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Introduction
The development and application of artificial cochlea and 
other assisted listening devices help patients with hearing 
impairments become a part of the hearing world. However, 
patients with implanted artificial cochlea often complain 
that they cannot recognize speech well in natural environ-
ments, especially if background of noise is present[1-2]. A 
similar problem also exists in patients who receive other 
hearing aids. Researchers think that a poor ability to localize 
sound in a complex auditory environment is responsible for the 
weak speech perception observed under these conditions[1, 3]. 
Studies show that sound localization primarily depends on 
interaural time and intensity differences of sound signals[4-6]. 
Therefore, in the clinic, hearing aids are used in both ears. 
Although double hearing aids improve speech perception 
compared with only a single hearing aid, this is true only 
in quiet environments, and perception is still quite poor in 
noisy environments[1-2, 4, 7-8]. In light of this, sounds in a com-
plex auditory environment are likely localized by means of 
mechanisms other than the binaural sound-signal difference. 

In natural environments, the original sound source pro-

duces both a direct wavefront (the leading sound) and many 
filtered and time-delayed reflections (the lagging sounds, the 
reflections, or the echoes) generated when the direct wave-
front contacts nearby surfaces[9-11]. Because of these lagging 
sounds, faithful localization of an initial sound source is a 
particular challenge to the auditory system. Competition 
between the initial sound and its echoes is thought to be 
resolved by the auditory precedence effect[11-14], which man-
ifests as improved sound localization in environments with 
complex sounds. When the onsets of the leading and lag-
gings sounds are sufficiently (short inter-stimulus delays/at 
the echo threshold) the leading stimulus will dominate per-
ception by suppressing perception of the lagging sounds[15-16]. 
The precedence effect plays a vital role in effectively elimi-
nating echo interference and allowing accurately localization 
of sound sources in everyday listening environments that 
would otherwise contain numerous distracting echoes from 
nearby surfaces[17-18]. 

Psychoacoustical and behavioral studies of the precedence 
effect have been well described. Three phenomena (stages) 
occur in the precedence effect depending on the length of 
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the interstimulus delays. (1) The fusion stage: when in-
ter-stimulus delays are shorter, a fused sound is heard[19-20]. 
The fused sound is located at a position between the leading 
and the lagging sounds, but closer to the leading one. (2) The 
localization dominance stage: when inter-stimulus delays 
are short, only the leading sound is heard, and perception of 
the lagging sound is suppressed. Sound localization in such 
situations is dominated by the leading sound location, which 
is called localization dominance. (3) The discrimination 
stage: when interstimulus delays are long enough (exceed-
ing the echo threshold), the leading  and lagging sounds are 
perceived as independent sounds, each with its own spatial 
location[9, 21-22]. Localization dominance is a striking per-
ceptual effect that is important for eliminating unnecessary 
sound images that would otherwise result from the source 
and its reflections. The ability to unconsciously filter out 
numerous reflective sounds is thus possible if the auditory 
system groups a sound source and its reflections into a single 
perception through localization dominance. However, this is 
not to say that the lagging sound is completely ignored, but 
that the contribution of the leading sound to localization of 
the fused image is much stronger than that of the lagging 
one. An additional element that contributes to the prece-
dence effect is the selective suppression of echoes by the au-
ditory system (echo suppression) without eliminating their 
overall perception[9, 23-25]. 

However, to date the underlying neural mechanisms 
responsible for mediating echo suppression are not well 
known. The inferior colliculus is a strategic relay station in 
the ascending and descending auditory system pathways. 
The inputs to the inferior colliculus arise from lower nuclei 
that receive either monaural or binaural sound signals[26-27]. 
Axonal projections from lower nuclei are purely excitatory, 
purely inhibitory, or both excitatory and inhibitory[28-29]. For 
example, inner-vations from the dorsal cochlear nucleus and 
the medial superior olive are purely excitatory, those from 
the dorsal nucleus of the lateral lemniscus are purely inhibi-
tory, and those from the lateral superior olive are mixed[30-33]. 
These multiple convergences result in inferior colliculus cells 
that have more sharpened and modified response properties 
than those found in upstream nuclei. 

