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Abstract Spatio-temporal patterns of binaural interac-
tion in the guinea pig auditory cortex (AC) were ob-
served using optical recording with a 12 x 12 photodi-
ode array and a voltage-sensitive dye. The amplitudes of
the sound-induced light signals from the cortex were
transformed into sequential two-dimensional images
every 0.58 ms. Binaural sound stimuli evoked an excit-
atory response followed by a strong inhibition, and
contralateral stimuli evoked a strong excitatory response
followed by a weak inhibition. Ipsilateral sound stimuli
evoked a weak response. Binaural stimulation induced
two types of ipsilateral inhibition: a fast binaural inhi-
bition which was detected only after the contralateral
and ipsilateral responses were subtracted from the bin-
aural responses, and which appeared 12-25 ms after the
onset of stimulation, and a slow binaural inhibitory ef-
fect which was clearly observed in the binaural responses
themselves, appearing 70-95 ms after the onset of
stimulation. The fast binaural inhibition was observed in
the same area as the contralateral excitatory response.
The inhibited area became stronger and more wide-
spread with increasing intensity of ipsilateral stimula-
tion. We did not observe the specialized organization of
binaural neurons as electrophysiologically found in the
cat AC, in which binaural neurons of the same binaural
response type are clustered together and alternate with
clusters of other response types.
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Introduction

Many electrophysiological studies on binaural interac-
tions in the auditory cortex (AC) have been performed
in various species, such as cats (Imig and Adrian 1977,
Phillips and Irvine 1979, 1983; Middlebrooks et al. 1980;
Schreiner and Cynader 1984; Reale and Kettner 1986;
Imig et al. 1990; Rajan et al. 1990; Samson et al. 1993,
1994; Semple and Kitzes 1993a,b; Irvine et al. 1996),
ferrets (Kelly and Judge 1994), rats (Kelly and Sally
1988), chinchillas (Benson and Teas 1976), bats
(Manabe et al. 1978), macaque monkeys (Brugge and
Merzenich 1973), and gerbils (Heffner and Heffner 1988;
Caird et al. 1991).

Historically, binaural neurons have been classified
into two major response types: neurons excited by each-
ear stimulation (EE type) and those excited by contra-
lateral stimulation and inhibited by ipsilateral stimula-
tion (EI type). The EE neurons were reported to be
segregated from the EI neurons, occurring in alternating
bands along the isofrequency bands (Imig and Adrian
1977; Middlebrooks et al. 1980; Schreiner and Cynader
1984). However, Phillips and Irvine (1979, 1983) argued
that the EE and EI response-type dichotomy involved a
considerable oversimplification of the complexities of
the binaural input and obscured the diversity of the
binaural response types.

Recent studies have reported a more detailed classi-
fication based on inhibitory, facilitatory, and mixed
facilitatory-inhibitory binaural interactions, and have
shown that the different types of binaural neurons are
indeed segregated but form patches rather than alter-
nating bands (rats: Kelly and Sally 1988; cats: Reale and
Kettner 1986). Nevertheless, Kelly and Judge (1994)
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have reported the existence of an alternating band
structure between binaural facilitation (EE/F) and
inhibition (EO/I) neurons along an extension of the
isofrequency contours, with mixed-type neurons located
only at the border between them.

It has been reported that the relative intensities of
binaural facilitation and inhibition are dependent upon
the average binaural intensity and the interaural inten-
sity differences (IIDs) which provide an important cue to
sound localization in mammals (Imig et al. 1990; Rajan
et al. 1990; Samson et al. 1993, 1994; Semple and Kitzes
1993a,b), and that the azimuthal sensitivity corresponds
closely with IID sensitivity (Irvine et al. 1996). Studies of
sound localization in the primary auditory cortex (Al)
neurons of cats have also shown that neurons with dif-
ferent types of azimuthal sensitivity display a complex
but non-random distribution pattern along the isofre-
quency bands of AI (Rajan et al. 1990; Clarey et al.
1994). Relatively little is known about the binaural or-
ganization of the AC in other mammals such as mus-
tached bats, macaque monkeys, chinchillas, and gerbils,
although segregation of a binaural response area has
been reported (Brugge and Merzenich 1973; Benson and
Teas 1976; Mahabe et al. 1978; Heffner and Heffner
1988; Caird et al. 1991).

