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Abstract 23 

Receptive fields and tuning curves of sensory neurons represent the neural substrate that allow 24 

animals to efficiently detect and distinguish external stimuli. They are progressively refined to 25 

create diverse sensitivity and selectivity for neurons along ascending central pathways. However, 26 

the neural circuitry mechanisms have not been directly determined for such fundamental 27 

qualities in relation to sensory neurons’ functional organizations, due to the technical difficulty 28 

of correlating neurons’ input and output. Here, we obtained spike outputs and synaptic inputs 29 

from the same neurons within characteristically defined neural ensembles, to determine the 30 

synaptic mechanisms driving their diverse frequency selectivity in the mouse inferior colliculus. 31 

We find that the synaptic strength and timing of excitatory and inhibitory inputs are configured 32 

differently and independently within individual neurons’ receptive fields, which segregate 33 

sensitive and selective neurons and endow neural populations with broad receptive fields and 34 

sharp frequency tuning.  By computationally modeling spike outputs from integrating synaptic 35 

inputs and comparing them with real spike responses of the same neurons, we show that space-36 

clamping errors did not qualitatively affect the estimation of spike responses derived from 37 

synaptic currents in in vivo voltage-clamp recordings. These data suggest that heterogeneous 38 

inhibitory circuits co-exist locally for a parallel but differentiated representation of incoming 39 

signals.  40 
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Significance Statement 41 

Sensitivity and selectivity are functional qualities of sensory systems to facilitate animal’s survival.  42 

There is little direct evidence for the synaptic basis of neurons’ functional variance within neural 43 

ensembles. Here we adopted a novel framework to fill such a long-standing gap by uniting 44 

population activities with single cells’ spike outputs and their synaptic inputs.  Furthermore, the 45 

effects of space-clamping errors on subcortical synaptic currents were evaluated in vivo, by 46 

comparing recorded spike responses and simulated spike outputs from computationally 47 

integrating synaptic inputs.  Our study illustrated that the synaptic strength and timing of 48 

inhibition relative to excitation can be configured differently for neurons within a defined neural 49 

ensemble, to segregate their selectivity. It provides new insights into co-existing heterogeneous 50 

local circuits. 51 

  52 
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Introduction 53 

From peripheral sensory receptors to the neocortex, massive convergent and divergent 54 

connections construct individual neurons’ sensitivity and selectivity to progressively more 55 

complex information, which enables animals to efficiently detect and precisely recognize 56 

behaviorally significant cues for survival (Kaas, 1989; Popper and Fay, 1992). As neurons are 57 

organized into functional subdomains in many sensory systems (DeAngelis et al., 1999; 58 

Shepherd and Svoboda, 2005), a few long-standing but fundamental questions are inherent to the 59 

operation of local neural circuits: 1) Is the selectivity of neurons gradually distributed into 60 

separate streams? 2) Is the selectivity of neurons refined by different patterns of excitatory and 61 

inhibitory inputs in a neural ensemble? 3) Are neural populations optimized for selectivity?  62 

In the central auditory system, neurons are selective to a particular range of sound frequency 63 

and intensity, as reflected by their frequency-intensity tonal receptive fields (TRFs) and tuning 64 

curves (Davies et al., 1954; Kiang et al., 1965; Young and Brownell, 1976). Such selectivity 65 

initially originates from inner hair cells in the cochlea (Russell and Sellick, 1977; Dallos, 1985). 66 

The central nucleus of the inferior colliculus (CNIC), a core subdivision of the auditory 67 

midbrain, receives all the ascending projections from the brainstem and shapes neurons’ 68 

responses via heterogeneous sources of excitation and inhibition, before acoustic information is 69 

further processed in the medial geniculate body and the auditory cortex (Beyerl, 1978; Winer and 70 

Schreiner, 2005). Although auditory neurons have ‘V’-shaped spike TRFs, different patterns of 71 

spike TRFs were observed in the CNIC, including Type I (neurons with a shallower slope on one 72 

side of their TRFs), Type II (neurons with steep slopes on both sides of their TRFs), Type III 73 

(neurons with symmetrical slopes), and Type IV neurons (neurons with complex or enclosed 74 

TRFs) (Egorova et al., 2001; Hage and Ehret, 2003).  Here we have asked whether different 75 



 

 5 

configurations of excitatory and inhibitory inputs could construct individual neurons’ selectivity 76 

to sound frequency within a characteristically defined neural ensemble.  77 

Previously, excitatory and inhibitory areas of CNIC neurons’ TRFs have been derived from 78 

spike responses, by either presenting a two-tone inhibition paradigm or blocking GABA 79 

receptors (Katsuki et al., 1959; Palombi and Caspary, 1996; LeBeau et al., 2001; Alkhatib et al., 80 

2006). Recently, in vivo whole-cell voltage-clamp recordings have been used to directly measure 81 

the excitatory and inhibitory synaptic inputs underlying specific functions of CNIC neurons, 82 

such as encoding interaural level differences or creating direction selectivity to frequency-83 

modulated sounds (Kuo and Wu, 2012; Xiong et al., 2013; Ono and Oliver, 2014a).  However, 84 

the impact of spectrotemporal interactions between excitatory and inhibitory inputs on CNIC 85 

neurons’ diverse selectivity remain unexplored. Moreover, the lack of association between spike 86 

activities and synaptic responses from the same neurons challenges the efforts to validate 87 

proposed synaptic mechanisms. It is unknown whether other factors such as intrinsic properties 88 

of neurons or space-clamping errors in voltage-clamp recordings would compromise the 89 

interpretation of these results and to what extent (Spruston et al., 1993; Priebe and Ferster, 2008). 90 

To validate the significance of synaptic mechanisms for neurons’ selectivity, we began with 91 

the analysis of neural populations in the CNIC of mice, continued with cell-attached recordings 92 

of spike outputs from single cells within them, and finally integrated these data with voltage-93 

clamp recordings of excitatory and inhibitory inputs from the same neurons.  To further address 94 

the impact of space-clamping errors in vivo, we compared spike responses from cell-attached 95 

recordings with those from computational simulations mimicking the potential distortions of 96 

synaptic currents. This qualitative evaluation of space-clamping errors clarified how spike 97 

outputs reflect the outcome of synaptic mechanisms — a relationship that has not previously 98 
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been determined in vivo.  We found that the strength and timing of excitatory and inhibitory 99 

inputs within synaptic TRFs could be differentially configured for nearby neurons, which 100 

resulted in their diverse selectivity to incoming stimuli. 101 

 102 

Materials and Methods 103 

ANIMAL MODEL AND SURGICAL PROCEDURES 104 

Male and female CBA/CaJ mice (6 to 15 weeks old and weighing 17-25 g, Jackson 105 

Laboratories) were used in this study. All experimental procedures were complied with the 106 

National Institutes of Health guidelines and were approved by the Institutional Animal Care and 107 

Use Committee (IACUC) of George Washington University. 108 

Mice were anesthetized with ketamine (100 mg/kg, Ketaject, Henry Schein) and xylazine 109 

(10 mg/kg, AnaSed, Henry Schein) or urethane (1g/kg) and chlorprothixene (4 mg/kg) via 110 

intraperitoneal injections. A tracheotomy was performed, and a glass tube was inserted into the 111 

trachea to facilitate breathing during the experiment (Moldestad et al., 2009).  A craniotomy was 112 

performed above the inferior colliculus contralateral to the ear with a customized earphone, and 113 

the dura was removed before the entry of electrodes. Animals’ body temperature was maintained 114 

at 37.5ºC by a feedback heating system (Harvard Apparatus, MA).  115 

 116 

IN VIVO ELECTROPHYSIOLOGY 117 

Multi-unit activities (MUAs): all recordings were carried out in a sound-proof booth 118 

(Industrial Acoustics, Inc.).  Multi-unit spike responses were recorded using parylene-coated 119 

tungsten microelectrodes with an impedance of 2 MΩ (FHC, ME) (Wu et al., 2008; Kuo and 120 

Wu, 2012).  Electrode signals were amplified (Model 1700 differential AC amplifier, AM 121 
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systems), and filtered between 300 and 6,000 Hz in a custom-developed software (LabView, 122 

National Instrument).  Sound was delivered through the earphone inserted into the left ear canal 123 

(STAX SR-003). The right ear canal was plugged by clay before the pinna was sutured by 124 

surgical clips (Kuo and Wu, 2012; Li et al., 2018). Pure tones (0.5–64 kHz at 0.1-octave 125 

intervals; 25-ms, 50-ms or 100-ms duration; 3-ms ramp) at eight 10-dB-spaced sound intensities 126 

were delivered pseudo-randomly. The rate of acoustic stimulation was about 1.8 per second, and 127 

each tone stimulus was followed by a 500-ms inter-stimulus interval. Earphones were calibrated 128 

at 70 dB SPL with a deviation of ± 2 dB SPL for the testing frequency range before experiments 129 

