 347 

We further tested the effects of exogenous GABA (50 µM) on [Cl
–
]i by two-photon Cl

–
 348 

imaging with a Cl
–
 indicator (MQAE, Figs 4G-I). When GABA (50 µM) was puff-applied 349 

through a pipette, it increased fluorescent signals, i.e. decreased [Cl
–
]i in NM neurons. 350 

However, the extent differed tonotopically; it was much smaller in low-CF neurons than in 351 

high-CF neurons. This result indicated that Cl
–
 was extruded outside the cells through 352 

GABAA receptors weakly in the former but strongly in the latter, which agreed with the 353 

electrophysiological estimates of ECl. Under the blockade of Kv1 channels with DTX, 354 

spontaneous firing occurred in low-CF neurons presumably due to the strong expression of 355 

Nav channels (Kuba and Ohmori, 2009), but not in high-CF neurons (Figs 4J, K). 356 

Importantly, the exogenous GABA suppressed the spontaneous firing in the low-CF neurons 357 

(4 of 4 cells), revealing the inhibitory effects of GABAergic shunting conductance in the 358 

absence of Kv1 conductance. In contrast, the exogenous GABA occasionally caused 359 

spontaneous firing in some high-CF neurons (2 of 12 cells), indicating the importance of Kv1 360 

conductance in the inhibitory effects of depolarizing GABAergic inputs (Howard et al., 2007).  361 

 362 

Expression of NKCC1 and KCC2 in NM 363 

ECl is determined by an interaction of NKCC1 and KCC2, which accumulates and extrude 364 

Cl
–
, respectively; NKCC1 depolarizes ECl and KCC2 counteracts this effect (Ben-Ari, 2002; 365 

Blaesse et al., 2009; Friauf et al., 2011). To explore the mechanisms underlying the less 366 

depolarized ECl in the low-CF neurons, we examined the expression of these molecules at 367 

each tonotopic region with RT-qPCR and immunohistochemistry (Fig. 5). We found that 368 

NKCC1 mRNA levels were 10 times higher than those of KCC2 at both regions (Figs 5A, B). 369 

In addition, KCC2 immunosignals in NM neurons were much weaker than those in medial 370 
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vestibular nucleus neurons (middle, arrows) and cerebellar neurons (right), where ECl is 371 

reported hyperpolarizing due to strong KCC2 expression (Seja et al., 2012) (Fig. 5C). On the 372 

other hand, NKCC1 immunosignals in NM neurons were not different from those in the 373 

vestibular and cerebellar neurons. These results suggested that KCC2 expression is 374 

suppressed, dominating NKCC1 over KCC2 in NM neurons. Notably, NKCC1 mRNA levels 375 

were lower at low-CF region than at high-CF region, whereas those of KCC2 did not differ 376 

between the regions. These might indicate that the lower expression of NKCC1 underlies the 377 

less depolarized ECl in the low-CF neurons, although we could not detect significant 378 

differences in the immunosignals between the tonotopic regions. 379 

 380 

ECl is critical for reliable and precise temporal coding in low-CF neurons 381 

We then explored the implication of less depolarized ECl in low-CF NM neurons with a 382 

computational model (Fig. 6). Since excitatory and inhibitory synaptic inputs change in 383 

parallel according to the level of auditory nerve activity in the neurons (Al-Yaari et al., 2020), 384 

we altered the number of uEPSGs (4 nS) with a jitter comparable to that observed in vivo 385 

(Fukui et al., 2006), while setting the number and size of tonic uIPSGs the same as that of 386 

uEPSGs. We simulated spike output in response to linearly coupled EPSGs and IPSGs for 387 

three different ECl. With an increase in the number of uEPSGs, probability of spikes 388 

increased and their jitter became smaller, but the extent differed depending on ECl. When ECl 389 

was depolarized (–35 mV), IPSGs had small but obvious excitatory effects (Figs 6B top, D, E 390 

white); threshold conductance became lower (5 uEPSGs), dynamic range narrower (4 391 

uEPSGs), and jitter became marginally smaller (0.109 ms for 13 uEPSGs) than those without 392 

