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Abstract

Neurons in the central nucleus of the inferior colliculus (IC) receive excitatory and inhibitory
inputs from both lower and higher auditory nuclei. Interaction of these two opposing inputs shapes
response properties of IC neurons. In thisstudy, we examine theinteraction of excitation and inhibition
on the responses of two simultaneously recorded | C neurons using a probe and a masker under forward
masking paradigm. We specifically study whether a sound that serves as a probe to elicit responses of
one neuron might serve asa masker to suppressor facilitate the responses of the other neuron. For each
pair of IC neurons, we deliver the probe at the best frequency (BF) of one neuron and the masker at the
BF of the other neuron and vice versa. Among 33 pairs of 1C neurons recorded, this forward masking
produces response suppression in 29 pairs of |C neurons and response facilitation in 4 pairs of IC
neurons. The degree of suppression decreases with recording depth, sound level and BF difference
between each pair of 1C neurons. During bicuculline application, the degree of response suppression
decreases in the bicuculline-applied neuron but increasesin the paired neuron. Our data indicate that
the forward masking of responses of 1C neurons observed in this study is mostly mediated through
GABAergic inhibition which also shapesthe discharge pattern of these neurons. These data suggest that
interaction among individual 1C neuronsimproves auditory sensitivity during auditory signal processing.
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Introduction

In the auditory pathway, the central nucleus of
the inferior colliculus (I1C) receives and integrates
excitatory and inhibitory inputs from many lower
auditory nuclei aswell as from the auditory cortex (1,
2, 15, 16, 44, 45, 48). The predominant inhibitory

inputsto the | C are either GABAergic, which originates
extrinsically and intrinsically, or glycinergic, which
originates extrinsically (12, 39, 43). Many studies
have shown that the interplay between excitation and
GABAergic and/or glycinergic inhibition shapes
auditory response properties and multi-parametric
selectivity of 1C neurons (e.g., duration, frequency,
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amplitude, direction, etc)(6, 7, 13, 18, 20, 22, 23, 27,
28, 29-31, 32, 49, 50, 52, 55). In these studies, the
role of GABA- or glycine-mediated inhibition in
shaping the discharge patterns and multi-parametric
selectivity of 1C neurons has been examined before
and during iontophoretic application of bicuculline
and strychnine which are antagonists for GABA, and
glycine receptors, respectively (3, 8).

Alternatively, many studies have examined the
interaction of excitation and inhibition on auditory
temporal processing in the IC using a probe (excitatory
tone) and a masker (inhibitory tone) under forward
masking paradigm. In the frequency domain, these
studies show that |C neuronstypically have inhibitory
areas on one or both flanks of the excitatory frequency
tuning curves (FTC) (11, 13, 19, 32, 46, 47, 54, 55).
Inhibition of auditory responses only occurs when
both excitatory and inhibitory tones are presented
within a certain temporal window. Inhibitory tone
decreases the number of impulses, lengthens the
response latency, and sharpens the excitatory FTCs of
IC neurons. Furthermore, the degree of inhibition
increases with increasing inhibitory tone duration
and intensity but decreases with increasing excitatory
tone intensity (13, 33, 34).

We recently studied the effect of excitation-
inhibition interaction on the responses of two simul-
taneously recorded |IC neurons of the big brown bat,
Eptesicus fuscus (25). We specifically examined
whether a sound that served asaprobeto elicit response
of one neuron might serve as a masker to suppress the
responses of the other neuron. We observed that when
a masker was delivered within the excitatory FTC of
one IC neuron, the response of the other neuron was
either suppressed or facilitated. We also observed
that the area of suppression and facilitation of aneuron
was always within the excitatory FTC of the other
neuron. However, the neural mechanism underlying
the suppression or facilitation of response of these IC
neurons was not determined.

As an extension of this study, we determined the
effect of interaction of excitation and GABAergic
inhibition on the responses of two simultaneously
recorded I1C neurons in amplitude domain using the
same forward masking paradigm. Specifically, we
studied the discharge rate, discharge pattern and rate-
level function (RLF) of each neuron before and during
application of bicuculline to one of the paired neurons.

Materialsand Methods

As in previous studies (26), the flat head of a
1.8 cm nail was glued onto the exposed skull of each
of the 7 bats (2 males, 5 females, 15-26 g body weight,
b.w.). Nembutal anesthetized bats (45-50 mg/kg
b.w.) with acrylic glue and dental cement one or two

days before the recording session. Exposed tissue
was treated with an antibiotic (neosporin, Morris
Plains, NJ, USA) to prevent inflammation. During
the recording session, the bat received the
neuroleptanalgesic, Innovar-Vet (fentanyl 0.08 mg/
kg b.w., droperidol 4 mg/kg b.w. Washing Crossing,
NJ, USA) and was placed inside a bat holder (made of
wire mesh) which was suspended in an elastic sling
inside a sound-proof room (temperature 28°-30°C).
The ceiling and inside walls of the room were covered
with 3-inch convoluted polyurethane foam to reduce
echoes. A local anesthetic (lidocaine, Mount Holly,
NC, USA) was applied to the open wound area. After
orienting the bat 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. Small
holes were then bored in the skull above the IC for
insertion of a 3M KCI glass electrode and a three-
barrel electrode to record auditory responses of two
IC neurons and for iontophoretic application of
bicuculline to one neuron. The recording depth of each
neuron was read from the scale of each microdrive
(Frederick Haer & Co, David-Kopf, Tujunga, CA,
USA). Anindifferent electrode (silver wire) was placed
at the nearby temporal muscles. Each bat was used in
1 to 5 recording sessions on separate days and each
recording session typically lasted for 4-7 hours. 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 of the University of
Missouri-Columbia.