(2691-A-0S2, Brüel and Kjær) (Kuo and Wu, 2012; Hamilton et al., 2013; Li et al., 2018). Total 130 

harmonic distortion (THD) was less than 1.5%. In this study, pre-mapping by extracellular 131 

recordings was always performed to locate the CNIC before cell-attached and whole-cell 132 

recordings. The recording tracks were consistently marked by electrodes coated with fluorescent 133 

dye DiI, which had no effects on neural responses as shown in previous studies (DiCarlo et al., 134 

1996; Lim and Anderson, 2007; Mauger et al., 2010). The CNIC can be distinguished from the 135 

other two major subdivisions (dorsal cortex and external nucleus of the inferior colliculus) by its 136 

stereotactic position and its physiological properties (Clopton and Winfield, 1973; Aitkin et al., 137 

1994; Malmierca et al., 2008) (Fig. 1A, B). After electrophysiological recordings, animals 138 

received an overdose of ketamine and xylazine before transcardially perfused with 4% 139 

paraformaldehyde. Their brains were sectioned at 50 μm transversely, and then examined under 140 

the fluorescent microscope and imaged using an AMSCOPE MD600E camera.  141 

Cell-attached recordings: recordings were made with Axopatch 200B (Molecular 142 

Devices). Neurons were targeted within 300 – 1200 μm of depths below the surface of the 143 

midbrain. The skull opening was covered with 4-5% agarose to prevent brain pulsation during 144 
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recordings. The glass pipette (~7 MΩ) was loaded with intracellular solution for voltage-clamp 145 

recordings (in mM): 125 Cs-gluconate, 5 TEA-Cl, 4 MgATP, 0.3 GTP, 10 phosphocreatine, 10 146 

HEPES, 0.5 EGTA, and 2 CsCl. The pH value was adjusted to 7.25 and the osmolarity to 295-147 

305 mM.  QX-314 (2.5mM) was included to improve the voltage-clamping of cell’s membrane  148 

(Nelson et al., 1994).  Under the voltage-clamp mode, a holding potential of -40 mV was used to 149 

monitor the change of resistance and currents in the circuit. The formation of a loose-seal 150 

between the pipette tip and cell’s membrane was indicated when the resistance reached 0.2-1 151 

GΩ.  It allowed an isolation of spikes only from the patched cell.  Then, recording was 152 

performed with the holding voltage switched off.  Spike responses were reflected by the current 153 

spikes.  Signals were filtered at 0.1-10 kHz.  Spike waveforms were determined offline using the 154 

custom-developed LabView software.  155 

Whole-cell recordings: whole-cell recordings were made after successful cell-attached 156 

recordings (Wu et al., 2008; Poo and Isaacson, 2009; Li et al., 2018). To break the cell 157 

membrane, a series of pulses with negative pressure were applied to the cell by a syringe 158 

connected to the glass pipette, when voltage pulses were monitored to detect the formation of 159 

whole-cell configurations (Margrie et al., 2002). The pipette and cell membrane capacitances 160 

were completely compensated, and the series resistance (25–45 MΩ) was compensated by 50% 161 

to 60%, so that an effective series resistance of 15-25 MΩ can be achieved.  Neurons were 162 

considered for further analyses if their recordings showed stable capacitance and resistance, and 163 

if their resting membrane potentials were between -65 and -55 mV, according to previous studies 164 

of neurons’ membrane properties in mouse inferior colliculus (Tan et al., 2007).  To obtain 165 

synaptic inputs, neurons were clamped at -70 mV and 0 mV, which respectively correspond to 166 



 

 9 

the reversal potentials of inhibitory and excitatory currents, as described in our previous studies 167 

(Wu et al., 2008; Zhou et al., 2010; Kuo and Wu, 2012).   168 

 169 

COMPUTATIONAL MODELING 170 

To further examine the contribution of excitatory and inhibitory inputs to the spike 171 

outputs, a single-compartment neuron model was used to simulate membrane potential responses 172 

from synaptic inputs. The excitatory and inhibitory synaptic inputs to such a neuron model were 173 

simulated by the following equation (Zhou et al., 2010): 174 

)/)()/)(
0

00 )1()()( decayrise tttt eettHatI , 175 

where I(t) is synaptic input, a is the factor to determine the amplitude of synaptic inputs, H(t) is a 176 

Heaviside step function, t0 is the onset delay of the input, τrise is the time constant for the rising 177 

phase, and τdecay is the time constant for the decay phase. These parameters were chosen by 178 

fitting the averaged shape of recorded synaptic currents in our experiment.  179 

Membrane potential changes were simulated from the modeled synaptic inputs. An 180 

integrate-and-fire model was used as previously described (Somers et al., 1995; Wehr and Zador, 181 

2003; Zhou et al., 2010; Kuo and Wu, 2012): 182 

)())(())(()())(()()( tVmErtVmGrEitVmtGiEetVmtGe
C
dtdttVm , 183 

where Vm(t) is the membrane potential at t, C is the whole-cell capacitance, and Er is the resting 184 

membrane potential (-55 mV). The parameters of C and Er were based on our experimental data. 185 

Gr, the resting conductance, was calculated by Gr = C*Gm/Cm, where Gm is the specific 186 

membrane conductance set to 2e-5 S/cm2 and Cm is the specific membrane capacitance set to 1e-6 187 

F/cm2  (Hines, 1993). Ge and Gi, excitatory and inhibitory synaptic conductance, were derived 188 

from  the equation of I (t, V) = Gr(V-Er) + Ge(t)(V-Ee) + Gi(t)(V-Ei) as previously reported 189 
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(Anderson et al., 2000; Wehr and Zador, 2003; Kuo and Wu, 2012).  I is the synaptic current at 190 

the time point of t; V is the holding voltage respectively set to the reversal potentials of 191 

excitatory or inhibitory currents. Ee (0 mV) is the reversal potential of excitatory currents 192 

mediated by glutamate receptors. Glycine and GABA are both inhibitory neurotransmitters in the 193 

CNIC (Caspary et al., 1990; Koch and Grothe, 1998). A recent study suggests that co-released 194 

GABAergic and glycinergic currents are similar in synaptic signaling and interchangeable for 195 

maintaining an inhibitory homeostasis (Moore and Trussell, 2017). Thus, Ei (-70 mV) is close to 196 

the reversal potential of inhibitory currents mediated by GABAA and glycinergic receptors (Kuo 197 

and Wu, 2012; Ono and Oliver, 2014a).  V(t), the actual clamping voltage, was corrected by V(t) 198 

= Vh – Rs*I(t), where Rs is the compensated series resistance, and Vh is the holding voltage set by 199 

the amplifier. The junction potential (about 12 mV) was also corrected.  By holding the recorded 200 

cell at Ei and Ee, Ge and Gi were computed, reflecting pure excitatory and inhibitory synaptic 201 

inputs.  Activation of NMDA receptors can be ignored when the cell is clamped at -70 mV 202 

(Hestrin et al., 1990; Jahr and Stevens, 1990; Pinault, 1996).  Thus, the evoked synaptic currents 203 

are primarily mediated by AMPA and GABAA receptors. 204 

 205 

EXPERIMENTAL DESIGN AND STATISTICAL ANALYSES 206 

Analysis of TRFs, tuning curve, and synaptic onset timing 207 

Raw data were analyzed using custom-developed programs in MATLAB. TRFs of multi-208 

unit recordings were constructed from spike responses with amplitudes exceeding two times the 209 

standard deviation of the baseline noise in a 25-ms time window before the onset of tone stimuli. 210 

The maximum number of spikes evoked within a TRF was used as reference to create iso-211 

response curves. Minimum threshold (MT) was determined as the lowest intensity that can evoke 212 
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spike responses within a TRF or iso-response curve; characteristic frequency (CF) was defined 213 

as the frequency at which MT could elicit responses (Fig. 1C).  214 

From cell-attached recordings, single cells were classified into three groups based on the 215 

shape of their TRFs in reference to previous studies (Egorova et al., 2001; Hage and Ehret, 216 

2003): 1) the slope of linear regression of frequency range on sound intensities above MT (Fig. 217 

1D); 2) the asymmetry of TRF measured by the ratio of TRF’s slope along the high frequency 218 

boundary (BWH) to that along the low frequency boundary (BWL) (Fig. 1E); and 3) the 219 

maximum frequency range at the highest testing intensity (BWMAX, Fig. 1C). Three types of 220 

neurons were defined and observed in all the animals used in our study. Sensitive-symmetrical 221 

