A0 00 000

, . EJ106200100121
Chinese Journal of Physiology 44(3): 121-132, 2001 121
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Abstract

Previous studies have demonstrated that abnormal auditory stimulation during early postnatal
development can be manifested through physiological changes that occur in the inferior colliculus (IC)
of mammals. To determine the contribution of the GABAergic transmitter systems to the development
of response properties of IC neurons, we examined the effect of application of bicuculline (which is an
antagonist for the GABA | receptors) on response properties of IC neurons of the laboratory mice, Mus
musculus, with or without early monaural middle ear destruction. Monaural middle ear destruction was
performed at 12-14 days after birth. At adulthood, the auditory response properties of IC neurons were
examined in both experimental conditions. All IC neurons determined before and during bicuculline
application can be described as (1) phasic responders which discharged 1-2 impulses; (2) phasic bursters
which discharged 3-7 impulse; and (3) tonic responders which discharged impulses throughout the
duration of presented sound pulses. Early monaural middle ear destruction only affected the percent
distribution but not the type of discharge pattern, rate-intensity function and frequency tuning curve of
IC neurons in the control and experimental mice. Neurons in the contralateral IC of experimental
mice typically had longer latencies, higher minimum thresholds, broader frequency tuning curves and
smaller dynamic ranges than neurons in the ipsilateral IC and in control mice. Bicuculline application
produced differential effects in decreasing the latencies and minimum thresholds as well as broaden-
ing frequency tuning curves and dynamic ranges of IC neurons in these two groups of mice. All these
data suggest that early monaural middle ear destruction did not affect the shaping of auditory response
properties of 1C neurons by GABAergic transmitter system.

Key Words: bicuculline, frequency tuning curve, middle ear destruction, mouse, rate-intensity
function

Introduction interaction in the IC of rats (9, 45). Unilateral cochlear
removal produces a threefold increase in the number of
excitatory response neurons in the ipsilaterally excited
IC recording loci with lower thresholds, wider dynamic
ranges, more sustained discharge patterns and shorter
latencies (1,22,23,28). Conversely, early stimulation

Previous studies have shown that monaural
plugging permanently changes the auditory spatial
sensitivity of neurons in the inferior colliculus (IC) of
bats (19) and produces substantial loss of binaural
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with a specific sound frequency results in manifestation
of IC neurons tuned to the early experienced sound
frequency in mice (40) and rats (38,39). Anatomical
studies showed that monaural deprivation or cochlear
ablation led to a decrease in soma size and number in
the IC of mice (52,53), rats (21), cats (14,15,33), gerbils
(16,27), and ferrets (29,30).

Our previous study (56) has shown that early
monaural middle-ear destruction produces larger
neurons in the adult ipsilateral IC. In addition, it
significantly reduces the number and distribution
density of neurons in the contralateral IC. In another
study, we found that IC neurons of control mice
typically had lower minimum thresholds, larger dynamic
ranges and Q,, values than IC neurons of experimental
mice (54). All these studies clearly demonstrate that
early abnormal auditory experience can be manifested
through the anatomical and physiological changes that
occur in the central auditory system.

Previous studies have shown that inhibitory and
excitatory transmitter systems emerge at roughly at the
same developmental age in the auditory nuclei (7,42,
43). For example, glutamate and GABA concentrations
in the IC of rats increase monotonically and reach a
maximum at postnatal day of 21 and then decline and
attain adultlike values after the first postnatal month
(41). These observations are consistent with
immunocytochemical studies which showed a
developmental increase in the expression of GABA
during the postnatal period (7,42,46). Based upon these
studies, we hypothesize that the differences in auditory
response properties between 1C neurons of mice with
and without early monaural middle ear destruction is a
result of disruption of normal development of the
GABAeric transmitter system. To test this hypothesis,
we studied the effect of bicuculline application on the
discharge patterns, rate-intensity functions and
frequency tuning curves (FTCs) of IC neurons of
control and experimental mice.

Material and Methods

Two groups of CD1, Mus musculus (body weight,
b.w., 28-34 g) were used for this study. For the control
mice (n= 8, 4 males and 4 females), auditory response
properties of IC neurons were examined at 6-8 weeks
after birth. For the experimental mice (n=10, 6 males
and 4 females), one middle ear was destroyed at 12-14
days after birth and recording of IC neurons was
conducted at 6-8 weeks after birth.

Table 1. The Discharge Patterns of Inferior Collicular
Neurons of Control and Experimental Mice
Determined before and during Bicuculline

Application
Discharge Bicuculline
pzmerng Predrug b b f
Control
p 14(52% ) 4 4 6
pb 10(37%) 0 4 6
t 3(11%) [ 0 3
Total 27 4(15%) 8(30%) 15(55%)
Experimental
Ipsi
P 13(39%) 5 4 4
pb 11(33%) 0 5 6
t 9(28%) 0 0 9
Total 33 S5(15%) 9(27%) 19(58%)
Contra
p 15(54%) 6 3 3
pb 9(32%) 0 3 6
t 4(14%) 0 0 4
Total 28 6(21%) 6(21%) 16(58%))

Experimental mice received monaural middle ear destruction at
12-14 days after birth. All recordings were made at least 4 weeks
after monaural middle ear destruction. Numbers underlined indi-
cate no change in discharge pattern. p: phasic responder, pb: pha-
sic burster;t: tonic responder. Ipsi or contra: IC neurons ipsilat-
eral or contralateral to the operated ear.

Monaural middle ear destruction was performed
under Nembutal anesthesia (50 mg/kg b.w.). A pair of
fine forceps was inserted through the ear canal under
the light microscope to remove the tympanic membrane
and the ossicular chain. The operated mice were then
observed under a heat lamp until they completely
recovered from anesthesia. This monaural middle ear
destruction represented an acoustic manipulation or
conductive modification which severely reduced the
sound intensity reaching the inner ear (47,49,50).