Two independently controlled sound stimulation
systems were used for this study. Sound generation in
each system was the same as in previous studies (26).
Briefly, continuous sine waves from an oscillator
(KH model 1200, Brochton, MA, USA) were formed
into tone pulses by a homemade tone burst generator
(electronic switch) driven by a stimulator (Grass S88,
West Warwick, RI, USA). Tone pulses produced by
both systems were then combined with a custom-
made mixer after passing through a decade attenuator
(HP 350D, Palo Alto, CA, USA). They were then
amplified (KH 7500, Brochton, MA, USA) before
being fed to a small condenser loudspeaker (AKG
model CK 50, Northridge, CA, USA, 1.5 cm diameter,
1.2 g) that was placed 23 cm away from the bat and
30° contralateral to therecording site. Theloudspeaker
was calibrated with a 1/4 inch microphone (B & K
4135, Naarum, Denmark) placed at the bat’s ear using
ameasuring amplifier (B & K 2607, Naarum, Denmark).
The output of the loudspeaker was expressed in dB
SPL referred to 20 pParoot mean square. A frequency
response curve was plotted for the loudspeaker for
each sound stimulation system to determine the
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maximum available stimulus level at each frequency.
Upon isolation of an IC neuron with a4 mstone
(0.5 msrise-decay times, at 2 pps) and a3 M KCI glass
electrode (impedance: 5-10 MQ), its best frequency
(BF) and minimum threshold (MT) were determined
by changing the frequency and level of sound stimuli.
The MT was defined as the sound level at which the
probability of response to BF sounds was 50%. The
number of impulses of this neuron in response to a BF
sound at 10 dB above its MT (abbreviated as the 10-dB
probe) was obtained as the control response. A three-
barrel electrode (see below) was placed at least 200
pm away from the 3 M KCl electrode and was advanced
to isolate a second I1C neuron using a second set of
sound stimulation system. After determining the BF
and MT of this second neuron, a4 ms BF sound set at
20-dB above the neuron’s M T (abbreviated as the 20-
dB masker) was delivered 4 ms prior to the 10-dB BF
probe. When the 20-dB masker affected the control
response of the first neuron, the probe-masker gap was
adjusted to the optimal interval (range: 1.5 to 12 ms,
average: 3.78 £ 2.2 ms) so that the 20-dB masker
decreased or increased the control response of the first
neuron by at least 20%. However, when the 20-dB
masker did not affect the control response of the first
neuron, the second neuron was abandoned. The three-
barrel electrode was then advanced to isolate another
neuron and the experimental procedures were repeated.
When both neurons were isolated, each neuron’s
RLF was then plotted with the number of impulses
obtained with BF sounds delivered at MT and 10 dB
increments above the MT. For the first neuron, its
RLF was plotted with and without the presentation of
a 20-dB masker (set at the 20-dB above the MT of the
second neuron) before and during bicuculline
application to the second neuron (conveniently called
the applied neuron). For the applied (second) neuron,
its RLF was plotted with and without the presentation
of a 20-dB masker (set at 20-dB above the first
neuron’s MT) before and during bicuculline
application. In sum, 7 RLFs were plotted (3 for the
first neuron isolated by the 3 M KCI electrode and 4
for the applied neuron isolated by the three-barrel
electrode). For convenience of description, these two
neurons are reciprocally called the paired neurons.
lontophoretic application of bicuculline to a
recorded neuron has been described in previous studies
(35, 36). Briefly, athree-barrel electrode (tip: 10-15
pm) was “piggybacked” to a 3 M KCI single-barrel
electrode (tip: less than 1 um; impedance: 5-10 MQ)
whose tip was extended about 10 pm from the tip of
the three-barrel electrode. The 3 M KCI single-barrel
recording el ectrode was used to record neural responses.
One of the barrels of athree-barrel electrode wasfilled
with bicuculline methiodide (10 mM in 0.16 M NaCl,
pH 3.0). 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) that was used to generate and monitor
iontophoretic currents. During bicuculline application,
a1l s pulse of +40 namp at 0.5 pps was applied for 1
min before data acquisition. The application current
was changed to 10 namp during data acquisition. The
other two barrels were filled with 1 M NaCl (pH 7.4),
one of which was used as the ground and the other as
the balanced barrel. The balance electrode was
connected to a balance module. The retaining current
was negative 8-10 namp. Bicuculline application was
considered to have blocked GABA, receptors
maximally for each neuron when three consecutive
responses did not vary by more than 15% even at higher
application current (60 namp).

Recorded action potentials were amplified (HP
465A, Palo Alto, CA, USA) and band-pass filtered
(Krohn-Hite 3500, Brochton, MA, USA) before being
sent to a window discriminator (WPl 121, Sarasota,
FL, USA), an oscilloscope (Tektronix 5111,
Wilsonville, OR, USA) and an audio monitor (Grass
AMB6, West Warwick, RI, USA). The output from the
window discriminator was then sent to a computer
(Gateway 2000, 486, Irvine, CA, USA) for acquisition
of peri-stimulus-time (PST) histograms (bin width:
500 ps, sampling period: 100 ms) to 16 stimulus
presentations. The PST histograms quantitatively
describe a neuron’s discharge pattern under different
stimulation conditions. The total number of impulses
in each PST histogram was used to quantify aneuron’s
response under each stimulation condition.

The values given in the text and in the figures
were expressed as mean + standard variation. The
statistical significance of experimental effects was
assessed using the repeated measures one-way or two-
way ANOVA. In all cases, a difference at P < 0.05
was considered statistically significant. Analysisand
plotting of the data were performed on the software of
SigmaPlot 2000 and InStat (in Macintosh computer).