(SS) neurons have symmetrical spike TRFs, and their frequency range is sensitive to the change 222 

of sound intensity (e.g., steep slopes of linear regression of their frequency range on sound 223 

intensity).  Sensitive-asymmetrical (SA) neurons have asymmetrical spike TRFs, and their 224 

frequency range is also sensitive to the change of sound intensity. Selective (SL) neurons have 225 

ultra-sharp spike TRFs with BWMAX less than one octave, and their frequency range is less 226 

sensitive to the change of sound intensity (e.g., flat slopes of linear regression of their frequency 227 

range on sound intensity). We performed cluster analysis by k-means clustering and eyeball 228 

sorting. The classification was consistent for SL neurons by k-means clustering and eyeball 229 

sorting, and only three of 47 sensitive neurons (SS or SA) were inconsistent and excluded from 230 

further analyses (Fig. 1F). The individual cells in this study included 17 SS, 26 SA, and 23 SL 231 

neurons.  232 

To compare the TRFs of neurons with different CFs, the sharpness of TRFs was 233 

quantified by the quality factors at different intensity levels as Q values. The equation of 234 
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‘Q=fc/ f’ was used, where fc is the CF and f is the frequency bandwidth. For example, Q30 235 

values represent the quality factors at the intensity of 30 dB above MT.  236 

Frequency tuning curves of spike or synaptic responses were constructed by the number 237 

of spikes or the peak amplitude of synaptic currents evoked by tones at the same sound intensity. 238 

To quantify the balance between excitatory and inhibitory inputs, we calculated the ratio of 239 

excitatory frequency range to inhibitory frequency range (E/I ratio), and the ratio of frequency 240 

bandwidth at 50% peak of excitatory tuning curve to that of inhibitory tuning curve (E/I ratio50). 241 

If both ratios are close to one, it suggests that excitatory and inhibitory inputs are approximately 242 

balanced (Wu et al., 2008). 243 

The onset latency of excitatory and inhibitory inputs was defined as the time point at 244 

which the absolute amplitude of evoked inputs became larger than three times the standard 245 

deviation of the baseline fluctuation in a 50-ms time window before the onset of sound 246 

stimulation (Wu et al., 2006). 247 

 248 

Assessing the effects of space-clamping errors on spike TRFs 249 

Potential deviations of synaptic currents due to space-clamping errors and cable 250 

attenuation at the distal dendrites of recorded neurons should be noted in voltage-clamp 251 

recordings, although it has been extensively discussed in recent studies (Spruston et al., 1993; 252 

Wehr and Zador, 2003; Tan et al., 2004; Williams and Mitchell, 2008; Beaulieu-Laroche and 253 

Harnett, 2018).  In our study, we proposed a framework that allowed a qualitative assessment of 254 

potential space-clamping error’s effects on the analyses of synaptic mechanisms in vivo. First, 255 

the sensitivity of the computational model to the hypothetically distorted synaptic currents were 256 

evaluated by attenuating the amplitude (10% to 90%) of excitatory and inhibitory inputs and 257 
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adjusting their relative latency between -8 ms (inhibition leading) and 8 ms (excitation leading). 258 

Second, the predicted spike TRFs from computational simulations were compared with the real 259 

spike TRFs from cell-attached recordings to assess false positive or false negative detection of 260 

spike responses. Other analyses, including the linearity of I-V curves (I, evoked synaptic 261 

currents, as a function of V, holding potentials), also suggest that cells were reasonably clamped, 262 

and the synaptic currents were not strongly affected by the nonlinearities of the neurons (Wehr 263 

and Zador, 2003; Wu et al., 2008; Kuo and Wu, 2012). This was further indicated by the fact that 264 

no obvious excitatory currents were observed when cells were clamped at 0 mV.  This may be 265 

attributed to the blockade of most voltage-dependent currents by cesium, TEA, and QX-314 in 266 

the intracellular solution, which reduce the membrane permeability and thus decrease the cable 267 

attenuation (Spruston et al., 1993). The relative accuracy of derived excitatory reversal potential 268 

(0±6 mV) also suggests a reasonable voltage-clamping of CNIC neurons, because space-269 

clamping errors would result in apparent deviations from the actual reversal potential (Shu et al., 270 

2003).  271 

 272 

Statistical analysis 273 

Statistically significant differences between conditions were determined using standard 274 

parametric or nonparametric tests in MATLAB, SPSS 25.0 and Excel. One-way analysis of 275 

variance (ANOVA) with Tukey post-hoc test and t-test were used to compare the means of 276 

different groups, as detailed in the results. “n” values in Figures 1, 2, 4, 6, and 9 refer to the 277 

number of cells or recording sites. Experiments were performed from the blind recordings. The 278 

experimenter performing recordings was not involved in the offline data analysis. Sample sizes 279 

were not predetermined by statistical methods but were based on those commonly used in the 280 
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field. The data that support the findings of this study are available from the corresponding author 281 

upon reasonable request. 282 

 283 

Results 284 

Diverse frequency tunings of CNIC neural populations with similar broad spike TRFs 285 

To examine the sensitivity and selectivity of neural populations in the CNIC of mice, we 286 

obtained multi-unit activities (MUAs) and mapped spike TRFs in the frequency-intensity domain 287 

(Fig. 2). The CNIC was determined by anatomical coordinates, recording tracks, and 288 

electrophysiological properties including reliable tone-evoked spike responses within TRFs and a 289 

tonotopic organization along the dorsolateral-to-ventromedial axis (Figs. 1A, 1B, 2A).  When the 290 

recording electrodes were advanced into deeper locations, spike TRFs of MUAs quickly 291 

expanded and their characteristic frequencies (CFs) increased (Fig. 2A-C). To examine the 292 

selectivity of neural populations defined by their CFs, we delineated two-dimensional iso-293 

response contours according to 25%, 50%, 75%, and 100% of the maximal number of spikes, in 294 

addition to the contours of spike TRFs (Fig. 2B). Although the change of CFs measured from 295 

spike TRFs was less than one octave (8 to 16 kHz) along this recording track, those measured 296 

from 50% iso-response contours varied by more than 2.5 octaves (e.g., 4 to 28 kHz; Fig. 2C). A 297 

bidirectional shift of CFs was noted: the CFs of 50% iso-response contours shifted toward lower 298 

frequency side for neural populations with low CFs of spike TRFs, whereas they shifted toward 299 

higher frequency side for neural populations with high CFs of spike TRFs (Fig. 2C). It is also 300 

worth noting that the peaks of neural populations’ frequency tuning curves were sequentially 301 

selective to different frequencies with varying sharpness, although their frequency ranges largely 302 

overlapped for recordings made between 650 and 1600 m of depths under the surface of the 303 
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midbrain (Fig. 2D). Minimum threshold (MT) decreased from 20 dB SPL to 10 dB SPL, then 304 

remained at 20 dB SPL along the same recording axis (Fig. 2E). This result suggests that neural 305 

populations with similar TRFs could possess different frequency selectivity.  306 

We next analyzed the spike TRFs and frequency tuning of neural populations from 156 307 

recording sites in eleven animals. Q30 values (quality factor measured at 30 dB above MT to 308 

evaluate the sharpness of neurons’ frequency representation, see Materials and Methods) and 309 

MTs of neural populations characterized by CF were compared (Fig. 2F, G). Q30 of spike TRFs 310 

was not significantly different for neural populations with different CFs (One-way ANOVA, F5, 311 

102=1.39, p=0.2339). However, Q30 measured from 50% iso-response contours showed that 312 

neural populations with CFs between 8 kHz and 22 kHz had larger values (Fig. 2F; one-way 313 

ANOVA: F7,122=4.42, p=0.0002; Tukey post-hoc test: 8-11.3 kHz vs. 4-5.6 kHz,  p=0.0157; 8-314 

11.3 kHz vs. 5.6-8 kHz, p=0.0433; 8-11.3 kHz vs. 11.3-16 kHz, p=0.9731; 8-11.3 kHz vs. 16-315 

22.6 kHz, p=0.3074; 8-11.3 kHz vs. 22.6-32 kHz, p=0.0070; 8-11.3 kHz vs. 32-45.2 kHz, 316 

p=0.0391; 8-11.3 kHz vs. 45.2-64 kHz, p=0.0229). In the sound intensity domain (Fig. 2G), MT 317 

of 50% iso-response contours was lower for neural populations with CFs between 5.6 kHz and 318 

32 kHz (One-way ANOVA, F7, 122=5.36, p<0.0001; Tukey post-hoc test: 8-11.3 kHz vs. 4-5.6 319 

kHz, p=0.0419; 8-11.3 kHz vs. 5.6-8 kHz, p=0.1955; 8-11.3 kHz vs. 11.3-16 kHz, p=0.9639; 8-320 

11.3 kHz vs. 16-22.6 kHz, p=0.9941; 8-11.3 kHz vs. 22.6-32 kHz, p=0.3545; 8-11.3 kHz vs. 32-321 

