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Identified GABAergic and Glutamatergic Neurons in the
Mouse Inferior Colliculus Share Similar Response Properties
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GABAergic neurons in the inferior colliculus (IC) play a critical role in auditory information processing, yet their responses to sound are
unknown. Here, we used optogenetic methods to characterize the response properties of GABAergic and presumed glutamatergic neu-
rons to sound in the IC. We found that responses to pure tones of both inhibitory and excitatory classes of neurons were similar in their
thresholds, response latencies, rate-level functions, and frequency tuning, but GABAergic neurons may have higher spontaneous firing
rates. In contrast to their responses to pure tones, the inhibitory and excitatory neurons differed in their ability to follow amplitude
modulations. The responses of both cell classes were affected by their location regardless of the cell type, especially in terms of their
frequency tuning. These results show that the synaptic domain, a unique organization of local neural circuits in the IC, may interact with
all types of neurons to produce their ultimate response to sound.
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Introduction
Inhibition plays a crucial role in computation in the brain. In the
sensory pathway, it is known that the interaction of excitatory
and inhibitory synaptic inputs shapes the neural information
processing to sensory inputs (Wehr and Zador, 2003; Wu et al.,
2006; Sato et al., 2016). Thus, it is essential to consider the excit-
atory and inhibitory components to explain the function of a
neural circuit (van Vreeswijk and Sompolinsky, 1996; Carandini
and Heeger, 2011; Carney et al., 2016).

The inferior colliculus (IC) is an obligatory auditory center in
the midbrain where all the auditory information from parallel

pathways in the brainstem is integrated and sent to the forebrain.
In the IC, �25% of neurons are GABAergic (Oliver et al., 1994;
Merchán et al., 2005; Ono et al., 2005), whereas all other neurons
are glutamatergic. Virtually, all the IC neurons receive inhibitory
inputs, and these strongly affect the responses to sound (Gittel-
man et al., 2009; Kuo and Wu, 2012; Li and Pollak, 2013; Xiong et
al., 2013; Ono and Oliver, 2014a, b). Furthermore, the IC has a
unique inhibitory neural circuit that includes several types of
GABAergic neurons. One of these, a large-sized GABAergic neu-
ron with dense axosomatic excitatory inputs, projects to the me-
dial geniculate body (Ito et al., 2009). However, despite their
importance (Pollak et al., 2011), it is unknown how any of types
of GABAergic neurons in the IC respond to sound because the
GABAergic neurons have never been identified in electrophysio-
logical recordings in vivo.

Recently, using an optogenetics method, we successfully iden-
tified GABAergic neurons in the IC in vivo (Ono et al., 2016). We
used VGAT-ChR2(H134R)-EYFP mice (Zhao et al., 2011) in
which all inhibitory neurons (GABAergic and glycinergic neu-
rons) specifically express channelrhodopsin-2. In this transgenic
animal, a monochromatic laser-light stimulus of the IC from the
brain surface evoked firing in GABAergic and inhibited firing in
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Significance Statement

Although the inferior colliculus (IC) in the auditory midbrain is composed of different types of neurons, little is known about how
these specific types of neurons respond to sound. Here, for the first time, we characterized the response properties of GABAergic
and glutamatergic neurons in the IC. Both classes of neurons had diverse response properties to tones but were overall similar,
except for the spontaneous activity and their ability to follow amplitude-modulated sound. Both classes of neurons may compose
a basic local circuit that is replicated throughout the IC. Within each local circuit, the inputs to the local circuit may have a greater
influence in determining the response properties to sound than the specific neuron types.
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glutamatergic neurons (Ono et al., 2016). This method enabled us to
efficiently isolate and separate the neural responses of GABAergic
neurons from those of glutamatergic neurons in the IC.

In the present study, we used our optogenetic methods to test
the response properties of both GABAergic and glutamatergic
neurons to tones and amplitude-modulated (AM) sound. We found
that both classes of neurons were heterogeneous with diverse re-
sponse properties to sound. In the responses to tones, the population
data from both cell classes showed no clear differences. In contrast,
GABAergic and glutamatergic neurons did differ in their responses
to AM sound. They also differed in their spontaneous firing rate. The
response properties of both cell classes were affected by their location
in the IC, in that nearby neurons shared similar frequency response
areas (FRAs), regardless of the cell types. In addition, the maximum
firing rates and the FRA’s bandwidths (BWs) of both cell classes
varied in subregions of the IC.

Materials and Methods
Ethical approval. All experiments were approved by the Animal Care and
Use Committee at the University of Connecticut Health Center and done
in accordance with institutional guidelines and with the National Insti-
tutes of Health Guide for the care and use of laboratory animals. All efforts
were made to minimize the number of animals used and their suffering.

Animals. We used 88 transgenic mice (VGAT-mhChR2-YFP, Tg(Slc32a1-
COP4*H134R/EYFP)8Gfng/J; #14548, The Jackson Laboratory; VGAT-
ChR2 mice) of either sex (postnatal day 1.5– 4 months). The breeding
procedure was described previously (Ono et al., 2016).

Sound system. Acoustic stimuli were generated by a TDT System 3
(Tucker Davis Technologies) under the control of custom software
(Brian Bishop, University of Connecticut Health Center, Farmington,
CT) written in MATLAB (The MathWorks). All sounds were delivered
by a closed system that included electrostatic speakers (Tucker Davis
Technologies EC1) coupled to small metal tubes inserted into the exter-
nal auditory meatus to minimize the acoustic crosstalk (Ono and Oliver,
2014b). The sound system was calibrated from 100 to 100,000 Hz by
using a 1⁄4 inch microphone (Type 4135, Brüel & Kjaer) at the end of the
ear tubes.

Surgical preparation. VGAT-ChR2 mice were anesthetized with a mix-
ture of ketamine (100 mg/kg), xylazine (20 mg/kg), and acepromazine
(10 mg/kg), and maintained in an areflexive state with isoflurane (0.5%–
1%) mixed with oxygen during the surgery and recording. Body temper-
ature was monitored and maintained at �35°C by a DC temperature
controller (FHC). Vital signs also were monitored (MouseOx Plus, Starr
Life Science), and the surgery and recordings were done in a double-
walled sound-attenuating chamber (IAC).

The surgical procedure was described previously (Ono and Oliver,
2014a, b). After the craniotomy, the auditory brainstem response (ABR)
to a click (0.5 ms) was measured to verify normal hearing. The threshold
of the ABR was �30 dB (left, 31.5 � 0.7 dB, right, 30.9 � 0.7 dB, n � 88).
Mice were used for experiments only when the ABR threshold was �40 dB.

Single-unit recordings with optogenetic identification of cell types. The
procedure for the single-unit recordings with optogenetic cell type iden-
tification was described previously (Ono et al., 2016). Briefly, single-cell
extracellular recordings were obtained using borosilicate glass pipettes
filled with 0.01 M PBS, pH 7.4, with 2% Neurobiotin (4 –7 M�). After the
single unit was isolated, we identified the cell type optogenetically. Light
was generated by a blue laser (MBL-���-473 nm to 200 mW, CNI) and
delivered through a 400-�m-diameter optical fiber whose tip was placed
several millimeters above the brain surface. The light stimulus was a
10 –50 mW/mm 2 light pulse at the fiber tip. In most experiments, a 30 ms
light pulse was used, but in some experiments, a longer pulse up to 250
ms was used. Light pulses were given every 4 s. Light-evoked firing in
GABAergic neurons but suppressed spikes in other neurons. We judged
that the neuron was suppressed when the light reduced sound evoked
spikes by �50%. In the previous study (Ono et al., 2016), we also verified
the validity of the optogenetic identification by immunohistochemical
identification of GAD67.

The signals were amplified, bandpass filtered from 300 to 4000 Hz, and
sampled at 10 kHz with a Multiclamp 700B Amplifier, Digidata 1440A
digitizer and Clampex 10.2 system (Molecular Devices). The voltage sig-
nals were recorded in current-clamp mode. In parallel with recording the
signals, the spike times were extracted using a window discriminator and
recorded with the Tucker Davis Technologies System 3 and MATLAB
software.

Acoustic stimuli. After the cell type identification, the neuron’s best
frequency (BF) was determined by using 100 ms contralateral tone bursts
at 70 – 80 dB (5 ms rise/fall). First, we presented the pure tones whose
frequency ranged from 2 to 76.1 kHz (0.25 octave step, 3 times) and then
presented tones with smaller frequency steps within a narrow frequency
range. We used 500 Hz or 1 kHz steps when the BF was �20 or �20 kHz,
respectively. In many neurons, the characteristic frequency (CF) and
threshold also were determined by reducing the sound intensity (5 dB
step). BF was defined as the frequency where the neuron showed the
strongest response. CF was defined as the frequency where the lowest
sound level could evoke the response. At BF or CF, the sound intensity
was varied from 0 to 80 dB (5 dB step) to obtain the rate-intensity func-
tion. The spike latency was measured as the shortest interval between the
sound onset and the first spike in the responses to 0 – 80 dB BF or CF
tones. Peristimulus time histograms (PSTHs) were obtained by present-
ing 100 or 200 ms CF tones 20 times (every 1 s) that varied in sound
intensity from 10 to 40 dB above threshold.