The surgery procedures for recording were
basically the same as in a previous study (Cain and Jen
1999). Briefly, each mouse was anesthetized with
Nembutal (70 mg/kg b.w.) plus the neuroleptanalgesic
Innovar-Vet (0.08 mg/kg b. w. of fentanyl, 4 mg/kg b. w.
of droperidol). The flat head of a 1.8 cm nail was then
attached to the exposed skull with acrylic glue and
dental cement. A hole was drilled through the skull
overlying the IC. A local anesthetic (Lidocaine) was
applied to the open wound area. The mouse was
strapped to an aluminum holder and placed inside a
sound-proof chamber (temperature 28°-30°C) whose
ceiling and inside walls were covered with 3-inch
convoluted polyurethane foam to reduce echoes. After
orienting the mouse with its eye-snout line pointed to
0° in azimuth and 0° in elevation of the frontal auditory
space, its head was immobilized by fixing the shank of
the nail into a metal rod with a set screw (48). Glass
electrodes of 3M KCI (impedance: 2-5 MQ) were



BICUCULLINE AFFECTS AUDITORY RESPONSE PROPERTIES IN MOUSE INFERIOR COLLICULUS 123

Table2. Percent Increase in the Maximal Number of Table3. A Comparison of Response Latency, and

Minimum Threshold of Inferior Collicular

Impulses of Inferior Collicular Neurons of
Control and Experimental Mice during
Bicuculline Application

% increase Control Experimental

Ipsi Contra
<10% 0(0%) 3(9%) 0(0%)
10-100% 8(30%) 14(42%) 10(36%)
100-400% 15(56%) 16(49%) 14(50%)
>400% 4(14%) 0(0%) 4(14%)
Total 27 33 28

The percent increase was obtained by dividing the increase in the
maximal number of impulses during bicuculline application by the
pre-drug maximal number of impulses.

inserted into the IC to record sound-evoked neural
responses. Recording depth was read from the scale of
a microdrive (David-Kopf). Additional doses (10 mg/
kg) of Nembutal were administered during later phases
of recording when necessary. An indifferent electrode
was placed at the nearby temporal muscies. Each mouse
was used in one to 6 recording sessions on separate
days and each recording session typically last for 4-6
hours.

To generate acoustic stimuli, continuous sine
waves from an oscillator (KH model 1200) were formed
into tone pulses (4 ms, 0.5 ms rise-decay times, at 2
pps, unless otherwise stated) by a homemade tone burst
generator (electronic switch) driven by a stimulator
(Grass S88). The tone pulses were then amplified after
passing through a decade attenuator (HP 350D) before
they were fed to a small tweeter loudspeaker (surface
mount tweeter 40-1217, 4cm diameter, Radio Shack) that
was placed 26.5 cm away from the mouse and 40°
contralateral to the recording site. The loudspeaker
was calibrated with a Briiel and Kjaer 1/2 inch
microphone (4134) placed at the mouse’s ear. The output
was expressed in dB SPL referred to 20 pPa root mean
square. A frequency characteristics curve was plotted
for the loudspeaker to determine the maximal available
stimulus intensity at each frequency.

When an IC neuron responding to 4 ms sounds
was isolated, the frequency and intensity of the sound
were systematically varied to determine the best
excitatory frequency (BF) at which the neuron had the
lowest threshold to sound stimulus (i.e. the minimum
threshold or MT). At the MT, the neuron responded
to each of two consecutive presentations of BF pulses.
The neuron’s FTC was measured by determining the
threshold of each responsive frequency. The neuron’s
rate-intensity function was then studied by recording
the number of impulses to BF sounds delivered at 10
dB increments above the MT. These numbers were

Neurons of Control and Experimental Mice

Response Control Experimental t-test
properties p
Latency (ms)
Ipsi n 27 33

Range 7-17 8-17

Meantsd  *10.9£2.5 11.8£2.3 0.1524
Contra n 27 28

Range 7-17 10-19

Meantsd  *10.9£2.5 13.3+2.4 0.0004
t-test, p <0.05
MT (dB SPL)
Ipsi n 27 33

Range 7-78 7-87

Meantsd  *40.0£18.7  41.1£21.4 0.8348
Contra n 27 28

Range 7-78 30-79

Meantsd  *40.0+18.7  50.8%16.1 0.0194
t test, p <0.05

*Average values from neurons of both inferior collicului. For
convenience of comparison, the average value is listed twice.

then used to plot against the stimulus intensity. To
determine the contribution of GABAergic inhibition on
auditory response properties of IC neurons, the
discharge pattern, response latency, FTC, and rate-
intensity function of IC neurons of control and
experimental mice were examined before and during
application of bicuculline which is an antagonist for
GABA, receptors (2,8).

The construction of the piggy-back multibarrel
electrodes and iontophoretical injection of bicuculline
have been described in detail in previous studies (24,
25). Briefly, a three-barrel electrode (tip: 10-15 pm) was
“piggybacked” to a 3 M KCl single-barrel electrode (tip:
less than 1 pm; impedance: 5-10 MQ whose tip was
extended about 10 pm from the tip of the three-barrel
electrode. The 3 M KCl single-barrel electrode was
used to record neural response. One of the barrels of a
three-barrel electrode was filled with bicuculline
methiodide (10 mM in 0.16 M NaCl, pH 3.0) for injection
into the recording site. The bicuculline was prepared
just prior to each experiment and the electrode filled
immediately before use. This bicuculline channel was
connected via silver-silver chloride wire to a
microiontophoresis constant current generator
(Medical Systems Neurophore BH-2) which was used
to generate and monitor iontophoretic currents. During
bicuculline application, a 1 s pulse of 40 nA at 0.5 pps
was applied for 1 min before data acquisition.
Application current was then changed to 10 nA during
data acquisition. The other two barrels were filled with
1 M NaCl (pH 7.4), one of which was used as the ground
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Table4. The Response Latency and Minimum
Threshold of Inferior Collicular Neurons of
Control and Experimental Mice Determined
before and during Bicuculline Application

Response Control Paired Experimental Paired
properties Predrug Bic t-test,p _ Predrug Bic ttest, p
Latency (ms)
Ipsi n 14 14 19 19

Range *10-15 *9-14 8-17 7-16

Meantsd  *11.7£1.5  *10.6+1.6 <0.0001 11.8£2.5 10.8£2.3 <0.001
% change 9.4% 8.5%
Contra n 19 19

Range 10-19 9-18

Meantsd 14.3£2.5 13.0£2.8 <0.001
“ change 9.1%
ttest, P <0.008 <0.01
MT (dB SPL)
Ipsi n 25 25 21 21

Range *7-78 *1-70 7-87 5-84

Meanzsd  *40.9£19.2 *32.9£17.6 <0.0001 40.0+23.1 36.4323.1 <0.0001
% change 19.6% 9%
Contra n 25 25

Range 30-79 2472

Meantsd 52.4£16.2 47.6£16.2 <0.0001
% change 9.2%
ttest, P <0.05 <0.05

*Average values from neurons of both inferior collicului. % change
in latency or MT due to bicuculline application

and the other as the balanced barrel. The balance
electrode was connected to the balance module. The
retaining current was negative 8-10 nA. Bicuculline
application was considered to have blocked all GABA,
receptors of the neuron when its response monitored
at least three times did not vary more than 15% even at
higher application current (60 nA).