Recently the spatio-temporal representation of sound
frequency and intensity in the AC of the guinea pig has
been observed by optical recording (Taniguchi et al.
1992, 1993). Using this method, we have performed real-
time imaging of neuronal activity during binaural in-
teractions in the guinea pig AC. We have investigated
whether neurons of different binaural types are segre-
gated, and how the binaural responses change with dif-
ferent IIDs. Such an approach provides another view
into the functional organization of the AC with regard
to the dynamics of neuronal activation in binaural
hearing.

Materials and methods

Animal preparation and recording procedures have been described
in detail elsewhere (Taniguchi et al. 1992), and will be outlined only
briefly here.

Animal preparation

Fifteen guinea pigs (280450 g) were anesthetized intraperitone-
ally with sodium pentobarbital (30 mg kg™'). Anesthesia was
maintained with supplemental doses of neuroleptic solutions:
droperidol (16.7 mg kg™'h™") and pentazocine (5 mg kg h™"). The
external auditory meatus was exposed following cannulation of
the trachea and placing an electrode onto the animal’s breast for
monitoring the electrocardiogram (ECG). The guinea pig’s head
was clamped in a stereotaxic frame using hollow earbars. The
AC was exposed via a small hole drilled in the temporal bone.
The dura and arachnoid membranes were removed. The exposed
AC was covered with a voltage-sensitive dye, RH795 (0.2 mg ml™!
diluted in saline; Molecular Probes, USA; Grinvald et al. 1986)
for 90 min. The experiments were performed under artificial
ventilation after intraperitoneal injection of a muscle relaxant
(pancuronium bromide, 1 mg kg™' h™") in addition to droperidol

and pentazocine. Pure O, gas was added to the air in the res-
pirator. The experiments were carried out in a sound-proof
room.

Stimulation

Pure tones (100 ms duration, 10-ms rise/fall time) and white noise
(0.1-25 kHz bandwidth, 100 ms duration, 10-ms rise/fall time) were
used as acoustic stimuli. The tones were generated by two multi-
function synthesizers (1930A, NF Electronic Instruments, Japan)
and shaped by laboratory-made electronic switches. The noise
stimuli were generated by a sound synthesizer system (Signal-RTS,
Engineering Design, USA). The sound signals were triggered by the
ECG and fed to condenser earphones (Murata et al. 1986) through
power amplifiers (2713, Briiel & Kjaer, Denmark) and attenuators
(TPA-114A, Tama Electronic Instruments, Japan). The sound
stimuli were delivered at a rate of about 1s~'. The intensity of
stimuli delivered to each ear could be controlled independently.
The frequency characteristics of the earphones fixed at both ears
were measured automatically using a personal computer (9801RA,
NEC, Japan) at 360 points between 0.1 kHz and 99 kHz, using a
calibrated probe tube microphone (4134, Briiel & Kjaer, Denmark)
and a level meter (2619 and 2636, Briiel & Kjaer, Denmark). The
frequency characteristics were stored in the personal computer. The
sound pressure was expressed as dB sound pressure level (SPL) re.
20 pPa. Noise intensities were expressed as peak equivalent pres-
sures, i.e., the intensity (dB SPL) required for a 1-kHz pure tone to
match the peak-to-peak amplitude of the acoustic waveform of the
noise.

To test the dependency of the binaural response in the AC on
the sound intensity present in the ear ipsilateral to the cortex, we
fixed the contralateral intensity and changed the ipsilateral one.
The IID was expressed as the value of the contralateral intensity
with reference to the ipsilateral intensity so that negative values of
IID imply that the ipsilateral intensity was greater than the con-
tralateral intensity.