In some experiments, we also recorded the FRA and/or the responses
to AM sound. The FRA was obtained from the pseudorandomly pre-
sented pure tones, which were presented to both ears, ipsilateral ear and
contralateral ear sequentially (100 ms duration, 200 ms interval). The
frequency was varied from 2 to 76.1 kHz (0.25 octave step). The sound
intensity was varied from 0 to 80 dB. For AM sound, we used either a
sinusoid or a raised sine modulation envelope (Bernstein and Trahiotis,
2010). To obtain the modulation transfer function, we used 60 –70 dB
AM one-octave noise (1 s every 2 s, presented 2– 4 times) varying the
modulation frequency from 2 to 512 Hz (1 octave steps). In some exper-
iments, we measured the spike jitter and reliability by the shuffled corre-
logram method (Zheng and Escabí, 2008, 2013). To measure the spike
jitter and reliability, we repeated the AM stimuli (2 s every 4 s) 10 times
for each modulation frequency.

Histology. The histological procedure was described previously (Ono
et al., 2016). Briefly, after recording a single cell, the recording site was
marked with Neurobiotin by current injection (200 nA, 50% duty cycle
of 500 ms, 5 min). When the electrophysiological experiment was fin-
ished, animals were given additional anesthesia (200 mg/kg ketamine/40
mg/kg xylazine/20 mg/kg acepromazine) and were transcardially per-
fused with 0.01 M PBS, pH 7.4, followed by 4% PFA in 0.1 M buffer, pH
7.4. After dissection, brains were postfixed in 4% PFA and then stored in
30% sucrose solution.

To identify the recording location and subregions of the IC, we used
the relative density of glycinergic and GABAergic axons. Brains were
sectioned at 40 �m and stained immunohistochemically. We used pri-
mary antibodies for GAD67 (mouse anti-GAD67, Millipore MAB5406,
1:3000)andGLYT2(guineapiganti-GLYT2MilliporeAB1773,1:10,000).After
washing, the sections were reacted with secondary antibodies and
streptavidin (Invitrogen Streptavidin AlexaFluor-568, 1 mg/ml). Sec-
ondary antibodies were AlexaFluor-488 goat anti-mouse (1:200) and
AlexaFluor-647 goat anti-guinea pig (1:200). After staining, the sections
were mounted, coverslipped, and imaged with a Zeiss Axiovert 200M
microscope (Carl Zeiss). The presence of glycinergic axons defined the
central nucleus of IC (ICC), where in area 1 GLYT2 � GAD67, in area 2
GAD67 � GLYT2, at the border where GLYT2 � GAD67, and in cortex
of IC GLYT2 was absent. The recording locations were identified by the
Streptavidin AlexaFluor-568 signals in the sections. When multiple neu-
rons were recorded in an animal, the location of each neuron was based
on the recording depth and the mediolateral and anteroposterior posi-
tion of the neuron in the IC. We excluded the data when the correspon-
dence between the recording depth and the labeled site was ambiguous.

Data analysis. Data were analyzed with Clampex 10.2 and MATLAB.
Spike shape. To analyze the spike shape of the recorded neurons, we

extracted and averaged the spontaneous and/or sound-evoked spikes
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�200 times. The extracted spikes were aligned
to the larger of peak or trough. Spike width was
measured from 20% of the peak to 20% of the
trough (Moore and Wehr, 2013).

Rate-level function analysis. To evaluate the
monotonicity of the rate-level functions, we
measured monotonicity index (MI). MI was
calculated by dividing the response rate at 80
dB by the maximum response rate (Moore and
Wehr, 2013). To analyze the response gain of
the rate-level functions, we fit the rise phase of
the function with a three parameter Gaussian
and extracted the dynamic range for firing rate
(	FR) and sound levels (	dB) from the fit
(Watkins and Barbour, 2011; Moore and
Wehr, 2013). The dynamic range for firing rate
and sound level was measured as the difference
of firing rate and sound level between 20% and
80% of the maximum response of the fitted
curve, respectively. We also calculated the
slope of the rising phase of the rate-level func-
tions, dividing the 	FR by 	dB. In contrast to
the previous studies (Watkins and Barbour, 2011; Moore and Wehr,
2013), we fitted only the rise phase of the functions because we did not
use fitting to analyze the falling phase. We only used the data fitted with
R 2 � 0.8.

PSTH analysis. PSTH was constructed with a bin size of 5 ms. The peak
time of PSTH was measured as the time point that showed the largest
binned response. The duration of PSTH was evaluated at the 20% width.
To obtain the duration of the PSTH curve, we measured the first and the
last time points that intersect the 20% of the PSTH peak. To evaluate the
changes of the peak time and duration by sound intensity, we measured
	peak time and 	duration by subtracting the peak time or duration at 10
dB above threshold from the peak time or duration at 30 dB above
threshold, respectively. In some closely located (�350 �m) neuron pairs,
we measured the correlation coefficient between their PSTHs. The correla-
tion coefficient was measured using the response between 0 and 120 ms after
the sound onset. We calculated the correlation coefficient of PSTHs only
when the interval of CFs of the paired neurons was within 0.25 octave to rule
out the effect of the difference in the stimulus frequencies.

FRA analysis. We used the highest firing rate in the FRA recording as
the maximum firing rate of the recorded neuron. To evaluate the FRA
shape, we measured the BW of the FRA at 10 dB (BW10) and 40 dB
(BW40) above threshold. To measure the BWs, we calculated the cen-
troid and the second moment about the centroid (�m) at each sound level
(Escabí et al., 2007). In contrast to the original method by Escabí et al.
(2007), we used the quadruple value of �m as BW: BW � 4�m. When a
neuron only responded significantly to one frequency tone at a certain
sound level (�m � 0), we set BW as 0.25, the octave step value of our FRA
recording. To compare the FRAs to contralateral and diotic tones, we
measured the threshold shift, the BW index (BWI), and the binaural
maximum firing rate ratio (BMR). The threshold shift was calculated by
subtracting the threshold value to contralateral tones from that to diotic
tones. BWI was calculated as follows:

2 � BWdic /(BWdic � BWcontra)

where BWdic was BW to diotic tones and BWcontra was BW to contralat-
eral tones. The BMR was calculated by dividing maximum firing rate in
the diotic FRA by that in the contralateral FRA. For BWI and rate ratio,
we classified them as decreased when they were �0.75, increased when
they were �1.25, and no change when they were between 0.75 and 1.25.
To evaluate the binaural facilitation or inhibition, we used BWI and
BMR. We set a 25% change in rate or BW as a significant change and
classified the neurons into five groups: No change, Decreased, Increased,
BW increased-Rate decreased, Rate increased-BW decreased. We classi-
fied the neurons within the range indicated by (0.75 � BWI � 1.25) 

(0.75 � BMR � 1.25) as No change. Also, we classified the neurons
within the range indicated by (BWI � 1.25) 
 (BMR � 1.25)�(0.75 �

BWI � 1.25) 
 (0.75 � BMR � 1.25) as Decreased and the neurons
within the range indicated by (0.75 � BWI) 
 (0.75 � BMR)�(0.75 �
BWI � 1.25) 
 (0.75 � BMR � 1.25) as Increased. The neurons within
the range indicated by (1.25 � BWI) 
 (BMR � 0.75) were classified as
BW increased-Rate decreased. Conversely, the neurons within the range
indicated by (BWI � 0.75) 
 (1.25 � BMR) were classified as Rate
increased-BW decreased.

For closely located (�350 �m) neuron pairs, we measured the corre-
lation coefficient between the FRAs to contralateral tones. The correla-
tion coefficient was calculated between the data matrices of the FRA
using the “corrcoef” function in MATLAB. For CF and threshold analy-
sis, we did not use the values from FRA recordings.