Results
Basic Response Properties

Intotal, 33 pairs of 1C neurons were recorded at
depths of 271-1139 um with 79% at less than 800 pum.
The recording site of each pair of IC neurons differed
by 200 um horizontally and by 5to 727 um vertically
(68% > 100 um, average: 231.1 £186.9 um). The BF
of all 66 neurons ranged from 14.76 to 60.04 kHz
(average: 30.12 + 8.78 kHz) with most (75%) between
20 and 30 kHz. Asin our previous studies (17, 41,
51), these neurons were tonotopically organized along
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Fig. 1. A scatter plot showing the relationship between the dif-
ference in recording depth and in best frequency (BF) of
33 pairsof inferior collicular (1C) neurons. Respectively,
solid and unfilled circles represent data obtained from
neurons whose responses were suppressed and facili-
tated during forward masking. The solid line and r
represent linear regression line and correlation coeffi-
cient for thedistribution (P < 0.0001) (Seetext for details).

the dorsoventral axis of the central nucleus of the IC
so that the BF increased with recording depth. The
MT was between 26 and 72 dB SPL (average: 43.61 +
10.01 dB SPL) with most (60%) lower than 50 dB
SPL. The latency of these neurons in response to BF
sounds at 20-dB above MT was between 5 and 16 ms
(average: 8.33 £ 2.81 ms).

BF differences (kHz) between each pair of
neurons ranged between 1.05 and 38.76 kHz (average:
10.21 £8.35 kHz). They were <5 kHz for 11 pairs
(33.3%), between 5 and 10 kHz for 9 pairs (27.3%)
and > 10 kHz for 13 pairs (39.4%) of neurons. The BF
differences of these neurons were significantly
correlated with recording depth differences such that
paired neurons with small BF differences have small
recording depth differences (Fig. 1, P < 0.0001).

Discharge Pattern and Bicuculline Application

Discharge patterns of all 66 neurons can be
described as phasic responders (P) (n = 44, 66.7%),
phasic bursters (PB) (n = 19, 28.8%) or tonic
responders (T) (n = 3, 4.5%). When stimulated with
4 ms BF tones, phasic responders always discharged
1-3impulses (Fig. 2A-1, B-1) whereas phasic bursters
discharged 4-7 impulses (Fig. 2C-1). Tonic responders
discharged impulses throughout or longer than the
duration of presented tones (Fig. 2D-1).

The discharge patterns of 31 IC neurons were
observed before and during bicuculline application.
Bicuculline application produced an increase in the

Tablel. Thedischarge patterns of 31 inferior collicular
neurons determined before and during
bicuculline application

Discharge bicuculline

pattern ~ Predrig P PB T
P 22 (71%) 7 10 5
PB 7 (23%) 0 5 2
T 2 (6%) 0 0 2
Total 31 7 (23%) 15 (48%) 9 (29%)

Numbers underlined indicate no change in discharge
pattern. P: phasic responder, PB: phasic burster, T: tonic
responder.
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Fig. 2. Peri-stimulus-time (PST) histograms showing the dis-
charge patterns of 4 representative |C neuronsin re-
sponse to a4 ms BF sound delivered at 10 dB above the
minimum threshold (MT) (abbreviated as the 10-dB
probe) before (A-1, B-1, C-1, D-1) and during (A-2, B-
2, C-2,D-2) bicucullineapplication. Notethat bicuculline
application did not change the discharge patterns of 2
neurons (A-1 vs. A-2, D-1 vs. D-2), but changed one
phasic responder (P) into aphasic burster (PB, B-1vs. B-
2) and one phasic burster into atonic responder (T, C-1
vs. C-2). N: number of impulsesper 16 stimuli. The short
horizontal bars below D-1 and D-2 represent sound
stimuli. The BF (kHz), MT (dB SPL), latency (ms) and
depth (um) of these neuronswere 29.12, 57, 8, 697 (A);
27.10, 59, 12, 465 (B); 60.04, 56, 6, 1121 (C); 47.17, 61,
8, 828 (D).

number of impulses of al 31 neurons. The application
also changed the discharge patterns of 17 (55%)
neurons from one type to another. For example,
bicuculline application changed one phasic neuroninto
a phasic burster (Fig. 2B-1 vs. B-2) and one phasic
burster into a tonic responder (Fig. 2C-1vs. C-2). In
sum, bicuculline application changed 2 phasic bursters
into tonic responders, 15 phasic responders into 10
phasic bursters and 5 tonic responders (Table 1). As
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Fig. 3. The PST histograms showing the discharge patterns of two representative pairs of 1C neurons whose probe-elicited responses
were suppressed by amasker. The probe wasthe 4 ms 10-dB BF sound of the test neuron and the masker was the 4 ms BF sound
of the paired neuron at 20 dB above the MT (abbreviated as the 20-dB masker). Aa, Bb, Cc, Dd: The discharge patterns of two
pairs of 1C neurons obtained with a10-dB probe. Aa—b, Bbi—a, Cci—d, Ddi—c: the discharge pattern of each IC neuron obtained
under forward masking paradigm in which the 10-dB probe was preceded by a 20-dB masker. Aatbic, Cct+bic: The discharge
patterns of neurons A and C in response to 10-dB probe during bicuculline application. A(at+bic)i—b, C (c+bic)i—d: The discharge
patterns of neurons A and C obtained with a10-dB probe during the presentation of a 20-dB masker and bicuculline application.
Bbi—(at+bic), Ddi—(c+bic): The discharge patterns of neurons B and D obtained with a 10-dB probe during presentation of a 20-
dB maker and bicuculline application to neurons A and C. The BF (kHz), MT (dB SPL), latency (ms) and recording depth (pum)
of these four neuronswere 30.12, 52, 9, 769 (A); 38.44, 56, 12, 698 (B); 31.26, 45, 11, 696 (C); 26.46, 36, 13, 549 (D) (seetext

for details).

aresult, more IC neurons were phasic bursters and
tonic responders during than before bicuculline
application (77% vs. 29%). These observations are
consistent with those reported in previous studies (18,
30, 35).