Acoustic crosstalk between the left and right ears was measured
in two animals by examining cochlear microphonic potentials
during ipsilateral and contralateral stimulation. These measure-
ments indicated that the interaural separation was at least 50 dB
for frequencies between 100 Hz and 25 kHz.

Recording

An epifluorescence microscope (LW-101, Hiland, Japan) with a
150-W tungsten-halogen lamp was used for optical recording.
Transmitted fluorescence at 620 nm from the cortex was detected
by a 12 x 12 photodiode array. The optical signals AF/F (F: light
intensity at rest, AF: change in intensity induced by neural signals)
were sampled using an A/D converter (16-bit, 4-ps sampling rate;
Narumi Electric, Japan). Two types of trial, with and without
stimulus, were triggered by the peak of the ECG. The difference
between the two trials, canceling out the pulsation noise, was cal-
culated on a personal computer (386GS, Epson, Japan). The op-
tical signals were averaged over ten trials. To observe the spatio-
temporal pattern of neural activity, the response amplitudes at 144
locations were color coded and transformed into sequential two-
dimensional images every 0.58 ms. The images were smoothed,
both temporally and spatially.

The general organization of the guinea pig AC into two fields,
the anterior (A) and dorsocaudal (DC) fields, and the positions of
the border between the fields were determined in each animal by
presentation of low-intensity tone bursts (contralateral stimulation)
as described before (Taniguchi et al. 1992). The mean latencies of
sound responses in fields A and DC were calculated from some
optical signals in each field.



Results

Optical signals in response to binaural
and monaural stimulation

Representative optical signals from the 144 photodiode
elements to binaural and monaural tone-burst stimula-
tion (14 kHz, 75 dB SPL) are shown in Fig. la,b,c.
When the ears were binaurally stimulated at the same
intensity, strong responses were localized in an area that
depended on the sound frequency. The binaural re-
sponse consisted of a weak excitatory component fol-
lowed by a strong inhibitory component (Fig. 1a). On
stimulation of the contralateral ear alone, a strong
excitatory component followed by a weak inhibitory
component was observed. The amplitude of the con-
tralateral excitatory component was larger than that of
the binaural one, and the amplitude of the contralateral
inhibitory component was smaller than that of the bin-
aural one (Fig. 1b). On stimulation of the ipsilateral ear
alone, a weak excitatory component was followed by a
weak inhibitory component (Fig. 1c). The latency of the
ipsilateral excitatory component (15.7 £ 0.9 ms; n = 8
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channels) was longer than those of the contralateral and
the binaural excitatory components (13.8 £ 0.4 ms;
n = 8).

The optical signals produced in response to white-
noise stimulation (0.1-25 kHz) are shown in Fig. 1d,e.f.
When the ears were stimulated binaurally, the optical
signals appeared over a wider area along the rostro-
caudal axis than those to tone-burst stimulation
(Fig. 1d). The binaural responses to noise stimulation
consisted of a weak excitatory component followed by a
strong inhibitory component, similar to the binaural
response to tone-burst stimulation. The latency of the
inhibitory component of the binaural noise response
(32.8 £ 1.3 ms; n=28) was shorter than that of the

Fig. 1a—f Optical signals in response to monaural and binaural
sound stimuli: a binaural tone-burst stimulation [14 kHz, 75 dB SPL,
IID: 0 dB (dB; contra. re ipsi.)]; b contralateral tone-burst stimulation
only (14 kHz, 75 dB SPL); ¢ ipsilateral tone-burst stimulation only
(14 kHz, 75 dB SPL); d binaural noise stimulation [0.1-25 kHz, 85 dB
peak equivalent (p. e.), IID: 0 dB]; e contralateral noise stimulation
only (0.1-25 kHz, 85 dB p. e.); f ipsilateral noise stimulation only
(0.1-25 kHz, 85 dB p. e.). Note that two kinds of inhibitory effects are
observed