AM sound analysis. The rate modulation transfer function (rMTF) was
constructed from the firing rate during the sound presentation excluding
the onset component (�100 ms). The property of the rMTF was evalu-
ated by their shape. First, we excluded from the shape evaluation the
neurons with low maximum firing rate to AM sound (�5 Hz) from
shape evaluation and classified them as low rate. For shape evaluation, we
first normalized an rMTF by its maximum firing rate. Then, we set three
boundaries (0.25, 0.5, and 0.75) and checked whether the normalized
firing rate crossed the boundaries when the modulation frequency in-
creased by an octave step. When the normalized firing rate crossed the
lines in the upper or lower direction, we judged the change as UP or
DOWN, respectively. When the normalized firing rate did not cross the
lines, we classified it as STAY. If the rMTF showed only DOWN or STAY,
we classified it as low pass. When the rMTF only showed UP or STAY, we
classified it as high pass. We classified the rMTF as band reject when the
rMTF showed a transition from the sequence of DOWN and STAY to
that of UP and STAY only once. Conversely, when the rMTF showed a
transition from UP to DOWN only one time, we classified it as bandpass.
When rMTF had several transitions from UP to DOWN or DOWN to
UP, we classified it as multipeak.

In addition to the rMTFs, the temporal modulation transfer function
(tMTF) was also measured. Synchronization was assessed by Rayleigh
test ( p � 0.01). For this analysis, only the recordings, repeated four times,
were used. Further, vector strength was measured to construct tMTF
only when the response was significantly synchronized to the envelope.
In some experiments, the spike jitter and reliability were measured using
shuffled correlogram method (Zheng and Escabí, 2008, 2013).

Statistical analysis. The data from two groups were evaluated by the
Wilcoxon signed-rank test. For multiple comparisons, we used an
ANOVA that was only applied to the groups that satisfied the homoge-
neity of variance examined by the Bartlett test. For other groups, we used
Kruskal–Wallis test. For pairwise comparison among multiple groups,
we used the Tukey HSD test or the Steel–Dwass test. With some data, we
calculated the correlation coefficient ( R), which was also statistically

Figure 1. GABAergic and glutamatergic neurons in the IC had similar spike widths. A, The time difference between trough and
peak was plotted against the spike amplitude. The positive time difference means that the peak preceded the trough and vice
versa. Both in the GABAergic (black, left) and the glutamatergic (red, right) neurons, the peak preceded the trough in large spikes
(inverted triangles), whereas the trough preceded the peak in small spikes (circles). Calibration: Top, 2 mV, 1 ms; Bottom, 0.2 mV,
1 ms. B, Box plots of the spike width, trough-peak interval, and peak/trough amplitude ratio of each spike type. In this and the
subsequent box plots, the box represents 25th, 50th, and 75th percentiles. Whiskers represent 10th and 90th percentiles. Square
in the box represents the mean value. tp, Trough-peak; pt, peak-trough.
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tested by the two-tailed Student’s t test. The criterion for significance was
defined as p � 0.05. When two parameters had a significant R, we per-
formed a regression test and plotted a regression line. Values are ex-
pressed as mean � SEM unless otherwise indicated.

Results
We used VGAT-ChR2(H134R)-EYFP mice to distinguish GABAergic
neurons from glutamatergic neurons in vivo. Using this optoge-
netics method, we recorded the responses to sound from 135
GABAergic and 166 glutamatergic neurons. These two classes of
neurons differed primarily in their spontaneous firing rates and
responses to modulated sound, but other properties were heter-
ogeneous and not easily separable.

GABAergic and glutamatergic neurons did not differ in spike
shape or width
We compared the spike shapes of GABAergic and glutamatergic
neurons in IC identified optogenetically and observed two differ-
ent spike shapes: trough-peak spikes (where trough preceded the
peak) and peak-trough spikes (vice versa, Fig. 1). These patterns
were related to the spike size rather than the type of neuron (Fig.
1A), and it is likely a reflection of the distance between the elec-
trode and the neuron (Henze et al., 2000). We measured the 20%
spike width, the interval between the trough and peak, and the

peak/trough amplitude ratio (Fig. 1B), the
same metrics used to identify interneu-
rons in the neocortex (Moore and Wehr,
2013; Lee et al., 2016) but found no signif-
icant difference between GABAergic and
glutamatergic neurons (Table 1). This
suggests that GABAergic and glutamater-
gic classes have no distinctive difference in
spike shape in IC.

GABAergic neurons had higher
spontaneous firing rates than
glutamatergic neurons
We compared the spontaneous firing of
the GABAergic neurons to that of glutama-
tergic neurons (Fig. 2A). The spontaneous
firing rates of the GABAergic neurons
(0.88 � 0.34 Hz, n � 135) were signifi-
cantly higher than those of the glutama-
tergic neurons (0.32 � 0.15 Hz, n � 166,
p � 0.014, Wilcoxon signed-rank test).
However, most neurons in these anesthe-
tized mice had no spontaneous firing
(GABAergic neurons, 68.1%, glutamater-
gic neurons, 79.5%).

GABAergic and glutamatergic neurons
had heterogeneous spike thresholds,
latencies, and rate-level functions
The spike thresholds of GABAergic and
glutamatergic neurons in the IC were di-
verse (Fig. 2B) and showed the expected
dependency on the CF (Egorova et al.,
2001). When the CF was low (�8 Hz) or
high (�32 Hz), the thresholds were
higher (Fig. 2B). The mean threshold of
the GABAergic neurons (33.1 � 1.6 dB,
n � 75) was not significantly different
from that of the glutamatergic neurons
(37.1 � 1.5 dB, n � 101, p � 0.078, Wil-

coxon signed-rank test). The CF of the both classes was correlated
with the recording depth (Fig. 2C; r � 0.545 and r � 0.550 for
GABAergic and glutamatergic neurons, respectively), consistent
with the general tonotopicity of the IC (Romand and Ehret, 1990;
Portfors and Roberts, 2014). The CFs and the spike latencies were
weakly correlated (r � 0.032 and r � �0.117 for GABAergic and
glutamatergic neurons, respectively).

For both GABAergic and glutamatergic neurons, the spike
latency showed a weak but significant negative correlation with
the recording depth (Fig. 2D; r � �0.275 and r � �0.269 for
GABAergic and glutamatergic neurons, respectively; p � 0.01),
and both classes were heterogeneous populations with both
short- and long-latency subtypes. Latencies of both types were

Figure 2. The spontaneous firing rates and the response to CF tones of the GABAergic and glutamatergic neurons in the IC.
A, The spontaneous firing rates of GABAergic (black) and glutamatergic (red) neurons were plotted by probabilistic curves. *p �
0.05. B, The threshold sound intensities of the GABAergic (black square) and glutamatergic (red squares) neurons plotted relative
to the CFs. C, CF was plotted against the depth of the recording site. Black lines indicate the fitted line for the data of the GABAergic
neurons. Red lines indicate the fitted line for the data of the glutamatergic neurons ( y � 11.92 � 0.0084 x, and y � 10.97 �
0.0096 x). D, Spike latency was plotted against the depth of the recording site. Black lines indicate the fitted line for the data of the
GABAergic neurons. Red lines indicate the fitted line for the data of the glutamatergic neurons ( y � 35.74 � 0.012 x, and y �
30.38 � 0.0096 x). E, The examples of the RLFs. Both were recorded from GABAergic neurons. Left, Monotonic RLFs. Right,
Nonmonotonic RLFs. Horizontal dotted lines indicate the 	dB. Vertical dotted lines indicate the 	FR. F, The histograms of MIs.
Dotted lines indicate the border of monotonic (M), moderate nonmonotonic (NM), and strong nonmonotonic (SN). G–I,
Box plots of 	dB (G), 	FR (H ), and slope (I ). Boxplots were presented with histograms (left to boxplots). *p � 0.05;
**p � 0.01.

Table 1. The parameters of the spike shape

GABAergic Glutamatergic p

Trough-peak spikes n � 93 n � 105
20% width (ms) 1.03 � 0.02 0.99 � 0.03 0.34
Peak-trough interval (ms) 0.35 � 0.01 0.33 � 0.01 0.28
Peak/trough amplitude ratio 0.56 � 0.01 0.62 � 0.02 0.07

Peak-trough spikes n � 28 n � 32
20% width (ms) 0.95 � 0.07 0.92 � 0.05 1.0
Peak-trough interval (ms) 0.38 � 0.02 0.39 � 0.02 0.89
Peak/trough amplitude ratio 1.07 � 0.05 1.03 � 0.06 0.56
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similar when sorted according to record-
ing depth. The mean spike latencies of
GABAergic neurons ranged from 34.0 �
5.3 ms at 0 – 0.4 mm depth (n � 4) to
13.8 � 3.4 ms (n � 8) at 1.6 –2.0 mm
depth. The spike latencies of glutamatergic
neurons ranged from 26.9 � 6.3 ms (n �
10) at 0–0.4 mm depth to 15.3 � 2.6 ms
(n � 15) at the depth of 1.6–2.0 mm (p val-
ues of Wilcoxon signed-rank test between
GABAergic and glutamatergic neurons
were 0.257, 0.424, 0.95, 0.093, and 0.559,
respectively).