Suppression of Responses of | C Neurons by Masker before
and during Bicuculline Application

When a 20-dB masker was presented prior to a
10-dB probe, responses of 29 (88%) pairs of |C neurons
were suppressed and responses of 4 (12%) pairs were
facilitated. Thedischarge patternsof two representative
pairs of |C neurons whose responses were suppressed
by a 20-dB masker are shownin Fig. 3. Itisclear that
the control response of each neuron was suppressed
by a 20-dB masker to varying degrees (24 to 68 %,
calculated by dividing the decrease in number of
impulses by the control number of impulses; Fig. 3Aa
vs. Aal—b, Bb vs. Bbi—a, Cc vs. Cci—d, Dd vs. Ddi—c).

When bicuculline application was applied to
neurons A and C, the number of impulses increased
by 115% and 88% (cal culated by dividing the increase
in the number of impulses by the control number of
impulses; Fig. 3Aavs. Aatbic, from 20 to 43; Cc vs.
Cc+tbic, from 25t0 47), respectively. During bicuculline
application, presentation of a 20-dB masker with the
BF of the paired neuron decreased the number of impul ses
only slightly in neuron A (Fig. 3Aatbic vs. Aatbici—
b, decreased from 43 to 41, -4.6%) but substantially in

=y
o
)

Sup. dur. bic.
yes
no

n=23

vzz]
—

S (o2} [ee)
1 L PR
~

N
1

Number of Neurons

A

900, AND0_ 1A 00

m

20 .30’\ 5

10‘
Depth (um)

Fig. 4. Distribution of the recording depth (um) of |C neurons
whose responses were suppressed by a 20-dB masker
only before but hardly during bicuculline application
(unfilled) and those I C neurons whose responses were
suppressed by a 20-dB masker both before and during

bicuculline application (shaded).

neuron C (Fig. 3 Cct+bic vs. Cc+bici—d, decreased from
47 to 34, -27.7%). However, the number of impulses
of both neurons was still larger than the control number
of impulses by 105% and 36%, respectively.
Among 23 bicuculline-applied neurons
examined, further presentation of a 20-dB masker
with the BF of the paired neuron decreased the number
of impulses only slightly in 15 (65%) neurons (like as
neuron A) but substantially in 8 (35%) neurons (like
asneuron C). These 15 neurons were mostly recorded
at upper I1C (Fig. 4, unfilled) while the other 8 neurons
were mostly recorded at deeper IC (Fig. 4, shaded).



18 Wu and Jen

100 -

80 4

60 4

40 -

Suppression (%)

201

0

200 400 600 80010001200 O
Depth (um)

200 400 600 800 O 10 20 30 40
Depth Difference (um)

BF Difference (kHz)

Fig. 5. Scatter plots showing percent suppression by a20-dB masker in relation to the recording depth (A) and differencesin recording
depth (B) and BF (C) between each paired IC neurons. The solid line and r represent linear regression line and correlation

coefficient for each distribution (P < 0.001).

Presentation of a 20-dB masker plus bicuculline
application to neurons A and C decreased the number
of impulses substantially in the paired neuron B
(decreased from 32 to 20, -63%; Fig. 3Bbi—avs. Bbi—-
at+bic) but only slightly in the paired neuron D
(decreased from 30 to 27, -10%,; Fig. 3D di—c vs. Ddi—-
c+bic). Among 27 paired IC neurons examined,
further presentation of a 20-dB masker with the BF of
bicuculline applied neuron decreased the number of
impulses substantially in 23 (85%) paired neurons but
only slightly in 4 (15%) paired neurons.

To determine how forward masking effect might
be related to the BF and recording depth of all IC
neurons, we obtained scatter plots of percent suppression
inrelationto recording depth and differencesin recording
depth and BF of all paired IC neurons. As shown in
Fig. 5, linear regression analyses of these plotsrevealed
that percent suppression significantly decreased with
recording depth and differences in recording depth
and BF of paired IC neurons (Fig. 5, A, B, C).

Suppression of Responses of IC Neurons by a Masker Is
Level-Dependent

To determine the degree of forward masking in
relation to stimulus level, we plotted the RLFs of IC
neurons before and during the presentation of a 20-dB
masker. The RLFs of a non-monotonic neuron and a
monotonic I1C neuron plotted before and during the
presentation of a 20-dB maker are shown in Fig. 6.
The number of impulses of the non-monotonic IC
neuron increased with sound level to a maximum and
decreased more than 25% thereafter while the number
of impulses of the monotonic neuron increased with
sound level (Fig. 6, A-1a, B-1a). Presentation of a 20-
dB masker suppressed the responses of both neurons
at all sound levels such that both RLFs lowered to
varying degrees (Fig. 6, A-lavs. b; B-1avs. b). The
percent suppression (calculated by dividing the

difference in the number of impulses at each sound
level obtained with and without the presentation of
the 20-dB masker by the number of impul ses obtai ned
at each sound level) of both neurons was large at low
sound level but decreased sharply within 20-30 dB
above the MT (Fig. 6, A-2, B-2). Asshown in Fig.
6A-3 and B-3, the average percent suppression of
both types of neurons significantly decreased with
sound level (One-way ANOVA, P < 0.05-0.0001).