a

LTS St St P I NS IS NS I Pt P Aan
e e A NS A NS NS IS NS S It s
At AL NAANS NS NI NS NS RS N A s
~r A NS NN NI A A A N A
AL AL RSN AN NN AN N N
A A K AR A A AN AN N N A
s Ar A NS A A NAA A A A A
At A A A A M A A A A A
Pt Pt Dot Do Aaer Ar Ir A s A A M
It TN Il Bt I At Pt I I P Pt Bt

e A I Al Pt el Do P P P S o

d

At At e e Al IS Ml Pl Al Il I Pt
e A et NS NS RS RS AL NS NS Al A
At At AS AL AL AT AN NS S AL At At
Ar A AP NS AL AN A S AL AT NS A A
At Al AP AL AL AT AL AS Ad Al Ar s
AAAG A AL AT AS AL AT AT AT AP A
Ar At At s A s AT A s Al AT s Ar Ar
Al A Al A/ A A A AeS A/ Aol Aves s
At At Aot Aas A Ao Ao Acisd Aee) Aerd Rt Ners
At A A Ao A A A A AP Moo Ae Asens
Vn A ot Pl Pt P P Ao Al P P Nttt

Pett At It et P A A Anal In? Paa s it

b

e o A e I e Ao M As et S
A P Ao Mo Mot At Pt D N At Ay P
A A A A A A A A A A A A
FUNSY NSy Uy WY WP VR Wy SISy WSy Wiy SNy SN
PNRDY WS UGSy Wovy WSy NGUY WGUY UNSY VO URVp SISy S
PO NG Y W) W W W WY Y WY SOy s
PUSY NP NS VIS WS WAy Wiy Wiy Ny Wity SO S
FUGSYNIGY VY U\ W VDY Wiy Wiy VY VWY SNy S
e e A A A A A A s A A
e A A A e A A A A A e
B T e e ]

R A e ]

e

—— A A A A A A L A A e
— e AL A LA A LA L A A A A
A AL AL A A AL AU A AL
A A A DA A A LA A A
A ALA AL A A A
ALK A A A AR
A A A A A A
PUUPNEP Y W O Uy WY Uy Wy SOy Sy
A AL A A A L A A A A
S NN WY WP NP NEDY SWPp SNy WP W Wy S
B A At A A A A A A A A e

A boan A A P At At A Mt s Aot Amten.

C

s P Pt A A P Paf TS Pt P P Pt
s e Ao Pod Pt P P P Pl Pl P e
e et sl Pt PNt N It Il PN P P A
e I I I I N D N ANr N Ar A
Mt e Dl Nr NP N NP A N A N
e P N Nr Nr NP N r A A N A
ot It It D v N N N N N N N
bt Dot Par N s Dr Nr N N A A A
v s P I Pt I P N I P e e
it Pt Praass Pt P Pt Do P P P P P
s s P Pt P Pt P P P e P e

— et ot it P P Aot P e e ot s

f

e el S e s e earidranbaed
T e At Pl P It I PP P P P e
o Pt I I NS NP DS Ao A Dar e A
et A NP N N NP N NP Nr N m Am
A o r NA NP N NS N Ar Nem em
e A~ N N R Ar N A I NN A Am
A It cr N s MmN ar Im Im N
A e Non Aan or er Decr N Do M e N m
e Pt It P It I It I I I e S
et P Bl Pt P ® P Pt P Pt PP Pt P

A Ao P P P P P P Lot P e

-3
3x1
173max10



610

binaural tone-burst response (61.0 £ 2.8 ms; n = 8).
On stimulation of the contralateral ear alone by noise, a
sharp and strong excitatory component was followed by
a weak inhibitory component (Fig. le). The time-course
of the inhibitory component of the contralateral noise
response was steeper than that of the binaural noise
response. On stimulation of the ipsilateral ear by noise
alone, a weak excitatory component was followed by a
inhibitory component (Fig. 1f). The waveform of the
ipsilateral noise response was similar to that of the
ipsilateral tone-burst response.