Because of its strategic position, the inferior colliculus 
has been widely examined for physiological correlates of the 
precedence effect. Scholars[23, 34-35] proposed several possible 
sources for the inhibition such as inhibition of the medial 
superior olive by the medial and lateral nuclei of the trape-
zoid body, inhibition of the inferior colliculus by the dorsal 
nucleus of the lateral lemniscus, and intrinsic circuits within 
the inferior colliculus itself. Litovsky and colleagues[22] sug-
gested that suppression of lagging sounds is controlled by 
the neural substrates underlying the precedence effect, and 
that the inferior colliculus may be one such neural substrate, 
a concept that is consistent with studies of people with le-
sions to the inferior colliculus.

Gamma-aminobutyric acid (GABA) is a critical inhibitory 
neurotransmitter. Merchán et al.[36] found many gamma-am-
inobutyric acid-ergic neurons in the rat inferior colliculus 
and that gamma-aminobutyric acid-mediated inhibition 

spread across dendrites and cell bodies of inferior colliculus 
neurons. Gamma-aminobutyric acid-ergic inputs to the 
inferior colliculus primarily arise from the dorsal nucleus 
of lateral lemniscus and the inferior colliculus itself. Gam-
ma-aminobutyric acid inhibition has been proposed to play 
a major role in modulating sound signals, such as shaping 
the tuning curves of inferior colliculus neurons, altering re-
sponse selectivity to complex signals, frequency modulation 
of directional selectivity, and controlling temporal proper-
ties of inferior colliculus cells[31-33, 37-39]. Song et al.[40] found 
that pentobarbital could prolong suppression of the lagging 
responses in the precedence effect, which presumed that it 
decreased the rate at which gamma-aminobutyric acid dis-
sociated from its receptor and thus acted as a gamma-ami-
nobutyric acid agonist. 

The goal of this study was to investigate how local gam-
ma-aminobutyric acid-ergic inhibition of rat inferior col-
liculus affects the auditory precedence effect. We directly 
compared neural responses to lagging sounds before and 
after microinjections of gamma-aminobutyric acid into the 
inferior colliculus. 

Results
Fifty inferior colliculus neurons were isolated in 22 rats us-
ing a search stimulus, of which 36 (72%) exhibited suppres-
sion to the lagging sound stimulus at different inter-stimulus 
delays. First saline, and then gamma-aminobutyric acid were 
applied iontophoretically to all 36 neurons.

Effect of local gamma-aminobutyric acid application on 
the precedence effect using a contralaterally leading 
stimulus
Neuronal responses to the lagging sound were weak when 
using a short interstimulus delay (e.g., 2 ms), but gradually 
increased as the interstimulus delay was lengthened. For the 
10 ms delay, two separate peaks in firing rate were observed, 
one in response to the leading stimuli and one to the lagging 
one. The amplitude of the peak induced by the lagging stim-
ulus was lower than that of the leading one. Similar results 
were also seen using 6 ms and 2 ms inter-stimulus delays. 
These properties remained unchanged after local microinjec-
tions of saline into the inferior colliculus (Figure 1B). How-
ever, after local gamma-aminobutyric acid application to 
the inferior colliculus, responses to the lagging stimuli were 
obviously weaker. Indeed, with a 2 ms inter-stimulus delay, 
responses to the lagging stimulus were completely missing 
(Figure 1C), while those to 6 ms and 10 ms were present, but 
weaker (Figure 1). 

The normalized lagging responses under different inter-
stimulus delays, location of lagging stimulus, and injected 
drug can be seen in Figure 2A and B. After application of 
gamma-aminobutyric acid, the normalized response to 
contralaterally lagging stimuli was lower than that before in-
jection or after saline injection for all delay durations when 
the leading and lagging sources were both contralateral to 
the recording site in the rat inferior colliculus (Figure 2A; 
Fbetween-subject = 339.78, P < 0.01). Similar results were also seen 
with contralaterally leading stimuli paired with ipsilaterally 
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lagging ones (Figure 2B; Fbetween-subject = 186.63, P < 0.01). No 
significant changes in response properties were observed 
after microinjection with saline in either of these conditions 
(P > 0.05; Figure 2A and B).