To assess the stability of the neuron’s response,
the neuron was allowed to recover from bicuculline
application (5 minutes after termination of bicuculline
application) and its response properties were
remeasured and compared with its predrug response
properties. A neuron was discarded if its responses
fluctuated drastically during recording. Data were also
discarded when the impedance of the bicuculline-filled
electrode varied more than 20 MQ before and after the
recording, if the tip of the three-barrel electrode broke
when withdrawn from the recording site or when the
tips of the single and the three-barrel electrode
separated from each other.

Recorded action potentials were amplified, band-
pass filtered (Krohn-Hite 3500), and fed through a
window discriminator (WPI 121) before being sent to
an oscilloscope (Tektronix 5111) and an audio monitor
(Grass AMG). They were then sent to a computer
(Gateway 2000, 486) for acquisition of peri-stimulus-
time (PST) histograms (bin width: 500 ps, sampling
period: 300 ms) to 16 stimulus presentations. The PST
histograms quantitatively describe the discharge
pattern of each neuron obtained under different

TableS. A Comparison of Q,, Values and Dynamic
Range of Inferior Collicular Neurons of
Control and Experimental Mice

Response Control Experimental t-test
properties P
Qo values
Ipsi n 27 33
Range 1.7-13.6 0.6-13
Meantsd *5.34£3.1 4.3+3.1 0.2188
Contra n 27 28
Range 1.7-13.6 1.4-8.1
Meantsd  ¥5.3+3.1 3.8+2.9 0.0582
t-test, P >0.05
Dynamic range (dB)
Ipsi n 27 33
Range 11-80 9-69
Meantsd  *37.3+23.5 33.2£21.7 0.4858
Contra n 27 28
Range 11-80 7-55
Meantsd  *37.3£23.5 18.5+13.9 0.0006
t test, P <0.05
See Table 3 for legends.
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Fig. 1. Peri-stimulus-time histograms (PSTs) of three IC neurons
showing the discharge patterns obtained before (predrug),
during (bicuculline) and after (recovery) bicuculline
application. Bicuculline application changed the discharge
pattern of a phasic responder (A-1) and a phasic burster (B-
1) into tonic responders (A-2,A-3,B-2,B-3). The applica-
tion also changed a phasic responder into phasic burster (D-
1,D-2,D-3). Note that the discharge pattern of each neu-
ron during bicuculline application was determined with 4
and 20 ms stimuli (envelops shown at the bottom). N: total
number of impulses per 16 stimuli. These three neurons
were recorded from the IC of a control mouse (A), the
contralateral (B) and ipsilateral (C) ICs of an experimental
mouse. The BF (kHz), MT (dB SPL), recording depth (um)
and latency (ms) of these neurons before bicuculline appli-
cation were 13.0, 62, 1250, 12 (A); 9.8, 45, 900, 15 (B); 9.
1, 36, 760, 11 (C).

stimulation conditions.

The neuron’s latency was determined as the time
lag between onset of the stimulus and the peak response
in the PST histogram obtained with BF sounds 10 dB
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Table 6. Q,, Values of Frequency Tuning Curves and
Dynamic Ranges of Inferior Collicular
Neurons of Control and Experimental Mice
Determined before and during Bicuculline

Response Control Paired Experimental Paired
properties Predrug Bic ttest. p Predrup Bic ttesy, P
Qo
Ipsi n 22 22 28 28

Range *2.3-13.6 *1.4-6.1 0.6-13 0.1-10.1

Meantsd *5.943.1 *3.742.5 <0.0001 4.6+3.3 3.3£2.6 <0.0001
% change 37% 28%
Contra n 20 20

Range 1.6-8.1 0.8-5.1

Meanisd 4.0£1.9 2.2:1.1 <0.0001
% change 45%
ttest, P 0.44 0.067
Dynamic
Range (dB)
Ipsi n 18 18 16 16

Range *11-80 *13-87 9-59 13-60

Meanzsd *31.8£23.6 *44.3+22.4 <0.0001 28.8219.8 49.4£17.0  <0.005
% change 39.3% 71.5%
Contra L] 22 2

Range 7-55 15.-58

Meantsd 17.1£12.2 26.8£11.6 <0.0001
% change 56.7%
ttest, P <0.08 <0.000}

*Average values from neurons of both inferior collicului. % change
in latency or MT due to bicuculline application
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Fig. 2. Comparisons of latencies (ms) of IC neurons obtained be-
fore (predrug) and during bicuculline application. Diagonal
dotted lines represent equal latency. A: ctrl: Data obtained
from IC neurons of control mice. B-i: exp.ipsi, B-c: exp.
contra: data obtained from the IC ipsilateral or contralat-
eral to the ear with middle ear destruction. N: number of IC
neurons. All data were obtained at adulthood.

above the MT. The sharpness of FTCs was expressed
by Q,, values which were obtained by dividing the BF
by the bandwidths at 10 dB above the MT. A Student T
test was used to statistically compare data obtained from
IC neurons of control and experimental mice.

Results

The Effect of Bicuculline Application on Dis-
charge Pattern

Table 7. The Rate-Intensity Function of Inferior
Collicular Neurons of Control and
Experimental Mice Determined before and
during Bicuculline Application

Type Control Experimental

Predrug Bic Predrug Bic
Monotonic
Ipsi *6(22%) *16(59%) 9(27%) 20(61%)
Contra 6(22%) 16 (57%)
Nonmonotonic
Ipsi *21(78%) *11(41%) 24(73%) 13(39%)
Contra 22(78%) 12(43%)

*: obtained from neurons of both inferior colliculi.

Auditory responses of 27 IC neurons were recorded
from control mice, 33 from the ipsilateral IC and 28 from
the contralateral IC of experimental mice. Discharge
patterns of all IC neurons determined before and during
bicuculline application can be described as phasic
responders, phasic bursters and tonic responders.
Phasic responders discharged 1-2 impulses (Fig. 1A-1,
A-4,C-1,C-4) whereas phasic bursters typically
discharged 3-7 impulses (Fig. 1B-1,B-4,C-2,C-3). In
contrast, tonic responders discharged impulses
throughout or longer than the duration of presented
pulses (Fig. 1A-2,A-3; B-2,B-3).