To reveal the inhibitory effects induced by binaural
stimulation, the contralateral and ipsilateral responses
were subtracted from the binaural response. A typical
example is shown in Fig. 2. In most of the cases the
waveform of the subtracted traces was composed of two
troughs (Fig. 2d). The first and second troughs began
with a latency of 19.3 £ 5.5 ms (n = 14 guinea pigs)
and 89.1 = 152 ms (n = 14), respectively, in field A.
Their respective values in field DC was 20.3 + 7.3 ms
(n = 14)and 86.6 £ 15.0 ms (n = 14). The first trough
lasted about 30 ms and the second trough lasted about
80 ms. As shown in Fig. 2a,b,c, the first trough repre-
sents the inhibition (or occlusion) induced by binaural
stimulation, because in this phase only the excitatory
response to each-ear stimulation was observed and the
excitatory response to binaural stimuli was smaller than
the sum of the contralateral and ipsilateral excitatory
responses. The second trough represents the enhance-

a

Binaural

b Contralateral

fast ' slow

AFF 4
0.6x10
25ms

14 kHz 75 dB SPL
Ch.35 gp2bj

Fig. 2 a A typical optical signal evoked by the binaural tone stimuli
picked up from Fig. 1a. IID value was 0 dB. b A typical optical signal
evoked by the contralateral tone stimuli picked up from Fig. 1b.¢c A
typical optical signal evoked by the ipsilateral tone stimuli picked up
from Fig. lc. d Subtraction of the contralateral and ipsilateral
responses from the binaural one. Fast a fast binaural inhibition; slow
a slow binaural inhibition. Horizontal dashed lines: resting level,
horizontal bar: 100 ms long tone burst

ment of the inhibitory component by binaural stimuli
because in this phase only the inhibitory response to
each-ear stimulation was observed and the inhibitory
response to binaural stimulation was larger than the sum
of the contralateral and ipsilateral inhibitory responses.
Hereafter we call these first and second components fast
and slow binaural inhibitions, respectively.

Spatio-temporal images of responses to binaural
and monaural stimulation

To obtain spatio-temporal images of the binaural and
monaural responses, the amplitude of each optical signal
from the 144 photodiode elements, seen in Fig. 1, was
color coded and transformed into sequential two-di-
mensional images every 0.58 ms.

The spatio-temporal images in response to tone-burst
stimuli (14 kHz) are shown in Fig. 3a,b,c. In the case of
binaural tone-burst stimulation (Fig. 3a), a weakly-ac-
tivated spot appeared in field A, 14 ms after the onset of
the stimuli and at 16 ms in field DC. These activated
spots expanded along the isofrequency band and then
merged and spread widely over the boundary line. The
activated spots disappeared at the dorsal portion of field
DC. The inhibited area appeared at 62 ms in field A and
spread from field A to field DC. The stronger inhibition
appeared 86 ms after the onset of stimulation, both in
field A and field DC near the isofrequency bands, and
disappeared after 147 ms. In the case of contralateral
tone-burst stimulation (Fig. 3b), the strongly activated
spot appeared at the onset of the excitatory component
at the position of the respective isofrequency bands. The
contralateral active spot was stronger than that of the
binaural one. The movement along isofrequency bands
of the active spot of the contralateral response was
similar to that of the binaural response. After the dis-
appearance of the active spot, the weakly inhibited re-
gion, whose strength was lower than that of the binaural
one, spread broadly. In the case of ipsilateral tone-burst
stimulation (Fig. 3c), the active spot appeared later and
lasted longer than that of the contralateral or the bin-
aural stimulation. The movement of the active spot of
the ipsilateral response was similar to that of the bin-
aural one. The ipsilaterally inhibited area was similar to
that of the contralateral one, but smaller than that of the
binaural one (Fig. 3c). The binaural interaction was
observed as a reduction of the contralateral excitatory
component and an enhancement of the slow inhibition.
The area of the ipsilateral inhibitory effects coincided
with the isofrequency bands.