Effect of local application of gamma-aminobutyric acid on 
the precedence effect using an ipsilateral leading stimulus

Figure 3 shows post-stimulus time histograms from a sin-
gle neuron using different inter-stimulus delays under the 
three conditions when the leading stimulus was presented 
ipsilaterally to the recording location. As with contralateral 
leading stimuli, gamma-aminobutyric acid administration 
suppressed the response, while saline injection did not. 
As when the leading stimuli were contralateral, the effect 

Figure 1 Post-stimulus time histograms of 50 responses of a single inferior colliculus neuron to the paired sounds when the leading and 
lagging sounds were both contralateral.
Rows denote different inter-stimulus delays (ISDs) and columns denote the different recording conditions. The Y-axes show the number of spikes 
in counts/bin, and the X-axes show time in ms. Bin size was 1 ms. GABA: Gamma-aminobutyric acid.
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of gamma-aminobutyric acid on responses to the lagging 
stimuli was the same regardless of whether they were pre-
sented contralaterally or ipsilaterally to the recording site 
(Figure 4A and B; Fbetween-subject = 219.57, P < 0.01; Fbetween-subject 
= 256.79, P < 0.01). Note that while the curve showing the 
normalized response moved to the right after microinjecting 
gamma-aminobutyric acid, a similar effect was not observed 
after microinjecting saline (P > 0.05; Figure 4A and B). 

Effect of local gamma-aminobutyric acid inhibition on the 
half-maximal inter-stimulus delay of the lagging stimulus
The half-maximal inter-stimulus delay is defined as the in-
ter-stimulus delay that results in a 50% responserate to the 
lagging sound stimulus[9-10]. Figure 5 shows the half-maximal 
inter-stimulus delay of the recorded neurons before and 
after drug application under the four paired-source configu-
rations. After gamma-aminobutyric acid microinjection, the 
half-maximal inter-stimulus delays increased under all con-
ditions (Fc/c = 215.15; Fc/I = 97.13; Fi/c = 152.66; Fi/I = 150.86, 
P < 0.01; Figure 5), while there was no change after saline 
injection (P > 0.05; Figure 5).

Discussion
This study examined the effect of local gamma-aminobu-
tyric acid inhibition on neural responses to lagging auditory 
stimuli in the inferior colliculus of rats. Before injection, 

responses to the lagging sound stimulus mirrored general 
changes in perception described by the precedence effect. 
After gamma-aminobutyric acid microinjection into the 
inferior colliculus, responses to the lagging stimuli were sup-
pressed, supporting the idea that inhibitory input into the 
inferior colliculus mediates/underlies the precedence effect.

Gamma-aminobutyric acid inhibition and auditory 
perception
Gamma-aminobutyric acid is the main inhibitory neu-
rotransmitter in the mammalian central nervous system. 
It acts by binding to specific receptors to be more negative 
(hyperpolarization) than normal, and thus making it more 
difficult for incoming action potentials to depolarize the 
cell. Three classes of gamma-aminobutyric acid receptor are 
known in mammals: gamma-aminobutyric acid A, gam-
ma-aminobutyric acid B, and gamma-aminobutyric acid C[41]. 
The gamma-aminobutyric acid A receptor is composed of five 
glycoprotein subunits located in the plasma membrane. When 
gamma-aminobutyric acid A receptors are activated, chloride 
conductance across the cell membrane increases, which re-
sults in hyperpolarization[42]. 

Sound signals sent to the inferior colliculus arise from 
monaural or binaural upstream nuclei. Binaural encoding 
plays a leading role in environments with echoes[43-44]. The 
proportion of excitatory and inhibitory signals transmitted 

Figure 2 Normalized responses to the lagging sound under the three recording conditions when the leading sound was contralateral to the     
recording site.
The lagging sound was presented both contralaterally (A) and ipsilaterally (B). Data are expressed as mean ± SEM. A least significant difference test 
was applied for multiple comparisons. The Y-axes show the normalized neural responses, and the X-axes show the inter-stimulus delay times in ms. 
The horizontal dash lines represent the half-maximal inter-stimulus delay.



424

Wang YJ, et al. / Neural Regeneration Research. 2014;9(4):420-429.

to the inferior colliculus affects binaural sound processing 
and further determines sound perception[28, 31-32]. Projections 
to the inferior colliculus that originate from the lateral su-
perior olivary nucleus and the dorsal nucleus of the lateral 
lemniscus are purely inhibitory or both excitatory and inhib-
itory[45]. Of these, the terminals originating from the dorsal 
nucleus of the lateral lemniscus and the superior paraolivary 
nucleus are mostly gamma-aminobutyric acid ergic. Several 
previous histomorphological studies have demonstrated 
gamma-aminobutyric acid-ergic cells in the inferior col-
liculus and gamma-aminobutyric acid-ergic projections to 

inferior colliculus abound in different species[36, 41]. Increases 
or decreases in gamma-aminobutyric acid levels thus alter 
the response properties of neurons in the inferior colliculus. 
For example, gamma-aminobutyric acid inhibition shapes 
the tuning curves, frequency-modulation directions, and re-
sponse selectivity to complex signals[26, 33, 37-38, 46]. 