45.2 kHz, p=0.0003; 8-11.3 kHz vs. 45.2-64 kHz, p=0.0299; 11.3-16 kHz vs. 32-45.2 kHz, 322 

p=0.0062), although that of spike TRFs was not significantly different for neural populations 323 

with different CFs (One-way ANOVA, F5,102=2.13, p=0.0675). These results suggest that neural 324 

populations with CFs in the middle and high frequency range have both greater sensitivity and 325 

sharper selectivity to incoming stimuli. 326 
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 327 

Heterogeneous frequency selectivity of single neurons in the CNIC 328 

Neural population’s great sensitivity and sharp selectivity could be explained by a group of 329 

neurons having overlapped broad spike TRFs and sharp frequency tuning measured by the 330 

number of spikes, or due to a collection of neurons having different sizes of spike TRFs and 331 

weak frequency tuning of spikes. To examine the spike TRFs and frequency tuning of single 332 

neurons within a neural population, we applied in vivo cell-attached recording in the CNIC while 333 

documenting their locations and recording MUAs at the same time (Fig. 3). Nearby neurons in a 334 

neural population with a similar CF can be classified into sensitive-symmetrical (SS), sensitive-335 

asymmetrical (SA), and selective (SL) neurons (see Materials and Methods, Figs. 1C-F, 3A-C). 336 

Sensitive neurons had typical ‘V’-shaped spike TRFs with either symmetrical (SS, 26%, n=17, 337 

Fig. 3A) or asymmetrical (SA, 39%, n= 26, Fig. 3B) slopes at the low frequency and high 338 

frequency boundaries of TRFs. Their frequency bandwidth was sensitive to the change of sound 339 

intensity, which was linearly broadened when sound intensity was increased (Figs. 1D, 3A, 3B). 340 

Selective neurons (SL, 35%, n=23) had ultra-sharp spike TRFs with their maximal frequency 341 

range often less than one octave even at the highest testing intensity (e.g., 0.3 octaves at 70 dB 342 

SPL in Fig. 3C). Their frequency bandwidth was less sensitive to the change of sound intensity, 343 

with only small changes in frequency range along the intensity axis (Figs. 1D, 3C). All three 344 

types of neurons had the number of evoked spikes quickly reaching to a plateau when tone 345 

stimuli moved into their TRFs, which prevented them from showing clear frequency tuning, 346 

especially for SS neurons (Fig. 3A-C, color maps). For sensitive neurons, their firing patterns 347 

showed consistent early responses within their spike TRFs, in contrast to selective neurons (Fig. 348 

3D-F).  349 
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We examined the sharpness of individual neurons’ frequency representation by Q30 values. 350 

The distribution of Q30 values showed a segregation of sensitive and selective neurons in the 351 

CNIC of mice (Fig. 4A). Sensitive neurons had a wide range of CFs, but selective neurons were 352 

prominent among neurons with higher CFs (8-30 kHz, Fig. 4B). The MTs of SS, SA and SL 353 

neurons were not significantly different (Fig. 4C, D; one-way ANOVA, F2,63=0.66, p=0.5222).  354 

In general, selective neurons had larger Q values at all sound intensities above MT than sensitive 355 

neurons, indicating overall stronger selectivity (Fig. 4E; one-tail two-sample t-test: MT+10 dB, 356 

SL vs. SS, t(38)=8.21, p<0.0001, SL vs. SA, t(47)=8.36, p<0.0001, SS vs. SA, t(41)=0.74, 357 

p=0.23; MT+20 dB, SL vs. SS, t(38)=8.51, p<0.0001, SL vs. SA, t(47)=8.12, p<0.0001, SS vs. 358 

SA, t(41)=2.70, p=0.0050; MT+30 dB, SL vs. SS, t(38)=9.36, p<0.0001, SL vs. SA, t(47)=8.73, 359 

p<0.0001, SS vs. SA, t(41)=3.39, p=0.0008; MT+40 dB, SL vs. SS, t(29)=5.82, p<0.0001, SL vs. 360 

SA, t(36)=5.43, p<0.0001, SS vs. SA, t(31)=3.31, p=0.0011; MT+50 dB, SL vs. SS, t(14)=9.92, 361 

p<0.0001, SL vs. SA, t(11)=6.64, p<0.0001, SS vs. SA, t(15)=1.15, p=0.1347). Sensitive neurons 362 

had much smaller temporal jitter (measured by standard deviation) of first spike latency within 363 

their spike TRFs than selective neurons (Fig. 4F;  one-tail two-sample t-test: SS vs. SL, t(38)=-364 

3.00, p=0.0024; SA vs. SL, t(47)=-4.39, p<0.0001; SS vs. SA, t(41)=0.84, p=0.2039). Our data 365 

suggest that nearby neurons with similar CFs can be differentiated for frequency analysis, which 366 

may allow neural populations to effectively detect and distinguish stimuli by different 367 

subpopulations at the same time. 368 

 369 

Synaptic mechanisms underlying the divergence of frequency selectivity  370 

Two possible mechanisms could underlie the differentiated frequency selectivity of CNIC 371 

neurons: 1) excitatory synaptic TRFs could have already been constructed differently for 372 
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sensitive and selective neurons, which largely define their distinct spike TRFs; 2) excitatory 373 

synaptic TRFs could have not yet been segregated for sensitive or selective neurons, however, 374 

inhibitory synaptic inputs could play a significant role to achieve the divergence.  To determine 375 

the exact synaptic mechanisms, we dissected the excitatory and inhibitory synaptic inputs of 376 

CNIC neurons by in vivo voltage-clamp recordings. For a subset of neurons (e.g., neurons in Fig. 377 

3), we were able to obtain voltage-clamp recordings after completing cell-attached recordings 378 

(53%, n=35; SS, n=12; SA, n=10; SL, n=13; Fig. 5).  Different patterns of excitatory and 379 

inhibitory synaptic TRFs were observed from nearby neurons with similar CFs (Fig. 5A-F). For 380 

example, the excitatory and inhibitory TRFs were largely matched for sensitive neurons (Fig. 381 

5A-D), but not for selective neurons (Fig. 5E, F). Furthermore, three different configurations of 382 

frequency tuning curves existed for excitatory and inhibitory inputs: approximately matched 383 

excitation and inhibition (Fig. 5G, top, SS neuron), sharp inhibition (Fig. 5G, middle, SA 384 

neuron), and broad inhibition (Fig. 5G, bottom, SL neuron). For sensitive neurons with 385 

asymmetrical TRFs, the peaks of inhibitory frequency tuning curves were shifted and tilted 386 

toward the high frequency side in contrast to those of excitatory frequency tuning curves at all 387 

the intensities above their MTs (Fig. 5G, middle).   388 

To further quantify the synaptic selectivity and the balance between excitation and inhibition, 389 

we examined the frequency range of excitatory and inhibitory inputs, and the frequency 390 

bandwidths at 50% peak of their tuning curves at different sound intensities (Fig. 5G, H). The 391 

ratios of excitatory frequency range to inhibitory frequency range (E/I ratio) were close to one 392 

for SS and SA neurons, but smaller than one for SL neurons indicating their broader inhibition 393 

(Fig. 5H, upper panel).   The ratios measured at 50% peak of frequency tuning curves (E/I 394 

ratio50) were close to one for SS neurons and smaller than one for SL neurons, whereas greater 395 
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than one for SA neurons indicating their shaper inhibition (Fig. 5H, lower panel).  Both SS and 396 

SA neurons also showed well correlated amplitudes of excitatory and inhibitory inputs evoked 397 

by various tones, instead of the polynomial-like relationship between them for SL neurons (Fig. 398 

5I).  399 

To examine whether synaptic TRFs showed differentiated selectivity similar to spike 400 

TRFs, we quantified the sharpness of excitatory and inhibitory TRFs by Q30 values. The 401 

distribution of Q30 values indicated different sizes of synaptic TRFs (Q30 of excitatory vs. 402 

inhibitory inputs, 0.63±0.19 vs. 0.54±0.20, M±SD; one-tail paired t-test, t(34)=2.15, p=0.0192), 403 

but neither excitatory nor inhibitory TRFs showed differentiated selectivity like in Fig. 4A (Fig. 404 

6A). The Q values at various intensities indicated that the excitatory inputs of SL neurons are the 405 

most selective, in contrast to the excitatory inputs of SS and SA neurons and the inhibitory inputs 406 

of all the three types of neurons (Fig. 6B; E, excitatory inputs; I inhibitory inputs; one-tail two-407 

sample t-test: MT+10 dB, E-SL vs. E-SS, t(23)=1.83, p=0.0399, E-SL vs. E-SA, t(21)=2.24, 408 

p=0.0182, E-SL vs. I-SS, t(23)=3.00, p=0.0032, E-SL vs. I-SA, t(21)=2.31, p=0.0155, E-SL vs. 409 