IPSGs; they were 5 uEPSGs, 5 uEPSGs, and 0.111 ms for 13 uEPSGs, respectively (Figs 6A, 393 

D, E red). When ECl was hyperpolarized (–65 mV), IPSGs had prominent inhibitory effects 394 

(Figs 6B bottom, D, E black); threshold conductance increased (7 uEPSGs), dynamic range 395 

became wider (8 uEPSGs), and jitter remained large even at large conductances (0.139 ms for 396 

13 uEPSGs). When ECl was near physiological range (–50 mV), these inhibitory effects were 397 

moderate (Figs 6B middle, D, E grey); threshold conductance increased (6 uEPSGs) and 398 

dynamic range expanded slightly (5 uEPSGs) with little effects on jitter (0.123 ms for 13 399 

uEPSGs). The effects of ECl on the impacts of IPSGs were apparent, when the spike 400 

probability was plotted against EPSGs and IPSGs systematically in a color scale (Fig. 6C). It 401 

showed a negative correlation between EPSGs and IPSGs for ECl of –35 mV (top), changed 402 

into a positive correlation for ECl of –50 mV (middle), and the positive correlation became 403 

steeper for ECl of –65 mV (bottom). These results indicated that inhibitory effects of IPSGs 404 
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appear and become larger as ECl is less depolarized in the low-CF neurons. The excitatory 405 

effects of IPSGs for ECl of –35 mV would be attributed to the weak Kv1 conductance (gKlva, 406 

60 pS/µm
2
 at the soma) in the low-CF neuron model. In support, apparent inhibitory effects 407 

appeared for IPSGs at ECl of –35 mV with a 2-times increase of somatic gKlva (120 pS/µm
2
), 408 

comparable to that in the high-CF NM neurons (Akter et al., 2018), and the effects were 409 

further augmented with a 3-times increase of the gKlva (180 pS/µm
2
) (Fig. 6F). 410 

 411 

Discussion 412 

Differentiation of GABAergic synaptic convergence 413 

NM neurons differ in the number and size of excitatory synaptic inputs from the auditory 414 

nerve among the tonotopic regions (Fukui and Ohmori, 2004). Recently, we showed that NM 415 

neurons have a tonotopic difference in the coupling between excitatory and inhibitory inputs 416 

during auditory nerve stimulation (Al-Yaari et al., 2020); the threshold of IPSCs is similar to 417 

that of EPSCs and their amplitudes increase linearly in low-CF neurons, while the threshold 418 

is much higher and IPSCs appear only at a high stimulus intensity in high-CF neurons. The 419 

linearly coupled excitatory and inhibitory inputs in the low-CF neurons imply a convergence 420 

of inhibitory as well as excitatory projection fibers in the neurons. Indeed, we found based on 421 

estimates from the unitary IPSCs that the number of inhibitory fibers innervating a cell was 422 

far larger at low-CF region than at high-CF region; the number was ~80 and ~30 for low-CF 423 

and high-CF regions, respectively. In contrast, the tonotopic representation is linear in both 424 

SON and NM, and the extent of frequency convergence, expected from bandwidth (Q10 dB), 425 

does not differ tonotopically in SON (Rubel and Parks, 1975; Tabor et al., 2012). In addition, 426 

the bandwidth of SON inhibition in NM is not different tonotopically either (Fukui et al., 427 

2010). Collectively, the prominent innervation of inhibitory fibers in the low-CF NM neurons 428 

would result from a convergence within a frequency band presumably due to extensive 429 

branching, although further anatomical studies are necessary.  430 

 431 

Differentiation of unitary GABAergic conductance  432 

Unitary IPSCs were small and uniform at low-CF region, while they were more heterogenous 433 

with appearance of extremely large events in the high-CF region. Unitary IPSCs showed 434 

almost the same size and kinetics as mIPSCs, suggesting that the unitary events primarily 435 

reflect the quantal events in NM. What underlies the variation of quantal size in the high-CF 436 

neurons? Since the high-CF neurons do not have dendrites, we can rule out dendritic filtering 437 

