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This study examined
how GABAergic
inhibition affected binaural properties
of neurons
in the mustache
bat’s inferior
colliculus. Evaluations
were made by documenting
changes
in acoustically
evoked inhibition
that occurred
when GABAergic inputs were reversibly blocked by iontophoretic
application of the GABA, antagonist
bicuculline.
We studied
neurons sensitive
to interaural
intensity
disparities
(IIDs),
since-these
are the principal
cues animals use to localize
high-frequency
sounds. Neurons sensitive to these cues receive excitation
from one ear and inhibition
from the other
ear, and are called El neurons. Recordings
focused on the
El region in the hypertrophied
60 kHz isofrequency
contour,
where the sensitivities
of the El cells to IlDs are systematically ordered, thereby creating a map of IID sensitivity.
El
neurons were classified
on the basis of their IID functions,
of which there were two principal types. Seventy percent of
the cells had conventional
IID functions where the firing rate
evoked by a fixed intensity at the contralateral
(excitatory)
ear remained
constant with low intensities
at the ipsilateral
(inhibitory)
ear and then declined
progressively
as the intensity at the ipsilateral
ear increased.
We refer to cells that
had this type of IID function simply as El neurons. The IID
functions in the remaining
30% of the cells showed binaural
facilitation
and were classified
as El/f neurons. In these cells,
increasing
sound intensity at the ipsilateral
(inhibitory)
ear
when the intensity at the contralateral
(excitatory)
ear was
fixed, initially caused the firing rate to increase by at least
25% above the rate evoked by the sound at the contralateral
ear alone. Additional
intensity increases at the ipsilateral
ear
then resulted in a marked decline in response
rate.
We examined
the effects of bicuculline
on three binaural
properties:
(1) the degree of inhibition
evoked by the ipsilateral ear (the maximum inhibition),
(2) the IID at which the
unit’s discharge
rate declined
by 50% (the 50% point), and
(3) binaural facilitation.
There are three main findings. First,
bicuculline
substantially
reduced or eliminated
the inhibition
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evoked by the ipsilateral
ear in about 40% of the cells. In
the other 60% of the cells, bicuculline
had little or no effect
on the magnitude
of the ipsilaterally
evoked inhibition.
The
second finding is that in more than half of the cells in which
there was little or no reduction
in the magnitude
of the ipsilaterally
evoked inhibition,
bicuculline
changed
the IID at
which the ipsilaterally
evoked
inhibition
caused the discharge rate to decline by 50%. In most cells, a more intense
signal at the ipsilateral
ear was required
to produce
the
criterion
inhibition
with bicuculline
than in the predrug condition. The third finding is that bicuculline
affected binaural
facilitation
in 60% of El/f cells, and in more than half of the
El/f cells bicuculline
totally eliminated
the facilitation.
One implication
of the present study is that the collicular
map of IID sensitivity
is formed to a substantial
degree in
the colliculus
by GABAergic
innervation
that likely originates
in the dorsal nuclei of the lateral lemniscus.
The GABAergic
innervation
contributes
to the establishment
of the map in
at least three ways. The first is by the creation
of the El
properties
in some collicular
cells through the convergence
of excitatory
and GABAergic
inhibitory inputs. This not only
establishes
the maximum inhibition
of the cell, but also establishes the cell’s 50% point. A second way occurs in other
cells where GABAergic
inputs adjust 50% points and thus
adjusts the neuron’s sensitivity
to IIDs. A third way occurs
in yet other cells in which the inhibition
produced
by inputs
from the ipsilateral
ear was increased.
Another implication
of this study is that GABAergic
inhibition within the colliculus
appears
to create or reinforce
binaural facilitation
in most
collicular
El/f cells.
[Key words: GABA, changes in binaural properties,
inferior
colliculus,
mustache
bat, interaural
intensity disparity, inhibition]

Interaural intensity disparities (IIDs) are important cues for
localizing high-frequency sounds(Erulkar, 1972; Mills, 1972).
The intensity disparities are generatedby the shadowingof the
head and earsand by the directional properties of the pinnae.
