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Abstract: The echolocating big brown bats (Eptesicus fuscus) emit trains of frequency-modulated (FM) biosonar signals with duration,
amplitude, repetition rate, and sweep structure changing systematically during interception of their prey. In the present study, the
sound stimuli of temporally patterned pulse trains at three different pulse repetition rates (PRRs) were used to mimic the sounds
received during search, approach, and terminal stages of echolocation. Electrophysiological method was adopted in recordings from the
inferior colliculus (IC) of midbrain. By means of iontophoretic application of bicuculline, the effect of GABAergic inhibition on the
intensity sensitivity of IC neurons responding to three different PRRs of 10, 30 and 90 pulses per second (pps) was examined. The
rate-intensity functions (RIFs) were acquired. The dynamic range (DR) of RIFs was considered as a criterion of intensity sensitivity.
Comparing the average DR of RIFs at different PRRs, we found that the intensity sensitivity of some neurons improved, but that of
other neurons decayed when repetition rate of stimulus trains increased from 10 to 30 and 90 pps. During application of bicuculline,
the number of impulses responding to the different pulse trains increased under all stimulating conditions, while the DR differences of
RIFs at different PRRs were abolished. The results indicate that GABAergic inhibition was involved in modulating the intensity
sensitivity of IC neurons responding to pulse trains at different PRRs. Before and during bicuculline application, the percentage of
changes in responses was maximal in lower stimulus intensity near to the minimum threshold (MT), and decreased gradually with the
increment of stimulus intensity. This observation suggests that GABAergic inhibition contributes more effectively to the intensity
sensitivity of the IC neurons responding to pulse trains at lower sound level.
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GABA 能抑制调制大棕蝠下丘神经元对串声刺激的强度敏感性
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摘 要：本文采用不同重复率的串声刺激，模拟大棕蝠回声定位不同阶段听到的调频声纳信号，利用电生理方法和微电泳技

术研究不同重复率串刺激条件下 GABA 能抑制对下丘神经元强度敏感性的影响。结果发现，随串刺激重复率的增加，有的

神经元强度敏感性增强，有的神经元强度敏感性则降低。在不同串刺激条件下，微电泳荷包牡丹碱，神经元放电率均增加，

随重复率增加强度敏感性增强或减弱的趋势消失，提示GABA能抑制调制下丘神经元对不同重复率串刺激反应的强度敏感性。

串刺激强度在最低阈值附近时，微电泳荷包牡丹碱导致放电率增加的百分率最大，随串刺激强度增加，放电率增加的百分率

逐渐减小。提示刺激强度较低时，GABA 能抑制对下丘神经元强度敏感性的影响更有效。
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Microchiropteran bats, cetaceans and some rodents are
known to produce and detect ultrasounds (frequencies
greater than 20 kHz) for the purpose of communication
and/or echolocation. The big brown bat emits relatively
long, shallow frequency sweeps while searching for in-
sect prey and obstacles. During pursuit it switches to
shorter pulses of wider bandwidth at an increased repeti-
tion rate[1,2]. In the real world, natural sounds such as vocal
communication sounds of many animal species typically
occur as sequential sound pulses. Therefore, the responses
of auditory neurons to a sound pulse would be affected
when the sound pulse is preceded and succeeded by other
sound pulses (i.e., forward and backward masking). In
the mammalian auditory pathway, the central nucleus of
the inferior colliculus (IC) receives and integrates excita-
tory and inhibitory inputs from many lower auditory nuclei.
For the same IC neuron, the response to a single sound
pulse is often stronger than that to each pulse of a sound
train at the same stimulus intensity[3,4].