(Jhaveri and Morest, 1982; Akter et al., 2018). Importantly, the size of mIPSCs was 438 
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positively correlated with the rise time and half-width in the high-CF neurons, implying that 439 

larger events showed slower kinetics. This correlation could be accounted for by 440 

heterogeneities in both amounts of transmitters released from terminals and size of 441 

postsynaptic areas (Barberis, et al., 2004; Frerking et al., 1995; Nusser et al., 1997; Nusser et 442 

al., 2001). In this scenario, a large amount of transmitter release elevates transmitter 443 

concentration in the synaptic cleft, which would activate postsynaptic receptors at wider areas 444 

and for longer periods via extensive diffusion and delayed clearance of the transmitters. 445 

Consistently, synaptic vesicles show a remarkable variation in their shape and size in 446 

GABAergic synapses (Tao et al., 2018), while expression level of vesicular GABA 447 

transporters and cytosolic concentration of GABA at terminals are known to regulate the 448 

content of GABA in a vesicle (Wojcik et al., 2006; Apostolides and Trussell, 2013; Wang et 449 

al., 2013). In addition, synaptic areas of GABAergic synapses in NM vary with each other by 450 

up to ~10 times (0.5-5.5 µm
2
) (Parks, 1981). Taken together, these morphological changes 451 

combined with GABAergic transporter levels could underlie the tonotopic variations of 452 

quantal and unitary events in NM.  453 

 454 

Differentiation of GABAergic reversal potential 455 

In NM, ECl is close to the resting potential in the low-CF region, while it is far above the 456 

resting potential in the high-CF region even after maturation (Hyson et al., 1995; Lu and 457 

Trussell, 2001). This suggests that there is a differential regulation of NKCC1 and KCC2 458 

among the tonotopic regions. We found that NKCC1 expression dominated over that of 459 

KCC2, while the extent was smaller in the low-CF region. These findings may indicate that 460 

NKCC1 plays a central role in creating the tonotopic difference of ECl in the NM with the 461 

relatively lower NKCC1expression level leading to less depolarized ECl in the low-CF region. 462 

NKCC1 and KCC2 are the major Cl
–
 transporters at the auditory brainstem of the chicken, 463 

and both increase with development until hatch (Wirth et al., 2020). However, in this report, 464 

the expression level of KCC2 was higher than that of NKCC1, contradicting with our 465 

observations. This may be related to their use of the entire auditory brainstem, including 466 

surrounding vestibular structures that showed strong KCC2 immunosignals (see Fig. 5). 467 

Interestingly, in spherical bushy cells, mammalian homologues of NM neurons, mRNA and 468 

protein levels of KCC2 remain high throughout development, but it is incorporated into the 469 

plasma membrane with maturation, which coincides with the hyperpolarizing shift of ECl 470 

(Balakrishnan et al., 2003; Friauf et al., 2011). This implies that the activity rather than the 471 

expression level of transporters is important in determining ECl. In addition, KCC2 activity is 472 
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upregulated by posttranslational modifications, like oligomerization and dephosphorylation 473 

(Blaesse et al., 2006; Rinehart et al., 2009). Thus, alternative explanations for the tonotopic 474 

difference of ECl in NM could be that these posttranslational modifications increase KCC2 475 

activity and lower [Cl
–
]i in the low-CF neurons. NM neurons express other Cl

–
 transporters, 476 

KCC1 and AE3 (Wirth et al., 2020), which could also affect the differentiation.  477 

 478 

Implication of GABAergic differentiations in temporal coding 479 

Temporal jitter of auditory nerve activity increases with a decrease of sound frequency 480 