The spatio-temporal patterns to noise stimulation are
shown in Fig. 3d,e,f. In the case of binaural noise
stimulation (Fig. 3d), the active spots appeared to be
more scattered than those of the binaural tone-burst
response. The active spot moved to the dorsal portion of
fields A and DC. After the disappearance of the active
spot, a strongly inhibited region expanded in fields A
and DC at 40 ms. The area inhibited by the binaural
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noise appeared faster than that inhibited by the con-
tralateral tone-burst stimulation. In the case of contra-
lateral noise stimulation (Fig. 3e), a stronger, and
spatially wider active spot appeared at the onset of the
contralateral response and moved a little way to the
dorsal portion and then disappeared. The inhibited area
appeared later compared with that of the binaural noise
response. In the case of ipsilateral noise stimulation
(Fig. 3f), the weak active spot appeared later than that
of the binaural noise response, and moved slowly from
field A to field DC. After the disappearance of the active
spot, the inhibited area appeared later than in the bin-
aural noise response, and expanded to field A (Fig. 3f).
The magnitude of inhibition induced by the binaural
noise was about half (51.9 £ 9.7%; n = 8 channels) of
that of the binaural one.

Spatial pattern of the binaural inhibitory effect of 11D

To observe the spatial pattern of the binaural inhibi-
tory effect of IID, the amplitudes of responses to the
contralateral and ipsilateral stimulation were sub-
tracted from those of binaural responses and trans-
formed into gray-scaled images. The images based on
IIDs of tone-burst stimuli (14 kHz) are shown in

40 62 86 109 147ms
1.2¢10” p— -1.2¢10°
AFJF

Fig. 3a—f The magnitudes of the optical signals shown in Fig. 1 were
color coded and transformed into two-dimensional images for the
period of 14-147 ms from the onset of the sound; a—f show the two-
dimensional images corresponding to the data from Figs. la-f,
respectively. The neural activity evoked by (a) binaural tone-burst
stimulation is weaker than that evoked by (b) contralateral tone-burst
stimulation. Ipsilateral tone-burst stimulation alone evoked weak
excitatory neural activity followed by inhibition (c¢). The neural
activity evoked by binaural noise stimulation is wider than that
evoked by contralateral tone-burst stimulation (d). The neural activity
evoked by contralateral noise stimulation alone is stronger than that
evoked by binaural noise stimulation (e). Ipsilateral noise stimulation
evoked weak excitatory neural activity followed by inhibition (f). In a
and d, IID values were 0 dB. Dashed lines indicate the border between
fields A and DC. Straight lines indicate the isofrequency contour lines
of 14 kHz in fields A and DC

Fig. 4. The contralateral stimulus intensity was fixed at
70 dB SPL, and the ipsilateral stimulus intensity was
changed from 60 dB SPL to 90 dB SPL in steps of
10 dB SPL. At an IID of +10 dB, the binaural in-
hibitory effect was slight (Fig. 4a). At an IID of 0 dB,
patches of the binaural inhibitory effect appeared in
the same region where the excitatory spot of the
contralateral response had been observed (Fig. 4b). At
an IID of —10 dB, the intensity of the binaural in-
hibitory effect in the patches increased (Fig. 4c). At an
IID of —-20 dB, patches of the binaural inhibitory
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Fig. 4a—d Optical images of a
binaural inhibitory effects at

IID 0 dB

28 ms after sound stimulation .
to various IID levels. These
data were obtained by sub-
tracting the contralateral and
ipsilateral responses from the
binaural responses to tone
bursts of 14 kHz. The response
amplitudes were coded using a
16-level gray scale. The contra-
lateral intensity was fixed at