Bicuculline application increased the number of
impulses of all IC neurons and changed the discharge
patterns of 43-60% of IC neurons. As shown in Fig. 1,
bicuculline application changed one representative
phasic neuron into a tonic responder in which the
discharge duration increased with stimulus duration (Fig.
1A-1 vs A-2, A-3). This neuron changed back to a phasic
responder after recovery from bicuculline application
(Fig. 1A-4). Bicuculline application changed another
phasic burster into a tonic responder (Fig. B-1 vs B-2, B-
3) which changed back to phasic burster after bicuculline
application (Fig. 1B-4). Bicuculline application increased
the discharge rate of another phasic neuron but did not
change its discharge pattern (Fig. 1C-1,C-2,C-3,C-4).

Table 1 shows the distribution of discharge patterns
of IC neurons from both groups of mice determined
before and during bicuculline application. Most (72-
89%) IC neurons were either phasic responders or phasic
bursters before bicuculline application. The ipsilateral
IC of experimental mice had twice as many tonic
responders than the contralateral IC and the IC of control
mice. More than half of IC neurons from both groups of
mice were tonic responders during bicuculline
application. Bicuculline application did not affect the
discharge patterns of 40-57% of IC neurons (numbers
underlined).
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Fig. 3 Comparisons of MTs (dB SPL) of IC neurons obtained be-
fore (predrug) and during bicuculline application (See Fig. 2
for legends).
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Fig. 4. Frequency tuning curves of two representative 1C neurons
determined before (solid squares), during (solid circles) and
after (unfilled circles) bicuculline application. Aa, Ba:
predrug, Ab, Bb: bicuculline application, Ac, Bc: recovery
from bicuculline application. These two neurons were re-
corded from the IC of a control mouse (A) and the ipsilat-
eral IC (B) of an experimental mouse. The BF (kHz), MT
(dB SPL), recording depth (um) and latency (ms) of these
two neurons before bicuculline application were 13.0, 78,
1130, 15 (A). 9.9, 49, 1110, 12 (B).

We calculated the percent increase in the maximal
discharge by dividing the increase in the maximal number
of impulses during bicuculline application by the predrug
maximal number of impulses. As shown in Table 2, the
percent increase in the maximal number of impulses in
most (86-91%) IC neurons during bicuculline application
was between 10% and 400%. A few neurons in control
mice and in the contralateral IC of experimental mice had
an increase in the maximal number of impulses greater
than 400% but none had less than 10%. In contrast, a

few neurons in the ipsilateral 1C of experimental mice
had an increase in the maximal number of impulses less
than 10% but none had greater than 400%.

The Effect of Bicuculline Application on Latency
and MT

When measured before bicuculline application,
neurons in the contralateral IC of experimental mice had
significantly longer average latencies than neurons in
the ipsilateral IC and in control mice (Table 3 upper
portion, t test, P<0.05-0.001). However, average
latencies of IC neurons of control mice and the ipsilateral
IC of experimental mice were not significantly different
(t test, P>0.1). Bicuculline application either decreased,
increased or did not change the latency of IC neurons.
Figure 2 compares the latency of IC neurons of both
groups of mice determined before and during bicuculline
application. In control mice, bicuculline application
produced a decrease in the latency of 14 (52%) neurons
but did not change the latency of 13 (48%) neurons (Fig.
2A). In the ipsilateral IC of experimental mice, bicuculline
application produced (1) a decrease in the latency of 19
(58%) neurons; (2) no change in the latency of 11 (33%)
neurons and (3) a decrease in the latency of 3 (9%)
neurons (Fig. 2B-1). In the contralateral IC of experimental
mice, bicuculline application produced (1) a decrease in
the latency of 19 (68%) neurons; (2) no change in the
latency of 7 (25%) neurons and (3) a decrease in the
latency of 2 (7%) neurons (Fig. 2B-c).

The upper half of Table 4 shows the average
latencies of those IC neurons whose latencies were
decreased by bicuculline application in both groups of
mice. Bicuculline application significantly decreased the
average latencies of these neurons (t test, P<0.001).
Percent decrease in average latency was comparable
(within 1%) for IC neurons in both groups of mice. In
experimental mice, the average latencies of these neurons
determined before and during bicuculline application
were always significantly longer in the contralateral IC
than in the ipsilateral IC (t test, £<0.01-0.005). Neurons
in the IC of control mice and in the ipsilateral IC of
experimental mice had comparable average latencies
when determined both before and during bicuculline
application (t test, P>0.5). In other words, bicuculline
application produced a similar decrease in the latencies
of IC neurons of control and the ipsilateral IC of
experimental mice.

When measured before bicuculline application,
neurons in the contralateral IC of experimental mice had
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a significantly higher average MT than neurons in the
ipsilateral IC and in control mice (Table 3 lower portion,
t test, P<0.05). Average MTs of IC neurons of control
mice and the ipsilateral IC of experimental mice were
comparable (t test, P>0.1). Bicuculline application either
decreased or did not affect the MTs of IC neurons. Figure
3 compares the MTs of IC neurons of both groups of
mice determined before and during bicuculline
application. In control mice, bicuculline application
produced a decrease in the MTs of almost all (25, 93%)
neurons (Fig. 3A). In the ipsilateral IC of experimental
mice, bicuculline application produced a decrease in the
MTs of 21 (64%) neurons but did not change the MTs of
12 (36%) neurons (Fig. B-i). In the contralateral IC of
experimental mice, bicuculline application produced a
decrease in the MTs of most (25, 89%) neurons but did
not change the MTs of 3 (11%) neurons (Fig. 3B-c).

The lower half of Table 4 shaws the average MTs
of those IC neurons whose MTs were decreased by
bicuculline application. Bicuculline application
significantly decreased the average MT of these IC
neurons in both groups of mice (t test, P<0.001).
However, percent decrease in the average MT of IC
neurons was two times greater for control mice than for
experimental mice. In experimental mice, the average MTs
determined both before and during bicuculline
application were always significantly higher for neurons
in the contralateral than in the ipsilateral IC (t test, P<0.
05). The average MTs of neurons in control mice and in
the ipsilateral IC of experimental mice obtained before
and during bicuculline application were not significantly
different (t test, P>0.5).

The Effect of Bicuculline Application on Thresh-
old FTC

Figure 4 shows the threshold FTCs of two
representative IC neurons obtained before (predrug, a),
during (bicuculline, b) and after (recovery, c) bicuculline
application. Bicuculline application broadened the FTC
of one neuron (Fig. 4Aa vs Ab) but did not affect the
FTC of the other neuron (Fig. 4Ba vs Ba). FTCs of these
two neurons measured before and after bicuculline
application were quite comparable (Fig. 4 Aa vs Ac, Ba
vs Be).