Both GABAergic and glutamatergic
neurons can have either monotonic or
nonmonotonic rate level functions (RLFs,
Fig. 2E–I). The MI (Fig. 2E,F; see Materi-
als and Methods) indicated similar RLFs
for both GABAergic (0.74 � 0.03, n � 74)
and glutamatergic neurons (0.79 � 0.03,
n � 101, p � 0.092, Wilcoxon signed-rank
test) (Fig. 2F). Both cell groups had simi-
lar proportions of monotonic (0.8 � MI,
GABA, 55.4%, GLU, 59.2%), moderately
nonmonotonic (0.4 � MI � 0.8, GABA,
29.7%, GLU, 29.1%) and strongly non-
monotonic RLFs (MI � 0.4, GABA,
14.9%, GLU, 9.7%) (p � 0.573, Fisher’s
exact test).

There was no overall difference in the
response gain of GABAergic and glutama-
tergic classes in the IC. We measured the
dynamic range for sound level (	dB, Fig.
2E,G), firing rate (	FR, Fig. 2E,H), and
the slope for RLFs (dividing 	FR by 	dB,
Fig. 2I). For comparison of these param-
eters, we separated the neurons by their
cell types and monotonicity (Fig. 2G–I).
Both GABAergic and glutamatergic
strongly nonmonotonic neurons have
lower values for 	dB and 	FR (Fig. 2G,H)
that likely reflects a weak correlation with
MI (	dB, GABA, r � 0.348, GLU, r �
0.315; 	FR, GABA, r � 0.405, GLU, r �
0.190). The strongly nonmonotonic glu-
tamatergic neurons had lower values for
both 	dB (5.0 � 1.0 dB, n � 8) and 	FR
(10.1 � 2.0 Hz) than several other groups
(Fig. 2G,H; 	dB, p � 0.0008, 	FR, p �
0.0016, Kruskal–Wallis test), but there
were no significant differences in the slope
among the groups (Fig. 2I; p � 0.7432,
Kruskal–Wallis test). These results sug-
gested that the strongly nonmonotonic
glutamatergic neurons are a distinct sub-
group in the IC.

GABAergic and glutamatergic neurons
had heterogeneous FRAs and
binaural responses
Spectral tuning of GABAergic and gluta-
matergic neurons was diverse in the IC
(Fig. 3A,C). Figure 3A shows FRA from

Figure 3. FRAs of GABAergic and glutamatergic neurons in the IC. A, FRAs from two GABAergic neurons. Left panels,
FRAs to contralateral tones. Middle panels, FRAs to diotic tones. Right panels, FRAs to ipsilateral tones. These neurons had
no response to ipsilateral tones. Circles represent the centroids. Lines in FRAs indicate BWs. B, The FRA BWs. The FRA BWs
at 10 dB and 40 dB above threshold (BW10 and BW40) were measured and compared between GABAergic and glutama-
tergic neurons. C, Histograms of the ratio of BW40 to BW10. Dotted line indicates the ratio of 1. D, Histograms of the
maximum firing rates of GABAergic and glutamatergic neurons in their FRAs. E, The threshold shift between the FRAs to
contralateral and diotic tones. The positive value indicates that the threshold to diotic tones was higher than the threshold
to contralateral tones. F, The comparison of the BW and maximum firing rate in the contralateral and diotic FRAs. The BWI
(see Materials and Methods) was plotted against the rate ratio (BMR). We calculated BWI for BW10 (top) and BW40
(bottom). Green squares represent the range within 25% changes in BW and rate. Blue and magenta dotted lines indicate
the border of the categories of binaural effect. G, The percentage of the neurons in different categories of binaural effect
on FRA. The binaural effect was classified into five categories: No change (N), Decreased (D), Increased (I), BW increased-
rate decreased (B), and Rate increased-BW decreased (R).
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two GABAergic neurons that differ in the sharpness of their fre-
quency tuning. There was no significant difference between BW
of the GABAergic and glutamatergic neurons at 10 and 40 dB
above threshold (Fig. 3B; BW10, 0.32 � 0.04 octave and 0.29 �
0.02 octave for GABAergic and glutamatergic neurons, respec-
tively, p � 0.949, Wilcoxon signed-rank test; BW40, 0.66 � 0.05
octave and 0.61 � 0.04 octave, p � 0.48). The ratio of BW40 to
BW10 (Fig. 3C) showed that most neurons of both classes had a
V-shaped FRA with ratio values �1. Only 6% of GABAergic (3 of
46) and 4% of glutamatergic neurons (2 of 55) had ratios �1.0
indicating an I-type or O-type FRA (Ramachandran et al., 1999).

There was no significant difference in the
mean value of this ratio between GABAe-
rgic (2.20 � 0.32) and glutamatergic
classes (2.61 � 0.26, p � 0.829, Wilcoxon
signed-rank test). The maximum firing
rate in response to contralateral tones did
not differ for both classes of neurons (Fig.
3D; 40.6 � 3.7 Hz and 46.0 � 3.0 Hz for
GABAergic and glutamatergic neurons,
respectively; p � 0.188, Wilcoxon signed-
rank test).

To ask whether cell class predicted the
binaural response, we recorded the FRA
to contralateral, ipsilateral, and diotic
tones in the same stimulus waveform (Fig.
3A). Most GABAergic (49 of 73) and glu-
tamatergic neurons (78 of 108) did not
fire in response to stimuli in the ipsilateral
ear alone (Fig. 3A); and in 54% of GABAe-
rgic neurons (36 of 67) and 58% of gluta-
matergic neurons (57 of 99), there was no
threshold shift due to diotic tone pre-
sentation (Fig. 3E). When the threshold
evoked by the contralateral tones was
compared with that evoked by the diotic
tones, we found that slightly more neu-
rons had negative thresholds shifts than
positive threshold shifts (mean threshold
shift, �3.6 � 1.1 dB for GABAergic and
�1.4 � 0.9 dB for glutamatergic neurons,
p � 0.240, Wilcoxon signed-rank test).

To evaluate suprathreshold binaural
effects, we compared the maximum firing
rate and BW in contralateral and diotic
FRAs. For this comparison, we calculated
the BMR and the BWI (see Materials and
Methods). Both BWI and BMR clustered
�1.0 indicating little binaural effect (Fig.
3F). The BWI and BMR were moderately
correlated in GABAergic neurons (corre-
lation coefficient, 0.45 and 0.44 for BWI10
and BWI40, respectively), whereas they
were less well correlated in glutamatergic
neurons (correlation coefficient, 0.20 and
0.11, for BWI10 and BWI40, respectively).
Changes �25% were classified as no
change (N). Otherwise, both parameters de-
creased (Fig. 3F, blue dotted lines), in-
creased (Fig. 3F, magenta dotted lines), or
were changing in different directions (BW
increased-rate decreased, Fig. 3F, top left ar-
ea; Rate increased-BW decreased, Fig. 3F,

bottom right area). The majority of neurons showed decreased or no
change (Fig. 3G) in both GABAergic (decreased, BW10, 41.4%,
BW40, 37.0%; no change, BW10, 34.3%, BW40, 34.9%) and gluta-
matergic neurons (decreased, BW10, 43.7%, BW40, 38.9%; no
change, BW10, 27.2%, BW40, 35.2%). Thus, the effect of ipsilateral
tones was more frequently suppressive than facilitative in the
FRA. The percentage of each class was not significantly differ-
ent between GABAergic and glutamatergic neurons (Fig. 3G;
BW10, p � 0.577, BW40, p � 0.069, Fisher’s exact test). Con-
sequently, these results suggest that GABAergic and glutama-
tergic classes did not predict the binaural responses.