(Warchol and Dallos, 1990; Fukui et al., 2006). The differentiations of NM neurons 481 

contribute to accomplish the reliable and precise temporal coding at each tonotopic region 482 

(Fig. 7). High-CF neurons receive a few end-bulb synapses and mediate high-fidelity 483 

synaptic transmission via the large EPSCs, preserving the small jitter of auditory nerve 484 

activity (Trussell, 1999) (Fig. 7B). Correspondingly, these neurons show large Kv1 current 485 

but small axonal Nav current, which suppresses aberrant spike generation during the large 486 

EPSCs (Fukui and Ohmori, 2004; Kuba and Ohmori, 2009). In addition, IPSCs are recruited 487 

specifically at intense sound (Fukui et al., 2010; Al-Yaari et al., 2020), and hence the large 488 

IPSCs would be particularly preferable for ensuring the efficient suppression in the neurons. 489 

Moreover, the depolarizing ECl has an additional advantage; the IPSCs can activate the large 490 

Kv1 conductance in addition to the GABAergic shunting conductance, facilitating the 491 

suppression and securing the precise timing of spike output (Howard and Rubel, 2010).  492 

On the other hand, low-CF neurons receive multiple bouton synapses and converge small 493 

EPSCs in generating a spike, which compensates for the large jitter of auditory nerve activity 494 

and ensures the small jitter in the postsynaptic neurons (Fig. 7A). Importantly, these neurons 495 

show small Kv1 current and large axonal Nav current. These postsynaptic features allow the 496 

neurons to overcome the reduction of excitability that occurs via progressions of Kv1 current 497 

activation and Nav current inactivation during the slow rise time of converging potentials 498 

(Kuba and Ohmori, 2009). Additionally, the neurons recruit IPSCs linearly with EPSCs, and 499 

create balanced excitatory-inhibitory inputs during the auditory nerve activity, expanding the 500 

dynamic range of spike output (Al-Yaari et al., 2020). This balanced inhibition is shaped by 501 

the innervation of multiple SON fibers with a small unitary conductance and also by the less-502 

depolarizing ECl. In particular, the less-depolarizing ECl is critical in making the effects of 503 

GABAergic inputs inhibitory in the low-CF neurons despite the small Kv1 current. In fact, 504 

depolarizing GABA is known to have excitatory effects in high-CF neurons around E14 505 

(Howard et al., 2007), well before the appearance of Kv1 current (Akter et al., 2018). Thus, 506 
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ECl would be determined in a manner dependent on the level of Kv1 expression, optimizing 507 

the effects of inhibition at each tonotopic region in NM.  508 

 509 

Comparison to mammals  510 

Excitatory synapses differ in the number and size tonotopically in mammalian AVCN, being 511 

larger in number and smaller in size at lower-CF regions (Joris et al., 1994). In addition, the 512 

number of inhibitory synapses also increases toward the lower-CF region in AVCN (Moore 513 

and Moore, 1987; Kolston et al., 1992), suggesting that the coupling between excitatory and 514 

inhibitory inputs is a common feature to both mammals and birds. Notably, inhibitory inputs 515 

are hyperpolarizing in brainstem auditory nuclei in mammals after maturation (Balakrishnan 516 

et al., 2003), whereas they are mostly depolarizing in brainstem auditory nuclei in birds (Kuo 517 

et al., 2009), suggesting that a species-dependent difference exists in the polarity of inhibition.  518 

How are these pre- and postsynaptic differentiations coordinated? The differentiations of Kv1 519 

and Nav expressions in NM neurons progress during maturation, and they are driven by both 520 

activity-dependent [Ca
2+

]i elevation and intrinsic properties of the neurons (Akter et al., 2018; 521 

Adachi et al., 2019; Akter et al., 2020). Given the close correlation between ECl and Kv1 522 

expression, we are tempted to speculate that ECl is determined by regulations of Cl
–
 523 

transporters via the similar Ca
2+

-dependent mechanisms. The elimination and maturation of 524 

excitatory synapses occur at high-CF region of NM after hearing onset (Lu and Trussell, 525 