Neurotransmitters that mediate the inhibitory inputs are
γ-aminobutyric acid (GABA) or glycine in the central ner-
vous system. As a major relay nucleus in the auditory
pathway, the IC receives complex excitatory and inhibi-
tory inputs from several lower brain stem nuclei, contrala-
teral IC, and higher auditory as well as nonauditory struc-
tures[5]. During synaptic transmission, an inhibitory
postsynaptic potential (IPSP) that follows the excitatory
postsynaptic potential (EPSP) could limit the cell’s ability
to respond to the subsequent inputs[3]. As one of the two
major inhibitory transmitters in the IC, GABA binds to
GABAA receptor to increase Cl- conductance allowing in-
flux of Cl- into neurons and this ionic influx produces hy-
perpolarization in most neurons. Conversely, bicuculline,
an antagonist for GABAA receptors, blocks GABA-mediated
inhibition[7]. For this reason, many studies examined the
role of GABAergic inhibition in dynamic aspect of auditory
temporal processing in the IC using iontophoretic applica-
tion of bicuculline[8]. GABAergic inhibition contributes to
shaping many auditory response properties of IC neurons,
such as discharge rate, discharge pattern, response latency,
duration selectivity, directional sensitivity, binaural signal
processing, recovery cycle, sharpening of frequency tun-
ing curves and so on[9-11].

During the stimulation with temporally patterned trains
of sound pulses, the interplays between the excitatory and
inhibitory inputs to the IC neurons contribute to auditory
temporal processing and shape multi-parametric selectivity,
such as duration, frequency, amplitude and direction[6]. The

sound intensity is one of the most important parameters
and the dynamic range (DR) of the rate-intensity functions
(RIFs) represents the sound intensity sensitivity as a com-
mon criterion[12]. Many studies have focused on the acoustic
intensity sensitivity of IC neurons and the enhancement of
the intensity sensitivity is mainly attributed to the GABAergic
inhibition[8]. But it has not been known how the repetition
rate of sound pulse trains affects the intensity sensitivity of
the IC neurons and the GABAergic inhibition function. In
the present study, we investigated the effects of GABA-
mediated inhibition on intensity sensitivity of the IC neu-
rons in the big brown bat, with the string of the different
repetition rate in sound pulse trains to mimic the pulses or
echoes during search, approach, and terminal stages of
pursuit in the real environments. Variation in the number of
impulses and intensity sensitivity of IC neurons with se-
quentially presented sound pulses was then quantitatively
determined and statistically compared.

1  MATERIALS AND METHODS

1.1  Surgical procedures
Thirteen brown bats (Eptesicus fuscus) weighing 12-28 g
were used in the experiments. Each animal was anesthe-
tized with Nembutal (45-50 mg/kg body weight) for
surgery. Briefly, a 1.8-cm nail was glued on the exposed
skull of each anesthetized bats with acrylic glue and dental
cement 1 or 2 d before the recording session. Before
recording, the bat was administered with the neurolepta-
nalgesic Innovar-Vet (Fentanyl, 0.08 mg/kg body weight;
Droperidol, 4 mg/kg body weight) to let the bat calm dur-
ing the recording session. Then the bat was put in a sound-
proof room (temperature 28-30 ºC). Its head was immobi-
lized by fixing the shank of the nail into a metal rod with a
set screw. Small holes were bored in the skull above the
IC for insertion of electrodes to record auditory responses
of IC neurons and for iontophoretic application of
bicuculline. The inner surface of the ceiling and inside walls
of the room were covered with 3-inch convoluted poly-
urethane foam to reduce echoes.
1.2  Acoustic stimuli
The wave form of the acoustic stimuli is sine wave pro-
duced by an oscillator (KH 1200). The frequency of the
pure tone of the acoustic stimuli is in the range of 10 kHz
to 100 kHz. The switch (HP 8015A), which is driven by
the stimulator (Grass S88), is a tone burst generator shap-
ing the continuous sine wave into tone bursts. These stimuli
were then amplified after passing through a decade attenuator
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(Leader Lat-45) before they were fed to a small condenser
loudspeaker (AKG model CK 50) that was placed 29 cm
away from the bat and 30° contralateral to the recording
site. Calibration of the loudspeaker was performed with a
1/4-inch microphone (B&K 4135) placed at the bat’s ear.
The calibrated intensity-frequency curve of the loudspeaker
was plotted to determine the maximal available stimulus
intensity at each frequency. The sound was expressed in
dB SPL with reference to 20 µPa root mean square. The
acoustic stimuli were delivered at 2 pulses per second (pps).
The signals were short tone bursts with 4-ms duration,
0.5-ms rise-decay times. Firstly the best frequency (BF),
minimum threshold (MT) and response latency of the iso-
lated IC neurons were determined by changing the fre-
quency and level of single pure tone. At the MT, the neu-
ron had a 50% probability of responses to presented BF
pulses. Intensity sensitivity of an IC neuron was stu-
died with 300-ms temporally patterned trains of 4-ms BF
pulses. These pulse trains were delivered at the pulse re-
petition rates (PRRs) of 10, 30 and 90 pps by setting the
inter-pulse interval within pulse trains at 100, 33.33 and
11.11 ms (i.e., the number of pulses was 3, 9 and 27 within
each pulse train). The stimulus paradigm of the temporal-
ly patterned pulse trains at the three different PRRs is shown
in Fig.1. These three PRRs are comparable to that occur-
ring during the search, approach and terminal phases of
hunting in the big brown bat. To avoid the potential effect
of presentation order of pulse trains on intensity sensitivity
of IC neurons, the three kinds of pulse trains were ran-
domly presented. For example, while intensity sensitivity
of one neuron was studied with pulse trains of 10, 30 and
then 90 pps, another neuron was studied with trains of 90,
10 and then 30 pps. The intensity of the pulse trains in-
creased from the MT to the highest level of the loudspeaker