Suppression of the RLF of |C Neurons by a Masker before
and during Bicuculline Application

In this study, we plotted the RLF of 15 neurons
with and without a 20-dB masker before and during
bicuculline application. The RLF of 8 (53%) neurons
elevated to varying degrees during bicuculline
application (Fig. 7A-1, avs. ¢). Presentation of a 20-
dB masker with the BF of the paired neuron lowered
the RLF of these neurons plotted both before and during
bicuculline application (Fig. 7A-1, avs. b, c vs. d).
The percent suppression calculated both before and
during bicuculline application was large at low sound
level but sharply decreased to a plateau within 20-30
dB abovethe MT (Fig. 7, A-2, a,b). However, percent
suppression was greater before than during bicuculline
application at all sound levels (Fig. 7A-2, avs. b).
The average percent suppression of the RLF of these
8 neurons determined both before and during bicuculline
application significantly decreased with sound level
(Fig. 7A-3, One-way ANOVA, P < 0.01-0.001).

The RLF of the other 7 (47%) IC neurons also
elevated to varying degrees during bicuculline
application (Fig. 7B-1, avs. ¢). However, presentation
of a 20-dB masker with the BF of the paired neuron
only lowered the RLF of these neurons before (Fig.
7B-1, avs. b) but not during bicuculline application
(Fig. 7B-1, cvs. d). Assuch, the percent suppression
was large at low sound level and sharply decreased to
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Fig. 6. A-l1a, b, B-1g, b: Therate-level functions (RLF) of non-monaotonic (A-1) and monotonic (B-1) |C neurons plotted with aBF tone
before (filled circles, A-1a, B-1a) and during (unfilled circles, A-1b, B-1b) presentation of a 20-dB masker. A-2, B-2: Percent
suppression of responses of the1C neurons by a20-dB masker asafunction of soundlevel. A-3, B-3: Average percent suppression
of non-monatonic (filled triangles) and monotonic (unfilled triangles) 1C neurons at each sound level. Each vertical bar
represents half astandard deviation with the number of neurons studied shown atop. Repeated measures one-way ANOVA revesal
significant differences among al data points (P < 0.05-0.0001).

a plateau at high sound level before bicuculline
application (Fig. 7B-2a). However, the percent
suppression was minimum at all sound levels during
bicuculline application (Fig. 7B-2b). The average
percent suppression for these 7 neurons decreased
significantly with sound level only before but not
during bicuculline application (Fig. 7B-3, One-way
ANOVA, avs. b, P<0.05vs. P> 0.5).

Suppression of the RLF of |C Neurons by a Masker before
and during Bicuculline Application to the Paired IC
Neurons

In this study, we also plotted the RLF of 27 IC
neurons with and without a masker before and during
bicuculline application to their paired neurons.
Presentation of a 20-dB masker with the BF of the
paired neuron lowered the RLF of all 27 neurons (Fig.
8A-lavs. b, B-1avs.b). During bicuculline application
to the paired neuron, presentation of a 20-dB masker
with the BF of the applied neuron further lowered the
RLF of 23 (85%) neurons but hardly changed the RLF
of the remaining 4 (15%) neurons (Fig. 8A-1, b vs. c;
in contrast to B-1, b vs. ¢).

For those 23 neurons, the percent suppression
by the 20-dB masker cal culated both before and during

bicuculline application to the paired neurons was large
at low sound level but decreased with stimulus level.
However, percent suppression was smaller before than
during bicuculline application to the paired neurons
at all sound levels (Fig. 8A-2, avs. b). The average
percent suppression of the RLF of these 23 neurons
determined before and during bicuculline application
to their paired neurons varied significantly with sound
level (Fig. 8A-3, a, b, Two-way ANOVA, P <0.0001).

For those 4 neurons, the percent suppression by
the 20-dB masker cal culated both before and during
bicuculline application to the paired neurons was also
large at low sound level but was small at high stimulus
level. However, percent suppression obtained before
and during bicuculline application to the paired
neurons was hardly different at all sound levels (Fig.
8B-2, avs. b). The average percent suppression of the
RLF of these 4 neurons determined both before and
during bicuculline application to their paired neurons
decreased significantly with increasing sound level
(Fig. 8B-3, a,b, Two-way ANOVA, P < 0.05).

Facilitation of the RLF of IC Neurons by a Masker before
and during Bicuculline Application

The discharge patterns of two representative
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Fig. 7. A-1, B-1: The RLFsof two IC neurons plotted with (unfilled circles and squares) and without (filled circles and squares) a 20-
dB masker before (A-1, avs. b, B-1, avs. b) and during (A-1, c vs. d, B-1, c vs. d) bicuculline application. Note that the RLFs
of both neurons greatly elevated during bicuculline application (A-1, avs. ¢; B-1, avs. c). However, presentation of a20-dB maker
during bicuculline application only lower the RLF of one neuron (A-1, c vs. d) but not the other neuron (B-1, cvs. d). A-2, B-
2: Percent suppression of these two neurons as a function of sound level determined before (filled triangles, A-2a, B-2a) and
during (unfilled triangles, A-2b, B-2b) bicuculline application. A-3 and B-3: Average percent suppression at each sound level
determined before (filled triangles, A-3a, B-3a) and during (unfilled triangles, A-3b, B-3b) bicuculline application. Repeated
measures one-way ANOVA revealed significant differences among data points in A-3a, A-3b and B-3a (P <
0.01-0.05) but not among data pointsin B-3b (P > 0.5). The BF (kHz), MT (dB SPL), latency (ms) and recording depth (1m)
of these two neurons were 31.26, 45, 11, 696 (A); 44.36, 51, 6, 815 (B) (See text for details).

pairs of IC neurons whose number of impulses
increased during presentation of a 20-dB masker are
shown in Fig. 9. Itisclear that the control number of
impulses of each neuron increased to varying degrees
by a 20-dB masker (18 to 43%, calculated by dividing
the increase in number of impulses by the control
number of impulses. Fig. 9Aavs. a<-b, Bb vs. b<-a,
Cc vs. c<—d, Dd vs. d<-c).