2007), while these processes are reported to depend on the expression of Hox2 genes in the 526 

postsynaptic neurons in AVCN (Karmakar et al., 2017). These raise a possibility that 527 

postsynaptic neurons dictate the number and size of synapses at each tonotopic region via 528 

regulating Hox2 gene expression and/or [Ca
2+

]i, and this should be tested in the future studies.  529 

 530 
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Figure 1 VGAT-positive particles were heavily accumulated at low-CF region 676 

A, Auditory pathway of the chicken. AN, auditory nerve; NM, nucleus magnocellularis; NA, 677 

nucleus angularis; SON, superior olivary nucleus. B, Tonotopic regions were based on the 678 

position within the NM (see Methods). C, Double immunostaining of VGAT (green) and 679 

MAP2 (red) at low- (upper) and high-CF (lower) regions from the same animal. D-G, 680 

Density of particles (D), density of NM cells (E), number of particles per cell (F), and size of 681 

particles (G). Values from individual animals are plotted (circles). ** p<0.01 between 682 

tonotopic regions. Numbers in parenthesis are the number of animals. 683 

 684 

Figure 2 Number of release sites rather than probability would be different 685 

tonotopically. 686 

A, mIPSCs were recorded in low-CF (blue) and high-CF (black) neurons (left), and 10 events 687 

were superimposed (right). Standard deviation of baseline was 3.2±0.3 pA and 3.7±0.4 pA 688 

for low-CF (n=8) and high-CF (n=8) neurons, respectively. B, Histogram of mIPSC 689 

amplitude. Data from different cells were pooled and plotted for low-CF (1636 events, 8 690 

cells) and high-CF (966 events, 8 cells) regions. C and E, Cumulative plot of amplitude (C) 691 

and inter-event interval (E) of mIPSCs from (B). Statistical significance was tested by 692 

Kolmogorov-Smirnov test. D and F, Amplitude (D) and inter-event interval (F) of mIPSCs. 693 

Values from individual cells are plotted (circles). G and I, Relationship between amplitude 694 

and rise time of mIPSCs in low-CF (G) and high-CF (I) neurons. H and J, Relationship 695 

between amplitude and half-width of mIPSCs in low-CF (H) and high-CF (J) neurons. K, 696 

IPSCs evoked by a train of 20 stimuli at 100 Hz. SON fibers were stimulated with a bipolar 697 

tungsten electrode. Five traces were superimposed and they were ensemble-averaged (thick 698 

traces). IPSCs were temporally summated and reached a plateau in both neurons, and the 699 

extents of depression and fluctuation did not differ tonotopically (red circles, Text), 700 

suggesting that release probability would be similar between the neurons. * p<0.05, *** 701 

p<0.001 between tonotopic regions. Numbers in parenthesis are the number of cells. 702 

 703 

Figure 3 uIPSCs were smaller in size and larger in number at low-CF region 704 

A, A single SON fiber was stimulated in the vicinity of recorded cell with a theta glass 705 

electrode. B, uIPSCs in low-CF and high-CF neurons. Consecutive ~50 traces were 706 

superimposed, showing substantial failure events (red) as well as unitary events (grey). 707 

Unitary events were ensemble-averaged (thick traces) (upper). Amplitude of IPSCs in the 708 

cells was plotted for 10 trials at 3 different stimulus intensities (lower). C and D, Amplitude 709 
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of uIPSCs (C) and its CV (D). E, SON fibers were stimulated at the dorsolateral side of NM 710 

with a bipolar tungsten electrode. F, IPSCs at different stimulus intensities were 711 

superimposed. Amplitude of IPSCs in the cells was plotted for 2-6 trials at each stimulus 712 

intensity (inset). The stimulus intensity was adjusted by changing the pulse duration, while 713 

the pulse amplitude was kept constant. G, Maximum amplitude of IPSCs. Values from 714 

individual cells are plotted (circles) and those for the displayed traces are filled with grey. 715 