Auditory precedence effect in the inferior colliculus and 
the possible neuronal mechanism 
The precedence effect is a physiological phenomenon in 
which the auditory system selectively suppresses the direc-

Figure 3 Post-stimulus time histograms of the responses of a single inferior colliculus neuron to the paired sounds when the leading and 
lagging sounds were both ipsilateral.
Rows denote different inter-stimulus delays (ISDs) and columns denote the different recording conditions. The Y-axes show the number of spikes 
in counts/bin, and the X-axes show time in ms. Bin size was 1 ms. GABA: Gamma-aminobutyric acid. 
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tional information of lagging sounds to make localizing the 
initial source accurate[22-23, 47-48]. The existence of precedence 
effect is therefore a prerequisite for the faithful sound local-
ization in natural reverberant environments[12, 16, 49-50]. 

Behavioral studies show the precedence effect in human 
and other mammals such as rabbits, rats, and cats[9, 24, 51-52]. 
Kelly[53] found that rats could be trained localize single clicks 
and paired clicks. Their best responses to the paired clicks 
occurred when the clicks were temporally separated by 4 
ms. Blauert thought that during the precedence window, the 
presence of the lagging sounds could still be detected even 
though they were not heard as separate sounds with distinct 
locations[54]. Supporting this claim, studies have shown that 
listeners are as sensitive to intensity decreases in the lagging 
sound as to intensity increases in the leading sound, indicat-
ing that intensity information is not sup-pressed from the 
lagging sounds[47-48]. Thus, the precedence effect results from 
suppression of lagging-sound directional information, but 
not other factors. 

The inferior colliculus has been widely examined with 
regard to the precedence effect because of its major converg-
ing inputs from upstream brain stem nuclei[20, 55]. Moreover, 
many inferior colliculus neurons are sensitive to sound lo-
cation, evidenced by directional selectivity[56-57]. Inhibitory 
inputs to the inferior colliculus from upstream brain stem 
nuclei may contribute to the precedence effect observed in 
inferior colliculus. The inhibitory projections to the inferior 

colliculus mainly arise from the lateral superior olive and 
the dorsal nucleus of the lateral lemniscus. Of these, the ter-
minals from the dorsal nucleus of the lateral lemniscus are 
mostly gamma-aminobutyric acid-ergic[28, 35]. 

The echo threshold is defined as the minimum inter- 
stimulus delay that results in perception and localization of 
both leading and lagging sources[9, 22, 58]. The half-maximal 
inter-stimulus delay is the delay time at which neurons re-
spond to the lagging stimulus 50% of the time, and is often 
used to estimate neural echo thresholds (that are not con-
cerned with perception). At the level of the inferior collicu-
lus, localization dominance is correlated with the degree to 
which the response to the lagging source decreases and the 
response to the leading source dominates[22-24, 34-35]. Therefore, 
the half-maximal inter-stimulus delays exhibited by neu-
rons in the inferior colliculus are used to approximate echo 
thresholds, and are thought to be the neural correlates of the 
precedence effect. Here, we observed changes in half-max-
imal interstimulus delays after local gamma-aminobutyric 
acid application. 

Gamma-aminobutyric acid inhibition shapes the recovery 
curve of the lagging sound
In the present study, normalized responses to lagging stimuli 
decreased significantly, and half-maximal interstimulus de-
lays increased significantly after gamma-aminobutyric acid 
microinjection into inferior colliculus, demonstrating that

Figure 4 Normalized responses to the lagging sound under the three recording conditions when the leading sound was ipsilateral to the 
recording site.
The lagging sound was presented both contralaterally (A) and ipsilaterally (B). Data are expressed as mean ± SEM. A least significant difference test 
was applied for multiple comparisons. The Y-axes show the normalized neural responses, and the X-axes show the inter-stimulus delay times in ms. 
The horizontal dash lines represent the half-maximal inter-stimulus delay.
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local gamma-aminobutyric acid inhibition can prolong the 
recovery time for responses to lagging stimuli, thus leading 
to the precedence effect. 