in 10 dB steps.

1.3  Bicuculline application
Iontophoretic application of bicuculline to recorded IC neu-
rons was given with a three-barrel electrode (tip: 10-15
µm) ‘piggybacked’ to a 3 mol/L KCl single-barrel elec-
trode (tip: less than 1 µm; impedance: 5-10 MΩ). The tip
of the 3 mol/L KCl single-barrel electrode was extended
about 10 µm from the tip of the other three-barrel electrode.
The 3 mol/L KCl single-barrel electrode was used to record
neural responses. One of the barrels of the three-barrel
electrode was filled with bicuculline (10 mmol/L in 0.16
mol/L NaCl, pH 3.0, Sigma). The bicuculline was prepared
just prior to each experiment and the electrode filled imme-
diately before use. This barrel filled with bicuculline was
connected via silver-silver chloride wire to a microionto-
phoresis constant current generator (Medical Systems
Neurophore BH-2) that was used to generate and monitor
iontophoretic currents. During bicuculline application, a
1-s pulse of positive 40 nA at 0.5 pps was applied for 1
min before data acquisition. The application current was
changed to positive 10 nA during data acquisition. The other
two barrels were filled with 1 mol/L NaCl (pH 7.4), one of
which was used as the ground and the other as the ba-
lanced barrel. The balance electrode was connected to
a balance module. The retaining current was negative
8-10 nA.

1.4  Recordings of neural activities
Microelectrodes were pushed gently into the IC region with
a microdrive (David-Kopf). The recording depth was read
from the scale. The recordings were made with micropi-
pette electrodes. The action potentials were amplified (HP
465A), filtered (KH3362), and fed through a window dis-
criminator (WPI 121) before being sent to an oscilloscope