Figure 4. Closely located IC neurons shared similar FRAs. A, The FRAs of closely located GABAergic (left) and glutamatergic
(right) neurons. The distance between these neurons was 76 �m. B, The comparison of the BWs between nearby GABAergic and
glutamatergic neuron within 0 –100 �m. Left panel, BW10. Right panel, BW40. C, Left, The correlation coefficient of the FRAs of
paired neurons was plotted against the distance between the neurons. Right, The data were separated by the ranges of the distance
between the pair (0 –100, 100 –200, and 200 –350 �m) and compared. Correlation coefficients: GABA-GLU, r � 0.58 � 0.05, n � 15;
GLU-GLU, r�0.54�0.10, n�7; GABA-GABA, r�0.60�0.15, n�3; 100 –200�m: GABA-GLU, r�0.48�0.09, n�4; GLU-GLU,
r � 0.52 � 0.10, n � 9; GABA-GABA, r � 0.38 � 0.14, n � 2; 200 –350 �m: GABA-GLU, r � 0.48 � 0.11, n � 5; GLU-GLU, 0.46 �
0.13, n � 6; GABA-GABA, 0.39 � 0.02, n � 3. D–G, Closely located neuron pairs (0 –100 �m) are compared for (D) BF, (E) BWI10,
(F ) BWI40, and (G) binaural rate ratio. Left plots, Scattered plots of the parameter of paired neurons. Right panels, Histograms of
the ratio of the parameters of the paired neurons. The ratio of the smaller value to the larger value is shown.
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Nearby GABAergic and glutamatergic
neurons were more similar in their FRA
Pairs of nearby neurons can share similar
frequency tuning to monaural sounds due
to shared inputs (Fig. 4A). We compared
the recordings of pairs of GABAergic and
glutamatergic neurons in the same mouse
to test whether they might share the same
inputs and (Fig. 4A). The BW of GABAe-
rgic and glutamatergic neurons within
0 –100 �m was similar (Fig. 4B; BW10,
p � 0.182, BW40, p � 0.938, paired Wil-
coxon signed-rank test). When the corre-
lation coefficient of FRAs was plotted
against the distance between pairs of
GABA-GLU and GLU-GLU neurons, the
correlation coefficient had a statistically
significant (p � 0.05) negative correlation
with the interval (Fig. 4C, left; GABA-
GLU, r � �0.414, GLU-GLU, r �
�0.542). The FRAs were moderately cor-
related between neuron pairs within
0 –350 �m, regardless of their combina-
tion of neuronal types (Fig. 4C, right).

The ratio of BF, BWI10, BWI40, and
BMR values in pairs of IC neurons within
0 –100 �m was used to measure the simi-
larity of the pair (smaller/larger; Fig. 4D–
G). The GABAergic and glutamatergic
pairs shared similar BF values (Fig. 4D;
r � 0.92 � 0.03, n � 16), but in other
parameters, they were less similar (Fig.
4E–G; BWI10, r � 0.75 � 0.06, n � 16,
BWI40, r � 0.69 � 0.12, n � 8, BMR, r �
0.54 � 0.08, n � 16). To evaluate whether
the ratios differed from chance levels, we
compared the measured ratios with boot-
strapped values (
1000; Fig. 4D–G, green
lines). Bootstrapping was done by extract-
ing a random pair of values from the
paired recorded data within 0 –100 �m.
The measured BFs were significant above
the chance level (p � 0.0018, Wilcoxon
signed-rank test), whereas the ratios of
other parameters were not significantly different from chance
(p � 0.931, p � 0.996, and p � 0.906 for BWI10, BWI40, and
BMR, respectively, Wilcoxon signed-rank test). For glutamatergic
neuron pairs, the ratios of the BF (0.80 � 0.09, n � 6, p � 0.549),
BWI10 (0.90 � 0.02, n � 6, p � 0.843), and BMR (0.70 � 0.06,
n � 6, p � 0.589) were not different from the chance level (Wil-
coxon signed-rank test). Other pairings were excluded because of
small sample size. Thus, pairs of nearby IC neurons often shared
a similar BF, but the other properties were less similar than that
expected by chance pairings.

PSTHs had diverse temporal patterns in the IC
When we compared the properties of PSTHs in response to CF
tones (100 ms), we found that the PSTH peak time and duration
(20% width; see Materials and Methods) for different sound in-
tensities were distributed within similar ranges for both GABAe-
rgic and glutamatergic neurons (Fig. 5A; Table 2). The PSTHs of
nearby neurons were diverse and poorly correlated (Fig. 5B; some
points are �0).

For most GABAergic and glutamatergic neurons, the peak
time did not change dramatically with sound level (Fig. 5C,D),
but the duration of the response was sensitive to sound intensity
(Fig. 5F,G). In both GABAergic and glutamatergic neurons (Fig.
5E), the mean of the 	peak time (30 dB response less 10 dB
response) was �0 (GABA, 1.6 � 4.0 ms, GLU, �2.2 � 5.0 dB, p �
0.175, Wilcoxon signed-rank test). More GABAergic neurons

Figure 5. PSTH patterns of GABAergic and glutamatergic neurons in the IC. A, The duration of the PSTH was plotted against the
peak time of the PSTH. Panels represent responses to different sound intensities (10 and 30 dB above threshold). B, The correlation
coefficients of PSTHs of closely located neurons. The correlation coefficient was plotted against the distance (interval) between the
pair. Each panel represents the response to a different sound intensity (10 and 30 dB above threshold). C, D, The peak time plotted
against sound intensities (10 – 40 dB above threshold). C, GABAergic neurons. D, Glutamatergic neurons. Left panels, Data whose
maximum value was �50 ms. Right panels, Data whose maximum value was �50 ms. Each line with different colors indicates the
data from a neuron in these and the subsequent plots. E, 	peak time was plotted against the peak time at 10 dB above threshold.
Red line indicates the fitted line for the data of glutamatergic neurons ( y � 11.42 � 0.55x). Dotted line indicates the 0 ms of
	peak time. F, G, Duration plotted against sound intensities (10 – 40 dB above threshold). F, GABAergic neurons. Left panels, Data
whose maximum value was �85 ms. Right panels, Data whose maximum value was �85 ms. G, Glutamatergic neurons. Left
panels, Data whose maximum value was �60 ms. Right panels, Data whose maximum value was �60 ms. H, 	duration was
plotted against the duration at 10 dB above threshold. Black line indicates the fitted line for the data of the GABAergic neurons
( y � 40.46 � 0.45x). Horizontal lines indicate the 0 ms of 	duration at 10 dB above threshold. Vertical lines indicate the 40 ms
of the duration at 10 dB above threshold.

Table 2. PSTH parameters

GABAergic Glutamatergic p

Peak time (ms) dB above threshold
10 dB 33.2 � 5.6 (19) 22.6 � 4.4 (18) 0.118
20 dB 26.3 � 3.5 (20) 24.5 � 4.6 (20) 0.291
40 dB 33.2 � 7.4 (14) 20.5 � 5.9 (10) 0.299

20% width (ms) dB above threshold
10 dB 53.3 � 7.0 (19) 33.7 � 7.1 (18) 0.092
20 dB 61.5 � 6.5 (20) 44.5 � 8.0 (20) 0.098
40 dB 65.2 � 10.2 (14) 39.8 � 11.3 (10) 0.278

8958 • J. Neurosci., September 13, 2017 • 37(37):8952– 8964 Ono et al. • Sound Response of GABAergic Neurons in the IC



(36.8%, 7 of 19) had positive 	peak time
than glutamatergic neurons (12.5%, 2 of
16); however, the difference was not sig-
nificant ( p � 0.135, Fisher’s exact test).
In the glutamatergic neurons, 	peak
time was negatively correlated with the
peak time at 10 dB above threshold (r �
�0.525, p � 0.037), although it was not
in GABAergic neurons ( p � 0.215).
This result suggested that the accelera-
tion of the peak time might be stronger
in the glutamatergic neurons than in
GABAergic neurons, especially the neu-
rons with buildup responses at low
sound intensity.

In contrast to 	peak time, 	duration
(30 dB response less 10 dB response) was
positive in most neurons, regardless of the
cell types (Fig. 5H; GABA, 16.5 � 6.6 ms;
GLU, 16.5 � 6.7, p � 0.857, Wilcoxon
signed-rank test). In the GABAergic neu-
rons, 	duration was negatively correlated
with duration at 10 dB (r � �0.477, p �
0.039) but not in the glutamatergic neu-
rons (p � 0.884). This might reflect that
more glutamatergic neurons with short
durations at 10 dB had small values of
	duration reflecting a similar duration of
response regardless of sound level (Fig.
5H). To examine this, we separated the
	duration values into two groups based
on the duration at 10 dB, � or �40 ms
(Fig. 5H, vertical dotted line). The gluta-
matergic neurons with low values of dura-
tion at 10 dB had shorter 	duration than
GABAergic neurons (GABA, 28.4 � 11.7
ms, n � 7; GLU, 15.3 � 9.5 ms, n � 11),
but there was no significant difference
(p � 0.869, Steel–Dwass test). These re-
sults show that PSTH duration becomes
more sustained as sound intensity increases
in both GABAergic and glutamatergic neu-
rons, although there is a tendency for
more glutamatergic neurons to have tran-
sient responses that are invariant for
sound level.