Scholars[24, 34] studied the prece-dence effect in the inferior 
colliculus of awake rabbits and anesthetized cats respectively. 
They postulated that pentobarbital anesthesia was responsi-
ble for the prolonged recovery times associated with lagging 
stimuli found in the inferior colliculus. Furthermore, Song 
et al.[40] observed the alteration of neuronal responses to 
the lagging sound after intraperitoneal administration of 
pentobarbital sodium. They suggested that pentobarbital 
anesthesia prolongs the recovery time of responses to lag-
ging stimulus. The effects of pentobarbital anesthesia on the 
precedence effect stem from decreased dissociation of gam-
ma-aminobutyric acid from its receptor (i.e., it is a gam-
ma-aminobutyric acid agonist). Our findings are consistent 
with the results of these previous studies.

Gamma-aminobutyric acid-ergic inputs to the inferior 
colliculus play a major role in mediating lagging suppression 
recorded from the inferior colliculus. Lesioning the dorsal 
nucleus of the lateral lemniscus or afferent inputs decreased 
the responses to lagging stimuli and prolonged the recovery 
of responses to lagging sounds in the contralateral inferior 
colliculus and had a small effect in the ipsilateral inferior 
colliculus[34]. Thus, projections from the contralateral dorsal 
nucleus of the lateral lemniscus likely play a major role in 
the precedence effect-like responses of the inferior colliculus. 

The neurons of both the dorsal nucleus of the lateral lemnis-
cus and the inferior colliculus are sensitive to binaural cues 
used in sound location. Most neurons in the inferior collicu-
lus show excitatory responses to contralateral stimuli[26, 31-32]. 
These findings are consistent with those indicating that the 
degree to which responses to lagging sounds are reduced de-
pends on the binaural properties of the leading source[34, 47]. 

In conclusion, when simulating the precedence effect by 
presenting leading and lagging sounds, local application of 
gamma-aminobutyric acid into the recording site in the rat 
inferior colliculus decreased neural responses to the lagging 
stimuli, raised the half-maximal inter-stimulus delay of the 
inferior colliculus neurons, and prolonged the recovery pe-
riod for responses to the lagging stimuli. Thus, we consider 
that gamma-aminobutyric acid inhibition is an important 
mechanism underlying the precedence effect activity in the 
inferior colliculus. This finding could help to understand the 
neural correlates of the precedence effect and the mecha-
nisms of sound localization in a complex auditory environ-
ment with the reverberation. 

Materials and Methods
Design
An animal experiment using neurophysiology to study psy-
choacoustics.

Time and setting
This study was performed at the Neurophysiology Laborato-
ry, Department of Neurophysiology, Capital Medical Univer-
sity, China from March 2011 to April 2012.

Materials
Animals
Twenty-two specific-pathogen free adult male Sprague-Daw-
ley rats aged 8 weeks and weighing 200–250 g were provided 
by the Laboratory Animal Services Center of Capital Medical 
University in China, license No. SCXK2011-0011. The ani-
mals were housed at room temperature with a natural light 
cycle and quiet conditions and given free access to water and 
a regular rat diet. All procedures were approved by the Ani-
mal Research Committee of Capital Medical University for 
the care and use of animals, and complied with the National 
Institutes of Health guidelines for animal use. 

Instruments
Experiments took place in a sound-attenuating chamber       
(1.2 m × 1.0 m × 0.9 m), which was dimly illuminated, elec-
trically shielded, and put on a vibration isolation table. The 
four walls of the chamber were lined with sound-absorbing 
foam, as was the equipment. Rats were placed in the center of 
the chamber. 