I-SL, t(24)=2.41, p=0.0119; MT+20 dB, E-SL vs. E-SS, t(23)=2.95, p=0.0036, E-SL vs. E-SA, 410 

t(21)=2.98, p=0.0035, E-SL vs. I-SS, t(23)=3.50, p=0.0010, E-SL vs. I-SA, t(21)=3.40, 411 

p=0.0013, E-SL vs. I-SL, t(24)=2.96, p=0.0034; MT+30 dB, E-SL vs. E-SS, t(23)=2.31, 412 

p=0.0150, E-SL vs. E-SA, t(21)=2.41, p=0.0127, E-SL vs. I-SS, t(22)=4.46, p=0.0001, E-SL vs. 413 

I-SA, t(21)=3.31, p=0.0017, E-SL vs. I-SL, t(24)=2.64, p=0.0071; MT+40 dB, E-SL vs. E-SS, 414 

t(21)=3.99, p=0.0003, E-SL vs. E-SA, t(19)=3.11, p=0.0028, E-SL vs. I-SS, t(21)=4.40, 415 

p=0.0001, E-SL vs. I-SA, t(20)=3.57, p=0.0010, E-SL vs. I-SL, t(20)=4.600, p=0.0004). SS 416 

neurons had well balanced excitatory and inhibitory TRFs and frequency tuning curves, as both 417 

E/I ratio and E/I ratio50 were close to one (Fig. 6C). SA neurons had matched excitatory and 418 
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inhibitory TRFs but unmatched frequency tunings, with E/I ratios close to one and larger E/I 419 

ratio50 (Fig. 6C; E/I ratio vs. E/I ratio50, one-tail paired t-test, t(9)=-7.37, p<0.0001). SL neurons 420 

had imbalanced excitation and inhibition with narrower excitatory TRFs and frequency tuning, 421 

as indicated by small E/I ratios and E/I ratio50 (Fig. 6C).  422 

To examine the temporal relationship between excitatory and inhibitory synaptic inputs, 423 

their onset latency at CF (“At CF”, determined by spike TRFs), one octave lower than CF 424 

(“Below CF”), and one octave higher than CF (“Above CF”) were measured. If the left or right 425 

boundaries of TRFs were less than one octave from the CF (especially for SL neurons), the 426 

responses at the boundaries were used for analysis. The onset latency of excitatory and inhibitory 427 

inputs below CF and at CF was not significantly different among the three types of neurons (Fig. 428 

6D, 6E; excitatory: one-way ANOVA, “Below CF”, F2,32=1.83, p=0.1768; “At CF”, F2,32=1.47, 429 

p=0.2440; inhibitory: “Below CF”, F2,32=1.45, p=0.2489; “At CF”, F2,32=2.15, p=0.1329), but 430 

that above CF was significantly different (excitatory: one-way ANOVA, F2,32=11.29, p=0.0002; 431 

inhibitory: one-way ANOVA, F2,32=4.79, p=0.0151). As the relative timing between inhibition 432 

and excitation plays important roles on sensory processing (Wehr and Zador, 2003; Wu et al., 433 

2006), we further examined whether it was different within the synaptic TRFs of sensitive and 434 

selective neurons (Fig. 6F). Our data showed that SS neurons had a lagged inhibition across their 435 

synaptic TRFs (One-tail paired t-test, excitatory vs. inhibitory: “Below CF”, t(11)=-4.33, 436 

p=0.0006; “At CF”, t(11)=-4.18, p=0.0008; “Above CF”, t(11)=-4.54, p=0.0004); SA neurons 437 

had a lagged inhibition below CF, but concurrent excitation and inhibition above CF (One-tail 438 

paired t-test, excitatory vs. inhibitory: “Below CF”, t(9)=-7.65, p<0.0001; “At CF”, t(9)=-2.50, 439 

p=0.0169; “Above CF”, t(9)=-0.57, p=0.2915); whereas SL neurons have concurrent excitatory 440 

and inhibitory inputs across the synaptic TRFs (One-tail paired t-test, excitatory vs. inhibitory: 441 



 

 21 

“Below CF”, t(12)=0.63, p=0.2688; “At CF”, t(12)=-0.65, p=0.2629; “Above CF”, t(12)=0.35, 442 

p=0.3650). For SA neurons, the asymmetry of spike TRFs was enhanced in contrast to that of 443 

excitatory TRFs (Fig. 6G). The CFs measured from excitatory and inhibitory synaptic TRFs 444 

were well correlated for SS and SA neurons, but not for SL neurons (Fig. 6H). Our data imply 445 

that the spectrotemporal configurations between excitation and inhibition could be highly diverse 446 

to further differentiate the effects of inhibition within the synaptic TRFs.  447 

 448 

Spectrotemporal interaction between excitation and inhibition shapes spike TRFs  449 

To examine how the synaptic strength and relative timing of inhibitory inputs contribute 450 

to the segregation of CNIC neurons’ frequency selectivity, we adopted a single-compartment 451 

integrate-and-fire neuron model to integrate excitatory and inhibitory inputs within synaptic 452 

TRFs, and to simulate suprathreshold membrane potential responses (Wehr and Zador, 2003; 453 

Zhou et al., 2010; Kuo and Wu, 2012). By comparing the simulated spike TRFs with the actual 454 

spike TRFs, this strategy offers a unique opportunity to validate the potential synaptic 455 

mechanisms and detect potential measurement errors in in vivo voltage-clamp recordings. For 456 

sensitive neurons, the simulated spike TRFs were largely overlapped with their actual spike 457 

TRFs (Fig. 7A, B). It is worth noting that the spike TRFs of SS neurons also largely overlapped 458 

with their excitatory TRFs (Fig. 7A). For SA neurons, the low frequency boundary of spike 459 

TRFs was similarly shifted toward CF in comparison to that of excitatory synaptic TRFs at all 460 

sound intensities, but their high frequency boundary of spike TRFs was shifted to a greater extent 461 

at higher intensities (Fig. 7B). It created a steeper high frequency slope that exacerbated the 462 

asymmetry of spike TRFs for SA neurons (Fig. 6G). The simulated spike TRFs of SL neurons 463 

were smaller than their excitatory synaptic TRFs, but larger than their actual spike TRFs, 464 
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implying that both inhibition and other mechanisms may together enhance their selectivity (Fig. 465 

7C).   466 

Intrinsic properties, such as spike generation mechanisms, could further shape the spike 467 

responses (Baker  Jr., 2001; Priebe and Ferster, 2008; Gittelman et al., 2009). As the simulated 468 

spike TRF of the SL neuron was overrepresented in Figure 6F, we adjusted spike thresholds from 469 

5 mV to 25 mV to examine if firing thresholds could affect spike TRFs. The size of spike TRFs 470 

only varied by 5-10% for SS and SA neurons, but the linearity between frequency bandwidth and 471 

sound intensity was largely reduced for SL neurons when the firing threshold was increased to 472 

20 mV, showing a further narrowed frequency range (Fig. 7D-F). These data suggest that 473 

mechanisms such as thresholding may further improve selectivity for selective neurons, in 474 

addition to the inhibitory synaptic mechanism. 475 

 476 

In vivo assessment of the effects of space-clamping errors 477 

A long-lasting concern of synaptic currents measured by voltage-clamp recordings stems 478 

from the space-clamping errors - the failure to clamp neuron’s membrane potential at distal 479 

dendrites and dendritic spines (Spruston et al., 1993; Williams and Mitchell, 2008). Although 480 

such errors could be estimated by computational models with data from in vitro slice recordings, 481 

it is not feasible with in vivo recordings (Beaulieu-Laroche and Harnett, 2018). In our study, I-V 482 

curves of the recorded neurons suggest that cells were reasonably clamped, and the synaptic 483 

currents were not strongly affected by the nonlinearities of the neurons (Fig. 8A, B). 484 

To further examine the potential effects of space-clamping errors on synaptic currents in 485 

vivo, we simulated membrane potentials when attenuating excitatory and inhibitory inputs or 486 

adjusting their temporal relationship (Fig. 8C-E). The peak of simulated membrane potential 487 
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responses was quickly diminished when excitatory inputs were attenuated above 50% and other 488 

parameters (e.g., inhibitory inputs and relative latency) were held constant (Fig. 8C). But it 489 

gradually increased when inhibitory inputs were further attenuated or delayed (Fig. 8D, E). This 490 

result indicates that the integrate-and-fire model is sensitive to the attenuation of synaptic inputs 491 

and the distorted relative timing of excitatory and inhibitory inputs. An underrepresentation of 492 

spike responses and smaller spike TRFs would have occurred if space-clamping errors had 493 

severely distorted synaptic currents in voltage-clamp recordings. However, this was not observed 494 

from our analysis (Fig. 7). Except for the false positivity of selective neurons from 495 

overrepresented spike responses, the false positive and false negative percentages of simulated 496 

spike responses were less than 10% for sensitive neurons. Therefore, this strategy of combining 497 

in vivo cell-attached recording, voltage-clamp recording, and computational modeling can 498 

validate synaptic mechanisms in the CNIC to a great extent.  499 

Q30 of simulated spike TRFs recovered a differentiated frequency selectivity from 500 

undifferentiated synaptic inputs when the firing threshold was set to 10 mV for all the cells (Figs. 501 