The effect of bicuculline application on the
sharpness of FTCs of these IC neurons was determined
by comparing the Q ; values of FTCs before and during
bicuculline application. Before bicuculline application,
neurons in the contralateral IC of experimental mice had
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Fig. 5. Comparisons of Q,, values of IC neurons obtained before

(predrug) and during bicuculline application (See Fig. 2 for

legends).
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Fig. 6. Rate-intensity functions of eight representative IC neu-

rons determined before (predrug, filled circles), during
(bicuculline, filled squares) and after (recovery, unfilled
circles) bicuculline application. Note that bicuculline ap-
plication greatly increased the height of all rate-intensity
functions. These eight neurons were recorded from the IC
of control mice (A-C), the contralateral (E) and ipsilateral
(D,F-H) ICs of experimental mice. The BF (kHz), MT (dB
SPL), recording depth (um) and latency (ms) of these eight
neurons predrug were 12.9, 63, 1145, 13 (A); 12.2, 71,
650, 17 (B); 13.5, 30, 1000, 12 (C); 12.5, 106, 1220, 11
(D); 7.0, 35, 760, 15 (E); 9.2, 31, 1300, 11 (F); 9.1, 36,
760, 11 (G); 9.00, 32, 1000, 11 (H) (see text for details).

smaller average Q,; value than neurons in the ipsilateral
IC and in control mice although the difference was not
significant (Table 5 upper portion, t test, P>0.05). In
control mice, bicuculline application produced a decrease
in the Q,, values of 22 (81%) neurons but did not change
the Q,, values of 5 (19%) neurons (Fig. 5A). In the
ipsilateral IC of experimental mice, bicuculline application
produced (1) a decrease in the Q,, values of 28 (85%)
neurons; (2) no change in the Q , values of 4 (12%)
neurons and (3) an increase in the Q, value of 1 (3%)
neuron (Fig. 5B-1). In the contralateral IC of experimental
mice, bicuculline application produced a decrease in the
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Q,, values of 20 (71%) neurons but did not change the
Q,, values of 8 (29%) neurons (Fig. 5B-c).

The upper half of Table 6 shows the average Q
values of those IC neurons whose Q,, values were
decreased by bicuculline application. Bicuculline
application significantly decreased the average Q, value
of these IC neurons in both groups of mice (t test, P<0.
001). However, percent decrease in the average Q  value
of IC neurons was largest for the contralateral IC, smallest
for the ipsilateral IC of the experimental mice and
intermediate for control mice. In experimental mice, the
average Q,; values for neurons in both colliculi
determined before and during bicuculline application did
not differ significantly (t test P>0.5).

The Effect of Bicuculline Application on Rate-
intensity Functions

Rate-intensity functions were obtained by plotting
the number of impulses against the stimulus intensity.
Fig. 6 shows rate-intensity functions of 8 representative
1C neurons determined before (predrug, a), during
(bicuculline, b) and after (recovery, ¢) bicuculline
application. Bicuculline application increased the
number of impulses of all IC neurons to varying degrees
throughout the intensity range tested. The predrug and
recovered rate-intensity functions of all but one (Fig.
6Ha vs Hc) neuron are literally congruent to each other.

All rate-intensity functions plotted before, during
and after bicuculline application can be described as
monotonic and nonmonotonic. The number of impulses
of a monotonic neuron monotonically increased with
stimulus intensity (Fig. 6Ab,Cb,Ha,c) or reached a plateau
at high intensities (Fig. 6Bb,Ca,c,Fa,c,Ga,b,c). The
number of impulses of a nonmonotonic neuron
increased with stimulus intensity up to a maximum and
then decreased more than 20% at still higher intensities
(Fig. 6Aa,c,Ba,c,Da,c,Ea,c,Fb,Hb). In some extreme
cases, the number of impulses decreased drastically at
higher intensities such that rate-intensity functions had
bell-shape (Fig. 6Ba,c, Da,c).

As shown in Table 7, most (73-78%) IC neurons
from both groups of mice had more nonmonotonic rate-
intensity functions before bicuculline application.
Bicuculline application increased the number of
monotonic neurons and decreased the number of
nonmionotonic neurons in all ICs. To quantify the effect
of bicuculline application on rate-intensity functions of
these neurons, we compared their dynamic ranges
calculated before and during bicuculline application. A
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Fig. 7 Comparisons of dynamic ranges (DR) of IC neurons ob-
tained before (predrug) and during bicuculline application
(See Fig. 2 for legends).

dynamic range was defined «s the intensity range
corresponding to the number of impulses that was 10%
below the maximum and 10% above the minimum of an
rate-intensity function.

Before bicuculline application, neurons in the
contralateral IC of experimental mice had significantly
smaller average dynamic range than neurons in the
ipsilateral IC and in control mice (Table 5 lower portion,
t test, £<0.05-0.0001). Bicuculline application either
increased, decreased or did not affect the dynamic range
of IC neurons. Figure 7 compares the dynamic range of
IC neurons of both groups of mice determined before
and during bicuculline application. In control mice,
bicuculline application produced (1) an increase in the
dynamic range of 18 (67%) neurons; (2) no change in
the dynamic range of 5 (19%) neurons and (3) a decrease
in the dynamic range of 4 (14%) neurons (Fig. 7A). In
the ipsilateral IC of experimental mice, bicuculline
application produced (1) an increase in the dynamic
range of 16 (48%) neurons; (2) no change in the dynamic
range of 7 (21%) neurons and (3) a decrease in the
dynamic range of 7 (21%) neurons (Fig. 7B-i). In the
contralateral IC of experimental mice, bicuculline
application produced (1) an increase in the dynamic
range of 22 (79%) neurons; (2) no change in the dynamic
range of 4 (14%) neurons; and (3) a decrease in the
dynamic range of 2 (7%) neurons (Fig. 7B-c).

The lower half of Table 6 shows the average
dynamic ranges of those IC neurons whose dynamic
ranges were increased by bicuculline application.
Bicuculline application significantly increased the
average dynamic ranges of these IC neurons in both
groups of mice (t test, P<0.005-0.0001). However,
percent decrease in the average dynamic range of IC
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neurons was largest for the ipsilateral IC, intermediate
for the contralateral IC of the experimental mice and
smallest for the control mice.

In experimental mice, the average dynamic ranges
determined both before and during bicuculline
application were always significantly smaller for neurons
in the contralateral than in the ipsilateral IC (t test, P<0.
05-0.0001). The average dynamic range of neurons in
control mice and in the ipsilateral IC of experimental mice
obtained before and during bicuculline application was
not significantly different (t test, P>0.5).