Fig. 1. The stimulus paradigm of the temporally patterned pulse trains at the three different PRRs. The duration of temporally patterned trains
was 300-ms. Duration of each short tone burst was 4-ms with 0.5-ms rise-decay times. The PRRs of the temporally patterned pulse trains
were 10, 30 and 90 pulses per second (pps). The number of pulses was 3, 9 and 27 within each pulse train.
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(Tektronix 5113) and audio monitor. The neural activities
detected were input to a computer with an A/D converter.
To generate the post-stimulus-time histograms (PSTHs)
and record the rate of acoustic responses of the neurons,
the neural signals were collected for 32 trials using a bin
width of 500 µs. The number of impulses and intensity
sensitivity of the IC neuron were studied with 32 presenta-
tions of a 300-ms pulse train and at two trains per second.
Thus there was always 200-ms silent period between pulse
trains. The number of impulses of each neuron discharged
to each train was obtained before and during bicuculline
application.
1.5  Data analysis
The data recorded were input to the software Sigmaplot
2000. The RIFs of the responses to the stimulation trains
were acquired when the intensity of the pulse trains in-
creased from the MT to the highest level of the loudspeaker
in 10 dB steps. DR as an intensity range was defined in
each RIF when the responses were between 90% of the
maximal response and 10% of the minimal response above
the MT. For the statistical analysis of the differences of
DR at 10, 30 and 90 pps, the DRs of the RIFs were pro-
duced from the normalized responses (Fig.2). DR was
considered as a criterion of sensitivity of the neuron to the

intensity of pulse train. It means that the decrease of DR
reflects a genuine increment of intensity sensitivity to the
pulse train for the IC neurons. One-way analysis of va-
riance (ANOVA) was used in statistical analysis by SPSS.

2  RESULTS
In this study, 68 IC neurons were isolated at depths be-
tween 387 and 1 660 µm. Their BFs and MTs ranged at
17.86-80.37 kHz and 18-56 dB SPL, respectively. The mean
value of their latencies was (10.83±2.08) ms. Among the
68 IC neurons, 40 were received bicuculline application.
2.1  Properties of the IC neurons responding to the
pulse trains at different PRRs
When stimulated with the pulse trains, 52 neurons responded
to each sound pulse of the trains at different PRRs. The
other 16 neurons discharged impulses to each sound pulse
of the trains at 10 and 30 pps, but these neurons only
discharged impulses to the initial few pulses or the first
pulse of the trains at 90 pps. According to the response
patterns of IC neurons to the pulse trains, we divided 68
IC neurons into two groups. The 52 neurons with the
former response pattern belonged to group I, and the other
16 neurons with the latter response pattern belonged to
group II[13].

Fig. 2. Rate-intensity functions (RIFs) of two representative neurons (A, B) in group I responding to  pulse trains at different pulse repetition
rates (PRRs) (10, 30, 90 pps). The left ordinate represents the number of impulses in response to 32 stimuli and the abscissa represents stimulus
intensity. The right ordinate represents the normalized response according to the maximal response. Dynamic range (DR) is the range of
intensity between 90% of the maximal response and 10% of the minimal response above the minimum threshold (MT). The best frequency
(BF, kHz), MT (dB SPL), latency (ms) and recording depth (µm) of the two neurons were 22.36, 33, 10 and 795 (A);  24.22, 34, 12 and 710
(B), respectively.
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2.2  RIFs of the IC neurons responding to the pulse
trains at different PRRs
The DR in each RIF, as a criterion of intensity sensitivity
of the neuron responding to the pulse train, was acquired
when the responses were normalized. The decrease of DR
indicated an increment of intensity sensitivity to the pulse
train for the IC neurons.

The RIFs of two representative neurons in group I res-
ponding to the pulse trains at 10, 30 and 90 pps were shown
in Fig.2. In Fig.2A, DR was minimal at 90 pps and pro-
gressively decreased with the increment of PRRs from 10
to 30 and 90 pps. It means that this neuron exhibited the
maximal intensity sensitivity to pulse train at 90 pps, and
the intensity sensitivity was gradually improved with the
increment of PRRs from 10 to 30 and 90 pps. In Fig.2B, the
DR was minimal at 10 pps. However, DR increased pro-

gressively with the increment of PRRs from 10 to 30 and
90 pps. This neuron exhibited the maximal intensity sensi-
tivity at 10 pps and the minimal intensity sensitivity at 90
pps.