70 dB SPL and the ipsilateral
intensity was varied. a Images
of the inhibitory effect of an IID
of +10 dB (a), 0 dB (b)

—10 dB (c), and —20 dB (d) (dB;

IID 10 dB b

-3
1.1x10

contra re ipsi) are shown

cC 1D -10 dB d

effect expanded to the area surrounding the isofre-
quency band, and the inhibition magnitude increased
(Fig. 4d). In other words, patches of the binaural in-
hibitory effect expanded, and their inhibition magni-
tude increased with decreasing IID. This tendency was
observed also in the slow component of the binaural
inhibitory effect (data not shown).

Discussion
Possible source of recorded optical signals

Previous reports have shown that the optical signals of
neurons stained with voltage-sensitive dyes changed
linearly with membrane potentials (Cohen and Lesher
1986; Grinvald et al. 1986; Salzberg and Obaid 1988).
The optical signals observed in this study would be a
result of the accumulated membrane potentials of
many neurons because the recording cortical area was
250 um x 250 um and the effective focal depth of the
microscope was about 200 um. Individual spikes were
not recorded since our sampling rate (about 0.6 ms) was
not high enough. The optical signals to binaural stimu-
lation observed in this study might include signals from
different types of binaural neurons.

Subtraction of the contralateral and ipsilateral re-
sponses from the binaural responses were performed in

IID -20 dB

order to observe the binaural interactions. The sub-
tracted data indicate the interaction induced by binaural
stimulation, as shown in Fig. 2.

Inhibitory effect in response to binaural stimulation

We observed both the fast and slow components of the
inhibitory effects induced by binaural stimulation. The
fast inhibitory component was observed as a reduction
in the contralateral excitatory component. These results
resemble the response patterns of EE/O neurons re-
corded using microelectrodes. That is, the neurons are
excited by both monaural and binaural stimulation, and
the binaural responses are smaller than the sum of
contralateral and ipsilateral responses (chinchillas:
Benson and Teas 1976; cats: Phillips and Irvine 1983;
Reale and Kettner 1986; Irvine et al. 1996; rats: Kelly
and Sally 1988). The fast component of the binaural
inhibitory effect was an occlusion, and the inhibitory
component was not observed in the responses to the
ipsilateral stimulation alone.

A slow inhibitory component was observed in the
monaural responses as well as in the binaural ones.
Metherate and Ashe (1993, 1994), using in vivo whole-
cell recording in the rat AC, reported that afferent
stimulation of the medial geniculate body elicited a fast
excitatory postsynaptic potential (EPSP) and a long-



lasting inhibitory postsynaptic potential (IPSP). The
long-lasting IPSP consisted of polysynaptic early and
late IPSPs. According to their results, the early IPSP
mediated by gamma-aminobutyric acid (GABA), re-
ceptors started at about 20 ms, and the late IPSP me-
diated by GABAGg receptors started at about 120 ms. In
our results, the slow inhibitory component started 20—
30 ms after the onset of the excitatory component. This
suggests that the slow inhibitory component observed in
our study corresponds to the early IPSP reported by
Metherate and Ashe, and that it is mediated by GABA 4
receptors. This is supported by the report that the
inhibition seen in the guinea pig AC is mediated by
GABA, receptors (Horikawa et al. 1996).

Spatial distribution of the inhibitory effect
in response to binaural stimulation

Mapping studies of binaural interactions have been
performed in several animals using microelectrode
techniques. Such mapping experiments carried out in
cats have revealed that neurons of the same binaural
response type are clustered together, and that the clus-
ters tend to extend rostrocaudally across the dorsoven-
trally oriented isofrequency contours in the Al (Imig and
Adrian 1977; Middlebrooks et al. 1980; Schreiner and
Cynader 1984). Recent studies of detailed classification
in cats have reported that the different types of binaural
neurons are segregated, but form patches and not the
alternating band structure (Reale and Kettner 1986),
although a study carried out using ferrets has shown an
alternating structure between EE/F and EO/I neurons
(Kelly and Judge 1994). In the AI of mustached bats
(Manabe et al. 1978), rats (kelly and Sally 1988) and
macaque monkeys (Brugge and Merzenich 1973), neu-
rons of the same binaural response type aggregated but
did not form the configuration of bands.