Methods 
Inferior colliculus location
Rats were weighted, anesthetized with sodium pentobarbital 
(50 mg/kg, i.p.), and fixed in a small-animal stereotaxic hold-
er (RWD Life Science Co., Ltd., Shenzhen, Guangdong Prov-
ince, China). The incisor bar was adjusted until the heights of 
lambda and bregma were equal (flat skull). Zygomatic arch 

Figure 5 Box graphs of the half-maximal inter-stimulus delays for the 
inferior colliculus neurons before and after drug application under 
four stimulus configurations.
The boxes represent the 25–75% percentile range and the horizontal 
lines through them represent the medians. The asterisks mark to the 
highest and lowest values, and the solid dot in the box indicates the 
mean. Data are expressed as mean ± SD. A least significant difference 
test was applied for multiple comparisons. The Y-axis indicates the 
half-maximal inter-stimulus delays in ms, and the X-axis indicates the 
stimulation configurations of the paired sounds.
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bars (Patent application No. 201020600962.8) were employed 
to replace the ear bars for fastening the head[40]. The following 
coordinates were used for locating the inferior colliculus: an-
tero-posterior = −8.0 to −9.0 mm (according to the bregma), 
medio-lateral = 1.0 to 2.8 mm (according to the midsagittal 
suture) and dorso-ventral = 3.5 mm (according to the surface 
of the brain)[59]. A small hole was drilled in the skull and 
the dura was removed to expose the surface of the cortex[60]. 
Body temperature (37–39°C) was maintained using a ther-
mostatically controlled heating blanket. Liquid paraffin was 
dropped onto the skull opening to prevent dehydration of 
the brain before recording. 

Sound stimuli
The sound stimuli included a single white noise stimulus of 
40 ms (as a search stimulus) and two successive and iden-
tical 4 ms white noise bursts with equal levels and coherent 
in phase (simulating echoes in a reverberant environment). 
These stimuli were digitally generated at a sampling rate of 
192 kHz by Adobe Audition 3.0 (Adobe Systems Inc., San 
Jose, CA, USA). Two electrostatic speakers (EC-1 electro-
static speakers; Tucker-Davis Tech., Alachua, FL, USA) were 
located along a 25 cm radius measured from the center of 
the rats’ heads and were held constant at ± 45° on the hori-
zontal and median sagittal planes in the chamber. The single 
40 ms stimulus was presented from the two loudspeakers 
simultane-ously and each of the paired stimuli from one of 
the two loudspeakers. The successive stimuli were presented 
with different inter-stimulus delays. The leading stimulus was 
the first 4 ms burst, and the lagging stimulus was the second 
one[24]. The outputs of the speakers were quan-tified with a 
sound calibrator (Type 4231, Brüel & Kjær Sound & Vibration 
Measurement A/S, Copenhagen, Denmark) and expressed in 
decibels of sound pressure level referred to 20 μPa root mean 
square. 

Local gamma-aminobutyric acid application to the recording 
site in the inferior colliculus  
Iontophoretic application of gamma-aminobutyric acid to 
the inferior colliculus neurons was given with a five-barrel 
glass capillary (World Precision Instrument, Sarasota, FL, 
USA) pulled to a tip diameter of 6–11 μm by a vertical micro-
electrode puller (Narishige Scientific Instrument Lab, Tokyo, 
Japan)[61]. The central barrel of the multibarrel electrode (im-
pedance 4–10 MΩ) was used to record neural responses. The 
other side-barrels (impedance 20–60 MΩ) were used for mi-
croinjecting drug, controlling, balancing, and grounding[62]. 

Gamma-aminobutyric acid (Sigma-Aldrich, St. Louis, MO, 
USA) at a concentration of 0.2 mol/L was dissolved in 0.16 
mol/L sodium chloride with the pH value adjusted to 3.5–4.0. 
The gamma-aminobutyric acid solution was prepared fresh-
ly just prior to each experiment[37]. One side barrel of the 
multi-barrel electrode was filled with gamma-aminobutyric 
acid solution before use and another with 2 mol/L sodium 
chloride (pH 7.0) as a control. The remaining two side-bar-
rels were each filled with 1 mol/L sodium chloride (pH 7.0); 
one was used as ground and the other as a balance.

The barrels filled with drugs were connected via a sil-
ver-silver chloride electrode to a microiontophoresis con-

stant current generator (Neurophore BH-2 Ontophoretic 
System, Harvard Medical Systems Co., Holliston, MA, USA). 
Gamma-aminobutyric acid was ejected at positive currents 
varying from 50 to 100 nA for 3 to 6 minutes, and a retaining 
current was applied with positive currents ranging from 5 
to 10 nA. The ejecting and retaining currents for the control 
sodium chloride solution were the same as for gamma-am-
inobutyric acid. The balance electrode was connected to the 
balance module of the constant current generator. During 
electrophoresis, equal and opposite polarity currents were 
given to the balance barrel to equalize the influence of the 
currents. The ground barrel was connected to the ground 
wire of the constant current generator.