Discussion

Effects of Bicuculline Application on Response
Properties of IC Neurons

In this study, we examined the effect of bicuculline
application on auditory response properties of 1C
neurons of mice with or without monaural middle ear
destruction in early age. Sound stimulation was equal
(symmetrical) at each ear of control mice. However,
sound stimulation was asymmetrical so as to be weaker
at the operated ear of experimental mice. We have
observed that bicuculline application increased the
number of impulses and discharge duration as well as
changed discharge patterns of 43-67% of IC neurons in
both groups of mice (Fig.1, Tables 1,2). Bicuculline
application decreased the latency, lowered the MT,
expanded FTC and increased the dynamic range of most
IC neurons (Tables 4, 6). Similar observations have been
reported for auditory neurons in many previous studies
(6,11,13,17,18,24,25,35,36,51,52).

All these observations indicate that GABAergic
inhibition contributes importantly to the dynamic aspect
of auditory temporal processing. For example, it has
been suggested that phasic discharge patterns are due
to GABAergic inhibition that follows the neuron’s
excitatory responses to sound stimulation (4,5,20,32).
The increase in number of impulses and decrease in
response latency and MT upon bicuculline application
has been attributed to the removal of GABAergic
inhibition that precedes the neuron’s excitatory response
to the sound stimulation (5). Thus the frequency regions
that expanded during bicuculline application were likely
those under the control of GABAergic inhibitory
neurons which would contribute to sharpening of the
predrug excitatory FTC.

We found that bicuculline application did not affect
the discharge patterns (e.g. Fig 1C-1, C-2,C-3, C4; Table

1 underlined), latencies, MTs and FTCs of some IC
neurons (Figs 2,3, 4). Itis conceivable that GABAergic
inhibition either does not contribute to shaping the
response properties of these neurons or they may simply
inherited the response properties from subcortical
auditory nuclei.

The fact that bicuculline application increased the
number of impulses to varying degrees throughout the
entire range of intensity (Fig. 6) suggests that
GABAergic inhibition to each IC neuron was intensity-
dependent. For example, we observed that bicuculline
application could change a nomonotonic intensity-rate
function into a monotonic one (e.g. Fig. 6 Da vs Db).
This observation was most likely due to the fact that
GABAergic inhibition was stronger at high than at low
intensities such that release of GABAergic inhibition
upon bicuculline application resulted in a greater increase
in number of impulses at high than at low intensities.
When GABAergic inhibition was stronger at low than
at high intensities, bicuculline application typically did
not change the type of rate-intensity function (e,g, Fig.
6 Ea vs Eb). However, the fact that more monotonic
rate-intensity functions were obtained during bicuculline
application (Table 7) suggests that most GABAergic
inhibition was stronger at the high than at low intensities.
The fact that the effect of bicuculline application on
auditory response is intensity-dependent has been
reported for bat IC neurons (6,37).

Difference in Response Properties between IC
Neurons of Control and Experimental Mice

We found that the ipsilateral IC of experimental
mice had more tonic responders than the contralateral
IC and control mice (Table 1). We also found that neurons
in the IC contralateral to the operated ear had
significantly longer latencies, higher MTs, and smaller
dynamic ranges than neurons in the ipsilateral IC and
control mice both before and during bicuculline
application (Tables 3-6). The percent changes in latency,
MT, Q,, value and dynamic range during bicuculline
application were also different between IC neurons of
experimental and control mice (Tables 4, 6). What may
be the possible mechanisms that contribute to these
observed differences?

Previous studies have shown that most IC neurons
are mainly excited contralaterally and inhibited
ipsilaterally (i.e. EI neurons) while some are excited
bilaterally (i.e. EE neurons) or contralaterally, only (i.e.
EO neurons)(12,44). Because middle ear destruction



130 XUAND JEN

severely reduced the sound intensity reaching the inner
ear (47,49,50), EI neurons ipsilateral to the operated ear
receive stronger excitation from the unoperated ear
relative to attenuated inhibition from the operated ear.
In contrast, EI neurons contralateral to the operated ear
receive weaker excitation from the operated ear relative
to unattenuated inhibition from the unoperated ear. By
the same token, EE or EO neurons ipsilateral to the
operated ear receive stronger excitation from the
unoperated ear than EE or EO neurons contralateral to
the operated ear. Thus, the ipsilateral IC of experimental
mice would receive stronger excitation from the
unoperated ear and the contralateral IC would receive
weaker excitation from the operated ear regardless of
the aurality of IC neurons. These different degrees of
excitation could be responsible for longer latencies,
higher MTs and smaller dynamic ranges of neurons in
the contralateral IC than in the ipsilateral IC of
experimental mice and in control mice (Tables 2, 5). A
reduced inhibition from the operated ear and an increased
excitation from the unoperated ear might also conceivably
contribute to two times more tonic responders in the
ipsilateral IC than in the contralateral IC of experimental
mice and control mice (Table 1).

Difference in the Effect of Bicuculline Applica-
tion of Response Properties between IC Neurons
of Control and Experimental Mice

While bicuculline application produced comparable
percent latency decreases in IC neurons of both groups
of mice (8.5-9.4%, Table 4 top), it produced twice the
percent MT decrease in IC neurons of control than
experimental mice (19.6% vs 9.2%, Table 4 bottom). In
contrast, the percent increase in the dynamic range of
IC neurons during bicuculline application was 17-32%
larger for experimental mice than for control mice (Table
6 bottom). In experimental mice, neurons in the
contralateral IC had significantly longer response
latency, higher MT and smaller dynamic range than
neurons in the ipsilateral IC when determined both before
and during bicuculline application (Tables 4,6). All these
observations suggest that the unequal stimulation
conditions created by monaural middle ear destruction
may have affected the postnatal development of
GABAergic receptors in experimental mice relative to
control mice.

A recent study showed that unilateral cochlear
ablation in adult gerbils produced a significant decrease
in glutamic acid decarboxylase protein levels in the IC

contralateral to the operated ear (31). This down-
regulation of GABAergic systems increased the
proportion of excited IC recording loci to sound
stimulation of the intact, ipsilateral ear when compared
with responses of IC neurons of the control animals with
both cochleas intact (22,23,26,3134). As inhibitory and
excitatory transmitter systems emerge at roughly at the
same developmental age in the auditory nuclei (7,42,43),
we have hypothesized in the Introduction that early
monaural middle ear destruction may have produced
disruption of normal development of the GABAergic
transmitter systems in the IC of experimental mice. A
disruption in the GABAergic transmitter systems by early
monaural middle ear destruction may contribute to
differential effects of bicuculline application on response
properties of IC neurons in control and experimental mice
(Table 2,4). Future immunocytochemical works are
needed to confirm this possibility.