Bicuculline application increased the number
of impulses of the applied neurons A and C by +83
and +131% (Fig. 9Aa vs. Aatbic, Cc vs. Cc+bic).
Presentation of a 20-dB masker with the BF of the
paired neuron further increased the number of impul ses
only slightly in neuron A (from 64 to 67, +4.7%, Fig.
9 Aatbic vs. Aatbic <-b) but substantially in neuron
C (from 30 to 40, +33%, Fig. 9 Cc+bic vs. Cc+bic <—
d). Assuch, the number of impulses of both neurons
was larger than the control number of impulses by
91% and 208 %, respectively.

As for the paired neurons that did not receive

bicuculline application, presentation of a 20-dB masker
with the BF of the applied neuron increased the number
of impulses by +18% in neuron B and +27% in neuron
D (from 17 to 20in Fig. 9B, b vs. b<—a, from 11 to 14
in Fig. 9, Dd vs. Dd<-c). The number of impulses
further increased by +65% in neuron B and +7% in
neuron D when bicuculine was applied to neurons A
and C (from 20 to 33; Fig. 9Bb<-avs. b<—atbic, from
14 to 15; Fig. 9D, d<-c vs. 9Dd<-c+hic).

Fig. 10 showsthe RLFs of two pairs of |C neurons
whose responses were facilitated by the presentation
of a20-dB masker. The RAFs of the first pair of IC
neurons elevated to varying degrees by a 20-dB masker
(Fig. 10A-1, avs. b, A-2, avs. b). Bicuculline
application increased the number of impulses and
elevated the RLF of the applied neuron (Fig. 10A-1,
avs. ¢). However, presentation of a 20-dB masker
only further elevated the RLF of the applied neuron
but not its paired neuron (Fig. 10A-1, cvs. d; in contrast
to A-2, b vs. ).
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Fig. 8. A-1, B-1: The RLFsof two IC neurons plotted with (unfilled circles) and without (filled circles) a 20-dB masker before (A-1,
avs. b, B-1, avs. b) and during (A-1, b vs. ¢, B-1b vs. ¢) bicuculline application to their paired neurons. Note that presentation
of a20-dB maker during bicuculline application to the paired neuron only further lower the RLF of one neuron (A-1, b vs. c,
unfilled circles vs. flled squares) but not the other neuron (B-1, b vs. ¢). A-2, B-2: Percent suppression of these two neurons at
each sound level determined before (filled triangles, A-2a, B-2a) and during (unfilled triangles, A-2b, B-2b) bicuculline
application to the paired neurons. A-3and B-3: Average percent suppression asafunction of sound level determined before (filled
triangles, A-3a, B-3a) and during (unfilled triangles, A-3b, B-3b) bicuculline application. Repeated measurestested by two-way
ANOVA revealed significant differences among all data points (P < 0.05-0.0001). The BF (kHz), MT (dB SPL), latency (ms)
and recording depth (um) of this pair of neuronswere 34.28, 48, 9, 529 (A-1); 31.26, 45, 11, 696 (A-2); 20.68, 27, 15, 466 (B-

1); 26.46, 36, 13, 549 (B-2) (seetext for details).

The RLFs of the second pair of 1C neurons also
elevated to varying degrees by a 20-dB masker (Fig.
10B-1, avs. b, B-2, avs. b). Bicuculline application
increased the number of impulses and elevated the
RLF of the applied neuron (Fig. 10B-1, a vs. c).
However, presentation of a 20-dB masker hardly
affected the already elevated the RLF of the applied
neuron but further elevated the RLF of its paired
neuron (Fig. 10B-1, c vs. d in contrast to B-2, b vs. c).

Discussion
Discharge Pattern and Bicuculline Application
Using the big brown bat, Eptesicus fuscus, as
the mammalian model auditory system, we specifically

studied how theinteraction of excitation and GABAergic
inhibition shapes the temporal response properties and

RLF of two simultaneously recorded | C neurons using
bicuculline application. We observed that bicuculline
application increased the number of impul ses, discharge
duration, elevated RL Fs and changed discharge patterns
of most I C neurons (Figs. 2, 3, 7-10); similar to previous
studies in bats, cats, guinea pigs, rats (10, 14, 18, 20,
27, 29-31, 35, 47, 52).

However, the effect of bicuculline application
on the temporal response properties varied among
individual 1C neurons (Fig. 2). A previous study has
suggested that at least three separate GABAergic
circuits are responsible for shaping the discharge
patterns, RLFs and dynamic regulation of excitability
of most IC neurons (42). For example, it has been
suggested that phasic responders and phasic bursters
are due to different time course of GABAergic
inhibition following the neuron’ s excitatory responses
to sound stimulation (38). Partial or complete removal
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Fig. 9. ThePST histograms showing the discharge patterns of two representative pairs of 1C neurons whose responses were facilitated