4A, 9A). This suggests that the inhibitory mechanism may have already been sufficient to 502 

segregate sensitive and selective neurons even without a further enhancement by the cell’s 503 

intrinsic properties. Simulated spike TRFs also showed that SL neurons in general had larger Q 504 

values than SS and SA neurons, indicating greater selectivity (Fig. 9B, 9D; one-tail two-sample 505 

t-test: MT+10 dB, SL vs. SS, t(23)=3.21, p=0.0019, SL vs. SA, t(21)=2.53, p=0.0098, SA vs. SS, 506 

t(20)=1.86, p=0.0389; MT+20 dB, SL vs. SS, t(23)=4.20, p=0.0002, SL vs. SA, t(21)=2.65, 507 

p=0.0075, SA vs. SS, t(20)=1.68, p=0.0541; MT+30 dB, SL vs. SS, t(23)=5.32, p<0.0001, SL vs. 508 

SA, t(21)=4.90, p<0.0001, SA vs. SS, t(20)=0.51, p=0.3094; MT+40 dB, SL vs. SS, t(22)=3.44, 509 

p=0.0012, SL vs. SA, t(19)=2.68, p=0.0073, SA vs. SS, t(19)=1.60, p=0.0628; MT+50 dB, SL 510 
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vs. SS, t(18)=3.37, p=0.0017, SL vs. SA, t(17)=2.81, p=0.0061, SA vs. SS, t(15)=1.56, 511 

p=0.0698), although their MTs were not significantly different (Fig. 9C; one-way ANOVA, 512 

F2,32=0.4402, p=0.6477). This is similar to the analysis of actual spike TRFs in Figure 4. The 513 

simulated TRFs of sensitive neurons had similar frequency ranges to their actual TRFs (Two-tail 514 

paired t-test: SS, t(12)=0.84, p=0.4195; SA, t(9)=0.39, p=0.7020), whereas selective neurons 515 

typically showed broader simulated spike TRFs and smaller Q values than their actual spike 516 

TRFs (Fig. 9E; two-tail paired t-test: SL, t(12)=3.76, p=0.0027). Overall, frequency bandwidths 517 

of simulated TRFs and actual TRFs were well correlated, suggesting minimal effects of space-518 

clamping errors in our recordings (Fig. 9F).  519 

 520 

Discussion 521 

A capacity of neural ensembles to optimize their sensitivity and selectivity 522 

Sensitivity and selectivity have to complement each other in sensory systems. Toward this 523 

end, a parallel processing may be implemented to simultaneously detect and distinguish a wide 524 

range of behaviorally important stimuli by neural ensembles with broad receptive fields and 525 

sharp tuning curves (Hubel and Wiesel, 1962; Møller, 2003; Priebe and Ferster, 2008; Kato et 526 

al., 2017). In the mouse CNIC, neural populations with different CFs had low MTs (between 10 527 

to 20 dB SPL) and broad frequency ranges (as broad as 4 octaves, about one third of mouse’s 528 

hearing frequency range) (Fig. 2F, 2G). It cannot be attributed to a nonspecific sampling of 529 

neurons from multiple iso-frequency laminae in the CNIC, because our configuration of multi-530 

unit recordings typically obtained spike responses within a diameter of 150-200 μm from the 531 

electrode tips (Saleem et al., 2017). This distance corresponds to a single iso-frequency lamina 532 

and a CF’s change of less than one octave in the CNIC of mice  (Willott and Urban, 1978; 533 
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Stiebler and Ehret, 1985; Malmierca et al., 2008). It is also obvious that neural populations’ 534 

broad TRFs did not compromise their frequency selectivity, as neural populations with CFs 535 

between 8 kHz and 22 kHz had similar responding frequency range but differential frequency 536 

tunings and sharper selectivity (Fig. 2D, 2F). Interestingly, behavioral audiograms of mice 537 

showed peak sensitivity between 8 and 24 kHz (Fig. 1G, Ehret, 1974; Zheng et al., 1999; Prosen 538 

et al., 2003; Radziwon et al., 2009).  This implies that neural populations may strategically allow 539 

an easy detection and an efficient identification of incoming stimuli in this behavioral frequency 540 

range by collecting individual neurons’ diverse sensitivity and selectivity.  541 

 542 

A divergence of individual neurons’ frequency selectivity  543 

Neurons’ spike TRFs are highly diverse in the CNIC, which may represent general principles 544 

for optimizing auditory selectivity in mice (Egorova et al., 2001; Hage and Ehret, 2003), rats 545 

(Malmierca et al., 2008), cats (Ehret and Merzenich, 1988; Ramachandran et al., 1999), guinea 546 

pigs (LeBeau et al., 2001), and bats (Portfors and Wenstrup, 2002).  We adopted simultaneous 547 

multi-unit and cell-attached recordings to guarantee a faithful identification of single-cell 548 

activities from a population background in vivo (Kuo and Wu, 2012). Although anesthesia may 549 

affect the abundance of each different cell type or their spontaneous activities, major types of 550 

spike TRFs have long been identified in the CNIC of animals in an awake condition or under 551 

different anesthesia (Stiebler and Ehret, 1985; Ramachandran et al., 1999; Egorova et al., 2001; 552 

LeBeau et al., 2001; Portfors et al., 2011). SS, SA, and SL neurons may respectively correspond 553 

to Type III, Type I, and Type II neurons in previous studies, whereas Type IV neurons (with 554 

complex or enclosed spike TRFs) were not encountered in our sample, possibly because of their 555 

sparseness for more specialized functions in mice (Egorova et al., 2001; Lu and Jen, 2001). 556 
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Interestingly, most of SL neurons’ CFs were between 8 kHz and 22 kHz (Fig. 4B). Since the 557 

aforementioned neural populations in the CNIC and behavioral audiogram showed the lowest 558 

MTs in this hearing range of mice, SL neurons may represent a functional subpopulation to 559 

maintain strong selectivity in neural ensembles with great sensitivity (Ehret, 1974; Zheng et al., 560 

1999; Radziwon et al., 2009).  561 

Besides differentiated frequency representation, SS, SA and SL neurons may be further 562 

investigated for other specialized functions such as duration tuning (Aubie et al., 2012; Alluri et 563 

al., 2016), tone interval selectivity (Edwards et al., 2002), or complex sound analysis (Portfors 564 

and Wenstrup, 2002; Portfors et al., 2011; Mayko et al., 2012). Because SA and SL neurons 565 

showed imbalanced excitatory and inhibitory synaptic TRFs, they may also be selective to the 566 

directions of frequency-modulated sweeps (Gittelman et al., 2009; Kuo and Wu, 2012). In the 567 

future, these specialized functional and anatomical subpopulations may be mapped within CF-568 

defined neural ensembles. A recent study showed that GABAergic and glutamatergic neurons in 569 

the CNIC of mice cannot be distinguished by electrophysiological criteria, such as spike 570 

waveforms, TRFs, or MTs (Ono et al., 2017). Thus, it is likely that neurons in our study were 571 

recorded from a collection of different neurotransmitter and morphological subtypes. As the 572 

main focus of our study was to investigate diversified frequency representation of CNIC neurons, 573 

the uncovered synaptic mechanisms may reflect a general principle despite neurons’ 574 

neurotransmitter expression or morphology. 575 

 576 

A synaptic mechanism of separating sensitive and selective neurons  577 

Our strategy to combine in vivo cell-attached and voltage-clamp recordings allowed us to 578 

directly assess the synaptic mechanisms by associating spike and synaptic responses from the 579 



 

 27 

same neurons. The spectrotemporal interaction between excitatory and inhibitory inputs has been 580 

proposed as a major synaptic mechanism for sensory processing and neurons’ functional 581 

heterogeneity (Isaacson and Scanziani, 2011; Kuo and Wu, 2012; Tao et al., 2017). Our results 582 

revealed that at least three spectral configurations of excitatory and inhibitory inputs co-exist for 583 

nearby CNIC neurons: 1) matched excitatory and inhibitory synaptic TRFs with matched 584 

excitatory and inhibitory frequency tuning; 2) matched excitatory and inhibitory synaptic TRFs 585 

with sharper inhibitory tuning; and 3) mismatched excitatory and inhibitory synaptic TRFs with 586 

broader inhibitory tuning. As GABAergic neurons with different frequency bandwidths have 587 

been reported recently, they may contribute to our observed diverse inhibitory configurations 588 

(Ono et al., 2017).  589 

In contrast to the constant latency between excitatory and inhibitory inputs in feedforward 590 

inhibitory circuit models (Wehr and Zador, 2003; Zhang et al., 2003), the temporal configuration 591 

of excitatory and inhibitory inputs was highly variable within the TRFs of CNIC neurons (Fig. 592 