In summary, we have demonstrated that early
monaural middle ear destruction affected only the
percent distribution but not the type of discharge pattern,
rate-intensity function and FTCs of IC neurons in the
control and experimental mice. Neurons in the
contralateral IC of experimental mice typically had longer
latencies, higher minimum thresholds, broader FTCs and
smaller dynamic ranges than neurons in the ipsilateral
IC and in control mice. Bicuculline application produced
differential effects in decreasing the latencies and MTs
as well as broadening FTCs and dynamic ranges of IC
neurons in these two groups of mice.

Acknowledgements

We thank Dr. X. M. Zhou for technical assistance
and Dr. J. Maruniak and two anonymous reviewers for
their critical comments on an earlier version of this
manuscript. This work is supported by a research grant
from the National Science Foundation (NSF IBN 9907610)
and a grant from the Research Board of the University
of Missouri (RB 98-014 Jen) and the Research Council
(URC 99-015 Jen). The experiments were conducted in
compliance with NIH publication No. 85-23, “Principles
of Laboratory Animal Care” and with the approval of
the Institutional Animal Care and Use Committee (#1438)
of the University of Missouri-Columbia.

References

1. Batkin, §., Groth, H., Watson, J. R. and Ansberry, M. Effects of



20.

21.

22.

BICUCULLINE AFFECTS AUDITORY RESPONSE PROPERTIES IN MOUSE INFERIOR COLLICULUS

auditory deprivation on the development of auditory sensitivity
in albino rats. Electroenceph. Clin.Neurophysiol. 28: 351-359,
1970.

Bormann, ). Electrophysiology of GABAA and GABAB recep-
tor subtypes. Trend Neurosci. 11: 112-116, 1988.

Cain, D. and Jen, P. H.-S. Response properties and the effect of
sound direction on frequency tuning characteristics in the mouse
inferior colliculus. Chin. J. Physiol. 42:1-8, 1999.

Casseday, J. H. and Covey, E. Mechanisms for analysis of audi-
tory temporal patterns in the brainstem of echolocating bats. In
Covey E, Hawkins HL, Port RF (eds): Neural Representation of
Temporal Patterns. New York: Plenum, 1995, pp 25-51.
Casseday, J. H. and Covey, E. A neuroethological theory of the
operation of the inferior colliculus. Brain Behav. Evol. 47:
311-336, 1996.

Chen, Q. C. and Jen, P. H.-S. Bicuculline application affects
discharge patterns, rate-intensity functions, and frequency tun-
ing characteristics of bat auditory cortical neurons. Hearing
Res. 150: 161-174, 2000.

Code, R. A, Burd, G. D. and Rubel, E. W. Development of
GABA immunoreactivity in brainstem auditory nuclei of the
chick: ontogeny of gradients in terminal staining. J. Comp.
Neurol. 284:504-518, 1989.

Cooper, J. R., Bloom, F. E. and Roth, R. H. The biomedical basis
of neuropharmacology. Oxtord University Press, New York,
1982.

Clopton, B. M. and Silverman, M. S. Plasticity of binaural
interaction: Il. Critical period and changes in midline response.
J. Neurophysiol. 40:1275-1280, 1977.

. Clopton, B. M. and Silverman, M. S. Changes in latency and

duration of neural responding following developmental auditory
deprivation. Exp. Brain Res. 32:39-47,1978.

. Ebert, U. and Ostwald, J. GABA alters the discharge pattern of

chopper neurons in the rat ventral cochlear nucleus. Hearing
Res. 91:160-166, 1995.

. Erulkar, S. D. Comparative aspects of spatial localization of

sound. Physiol. Rev. 52: 237-360, 1972.

. Faingold, C. L., Boersma-Anderson, C. A. and Caspary, D. M.

Involvement of GABA in acoustically-evoked inhibition in infe-
rior colliculus neurons. Hearing Res. 52:201-216, 1991.

. Hardie, N. A., Martsi-McCclintock, A., Aikin, L. and Shepherd,

R. K. Neonatal sensorineural hearing loss affects synaptic den-
sity in the auditory midbrain. NeuroReport 9:2019-2 0 2 2,
1998.

. Hardie, N. A. and Shepherd, R. K. Sensorineural hearing loss

during development: morphological and physiological response
of the cochlea and auditory brainstem. Hearing Res. 128:147-
165, 1999.

. Hashisaki, G. T. and Rubel, E. W. Effects of unilateral cochlea

removal on anteroventral cochlear nucleus neurons in develop-
ing gerbils. J. Comp. Neurol. 283: 465-473, 1989.

. Jen, P. H.-S. and Zhang, J. P. The role of GABAergic inhibition

on direction-dependent sharpening of frequency tuning in bat
inferior collicular neurons. Brain Res. 862: 127-137, 2000.

. Jen, P. H.-S. and Lu, Y. The lateral inhibition in the inferior

colliculus of the big brown bat, Eptesicus fuscus. Asso. Res.
Otolaryngol. Abstr. 21:207, 1998.

. Jen, P. H.-S. and Sun, X. D. Influence of monaural plugging on

postnatal development of auditory spatial sensitivity of inferior
collicular neurons of the big brown bat, Eptesicus fuscus. Chin. J.
Physiol. 33:231-246, 1990.

Johnson, B. R. GABAergic and glycinergic inhibition in the
central nucleus of the inferior colliculus of the big brown bat.
PhD. Dissertation, Duke University, Durham, NC, 1993.
Killackey, H. O. and Ryugo, D. K. Effetcs of neonatal periph-
eral auditory system damage on the structure of inferior colliculus
of the rat. Anat. Rec. 187: 624, 1977.

Kitzes, L. M. Some physiological consequences of neonatal
cochlear destruction in the inferior colliculus of the gerbil. Brain

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

131

Res. 306: 171-178, 1984.

Kitzes, L. M. and Semple, M. N. Single unit responses in the
inferior colliculus: effects of neonatal unilateral cochlear ablation.
J. Neurophysiol. 53:1483-1500, 1985.

Lu, L., Jen, P. H.-S. and Zheng, Q. Y. GABAergic disinhibition
changes the recovery cycle of bat inferior collicular neurons. J.
Comp. Physiol. 181: 331-341, 1997.

Lu, Y., Jen, P. H.-S. and Wu, M. GABAergic disinhibition affects
responses of bat inferior collicular neurons to temporally pat-
terned sound pulses. J. Neurophysiol. 79: 2303-2315, 1998.
McAlpine, D. R., Martin, L., Mossop, J. E. and Moore, D. R.
Response properties of neurons in the inferior colliculus of the
monaurally deafened ferret to acoustic stimulation of the intact
ear. J. Neurophysiol. 78: 767-779, 1997.