Extracellular recording in the rat inferior colliculus 
Extracellular recording was used to record the firing of 
neurons in the rat inferior colliculus. The central barrel of 
the five-barrel electrode (impedance 4–10 MΩ) was filled 
with 1% pontamine sky blue dissolved in 3 mol/L sodium 
chloride (pH 7.0). Using a microelectrode holder, the elec-
trode was vertically penetrated into the inferior colliculus 
from the surface of the brain. Electrodes were advanced 
using a precision digital micromanipulator (PF5–1, Nar-
ishige Scientific Instrument Lab, Tokyo, Japan). Spikes were 
amplified (2,400 A, Dagan Co., Minneapolis, MN, USA), 
filtered (0.3–10 kHz), and then converted to digital signals 
through an analog-to-digital converter (PowerLab 4/30, AD 
Instruments Pty Ltd., Sydney, Australia).

After inserting the electrode into the inferior colliculus and 
starting recording, a 2% agar solution was applied to cover 
the surface of the brain above inferior colliculus. At the end 
of each experiment, the recording site was stained via ion-
tophoretic ejection of pontamine sky blue from the tip of 
recording electrode (taking negative pole, 0.1 nA, 10 minutes; 
and then taking positive pole, 0.1 nA, 6 minutes). The animal 
was given an overdose of sodium pentobarbital and then 
perfused with 4% paraformaldehyde in 0.1 mol/L phosphate 
buffer (pH 7.4). The brain was removed and further fixed in 
4% paraformaldehyde for about 24 hours at 4°C, followed by 
cryoprotection (30% sucrose in 0.1 mol/L phosphate buffer 
for 1–3 days at 4°C). Coronal sections were cut with a freez-
ing microtome, mounted on slides, and stained with Nissl to 
identify the recording site. 

Data acquisition and analysis
The digital signals from the analog-to-digital converter were 
stored in a computer using LabChart 7.3 software (AD In-
struments Pty Ltd.) at a 20 kHz sampling rate. The sound 
stimuli were also recorded by the PowerLab converter as 
triggers for neuron spiking. Data analysis was performed on-
line and off-line. 

The 40 ms white noise was presented from the two loud-
speakers simultaneously as the electrode was advanced 
through the inferior colliculus to search for auditory neu-
rons. After isolating a neuron, its minimum activation 
threshold was determined. Then, the neural responses to a 
single 4 ms noise burst in isolation (contralateral or ipsi-
lateral) were collected for normalization and comparison 
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purposes. Injections were then given (gamma-aminobutyric 
acid or saline), and recordings were made as the successive 
bursts were delivered at varying inter-stimulus delays (2, 4, 
6, 10, and 50 ms) and four locational configurations (con-
tralateral or ipsilateral leading and contralateral or ipsilat-
eral lagging). The noise bursts were presented at a constant 
intensity 30 dB above threshold either to the single or to the 
paired sounds. Successive bursts were repeated 50 times with 
500 ms intervals separating each pair or bursts. 

The neural responses to lagging stimulus were normalized 
by the responses to a single stimulus. A normalized response 
of 1.0 indicates that the leading stimulus did not affect re-
sponses to lagging stimulus, whereas values < 1.0 indicate 
that responses to the lagging stimulus were suppressed[9, 22]. 
For the 2 ms interstimulus delays, the stimuli overlapped 
and the responses to lagging stimulus were estimated by 
subtracting a neuron’s response to the single stimulus from 
that to the paired stimuli. The inter-stimulus delay at which 
responses to the lagging stimulus occurred 50% of the time 
(half-maximal inter-stimulus delay) was calculated[34].

Data were analyzed and graphed using Origin Pro 8 (Or-
igin Lab Co., Northampton, MA, USA). One-way repeat-
ed-measures analysis of variance (ANOVA) was used to 
assess the effect of local gamma-aminobutyric acid applica-
tion on normalized responses to lagging stimuli at different 
inter-stimulus delays. One-way ANOVA was also used to an-
alyze the half-maximal interstimulus delays. Least significant 
difference test was applied for multiple comparisons. A value 
of P < 0.05 was considered statistically significant. 
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