The RIFs of an IC neuron in group II were shown in
Fig.3. The DR was minimal at 30 pps. Variation of DRs
with the different PRRs was stochastic.
2.3  Intensity sensitivity of the IC neurons respond-
ing to the pulse trains at different PRRs
In IC neurons ingroup I, there were two different trends
of variation in DRs at different PRRs. In some neurons,
DRs gradually decreased with the increment of PRRs from
10 to 30 and 90 pps, and the average DRs of the RIFs
decreased significantly with increasing PRRs of pulse trains
(one-way ANOVA, P<0.05, Fig.4A). In the other neurons,
DRs gradually increased with the increment of PRRs from

Fig. 3. Rate-intensity functions (RIFs) of a representative neuron in group II responding to pulse train at different pulse repetition rates
(PRRs). The best frequency (BF, kHz), minimum threshold (MT, dB SPL), latency (ms) and recording depth (µm) were 34.57, 25, 9 and 789,
respectively. A: 10 pps. B: 30 pps. C: 90 pps.

Fig. 4. Dynamic range (DR) values of the rate-intensity functions (RIFs) in neurons in group I. A, B: Two trends of variation in DRs before
bicuculline application. *P<0.05. C, D: Changes of DRs during bicuculline application.
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10 to 30 and 90 pps, and the average DRs of the RIFs
increased significantly with increasing PRRs of pulse trains
(one-way ANOVA, P<0.05, Fig.4B). The results indicated
that some neurons in group I exhibited higher intensity
sensitivity at higher PRR such as 90 pps and the other
neurons in group I exhibited the reversed characteristics in
intensity sensitivity at different PRRs.
2.4  GABAergic inhibition affects the intensity sen-
sitivity at different PRRs
In order to investigate the effects of GABAergic inhibition
on the intensity sensitivity at different PRRs, we compared
all the DRs of the RIFs in IC neurons in group I before and
during bicuculline application. Since the DRs of the RIFs
in IC neurons in group II varied randomly before and du-
ring bicuculline application, we did not take further inves-
tigation by statistics. In IC neurons in group I, the two
different trends of variation in DRs with different PRRs
vanished during bicuculline application (one-way ANOVA,
P>0.05) (Fig.4C, D). This indicates that the effects of the
GABAergic inhibition on the intensity sensitivity are not

consistent at different PRRs for each IC neuron.
2.5  Changes in responses and RIFs of IC neurons
before and during bicuculline application
Changes of RIFs of a representative neuron in group I
responding to the pulse trains before and during
bicuculline application were shown in Fig.5. Bicuculline
application resulted in considerable increments in the
number of impulses under all stimulating conditions.
Compared to that before bicuculline application, the DR
increased significantly during bicuculline application (t-
test, P<0.05) (Fig.6). This result indicated that
GABAergic inhibition modulated the intensity sensitivity
at different PRRs in IC neurons.

The percentage changes in response before and during
bicuculline application was maximal when the stimulus
intensity was near the MT and progressively decreased. In
some cases, the high percentage of changes in response
before and during bicuculline application also presented
when the stimulus intensity was near the maximal sound
intensity. The percentage of changes in response to pulse

Fig. 5. A family of rate-intensity functions (RIFs) of a neuron in group I responding to pulse train at different pulse repetition rates (PRRs)
before and during bicuculline application. The best frequency (BF, kHz), minimum threshold (MT, dB SPL), latency (ms) and recording depth
(µm) were 25.3, 29, 10 and 850, respectively. A: 10 pps. B: 30 pps. C: 90 pps.

Fig. 6. The mean dynamic range (DR) values of the rate-intensity functions (RIFs) in IC neurons in group I before and during bicuculline
application. A: One trend of the average DR values responding to pulse trains before (n=32) and during bicuculline application (n=26).  *P<0.05,
**P<0.01. B: The other trend of the average DR values responding to pulse trains before (n=20) and during bicuculline application (n=10).
*P<0.05.
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trains at different PRRs before and during bicuculline ap-
plication from two representative neurons in group I was
shown in Fig.7. The results indicated that the modulation
of GABAergic inhibition was stronger when the neuron
responded to the sounds at lower intensity level. In some
cases, strong GABAergic inhibition presented possibly at
higher sound intensity level.