GABAergic and glutamatergic neuron
differences in rMTFs
The proportion of the rMTF types in re-
sponse to sinusoidal AM noise differed
somewhat for GABAergic and glutama-
tergic (Fig. 6; p � 0.273, Fisher’s exact
test). Only glutamatergic neurons showed
high pass responses (Fig. 6E). In contrast,
more GABAergic neurons (15.4%) had a
low pass rMTF than glutamatergic neu-
rons (7.8%, Fig. 6A). For the other types
of rMTF, GABAergic and glutamatergic
showed similar proportions (Fig. 6B–D;
Table 3). In response to raised sine enve-
lopes, more neurons showed low pass and
bandpass responses, whereas fewer neu-

Figure 6. rMTF of GABAergic and glutamatergic neurons in response to AM sounds. A–I, Different types of the rMTFs: A, low
pass; B, band reject; C, bandpass; D, multipeak; E, high pass. Left panels, Recordings from GABAergic and neurons. Right panels,
Recordings from glutamatergic neurons. For each cell type, the data are divided into two panels to facilitate visualization of the
traces. Left panels, Data whose maximum firing rate was �20 Hz. Right panels, Data whose maximum firing rate was �20 Hz.
High pass neurons were rare in GABAergic neurons. F, The cutoff frequencies of low pass neurons of GABAergic and glutamatergic
neurons. G, The best modulation frequency and the half-width of the rMTF were measured in the bandpass neurons. H, The trough
frequency and half-width of the rMTF were measured in the band-rejected neurons.
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rons showed band reject and multipeak responses (Table 3). This
trend was observed in both GABAergic and glutamatergic neurons.
Nevertheless, glutamatergic neurons continued to have more high
pass responses than GABAergic neurons for sounds modulated by
raised sine (Table 3).

The rMTFs of GABAergic and glutamatergic neurons covered
similar ranges and had no significant differences in the cutoff
frequency of low pass rMTFs (Fig. 6F), the half-widths (HWs) of
bandpass and band reject rMTFs (Fig. 6G,H). They also did not
differ in the best modulation frequency (BMF) for bandpass
rMTFs and trough frequency (TF) for band reject rMTFs for both
SAM and raised sine stimuli (Fig. 6G,H; Table 4; SAM, p � 0.212,
p � 0.460, p � 0.967, p � 0.738, and p � 0.607, for cutoff fre-
quency, BMF, HW of bandpass, TF, and HW of band reject,
respectively, Wilcoxon signed-rank test; raised sine, p � 0.986,
p � 0.210, p � 0.566, p � 0.158, and p � 0.270, respectively).
When the bandpass and band reject rMTFs were compared, the
BMFs were significantly lower than the TFs (Fig. 6G,H; Table 4,
p � 0.05, Wilcoxon signed-rank test) for both GABAergic and
glutamatergic neurons.

GABAergic and glutamatergic neurons
differed in temporal synchronization to
AM sound
We compared GABAergic and glutama-
tergic neurons in their degree of synchro-
nization to AM noise and raised sine noise
and found differences in the response to
raised sine (Fig. 7). In the response to AM
noise (Fig. 7A, left), GABAergic and glu-
tamatergic neurons had similar percent-
ages of synchronized neurons to different
modulation frequencies (p � 0.910,
paired Wilcoxon signed-rank test). How-
ever, in the response to raised sine AM
sound (Fig. 7A, right), GABAergic and
glutamatergic neurons had different per-
centages of synchronized neurons (p �
0.0078, paired Wilcoxon signed-rank
test): more glutamatergic neurons than
GABAergic neurons showed synchroniza-
tion to AM when the modulation fre-
quency increased (Fig. 7A; see the
percentages �8 Hz). Because the raised
sine AM sound has sharper envelopes than
the SAM tone (Bernstein and Trahiotis,
2010), this result suggests that glutama-
tergic neurons might follow rapid tem-
poral changes in the envelope better
than GABAergic neurons.

We also found differences in the strength of phase-locking to the
envelope (tMTFs; Fig. 7B). In response to AM noise, the gluta-
matergic neurons had a higher vector strength at most modula-
tion frequencies than the GABAergic neurons (significance only
at 2 Hz, p � 0.034, Wilcoxon signed-rank test; Fig. 7B, left). The
averaged tMTFs for SAM tones had bandpass shapes for both
GABAergic and glutamatergic neurons with peaks �32– 64 Hz in
MTFs (Fig. 7B, left). On the other hand, in the response to raised
sine noise, the averaged tMTFs were low pass, and both GABAe-
rgic and glutamatergic neurons had high values of vector
strength up to 32– 64 Hz (Fig. 7B, right). At 64 Hz, glutamatergic
neurons had significantly higher vector strength than GABAergic
neurons (p � 0.025, Wilcoxon signed-rank test) but not at other

modulation frequencies (Fig. 7B, right). Spike jitter (Fig. 7C, left)
and reliable spike number per cycle (Fig. 7C, right) in the re-
sponse to AM sound both showed a decrease as the modulation
frequency increased with no difference between the GABAergic
and glutamatergic neurons (Fig. 7C). These results suggested that
there may be a larger population of glutamatergic neurons syn-
chronized to AM; however, when GABAergic and glutamatergic
neurons are synchronized, they are similar in their ability to fol-
low the envelopes.

The response properties of neurons in different IC regions
Finally, we examined subregions in the IC for differences of re-
sponse of GABA and glutamatergic neurons and found that

Figure 7. tMTFs of GABAergic and glutamatergic neurons in response to AM sounds. A, The percentage of synchronized neurons
to SAM (left) and raised sine (right) with different modulation frequencies. B, Vector strength plotted against the modulation
frequency. Left, SAM. Right, raised sine. *p � 0.05, the modulation frequencies where the vector strength was significantly
different between GABAergic and glutamatergic neurons. C, Spike jitter (left) and reliable spikes per cycle (right) were plotted
against modulation frequency. The values in the response to SAM are shown.

Table 3. The response types of rMTFs

Low pass Band reject Band pass Multipeak High pass Low rate

SAM
GABA 14 (15.4) 18 (19.8) 16 (17.6) 27 (29.7) 0 (0) 16 (17.6)
GLU 8 (7.8) 19 (18.4) 22 (21.3) 29 (28.2) 4 (3.9) 21 (20.4)

Raised sine
GABA 19 (22.4) 9 (10.6) 20 (23.5) 19 (22.4) 1 (1.2) 17 (20.0)
GLU 15 (16.5) 9 (9.9) 29 (31.9) 19 (20.9) 3 (3.3) 16 (17.6)

Table 4. The parameters of low pass, band pass, and band reject rMTFs

Cutoff
frequency (Hz) BMF (Hz) HW (Oct) TF (Hz) HW (Hz)

SAM
GABA 21.2 � 3.6 (14) 24.5 � 4.6 (16)* 3.7 � 0.3 110.8 � 14.8 (19)* 4.9 � 0.4
GLU 14.1 � 2.9 (8) 37.7 � 8.0 (24)* 3.6 � 0.3 113.9 � 10.4 (20)* 4.6 � 0.3

Raised sine
GABA 12.7 � 3.1 (19) 29.6 � 5.0 (20)* 3.0 � 0.3 110.8 � 14.8 (11)* 6.3 � 0.4
GLU 12.6 � 2.4 (14) 48.4 � 8.0 (29)* 3.1 � 0.2 97.5 � 12.7 (9)* 5.6 � 0.4

*BMFs were significantly lower than TFs ( p � 0.05).
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the responses differed according to region more than to cell class.
We applied a two-way factorial ANOVA to CF (data not shown),
threshold (Fig. 8A), maximum firing rate (Fig. 8C), BW10 (Fig.
8D), and BW40 (Fig. 8E) that satisfied the homogeneity of vari-
ance (Bartlett test, p � 0.05), and we examined the statistical
difference due to the cell types (GABA vs glutamatergic) and the
regions. Areas in the central nucleus were defined based on the
relative density of GLYT2- and GAD67-immunostained axons
(see Materials and Methods). There was a significant difference in
CF, maximum firing rate, and BW40 due to the regions (p �
0.0057, p � 0.0271, and p � 0.0022, for CF, maximum firing rate,
and BW40, respectively), but not due to the cell classes (p �
0.0692, p � 0.4302, and p � 0.4294, for CF, maximum firing rate,
and BW40, respectively). In consistent with the tonotopic struc-
ture, the neurons in Area 1 tended to have higher CFs than those
in Area 2 and cortex. The neurons in Area 1 and border had
higher firing rate than those in Area 2 and cortex (Fig. 8C). On the
other hand, the neurons in Area 1 and Area 2 had smaller BW40
than border and cortex neurons (Fig. 8E), which suggested that
the neurons in Area 1 and Area 2 might be more narrowly tuned
than other regions. Maximum firing rate and BW40 were only
weakly or hardly correlated with CF (maximum firing rate, r � 0.190
and r � 0.337 for GABAergic and glutamatergic neurons; BW40,
r � 0.036 and r � �0.181 for GABAergic and glutamatergic

neurons). This suggested that the differ-
ence of maximum rate and BW40 among
the regions were independent from fre-
quency preference. In contrast to the pa-
rameters above, there was no significant
difference in threshold and BW10 (Fig.
8A,D), due to cell types or regions (p �
0.05). The other parameters (latency,
BWI10, BWI40, and the highest modu-
lation frequency with synchronization)
showed no statistical difference between
groups (nonparametric Steel–Dwass test,
p � 0.05). These results suggest that some
response characteristics are more likely to
be influenced by their location than by the
cell type.