by a20-dB masker. Aa, Bb, Cc, Dd: The discharge patterns of two pairs of IC neuronsin response to a 10-dB probe. Aa<-b,
Bb<-a, Cc<—d, Dd<-c: The discharge patterns of these neurons obtained with a 10-dB probe and a 20 dB masker. Aatbic,
Cctbic: The discharge patterns of neurons A and C in response to a 10-dB probe during bicuculline application. A (atbic)<—
b, C(ct+bic)<—d: The discharge patterns of neurons A and C obtained with a 10-dB probe BF and a 20-dB masker during
bicuculline application. Bb<—(atbic), Dd<—(c+bic): The discharge patterns of neurons B and D obtained with a 10-dB probe
and a20-dB maker during bicuculline application to neurons A and C. The BF (kHz), MT (dB SPL), latency (ms) and recording
depth (um) of these four neurons were 35.52, 53, 10, 710 (A); 31.98, 47, 13, 626 (B); 21.12, 33, 16, 602 (C); 29.71, 47, 13, 682
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Fig. 10. A-1and B-2: The RLFsof two IC neurons plotted with (filled circles and squares) and without (unfilled circles and squares)

a20-dB masker before (A-1, avs. b, B-1, avs. b) and during (A-1, c vs. d, B-1c vs. d) bicuculline application. The RLFs of
both neurons greatly elevated during bicuculline application (A-1, avs. ¢; B-1, avs. ¢). Presentation of a20-dB masker elevated
the RLF of both neurons before bicuculline application (A-1, avs. b, B-1, avs. b). However, presentation of a 20-dB masker
during bicuculline application only further elevated the RLF of one neuron (A-1, ¢ vs. d) but not the other neuron (B-1, c vs.
d). A-2and B-2: The RLFs of the paired neurons plotted before (A-2a, B-23, filled circles) and during presentation of a 20-
dB masker with (A-2a, B-2c, unfilled squares) and without (A-2b, B-2b, unfilled triangles) bicuculline application to neurons
A-1and B-1. TheBF (kHz), MT (dB SPL), latency (ms) and recording depth (um) of these four neurons were 21.12, 33, 16,
16, 602 (A-1); 29.71, 47, 13, 682 (A-2); 35.52, 53, 10, 710 (B-1); 31.98, 47, 13, 626 (B-2)(See text for details).
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of GABAergic inhibition upon bicuculline application
would allow the phasic responders and phasic bursters
to respond to large or entire portion of stimulus
duration. Asaresult, the phasic responders and phasic
bursters change into phasic bursters or tonic responders
(Fig. 2B-1vs. B-2, C-1 vs. C-2, Table 1).

One the other hand, the reasons that bicuculline
application did not affect the discharge patterns of 14
IC neurons (Fig. 2A-1vs. A-2, D-1vs. D-2, Table 1
numbers underlined) may be due to the following.
Firstly, intrinsic membrane properties shape the
discharge patterns of these neurons. Therefore,
GABAergicinputs may modul ate the excitatory response
of these neurons but not their discharge patterns.
Secondly, these IC neurons may receive GABAergic
inhibitory inputsfrom neuronswith tonic activity which
do not respond to sound stimuli and only modulate the
overall excitability of these IC neurons. Thirdly, these
IC neurons simply inherited the discharge patterns
from lower-order auditory nucleus so that bicuculline
application would have little affect on their discharge
patterns. For example, some neurons in the ventral
nucleus of the lateral lemniscus (VNLL) discharged
phasically to sound stimulation (9). Conceivably, the
discharge patterns of 1C neurons that receive their
inputs directly from these VNLL neurons will not be
modified during bicuculline application. Fourthly,
these neurons may receive predominant glycinergic
rather than GABAergic inhibitory inputs, so their
discharge patterns may change during strychnine rather
than bicuculline application. The fact that strychnine
application changes the discharge pattern of IC neurons
has been reported previously (28, 30, 31).

GABAergic Inhibition Underlies Suppression of Responses
of 1C Neurons by a Masker

Previous studies have shown that the number of
impulses of auditory neurons to a sound pulse is
decreased if the sound pulse is presented shortly after
or before another one (i.e. forward and backward
temporal masking, 4, 5, 21, 22, 33, 37, 40). In
agreement with these studies, we observed that the
number of impulses of most |C neurons decreased and
the RLF lowered during the presentation of a 20-dB
masker (Figs. 3, 6). In addition, we observed that
bicuculline application increased the number of
impulses and elevated the RLFs (Figs. 2, 3, 7-9).
These observations suggest that GABAergic inhibition
is one of the underlying mechanisms for this forward
masking of response of these paired |C neurons.

Consonant with our previous study (25), thedegree
of suppression of responses of |C neurons by a 20-dB
masker decreased significantly with sound level (Fig.
6). Thislevel-dependent suppression might be due to
the fact that the strength of GABAergic inhibition

evoked by the 20-dB masker was counterbalanced by
progressively increased strength of excitation with
sound levels. In other words, a progressively increase
in the strength of excitation decreased the effectiveness
of GABAergic inhibition evoked by the 20-dB masker.
Similar observations have been reported for GABA-
mediated corticofugal modulation of auditory sensitivity
of IC neurons (24, 53).

We observed that the degree of suppression by
the 20-dB masker with the BF of paired neurons was
greater for most bicuculline applied neurons before
than during bicuculline application at all sound levels
(Fig. 7A-2). Conceivably, bicuculline application had
increased the excitability of the applied neurons so
the GABAergic inhibition evoked by the 20-dB masker
with the BF of paired neuron became less effective to
suppressthe response of the applied neurons. In parallel
to this finding, increased excitability of the applied
neurons during bicuculline application also inevitably
increased the strength of the GABAergic inhibition
evoked by the 20-dB masker with the BF of the applied
neurons. Hence, the degree of suppression by the 20-
dB masker was greater for most paired neurons during
than before bicuculline application to the applied
neurons (Fig. 8, A-2, A-3).