6F). Inhibitory inputs either followed or preceded excitatory inputs, which could globally control 593 

spike timing for SS and SA neurons or selectively scale down the responses of SA and SL 594 

neurons to certain frequencies (Fig. 7) (Zhou et al., 2015). Thus, it is reasonable to assume that 595 

heterogenous inhibitory circuits co-exist locally to differentiate neurons’ functionality such as 596 

frequency selectivity in the CNIC (Fig. 10).  597 

However, other mechanisms cannot be completely ruled out, as neurons’ intrinsic properties 598 

could also determine their frequency selectivity by scaling down excitability or thresholding 599 

membrane responses (Kuo and Wu, 2012; Ono and Oliver, 2014b). Particularly for selective 600 

neurons in our study, computational integration of excitation and inhibition did not narrow the 601 

simulated spike TRFs to the size of actual TRFs (Fig. 7C), although they were still well 602 
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correlated (Fig. 9E, 9F). Moreover, the firing patterns could not be recovered from our 603 

computational models, whereas both regular and fast spiking neurons were observed in the CNIC 604 

(Wagner, 1994; Peruzzi et al., 2000).  605 

 606 

An estimation of synaptic contribution spared from space-clamping errors 607 

As the interpretation of synaptic mechanisms is heavily dependent on the analyses of 608 

synaptic inputs, the only applicable technique to acquire excitatory and inhibitory postsynaptic 609 

currents has been voltage-clamp recording so far. It is unfortunately subject to the scrutiny of 610 

measurement errors (Spruston et al., 1993; Williams and Mitchell, 2008). Previous evaluations of 611 

space-clamping errors were based on the theoretical and modeling analyses of large pyramidal 612 

neurons in the layer 5 of the neocortex from brain slice preparations, which is not feasible for in 613 

vivo recordings of neurons with diverse morphology (Beaulieu-Laroche and Harnett, 2018).  614 

To inspect the potential effects of space-clamping errors on the validation of synaptic 615 

mechanisms in vivo, we propose a practical strategy that computationally models spike responses 616 

from recorded synaptic inputs and compares them with the actual spike recordings. If the 617 

synaptic inputs had been severely distorted in in vivo voltage-clamp recordings, the simulated 618 

and actual spike TRFs would inevitably have shown great discrepancies. In our data, however, 619 

the simulated spike TRFs were well correlated with the actual recorded spike TRFs. It suggests 620 

that the spectrotemporal interactions between excitatory and inhibitory inputs are the basis for 621 

differentiating the frequency selectivity of CNIC neurons. The low impact from space-clamping 622 

errors in our recordings may be due to the smaller spine resistance, distribution of spine 623 

locations, shorter dendritic arbors, smaller cell bodies in the mouse CNIC, and relatively intact 624 
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dendritic or axonal processes of recorded neurons unlike in in vitro recordings (Peruzzi et al., 625 

2000; Ono et al., 2005, 2017; Ito et al., 2009). 626 

 627 

In summary, our strategy of combining in vivo multi-unit, cell-attached, and voltage-clamp 628 

recordings allowed us to bridge the analysis at different levels such as neural populations, single 629 

cells, and synapses with sufficient spatiotemporal resolutions.  Thus, the synaptic mechanisms 630 

can be examined with a greater extent of validity. Our results pinpoint that neural circuits could 631 

be configured to create differential relative strength and timing of excitatory and inhibitory 632 

inputs within synaptic TRFs, and to specify various selectivity of nearby individual neurons. As 633 

CNIC neurons start to be sensitive or selective to frequency-modulated and vocal signals, our 634 

result also shed light on the neural circuitry mechanisms for complex sound processing (Kuo and 635 

Wu, 2012; Woolley and Portfors, 2013). 636 

  637 
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Figure Legends 638 

Figure 1. Multi-modal recordings in the mouse CNIC and cell-type categorization 639 

A. A schematic drawing of multi-modal recordings in the mouse CNIC with extracellular 640 

recording of multi-unit activities (MUA), cell-attached recording of single cells’ spikes, 641 

and voltage-clamp recording of excitatory and inhibitory postsynaptic currents (EPSC 642 

and IPSC).  643 

B. An example recording track labeled in DiI. Dashed lines delineate the boundaries of 644 

subdivisions in the mouse CNIC similar to A. 645 

C. A schematic tonal receptive field (TRF) of CNIC neurons in the sound frequency and 646 

intensity domain. CF, characteristic frequency; MT, minimum threshold; BWMAX, the 647 

frequency bandwidth at the highest intensity; BWL: distance between the lowest 648 

frequency of TRF and CF; BWH: distance between the highest frequency of TRF and CF. 649 

D. Frequency range (bandwidth) as a function of intensity above MT for all single neurons 650 

from cell-attached recordings (n=69). Horizontal line, one octave. 651 

E. BWL (blue) and BWH (orange) for all the individual cells (n=69). 652 

F. Cluster analysis of single cells. Slope of bandwidth-intensity function indicates the slope 653 

of linear regression of frequency range on sound intensity above MT from individual 654 

traces in D. Slope ratio (BWH to BWL) were obtained from E. SS: sensitive-symmetrical 655 

neurons; SA: sensitive-asymmetrical neurons; SL: selective neurons. Solid dots: neurons 656 

classified consistently by both k-means clustering and eyeball sorting; open dots: 657 

inconsistently-classified neurons. 658 

 659 
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Figure 2. Differential frequency tunings of neural populations with similar broad spike 660 

TRFs in the CNIC  661 

A. (Top to bottom) color maps of spike tonal receptive fields (TRFs) from ten recording 662 

sites along the dorsolateral to ventromedial axis. The boundary of the dorsal cortex of 663 

the inferior colliculus and the CNIC can be seen between 100 μm and 150 μm in 664 

Figure 1B. Color bar indicates the maximal (top to bottom: 25, 52, 55, 56, 48, 43, 47, 665 

45, 48, 39) and minimal number (0) of spikes evoked within the TRFs. 666 

B. Contours of spike TRFs (navy), and iso-response contours of 25% (blue), 50% (green), 667 

75% (orange), and 100% (red) of maximal spike responses in (A). 668 

C. CFs (characteristic frequencies) determined by spike TRFs and 50% iso-response 669 

contours in B along the recording depths. Arrows indicate the directional shift of CFs 670 

measured from 50% iso-response contours and spike TRFs. 671 

D. Normalized frequency tuning curves at 30 dB above MT (minimum threshold) along 672 

the recording depths. Arrows indicate the peak responses. Shaded area indicates largely 673 

overlapped frequency ranges of neural populations at depths between 650 and 1600 m 674 

under the pia. 675 

E. MTs from spike TRFs and 50% iso-response contours along the recording depths. 676 

F. Sharpness of frequency range indicated by Q30 values for neural populations with 677 

different CFs in 156 multi-unit recordings. MUAs were grouped according to their CFs 678 

of spike TRFs or 50% iso-response contours, by dividing testing frequencies (4 kHz to 679 

64 kHz) into 8 groups, with each group covering a frequency range of 0.5 octaves (4-680 

5.6 kHz, 5.6-8 kHz, 8-11.3 kHz, 11.3-16 kHz, 16-22.6 kHz, 22.6-32 kHz, 32-45.2 kHz, 681 

and 45.2 -64 kHz).   Blue bars indicate the analysis from spike TRFs; green bars 682 
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indicate the analysis from 50% iso-response contours. Error bar: SEM. Asterisks 683 

indicate significance between different groups of neural populations with CFs 684 

measured from 50% iso-response contours. 685 

G. MTs for neural populations with different CFs from recordings in (F). Blue bars 686 

indicate the analysis from spike TRFs; green bars indicate the analysis from 50% iso-687 

response contours; grey dashed curve is the averaged behavioral audiogram between 4 688 

kHz and 64 kHz estimated from previous studies (Ehret, 1974; Zheng et al., 1999; 689 

Prosen et al., 2003; Radziwon et al., 2009). Error bar: SEM. Asterisks indicate 690 

significance between different groups of neural populations with CFs measured from 691 

50% iso-response contours. 692 

 693 

Figure 3. Diverse spike TRFs of single neurons from in vivo cell-attached recordings in the 694 