3  DISCUSSION

The big brown bat emits sonar pulses at a low emission
rate during searching for prey. While tracking and closing
in on the prey, the bat reduces its sonar pulse duration to
prevent pulse-echo overlap, increases pulse rate to increase
the sampling rate, and reduces the pulse intensity to keep
the perceived amplitude of the echoes essentially constant.

The IC is an obligatory relay station that receives excita-
tory and inhibitory inputs from all lower auditory nuclei
and is very important for auditory information processing.
The previous studies demonstrate that the changes in stimu-
lus repetition rate can affect frequency sensitivity and du-
ration sensitivity of IC neurons and increasing sound level
either increases or decreases the recovery cycle of central
auditory neurons[1,3,5,9,14-17]. The intensity is one of the im-
portant parameters of sound, as well as frequency or
duration. The changes in stimulus repetition rate might af-
fect the intensity sensitivity of IC neurons. GABAergic in-
hibition might play an important role in intensity sensitivity
in IC.

3.1  Intensity sensitivity of IC neurons responding
to the pulse trains at different PRRs
The big brown bat is an insectivorous species that uses
sonar to locate and track flying prey. During pursuit, the
bat shortens its sonar signals and increases their rate of
emission as it closes in to seize the target. However, du-
ring a pursuit, when the emission rate of sonar signals is
changed, bats also simultaneously adjust their emission in-
tensities to stabilize the perceived echo intensity. Specially,
in terminal phase of echolocation, while closing to the prey,
the bat increases its emitting pulse rate and reduces the
pulse intensity to keep the amplitude of echoes essentially
constant and in high sensitivity, which is called automatic
gain control[18]. Echo intensity is correlated with the target
size and distance. As a result, bats can use the echo inten-
sity as reliable information for estimating the target size
and distance[1,11,14]. The studies in the bat’s IC show that
each emission and each echo evoke its own responses
during the approach and tracking stages of pursuit. But
echoes do not explicitly evoke neural responses in the IC
distinct from responses evoked by the broadcast during
the terminal stage because the delay of echoes is too short
for responsiveness to recover from the emissions. Local
multiunit responses recorded from the IC of Eptesicus re-
veal a format for encoding the phase of echoes at all stages
of interception[19]. The changes of IC neurons responding
to the pulse trains at different PRRs depend on the regulation
of neuronal membrane potential by excitatory and inhibitory

Fig. 7. Percentage changes in impulses responding to pulse trains at differen pulse repetition rates (PRRs) before and during bicuculline
application from two representative neurons in group I. The best frequency (BF, kHz), minimum threshold (MT, dB SPL), latency (ms) and
recording depth (µm) of the two neurons were 24.20, 34, 12 and 910 (A); 46.2, 30, 11 and 960 (B), respectively.
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inputs[3,5,20,21]. The rate of sound pulses influenced over the
intensity sensitivity of the IC neurons and it could be cor-
relative with temporal masking phenomenon. Temporal
masking exhibited in the responses of some IC neurons
and affected the intensity sensitivity in our previous stu-
dy[4,11,15,22,23].

In the present study, the auditory response properties
for a large number of IC neurons are dependent on the
temporal dynamics of acoustic stimuli. Specifically, rate of
stimulation can markedly change the RIFs of many IC
neurons. We found that for many IC neurons, an increase
in PRR of stimulation changed the DR and produced a
systematic increase in intensity sensitivity (Fig.4). The analy-
sis reveals that, for about one-half of IC neurons, the DR
decreased and the intensity sensitivity increased with the
increment of PRRs of the pulse trains. On the other side,
for some IC neurons, the DR increased and the intensity
sensitivity decreased with the increment of PRRs of the
pulse trains. These results demonstrated that for different
IC neurons, the properties of the intensity sensitivity pre-
sented different tendency with the increment of PRRs of
the pulse trains. The IC neurons with higher intensity sen-
sitivity responding to the pulse train at 90 pps might dedi-
cate to the terminal phase of echolocation and the other
neurons with higher intensity sensitivity responding to the
pulse trains at 10 or 30 pps might be involved in the search
or pursue phase. These different kinds of IC neurons pos-
sibly contribute to processing acoustic information during
different phases of bat echolocation.
3.2  GABAergic inhibition modulates the intensity
sensitivity of IC neurons at different PRRs
GABA is the main inhibitory neurotransmitter in the central
nervous system acting through three different receptors
identified as: GABAA, GABAB and GABAC receptors. The
ionotropic GABAA receptor is GABAA-gated chloride chan-
nels and bicuculline-sensitive, and causes a membrane
chloride conductance increase for inhibitory postsynaptic
potential in numerous areas in the mammalian brain. The
metabotropic GABAB receptor is a G protein-coupled
receptor and mediates pre- and postsynaptic inhibition by
decreasing membrane Ca2+ conductance and increasing K+