The study reported here has shown that the binaural
inhibitory effect observed in guinea pigs occurs in the
same regions as the contralateral excitatory responses
do. Following tone-burst stimulation, the active spots of
the contralateral response moved along the isofrequency
bands and then spread into fields A and DC. The band
structure found in the AI of cats and ferrets was not
observed clearly in field A of guinea pigs. The area that
was strongly inhibited by the slow binaural effect
(compare Figs. 3a and 3d) was also observed near the
isofrequency band where a contralateral sound evoked
an excitatory response. During noise stimulation, the
most strongly activated area was wider on the rostro-
caudal axis than during the tone-burst stimulation,
presumably because the noise contained many frequency
components. The area of the fast and slow binaural in-
hibition caused by the noise appeared to be wider than
that caused by the tone bursts. In these inhibited areas,
we observed broad inhibition, but not the alternating
structure that occurs in the cat and ferret.
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In the cat, EE regions (200-3400 um wide) and EI
regions (100-2000 um in width) changed across the Al
(Middlebrooks et al. 1980). In the ferret, areas of EE/F
or EO/I neurons were typically between 500 um and
700 um wide (Kelly and Judge 1994). If a similar bin-
aural band structure exists in the guinea pig AC, and if
its bandwidth is similar to that of cats and ferrets, it
should have been observed by our optical recording
device which has a spatial resolution of 250 um
x 250 um. We did not see such alternating binaural re-
sponse areas, therefore different types of binaurally re-
sponsive neurons may be distributed irregularly within
the guinea pig AC, or arranged in small clusters or
bands of less than 250 um width.

[ID dependency of the spatial pattern
of the binaural inhibitory effect

We have found that decrements in IID cause an increase
in the inhibitory response and an expansion in the in-
hibitory area. Reale and Kettner (1986), using electro-
physiological methods, reported that the population of
neurons in the AC of cats exhibiting suppression by
binaural stimulation increases with decreasing IID. They
also reported that the population of EO/I neurons in-
creased and that of EE/F neurons decreased with de-
crements in IID. In most neurons of the mixed type, the
binaural response changed from facilitatory to inhibi-
tory type when the ipsilateral intensity was 10-30 dB
louder than the contralateral one. The majority of bin-
aural response types were inhibitory at IIDs smaller than
—20 dB. Our work concurs with these results, showing
that inhibition in the cortex becomes stronger, and the
inhibitory area wider with increasing intensity of ipsi-
lateral stimulation. Our data also agree with recent re-
ports of the IID sensitivity of cortical neurons in the cat
which show that the population of neurons sensitive to
high IID values (contra-max type) is twice as large as
that of neurons sensitive to low IID values (ipsi-max
type), thus keeping the average binaural intensity con-
stant (Irvine et al. 1996).

Recent studies of sound localization in Al neurons
has shown that neurons with different types of azimuthal
sensitivity are distributed non-randomly across the iso-
frequency direction of area Al (Clarey et al. 1994; Rajan
et al. 1990). It has also been reported that the population
of azimuthal-sensitive neurons is similar to that of IID-
sensitive neurons (Irvine et al. 1996). These results im-
plicate a topographical organization of IID sensitivity
along the isofrequency band. However, our results did
not show clear localization of the responses to I1ID, and
showed only that the extent of the inhibitory area be-
came larger with the decrements in IID value. These
results suggest that in the guinea pig AC, neurons with
different types of IID sensitivity are distributed irregu-
larly or are arranged in small clusters.
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