CNIC 695 

A-C, Three types of spike TRFs with similar CFs at 16 kHz and locations (~50μm distance 696 

to each other). Each panel represents 568 individual recording traces. of 300 ms after 697 

tone onset; Each trace represents a 300-ms recording of spike response after the onset 698 

of a tone stimulus with a particular combination of sound intensity (0-70 dB SPL) and 699 

frequency (0.5-64 kHz). Blue dashed contour delineates the spike TRFs of multi-unit 700 

activities near these neurons in (A-C). Insets, color maps indicate spike numbers 701 

evoked by different tones within TRFs for sensitive-symmetrical neurons (SS, in A), 702 

sensitive-asymmetrical neurons (SA, in B), and selective neurons (SL, in C). 703 

D-F, Raster plots and peristimulus time histograms (PSTH) of the spike responses 704 

extracted from recordings in (A-C). Each raster plots include 568 trials of 350-ms 705 
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recordings including a 50-ms time window before the stimulus onset. Shaded areas and 706 

bars below PSTHs indicate stimulus onset and duration. 707 

 708 

Figure 4.  Differential frequency selectivity of single neurons 709 

A. Distribution of CNIC neurons with different selectivity measured by Q30 values. SS 710 

neurons: grey; SA neurons: blue; SL neurons: orange. 711 

B.  Q30 values of major types of neurons vs. their CFs. SS: grey; SA: blue; SL: orange. 712 

C.  MTs of major types of neurons vs. their CFs. 713 

D. MTs of major types of neurons (unit in dB SPL: SS, 22.9±2.8; SA, 26.2±2.5; SL, 714 

22.6±2.3; M±SEM).  715 

E. Q values for major types of neurons at different sound intensities above MT. Asterisks 716 

indicate significant larger Q-values of SL neurons. 717 

F.  Temporal jitter measured by the standard deviation of first spike latency within their 718 

spike TRFs for three types of neurons (unit in ms, milli-second: SS, 6.5±0.7; SA, 719 

5.8±0.5; SL, 10.5±1.1; M±SEM). Asterisks indicate significance. 720 

 721 

Figure 5. Diverse patterns of excitatory and inhibitory synaptic TRFs obtained from in vivo 722 

voltage-clamp recordings 723 

A, C, E, Excitatory synaptic TRFs of the three neurons in Figure 3A-C. SS: sensitive-724 

symmetrical neurons; SA: sensitive-asymmetrical neurons; SL: selective neurons. 725 

B, D, F, Inhibitory synaptic TRFs of the neurons in A, C, and E respectively. Vertical scale 726 

bar: 400 pA in (A), 270 pA in (B), 230 pA in (C), 200 pA in (D), 370 pA in (E), 300 727 

pA in (F). Horizontal scale bar: 350 ms. 728 
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G, Frequency tuning curves at 30 dB above MT for the cells in (A-F). Excitatory inputs 729 

show in blue, inhibitory inputs show in red. Straight lines indicate the frequency 730 

bandwidths at 50% of the peak. 731 

H, Ratios of excitatory frequency range to inhibitory frequency range (E/I ratio) for the 732 

example cells at different sound intensities (upper panel). Ratios of bandwidths at 50% 733 

peak of excitatory to inhibitory frequency tuning curves (E/I ratio50, lower panel). 734 

I, Scatter plots of the normalized amplitudes of excitatory postsynaptic currents 735 

(EPSCnormalized) vs. that of inhibitory postsynaptic currents (IPSCnormalized) in the 736 

synaptic TRFs of the three cells shown in A-F (gray: SS, n=181; blue: SA, n=95; 737 

orange: SL, n=153). Excitatory and inhibitory synaptic currents were normalized by 738 

the maximum amplitude within their respective synaptic TRFs.  739 

 740 

Figure 6. Frequency selectivity, and relative timing of excitatory and inhibitory inputs for 741 

SS, SA and SL neurons 742 

A. Distribution of Q30 values of excitatory (blue) and inhibitory (red) TRFs. Dashed 743 

trendline indicates moving average of two nearby bins. 744 

B. Q values of excitatory and inhibitory TRFs at different sound intensities for sensitive-745 

symmetrical (SS, n=12), sensitive-asymmetrical (SA, n=10) and selective (SL, n=13) 746 

neurons. E, excitatory; I, inhibitory. Asterisks indicate significant larger Q values of 747 

excitatory inputs of SL neurons. 748 

C. Ratios of excitatory frequency range to inhibitory frequency range (E/I ratio) and ratios 749 

of bandwidths at 50% peak of excitatory to inhibitory frequency tuning curves (E/I 750 

ratio50) for SS, SA, and SL neurons. Circle indicates the mean of E/I ratio, triangle 751 
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indicates the mean of E/I ratio50. Error bar, SEM. SS, grey; SA, blue; SL: orange. 752 

Colored dots indicate individual neurons. 753 

D. Onset latency of excitatory inputs below CF, at CF, and above CF for SS (n=12), SA 754 

(n=10), and SL (n=13) neurons. “Below CF” and “Above CF” were selected from 755 

responses evoked by tones at one octave below or above CFs. If the distance between 756 

frequency boundaries and CFs was less than one octave, then the responses at the 757 

boundaries were selected. Error bar, SEM. 758 

E. Onset latency of inhibitory inputs below CF, at CF, and above CF for SS, SA, and SL 759 

neurons. Error bar, SEM. 760 

F. Relative onset latency between excitatory and inhibitory inputs (inhibitory minus 761 

excitatory) below CF, at CF, and above CF for SS, SA, and SL neurons. Error bar, SEM.  762 

G. The relationship between the asymmetry of spike TRFs and that of excitatory synaptic 763 

TRFs for SA neurons (BWH to BWL, Materials and Methods, Fig. 1C), indicating 764 

strengthened asymmetry of spike TRFs. 765 

H. The relationship between the CFs of excitatory TRFs and those of inhibitory TRFs. SS, 766 

grey; SA, blue, SL, orange. 767 

 768 

Figure 7. The effects of inhibition and thresholding to frequency selectivity 769 

A. Top traces, individual excitatory (blue) and inhibitory (red) inputs below CF, at CF, and 770 

above CF for the sensitive-symmetrical (SS) neuron in Figure 3 and 5. Lower panel, the 771 

TRF of simulated spike responses by integrating excitatory and inhibitory inputs in Fig. 772 

5A and 5B. Connecting dashed lines indicate the location of individual traces in the 773 
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TRFs. Blue contour delineates the boundary of excitatory synaptic TRF, orange shaded 774 

area indicates the actual spike TRF from cell-attached recordings. 775 

B. same as A, but for the case in Figure 5C, 5D. 776 

C. same as A, but for the case in Figure 5E, 5F. 777 

D. The effects of different spike thresholds on the frequency bandwidths of spike TRFs for 778 

the SS neuron in A. 779 

E. Same as (D), but for the SA neuron in B. 780 

F. Same as (D), but for the SL neuron in C.  781 

 782 

Figure 8. The effects of synaptic currents attenuated by space-clamping errors on 783 

membrane potential responses 784 

A. Synaptic currents evoked by CF tones (16 kHz) at 60 dB SPL when the membrane 785 

potential of the example SS neuron was clamped at different holding voltages. Grey 786 

arrowhead indicates tone onset. 787 

B. I-V relationships for the three neurons in Figure 5A-F. I-V curves for synaptic currents 788 

averaged within a time window between 13 and 15 ms after the stimulus onset. M SD. 789 

SS, grey; SA, blue; SL: orange.  790 

C. Simulated membrane potential responses when excitatory inputs were attenuated by 10% 791 

to 90%. Data point at 0% indicates simulation from non-attenuated synaptic inputs. Inset: 792 

non-attenuated EPSC (blue) and IPSC (red) used in simulation. 793 

D. Simulated membrane potential responses when inhibitory inputs were attenuated by 10% 794 

to 90%. Data point at 0% indicates simulation from non-attenuated synaptic inputs. 795 
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E. Simulated membrane potential responses when the relative latency between excitatory 796 

and inhibitory inputs were adjusted between -8 ms and 8 ms (inhibitory minus excitatory, 797 

negativity indicates leading inhibition). 798 

 799 

Figure 9. Frequency selectivity of simulated and recorded spike responses 800 

A. Distribution of Q30 values of simulated spike TRFs. 801 

B. Scatter plot of Q30 values of simulated spike TRFs vs. CFs. 802 

C. Scatter plot of MTs of simulated spike TRFs vs. CFs. 803 

D. Q values of simulated spike TRFs at different sound intensities above MT for sensitive 804 

and selective neurons. Asterisks indicate significance of SL vs. SS and SL vs. SA. 805 

E. Q30 values of excitatory inputs (E), inhibitory inputs (I), simulated spike (Sim), and 806 

recorded actual spike (Spikes) for the three types of neurons. Asterisks indicate 807 

significance.  808 

F. Q30 values of simulated spike TRFs vs. that of recorded actual spike TRFs.  809 

 810 

Figure 10. Schematic drawing of potential neural circuits for sensitive and selective 811 

neurons. 812 

A. Neural circuits for SS, SA, and SL neurons. f0, f1, f2… to fn indicate different frequency 813 

channels, thickness represent synaptic strengths with excitatory projections in blue, and 814 

inhibitory innervations in orange.  815 

B. Excitatory (E, blue) and inhibitory (I, orange) frequency tuning curves for SS, SA, and 816 

SL neurons. 817 

  818 
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