conductance, respectively[24]. Although the ionotropic
GABAC receptors are expressed in several tissues such as
the rodent retina, hippocampus, superior colliculus and spinal
cord, the GABAC receptors are rarely investigated in the IC[25].
GABAergic inhibition shapes the recovery cycle of IC
neurons, because the blockade of GABAA receptors by
bicuculline application decreases the recovery cycle and in-
creases the ability of IC neurons in following the PRR[16,20,21].

In our study, GABAergic inputs to IC neurons were acti-
vated at all intensities and stronger at lower level near the
MT (Fig.7). In some cases, the higher activation occurs at
higher intensities around the maximal level. During
bicuculline application, the differences of intensity sensi-
tivity among the three PRRs vanished with increasing PRRs
of pulse trains in all neurons (Fig.4). The results indicated
that for some IC neurons GABAergic inhibition contributed
to the improvement of intensity sensitivity with increasing
PRRs and inhibitory inputs introduce different effects on
different IC neurons when the sound PRR changes. The
IC receives extensive inhibitory input and the excitation-
inhibition balance between different neurons is important
to regulate the intensity sensitivity of IC neurons respond-
ing to pulse trains at different PRRs[5,6,9,17,22,26].
3.3  Possible mechanisms of GABAergic inhibition
on sound intensity sensitivity of PRRs
Behavioral studies have shown that during insect pursuit,
bats produce the next call immediately after hearing the
echo from the prey. The bat has to wait for sound to reach
and return from a target. All echoes arriving from the pre-
ceding call will be received before the emission of the next
call. The call intensity has played an important role in cal-
culating potential detection ranges for insect targets. Bats
typically reduce call duration as they approach targets so
that the signal overlap zone is equal to or less than the
distance to the target and overlap between pulse and echo
(forward masking) is avoided. If echoes from background
clutter arrive soon after prey echoes, and interfere with
neural activity evoked by the prey echoes, backward mask-
ing may occur. It results in echoes returning in an overlap-
free window, in which both forward and backward
maskings are avoided[27]. Previous studies have shown that
the auditory system of bats is fundamentally similar to that
of other mammals and the interplay of inhibition and exci-
tation that shapes many response properties of IC neuron
is also similar to that of other mammals[2,14,23]. The changes
of stimulation intensity can influence the response of a neu-
ron and the changes of intensity sensitivity with PRRs may
be attributed to either intrinsic mechanism (e.g., biophysical
properties of ion channels), or extrinsic mechanism (e.g.,
synaptic interactions)[3-5,17,20,21]. In our study, a local appli-
cation of bicuculline in the IC enhanced the responses and
reduced the DR of RIFs. Therefore it is possible that GABA-
based inhibition may play a role in the regulating of  inten-
sity sensitivity of units responding to pulse trains at diffe-
rent PRRs[12,16,23]. Increasing strength of GABAergic inhi-
bition at different PRRs  in the present study might be the
neural mechanism underlying the psychophysical phenomena
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of temporal masking. At the level of the IC, a processing
task was partly determined by the spatio-temoral interplay
of excitatory and inhibitory inputs to IC neurons[26].

           *                       *                        *
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