A previous study of this bat species indicates
that neurons with GABA receptors are mostly
distributed in the dorsomedial region but are sparsely
distributed in the ventrolateral region which is mostly
distributed with neurons containing glycine receptors
(12). Inthe present study, we showed that suppression
of responses of I1C neurons by the 20-dB masker is
most likely mediated through GABAergic inhibition
(Figs. 2, 3, 7-9). The combined observationsin these
two studies suggest that neurons at upper |C would
receive more GABAergic inhibitory inputsthan neurons
at the deeper IC. If this were true, the strength of
GABAergic inhibition evoked by the 20-dB masker
would progressively decrease along the spatial
distribution gradient of GABA 4 receptors within the
IC. Thenit followsthat the degree of GABA-mediated
masking of responses of 1C neuronswould progressively
decrease along the dorso-ventral axisof the|C. Indeed,
this speculation is evident by our observation that
suppression of the responses of |C neurons by a 20-dB
masker significantly decreased with the recording depth
(Fig. 5A).

Inthisstudy, we showed that response suppression
by a 20-dB masker was observed only before but not
during bicuculline application for one group of IC
neurons (e.g., Figs. 3A, 3 D, 7B-1 8B-1) but was
observed both before and during bicuculline application
for another group of IC neurons (e.g., Figs. 3B, 3C,
7A-1, 8A-1). We also showed that the former group
of 1C neurons was mostly recorded at upper |C while
the latter group of 1C neurons was mostly recorded at
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deeper IC (Fig. 4). Conceivably, presentation of a 20-
dB masker could no longer evoke GABAergicinhibition
for neurons in the upper 1C because bicuculline
application had removed the GABAergic inhibition
of these neurons. Conversely, a 20-masker may still
suppress the responses of neurons in the deeper IC
through glycinergic inhibition even though bicuculline
application might have removed GABAergic inhibition
of these neurons. Future works are needed to confirm
this speculation.

Previous studies show that sharpening of frequency
tuning and spatial selectivity of |C neurons by amasker
becomes less effective with increasing differencesin
the stimulus frequency between the masker and probe
(32, 54). Consonant with these studies, we observed
that suppression of responses of |C neurons by amasker
also significantly decreased with BF differencesbetween
each pair of 1C neurons (Fig. 5C). This observation
has been explained by the fact that IC neurons are
tonotopically organized such that the inhibition of
neurons with small BF differences arrives earlier with
less attenuation than neurons with large BF differences
whether the origin of the inhibitory inputs originates
extrinsically or intrinsically (54). Since we observed
that differences in recording depth and BF between
each pair of IC neurons are closely correlated (Fig. 1),
then it follows that degree of suppression of responses
of 1C neuronsby a20-dB masker would also significantly
decrease with differences in the recording depth (Fig.
5B).

Facilitation of Responses of IC Neurons by a Masker

In this study, we only recorded 4 pairs of IC
neurons whose responses were facilitated by a masker
(Figs. 9, 10). We do not know if this small sample
sizewas an indication of predominant role of inhibition
in signal processing in the IC or was simply due to
sampling bias. Conceivably, facilitation of responses
of these I C neurons by a 20-dB masker may be aresult
of removal or lesson of inhibition of these IC neurons
through the activation of an inhibitory interneuron.
Alternatively, it may be the result of recruitment of
stronger excitation than inhibition to these I C neurons.

Possible Biological Sgnificance of the Present Sudy

Previous studies have examined the interaction
of excitation and inhibition on auditory temporal
processing in the |C using a probe and a masker (11, 13,
14,19, 32, 46, 47, 54). In these studies, only one neuron
is recorded each time and the probe is typically the BF
sound of the recorded |C neuron while an off-BF sound
is used as a masker. Different from these studies, we
examined the interaction of excitation and GABAergic
inhibition on the responses of two simultaneously

recorded | C neurons using forward masking paradigm.
We specifically studied whether a sound that served as
aprobe to elicit response of one neuron might serve as
amasker to modulate the responses of the other neuron.
For thisreason, this procedure provides us an opportunity
to examine how a BF sound of one neuron might affect
the response of the other neuron in amplitude domain.

We showed that the auditory response of an IC
neuron was either suppressed or facilitated by a 20-
dB masker whose frequency was the BF of the paired
neuron (Figs. 3, 9). The suppression or facilitation of
the response of one IC neuron by excitation of the
paired neuron would inevitably increase the difference
in the degree of excitation and therefore the response
magnitude between the paired neurons. Because the
area of suppression and facilitation of a neuron is
always within the excitatory FTC of the paired neuron
(25), all these observations suggest that the paired IC
neuronsare closely correlated during signal processing.
Because | C neurons differ in response latency and
MT, suppression or facilitation of responses of different
sets of IC neurons would occur in different time
windows and sound levels during signal analysis.
Conceivably, when stimulated with complex sounds,
individual sound frequencieswould excite the response
of several sets of IC neurons while suppresses or
facilitates the responses of other sets of |C neurons.
Asaresult, auditory selectivity of different sets of I1C
neurons to a specific signal parameter would be
improved through response suppression while overall
sensitivity would be enhanced through response
facilitation in different time windows.

Although we studied the interaction of excitation
and GABAergic inhibition on temporal response
properties and RLF of 1C neurons of the big brown
bat, the data obtained from this study may be applicable
to other mammalian species as well since the auditory
system of the bat is fundamentally similar to that of
other mammals. For example, the effect of interaction
of excitation and inhibition on central auditory
responses observed in this study may serve as the
underlying mechanism for the psychophysical
phenomena of temporal masking.
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