Moore, D. R. and Kitzes, L. M. Projections from the cochlear
nucleus to the inferior colliculus in normal and neonatally co-
chlea-ablated gerbils. J. Comp. Neurol. 240: 180-195, 1985.
Moore, D. R. and Kitzes, L. M. Cochlear nucleus lesions in the
adult gerbil:effects on neurons responses in the contralateral
inferior colliculus. Brian Res. 373: 268-274, 1986.

Moore, D. R. and Kowalchuk, N.E. Auditory brainstem of the
ferret: effects of unilateral cochlear lesions on cochlear nucleus
volume and projections to the inferior colliculus. J.
Comp. Neurol. 272: 503-515, 1988.

Moore, D. R., Hutchings, M.E., King, A.J. and Kowalchui, N. E.
Auditory brain system of the ferret: some effects of rearing with
a unilateral ear plug on the cochlea, cochlear nucleus,and pro-
jections to the inferior colliculus. J. Neurosci. 9:1213-1222,
1989.

Mossop, J. E., Wilson, M. 1., Caspary, D. M. and Moore, D. R.
Down-regulation of inhibition following unilateral deafening.
Hearing Res. 147: 183-187, 2000.

Nelson, P. G. and Erulkar, S. D. Synaptic mechanisms of excita-
tion and inhibition in the central auditory pathway. J.
Neurophysiol. 26: 908-923, 1963.

Nishiyama, N., Hardie, N. A. and Shepherd, R. K. Neonatal
sensorineural hearing loss affects neurons size in cat auditory
midbrain. Hearing Res. 140: 18-22, 2000.

Nordeen, K. W, Killackey, H. P. and Kitzes, L. M. Ascending
projections to the inferior colliculus following unilateral cochlear
ablation in the neonatal gerbil, Meriones unguiculatus. J. Comp.
Neurol. 241: 144-153, 1983.

Palombi, P. S. and Caspary, D. M. GABA  receptor antagonist
bicuculline alters response properties of posteroventral cochlear
nucleus neurons. J. Neurophysiol. 67: 738-746, 1992.

Park, T. J. and Pollak, G. D. GABA shapes a topographic
organization of response latency in the mustache bat’s inferior
colliculus. J. Neuroseci. 13: 5172-5187, 1993.

Pollak, G. D. and Park, T. J. The effects of GABAergic inhibi-
tion on monaural response properties of neruons in the mus-
tache bat’s inferior colliculus. Hearing Res. 65: 99-117,

1993.

Poon, P. W.F. and Chen, X. Postnatal exposure to tones alters
the tuning characteristics of inferior collicular neurons in the
rat. Brain Res. 585: 391-394, 1992.

Poon, P. W. F., Chen. X. and Hwang, J. C. Sensitivities of
auditory neurons in the rat midbrain following early postnatal
exposure to patterned sounds. Brain Res. 524:327-339, 1990.
Sanes, D. A. and Constantine-Paton, M. The sharpening of
frequency tuning-required patterned activity during development
in the mouse, Mus musculus. J. Neuronsci. 5: 1152-1166,
1985.

Sanes, D. H. and Walsh, E. J. “The Development of Central
Auditory Processing” in Development of the Auditory System
(eds EW Rubel, AN Popper and RR Fay) Springer-Verlag, N. Y.
pp271-314, 1997.

Schweitzer, L. and Cecil, T. Morphology of HRP-labelled co-
chlear nerve axons in the dorsal cochlear nucleus of the hamster.
Brain Res. 352: 69-82, 1992.



132

43.

44.

45.

46.

47.

48.

49.

50.

XUAND JEN

Schweitzer, L., Ceicil, T. and Walsh, E. J. Development of
GAD-immunoreactivity in the dorsal cochleus of the hamster:
light and electron microscopic observations. Hearing Res. 65:
240-251, 1993.

Semple, M. N. and Kitzes, L. M. Single-unit responses in the
inferior colliculus: different consequences of contralateral and
ipsilateral auditory stimulation. J. Neurophysiol. 53: 1467-
1482, 1985.

Silverman, M. S. and Clopton, B. M. Plasticity of binaural
interaction. I. Effect of early auditory deprivation. J.
Neurophysiol. 40: 1266-1274, 1977.

Snead, C. R., Altschuller, R. A. and Wenthold, R. J. A compari-
son of GABA- and glycine-like immunolocalization in the de-
veloping rat lower auditory brainstem. Asso. Res. Otolaryngol.
Abst. 11:51, 1988.

Suga, N. and Jen, P. H.-S. Peripheral contro! of acoustic signals
in the auditory system of echolocating bats. J. Exp. Biol. 62:
277-311, 1975.

Suga, N. and Schlegel, P. Neural attenuation of responses to
emitted sound in echolocating bats. Science 177: 82-84, 1972.
Tonndorf, J. and Khanna, S. M. The role of the tympanic
membrane in middle ear transmission. Annal Otol. Rhinol.
Laryngol. 79: 743-754, 1970.

Tonndorf, J., Mccardle, F. and Kruger, B. Middle ear transmis-
sion losses caused by tympanic membrane perforations in cats.

S1.

53.

54.

55.

56.

Acta Otolaryngol. (Stockholm) 81: 330-336, 1976.

Vater, M., Kossl, M. and Horn, A. K. GAD- and GABA-immu-
noreactivity in the ascending auditory pathway of horseshoe
and mustached bats. J. Comp. Neurol. 325: 183-206, 1992.

. Webster, D. B. and Webster, M. Auditory neuronal sizes after a

unilateral conductive hearing loss. Exp. Neurol. 79: 130-140,
1983a.

Webster, D. B. and Webster, M. Auditory neuronal sizes after a
unilateral conductive hearing loss. Exp. Neurol. 79: 130-140,
1983b.

Xu, L. 1., Jen, P. H.-S. and Lu, Y. The effect of middle ear
destruction on postnatal development of auditory response prop-
erties in mouse inferior collicular neurons. Neurosci. Abst. p
1475, 2000.

Yang, L., Pollak, G. D. and Resler, C. GABAergic circuits
sharpen tuning curves and modify response properties in the
mustache bat inferior colliculus. J. Neurophysiol. 68: 1760-
774, 1992.

Zhuang, L. and Jen, P. H.-S. Enriched and deprived auditory
experience affects postnatal development of mouse inferior
collicular neurons. Neurosci. Abst. 23: p184, 1997,