Discussion
The present results showed that IC neu-
rons divided into GABAergic and gluta-
matergic classes had diverse response
properties in most cases. The two cell
classes did not show distinct differences in
their spike shape or responses to pure
tones. However, the GABAergic neurons
had a higher rate of spontaneous firing.
More differences in the cell types were ev-
ident in their response to AM sound. Only
glutamatergic neurons had high-pass re-
sponses, and glutamatergic neurons had
more synchronized responses with higher
vector strength. These results suggest that
GABAergic and glutamatergic neurons
may share similar receptive field but have
different temporal properties in the local
circuit. Neurons within the same subre-
gion of the IC had similar responses, so
the location in the IC may predict re-
sponse properties better than the gluta-
matergic or GABAergic class.

Spike shape does not distinguish GABAergic IC neurons
In the neocortex and hippocampus, the shape of the action
potential is often used to separate the glutamatergic pyramidal
neurons and parvalbumin-positive GABAergic interneurons
(Csicsvari et al., 1999; Niell and Stryker, 2008; Ma et al., 2010; but
see Runyan et al., 2010; Moore and Wehr, 2013). Sharp spikes are
the hallmarks of fast spiking interneurons and are used to identify
a subset of GABAergic neurons in these regions. GABAergic neu-
rons also have been reported to have shorter spikes than other
types of neurons in the amygdala (Sosulina et al., 2010), substan-
tia nigra (Ding et al., 2011), and medial septum (Gonzalez-Sulser
et al., 2014). However, in the IC, GABAergic and glutamatergic
classes were not separable by their spike shape or size. This result
is consistent with previous in vitro work that showed the GABAe-
rgic neurons did not have shorter spikes than and glutamatergic
neurons in the IC (Ono et al., 2005). Interestingly, the finding in
IC is similar to that in the several hindbrain nuclei (Uusisaari et
al., 2007; Bal et al., 2009; Saito et al., 2015). Thus, fast spiking is
not a universal marker for GABAergic neurons, although in the
IC, it may be relevant to some subtypes of glutamatergic or
GABAergic neurons (Ono et al., 2005; Ito et al., 2009).

Figure 8. Comparison of the response characters in different subregions in the IC. Individual metrics of the response to sound
compared among the subregions in the IC. A, Threshold, GABA (black); n � 18, n � 13, n � 15, and n � 12 for Area 1, border,
Area 2, and cortex, respectively. The order of the numbers for the different regions is the same in the subsequent descriptions. GLU
(red); n � 32, n � 14, n � 14, and n � 23. B, Latency, GABA; n � 17, n � 16, n � 22, and n � 12. GLU; n � 31, n � 17, n �
24, and n � 22. C, Maximum rate, GABA; n � 15, n � 6, n � 14, and n � 10. GLU; n � 31, n � 14, n � 15, and n � 20. D, BW10,
GABA; n � 15, n � 6, n � 14, and n � 10. GLU; n � 31, n � 14, n � 15, and n � 20. E, BW40, GABA; n � 12, n � 6, n � 9, and
n � 6. GLU; n � 14, n � 9, n � 8, and n � 15. F, BWI10, GABA; n � 15, n � 6, n � 13, and n � 10. GLU; n � 31, n � 14, n �
15, and n � 20. G, BWI40, GABA; n � 12, n � 6, n � 9, and n � 6. GLU; n � 14, n � 9, n � 8, and n � 15. H, The highest
modulation frequency with synchronization to SAM (left, GABA; n � 13, n � 6, n � 11, and n � 9. GLU; n � 19, n � 8, n � 8,
and n � 14) and raised sine (right, GABA; n � 13, n � 7, n � 11, and n � 9. GLU; n � 18, n � 8, n � 7, and n � 14). The
numbers in the figures indicate the number of data in each bar. C, E, The parameters were significantly different among the regions,
but not between cell types: *p � 0.05; **p � 0.01.
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GABAergic neurons had higher spontaneous firing rates than
glutamatergic neurons
We found that the GABAergic neurons in the IC had higher firing
rates than glutamatergic neurons. This result is consistent with a
previous study that reported the inhibitory spontaneous synaptic
inputs were more frequent than the excitatory spontaneous syn-
aptic inputs in the IC (Ono and Oliver, 2014a). GABAergic neu-
rons in the IC may contribute local axons (Winer et al., 1996; Ito
et al., 2009), and spontaneous firing by the IC GABAergic neu-
rons might provide an inhibitory background activity. This could
contribute to gain control (Mitchell and Silver, 2003; Sivara-
makrishnan et al., 2004) or stabilize the network neuronal activity
(Isaacson and Scanziani, 2011). In the neocortex, parvalbumin-
positive GABAergic neurons have higher spontaneous firing rates
than glutamatergic pyramidal neurons (Liu et al., 2009; Moore
and Wehr, 2013; Mesik et al., 2015). However, in contrast to the
neocortex, the GABAergic neurons in the IC did not have higher
firing rates evoked by sound. This might reflect the absence of
fast-spiking neurons in the IC.

Spatial organization may impose common response
properties on GABAergic and glutamatergic IC neurons
With most measures, the mean response of the GABAergic and
glutamatergic neurons did not differ significantly. IC neurons
have diverse responses to pure tones and AM sounds (Rees et al.,
1997; Joris et al., 2004). Consistent with previous reports in the
mouse IC (Ehret and Moffat, 1985; Walton et al., 2002), we ob-
served diverse PSTHs, rMTFs, and tMTFs in both GABAergic
and glutamatergic neurons.

The circuitry of the IC may impose some common response
properties on both cell classes. In the ICC, both classes contribute
to the formation of the fibrodendritic laminae (Oliver et al.,
1994), the basis of the tonotopic organization in the ICC. This is
consistent with the finding that nearby neurons shared similar
FRAs, regardless of their cell types (Fig. 4). Thus, both cell classes
within a fibrodendritic lamina may share inputs with similar tun-
ing and be part of the same local circuit.

In addition to the laminar structure, the IC may have larger
functional zones, synaptic domains, that receive their afferent
inputs from a specific subset of lower auditory nuclei (Oliver,
2000; Loftus et al., 2010; Choy Buentello et al., 2015; Ono and Ito,
2015). Thus, the location of a neuron within the IC may be an
important determining factor in its responses to sound. In our
data, the CF and spike latency were correlated with the recording
depth (Fig. 2C,D). Also, maximum firing rate and BW40 were
affected by the location in the IC (Fig. 8). However, these param-
eters were not different between GABAergic and glutamatergic
neurons. When we examined the response characteristics of
nearby neurons (Figs. 4, 5B), we found that the neurons in the
same local circuit shared similar frequency tuning (Fig. 4) but not
temporal firing patterns (Fig. 5B). This is consistent with previ-
ous work using tetrode recordings (Seshagiri and Delgutte, 2007;
Chen et al., 2012). IC neurons that are in adjacent fibrodendritic
laminae may receive synaptic inputs with different temporal
properties from different sources (Ono and Oliver, 2014a), de-
spite having very similar BFs (Oliver, 2000). These may yield
nearby neurons with different PSTHs and temporal patterns.
Again, this relationship between local neurons was observed re-
gardless of the cell type.

These results were in contrast to the sensory cortices. In
sensory cortices, the interneurons have been reported to have
different receptive fields and tuning properties from pyramidal
neurons (Andermann et al., 2004; Sohya et al., 2007; Niell and

Stryker, 2008; Liu et al., 2009; Mesik et al., 2015). Especially,
parvalbumin-positive neurons, the most studied subtype of cor-
tical interneurons, have been reported to have a broader tuning
property than pyramidal neurons (Kerlin et al., 2010; Ma et al.,
2010; Mesik et al., 2015; but see Runyan et al., 2010; Moore and
Wehr, 2013), and hypothesized to reflect pooled activity in the
local excitatory neurons (Kerlin et al., 2010; Moore and Wehr,
2013). Although we could not distinguish the GABAergic sub-
populations in our data, it is possible that some subtypes might
have distinct properties as in the sensory neocortex. In the IC,
both GABAergic and glutamatergic neurons have morphological
and physiological subtypes (Sivaramakrishnan and Oliver, 2001;
Ono et al., 2005; Tan et al., 2007; Ito et al., 2009; Beebe et al.,
2016). Among them, the large tectothalamic projecting GABAergic
neurons have a unique morphological structure with dense axoso-
matic excitatory inputs that are not seen in other GABAergic or
glutamatergic neurons (Ito et al., 2009; Ito and Oliver, 2014;
Beebe et al., 2016). These differences in their synaptic structures
are likely to affect their responses to sound and might form dis-
tinct populations with specific sound response features.