*** p<0.001 between tonotopic regions. Numbers in parenthesis are the number of cells. 716 

 717 

Figure 4 Reversal potential of IPSCs was less depolarized at low-CF region 718 

A, mIPSCs recorded immediately after break-in in high-CF neurons. Membrane was held at –719 

13 mV, positive to ECl of the cells in previous literatures (~ –30 mV). Amplitude reversed 720 

from outward to inward at 8-10 s after break-in. Periods indicated by bars (a, b) are expanded 721 

(lower). B, mIPSCs recorded immediately after break-in in high-CF neurons. Membrane was 722 

held at –33 mV, near ECl of the cells. Note that mIPSCs were not observed until 0.7 s after 723 

break-in, while a barrage of events occasionally caused extremely large responses (inset). 724 

Periods indicated by bars (a-c) are expanded (right). Arrowheads indicate individual steps. 725 

Time course of mean mIPSC amplitude at each bin (1-s width) (right bottom). Mean 726 

amplitude increased with a time constant of 6.1 s in the least squares fitting with a single 727 

exponential function. C, mIPSCs immediately after break-in in low-CF neurons held at four 728 

different holding potentials (left). Top, –3 mV; upper middle, –33 mV; lower middle, –53 729 

mV; bottom, –73 mV. Mean mIPSC amplitude against holding potentials in low-CF neurons 730 

(right). Events within 0.4 s after break-in (~15 events) were measured and mean amplitude 731 

above 10 pA was plotted. ECl was –50 mV from an intersection of least squares regression 732 

line. D, mIPSCs immediately after break-in in high-CF neurons held at four different holding 733 

potentials (left). Top, –13 mV; upper middle, –33 mV; lower middle, –53 mV; bottom, –73 734 

mV. Mean mIPSC amplitude against holding potentials in high-CF neurons (right). ECl was –735 

33 mV. E and F, GABAergic current at different holding potentials under gramicidin 736 

perforated-patch recording in low-CF (E) and high-CF (F) neurons. GABA (50 µM) was 737 

puff-applied through a pipette (100 ms). Note that the current reversed between –60 mV and 738 

–50 mV in (E), while between –25 mV and –8 mV in (F). Yellow circles in (C) and (D) 739 

represent ECl in perforated-patch recording for low-CF (n=6) and high-CF (n=5) neurons, 740 

respectively. G and H, Two-photon Cl
–
 imaging in low-CF (G) and high-CF (H) neurons 741 

before (left) and during (right) puff-application of GABA (50 µM). I, Effects of GABA on 742 

Cl
-
 signals (∆F/F0). Values from individual cells are plotted (circles). J and K, Cell-attached 743 
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recordings from low-CF (J) and high-CF (K) neurons during puff-application of GABA (50 744 

µM). Under the blockade of Kv1 channels with DTX (40 nM), exogenous GABA suppressed 745 

spontaneous spikes in low-CF neurons, whereas it occasionally induced spontaneous spikes 746 

in high-CF neurons. Spontaneous spikes in squares are expanded in inset. *** p<0.001 747 

between tonotopic regions, while # p<0.05, ### p<0.001 between before and during GABA 748 

application. Numbers in parenthesis are the number of cells. 749 

 750 

Figure 5 Expressions of NKCC1 and KCC2 in NM.  751 

A and B, Relative mRNA levels of NKCC1 (A) and KCC2 (B). Numbers in parenthesis are 752 

the number of experiments and individual values are plotted (circles). Note that the y-axis 753 

scale in (A) and (B) differs by a factor of 10. C, Immunostaining of NKCC1 (upper) and 754 