Glutamatergic neurons also have subpopulations. Our data
showed that the glutamatergic neurons with strong monotonicity
had a significantly smaller dynamic range for sound intensity and
firing rate in their RLFs than other groups (Fig. 2G,H). Such
neurons with strong monotonicity might correspond to some
physiological and/or morphological subset (Sivaramakrishnan
and Oliver, 2001).

Temporal properties may distinguish GABAergic neurons
In the auditory system, the IC is a turning point in temporal
coding. In the auditory brainstem, specialized neurons transmit
temporal information with high precision, but in the IC temporal
information is degraded (Joris et al., 2004). Fewer neurons are
able to follow fast temporal changes in the auditory signal in the
IC than in the brainstem, perhaps due to slower membrane prop-
erties in the IC neurons (Ono and Ito, 2015). Some differences in
temporal properties were found between GABAergic and gluta-
matergic neurons. No GABAergic neurons had high-pass rMTFs
to SAM tones and fewer were synchronized to high modulation
frequencies with sharp raised sine envelopes (Figs. 6, 7). These
differences might reflect different membrane properties in these
cell classes. A previous report showed that the GABAergic neu-
rons had strong long-duration afterhyperpolarizations (Ono et
al., 2005). In addition, they had an overall slower membrane time
constant than the glutamatergic neurons (Ono et al., 2005).
These membrane characteristics might prevent GABAergic neu-
rons from following synaptic inputs evoked by fast amplitude
modulations (Geis and Borst, 2009).

References
Andermann ML, Ritt J, Neimark MA, Moore CI (2004) Neural correlates of

vibrissa resonance: band-pass and somatotopic representation of high-
frequency stimuli. Neuron 42:451– 463. CrossRef Medline

Bal R, Baydas G, Naziroglu M (2009) Electrophysiological properties of ven-
tral cochlear nucleus neurons of the dog. Hear Res 256:93–103. CrossRef
Medline

Beebe NL, Young JW, Mellott JG, Schofield BR (2016) Extracellular molec-
ular markers and soma size of inhibitory neurons: evidence for four
subtypes of GABAergic cells in the inferior colliculus. J Neurosci 36:3988 –
3999. CrossRef Medline

Bernstein LR, Trahiotis C (2010) Accounting quantitatively for sensitivity
to envelope-based interaural temporal disparities at high frequencies. J
Acoust Soc Am 128:1224 –1234. CrossRef Medline

Carandini M, Heeger DJ (2011) Normalization as a canonical neural com-
putation. Nat Rev Neurosci 13:51– 62. CrossRef Medline

8962 • J. Neurosci., September 13, 2017 • 37(37):8952– 8964 Ono et al. • Sound Response of GABAergic Neurons in the IC

http://dx.doi.org/10.1016/S0896-6273(04)00198-9
http://www.ncbi.nlm.nih.gov/pubmed/15134641
http://dx.doi.org/10.1016/j.heares.2009.07.004
http://www.ncbi.nlm.nih.gov/pubmed/19615433
http://dx.doi.org/10.1523/JNEUROSCI.0217-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27053206
http://dx.doi.org/10.1121/1.3466877
http://www.ncbi.nlm.nih.gov/pubmed/20815458
http://dx.doi.org/10.1038/nrc3398
http://www.ncbi.nlm.nih.gov/pubmed/22108672


Carney LH, Kim DO, Kuwada S (2016) Speech coding in the midbrain:
effects of sensorineural hearing loss. Adv Exp Med Biol 894:427– 435.
CrossRef Medline

Chen C, Rodriguez FC, Read HL, Escabí MA (2012) Spectrotemporal sound
preferences of neighboring inferior colliculus neurons: implications for
local circuitry and processing. Front Neural Circuits 6:62. CrossRef
Medline

Choy Buentello D, Bishop DC, Oliver DL (2015) Differential distribution of
GABA and glycine terminals in the inferior colliculus of rat and mouse.
J Comp Neurol 523:2683–2697. CrossRef Medline
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Uusisaari M, Obata K, Knöpfel T (2007) Morphological and electrophysio-
logical properties of GABAergic and non-GABAergic cells in the deep
cerebellar nuclei. J Neurophysiol 97:901–911. CrossRef Medline

van Vreeswijk C, Sompolinsky H (1996) Chaos in neuronal networks with
balanced excitatory and inhibitory activity. Science 274:1724 –1726.
CrossRef Medline

Walton JP, Simon H, Frisina RD (2002) Age-related alterations in the neural
coding of envelope periodicities. J Neurophysiol 88:565–578. Medline

Watkins PV, Barbour DL (2011) Rate-level responses in awake marmoset
auditory cortex. Hear Res 275:30 – 42. CrossRef Medline

Wehr M, Zador AM (2003) Balanced inhibition underlies tuning and
sharpens spike timing in auditory cortex. Nature 426:442– 446.
CrossRef Medline

Winer JA, Saint Marie RL, Larue DT, Oliver DL (1996) GABAergic feedfor-

ward projections from the inferior colliculus to the medial geniculate
body. Proc Natl Acad Sci U S A 93:8005– 8010. CrossRef Medline

Wu GK, Li P, Tao HW, Zhang LI (2006) Nonmonotonic synaptic excitation
and imbalanced inhibition underlying cortical intensity tuning. Neuron
52:705–715. CrossRef Medline

Xiong XR, Liang F, Li H, Mesik L, Zhang KK, Polley DB, Tao HW, Xiao Z,
Zhang LI (2013) Interaural level difference-dependent gain control and
synaptic scaling underlying binaural computation. Neuron 79:738 –753.
CrossRef Medline

Zhao S, Ting JT, Atallah HE, Qiu L, Tan J, Gloss B, Augustine GJ, Deisseroth
K, Luo M, Graybiel AM, Feng G (2011) Cell type-specific channel-
rhodopsin-2 transgenic mice for optogenetic dissection of neural cir-
cuitry function. Nat Methods 8:745–752. CrossRef Medline

Zheng Y, Escabí MA (2008) Distinct roles for onset and sustained activity in
the neuronal code for temporal periodicity and acoustic envelope shape.
J Neurosci 28:14230 –14244. CrossRef Medline

Zheng Y, Escabí MA (2013) Proportional spike-timing precision and
firing reliability underlie efficient temporal processing of periodicity
and envelope shape cues. J Neurophysiol 110:587– 606. CrossRef
Medline

8964 • J. Neurosci., September 13, 2017 • 37(37):8952– 8964 Ono et al. • Sound Response of GABAergic Neurons in the IC

http://dx.doi.org/10.1152/jn.00207.2010
http://www.ncbi.nlm.nih.gov/pubmed/20484532
http://dx.doi.org/10.1152/jn.01273.2006
http://www.ncbi.nlm.nih.gov/pubmed/17507499
http://dx.doi.org/10.1152/jn.00974.2006
http://www.ncbi.nlm.nih.gov/pubmed/17093116
http://dx.doi.org/10.1126/science.274.5293.1724
http://www.ncbi.nlm.nih.gov/pubmed/8939866
http://www.ncbi.nlm.nih.gov/pubmed/12163510
http://dx.doi.org/10.1016/j.heares.2010.11.011
http://www.ncbi.nlm.nih.gov/pubmed/21145961
http://dx.doi.org/10.1038/nature02116
http://www.ncbi.nlm.nih.gov/pubmed/14647382
http://dx.doi.org/10.1073/pnas.93.15.8005
http://www.ncbi.nlm.nih.gov/pubmed/8755593
http://dx.doi.org/10.1016/j.neuron.2006.10.009
http://www.ncbi.nlm.nih.gov/pubmed/17114053
http://dx.doi.org/10.1016/j.neuron.2013.06.012
http://www.ncbi.nlm.nih.gov/pubmed/23972599
http://dx.doi.org/10.1038/nmeth.1668
http://www.ncbi.nlm.nih.gov/pubmed/21985008
http://dx.doi.org/10.1523/JNEUROSCI.2882-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/19109505
http://dx.doi.org/10.1152/jn.01080.2010
http://www.ncbi.nlm.nih.gov/pubmed/23636724

	Identified GABAergic and Glutamatergic Neurons in the Mouse Inferior Colliculus Share Similar Response Properties
	Introduction
	Materials and Methods
	Results
	Discussion
	References