KCC2 (lower) for low-CF (left), high-CF (middle) regions of NM, and cerebellum (right) 755 

from the same animal. Arrows, medial vestibular nucleus; arrowheads, Purkinje cell layer. * 756 

p<0.05 between tonotopic regions. M, medial; D, dorsal. 757 

 758 

Figure 6 GABAergic reversal potential had critical impacts on reliability and precision 759 

of spike output in a model of low-CF neurons 760 

A, Spike responses to 4 different levels of EPSG without IPSG. B, Effects of linearly coupled 761 

IPSGs on spike responses in a model with 3 different ECl. ECl of –35 mV (upper), –50 mV 762 

(middle), –65 mV (bottom). Numbers of uEPSGs (red circles) and uIPSGs (blue circles) are 763 

specified. C, Color plots of spike probability as a function of EPSGs and IPSGs. ECl of –35 764 

mV (top), –50 mV (middle), and –65 mV (bottom). Probability was calculated from 2000 765 

trials. D, Effects of ECl on relationship of spike probability against EPSGs. ECl of –35 mV 766 

(white), –50 mV (grey), and –65 mV (black). Values correspond to the dotted lines in C for 767 

uIPSGs of 4 nS. E, Effects of ECl on relationship of spike jitter against EPSGs. Jitter is 768 

defined as a standard deviation of spike timing. F, Effects of depolarizing IPSC depend on 769 

somatic gKlva. Spike probability ratio between with and without IPSG was calculated for ECl 770 

of –35 mV at threshold intensity with IPSG (uIPSG = 4 nS). Note that the ratio was above 1 771 

for original gKlva (60 pS/µm
2
) but decreased below 1 when somatic gKlva was elevated by 2 772 

times (x2, 120 pS/µm
2
) and 3 times (x3, 180 pS/µm

2
). 773 

 774 

Figure 7 Implication of GABAergic differentiations in temporal coding of NM.  775 

Schematic drawing of synaptic and postsynaptic differentiations at each tonotopic region in 776 

NM. A, Low-CF neurons receive excitatory (red) and inhibitory (blue) inputs from a large 777 
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number of bouton terminals, while possess small Kv1 conductance (yellow), large Nav 778 

conductance (green), and ECl close to the resting potential (top). Converging excitatory inputs 779 

reduce the jitter of output compared with that of inputs (upper middle), while linearly coupled 780 

inhibitory inputs prevent saturation of output for wide intensity ranges (lower middle). Small 781 

unitary inhibitory conductance (thin blue circles) and less depolarized ECl would be 782 

preferable in setting the appropriate level of inhibition with the small Kv1 conductance 783 

(bottom). B, High-CF neurons receive excitatory inputs from one or a few end-bulb terminals 784 

and inhibitory inputs from a relatively smaller number of bouton terminals, while possess 785 

larger Kv1 conductance, smaller Nav conductance, and ECl far above the resting potential 786 

(top). An extraordinary large excitatory input ensures high-fidelity transmission (upper 787 

middle), while the inhibitory inputs with positive reversal potential and relatively large 788 

unitary conductance (thick blue circles) are recruited at strong intensities (lower middle), 789 

which would strongly activate Kv1 conductance via membrane depolarization and suppress 790 

aberrant spike generation (bottom), as in vivo (Fukui et al., 2010). Thus, the number and size 791 

of inhibitory inputs are strategically determined according to the pattern of excitatory inputs. 792 

Moreover, ECl differs depending on Kv1 conductance, optimizing the strength of inhibition 793 

and the output of the neurons at each tonotopic region. 794 

 795 

  796 
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Table 797 

Table 1 Primer sets used in this work. 798 

NKCC1 fwd: GTTGTCATCCGCCTAAAGGA rev: CGTCCTTGGAACATGGAGAT 799 

KCC2  fwd: GCAATCCCAAGGAGAGCAGT rev: CATTGGGCTGGTGTCCATCT 800 

GAPDH fwd: CATCCAAGGAGTGAGCCAAG rev: TGGAGGAAGAAATTGGAGGA 801 
