The information from the two ears is conveyed into the CNS,
where it is compared by binaural neurons. The comparison is
a subtractive processwhereby signalsfrom one ear excite and
signalsfrom the other ear inhibit the binaural cells. These socalled excitatory/inhibitory cells are sensitive to intensity disparities and expressthe comparison of IIDs in their firing rates
(e.g., Aitkin, 1986; Irvine, 1986; Pollak and Casseday,1989).
The projection system associatedwith excitatory/inhibitory
properties originates in the lateral superior olive, the lowest
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nucleus that receives converging inputs from the two ears and
where excitatory/inhibitory
neurons are initially formed (Boudreau and Tsuchitani, 1968; Goldberg and Brown, 1968, 1969;
Caird and Klinke, 1983; Moore and Caspary, 1983; Cant and
Mores& 1984; Harnischfeger et al., 1985; Cant and Casseday,
1986; Sanes and Rubel, 1988; Covey et al., 1991). Figure 1
shows the components of the excitatory/inhibitory
pathway that
project to the inferior colliculus. The lateral superior olive projects bilaterally to the inferior colliculus and to the dorsal nucleus
of the lateral lemniscus, both of which have large populations
of excitatory/inhibitory
neurons (Brugge et al., 1970; Roth et
al., 1978; Brunso-Bechtoldet al., 1981; Glendenninget al., 198 1,
1992; Aitkin, 1986; Shneiderman and Henkel, 1987; Ross et
al., 1988; Covey and Casseday, 1991). The dorsal nucleus of
the lateral lemniscus, in turn, also sends bilateral projections to
the inferior colliculus (Goldberg and Moore, 1967; BrunsoBechtold et al., 1981; Kudo, 1981; Zook and Casseday, 1987;
Ross et al., 1988; Shneiderman et al., 1988; Frisina et al., 1989;
Ross and Pollak, 1989; Shneiderman and Oliver, 1989) thereby
completing the excitatory/inhibitory
pathway to the midbrain.
It has been generally assumed that the excitatory/inhibitory
features of neurons in the lateral superior olive are relayed directly to the inferior colliculus (Fig. 1). Consistent with this idea
are recent studies that suggest that the crossed projection from
the lateral superior olive to the inferior colliculus is excitatory
(Saint Marie et al., 1989; Saint Marie and Baker, 1990; Park et
al., 199 1; Glendenning et al., 1992). However, studies by several
investigators (Faingold et al., 1989, 199 1; Li and Kelly, 1992a,b;
Pollak et al., 1992; Sally and Kelly, 1992) also suggest that there
may be a second way that excitatory/inhibitory
response properties are established in collicular cells, namely, that the excitatory/inhibitory properties are created in the colliculus itself by
the convergence of excitatory inputs evoked by the contralateral
ear and inhibitory inputs evoked by the ipsilateral ear.
Recent immunocytochemical
studies show that two major
pathways could provide the colliculus with ipsilaterally evoked
inhibition (Fig. 1). The first is the uncrossed projection from
the lateral superior olive, which is largely glycinergic and thus
likely to be inhibitory (Hutson et al., 1987; Saint Marie et al.,
1989; Saint Marie and Baker, 1990; Park et al., 1991; Glendenning et al., 1992). The second is from the contralateral dorsal
nucleus of the lateral lemniscus, a nucleus whose cells are predominantly GABAergic (Adams and Mugniani, 1984; Mugniani
and Oertel, 1985; Thompson et al., 1985; Roberts and Ribak,
1987a,b; Larue et al., 1991; Pollak et al., 1992; Vater et al.,
1992) and which sends a large projection to the inferior colliculus (Ross et al., 1988; Shneiderman and Oliver, 1989). Both
of these inhibitory projections should be excited by sounds delivered to the ear ipsilateral to the inferior colliculus (Fig. 1).
The goal of the present study was to evaluate the role of
GABAergic inputs in shaping the binaural properties of excitatory/inhibitory
neurons in the inferior colliculus. The role of
glycinergic inputs will be considered in a future report. Evaluationswere made by documenting changes in acoustically evoked
inhibition that occurred when GABAergic inputs were reversibly blocked by iontophoretic application of the GABA, antagonist bicuculline (Cooper et al., 1982; Borman, 1988). The rationale is that if excitatory/inhibitory
properties are created in
the colliculus by the convergence of excitatory and GABAergic
inhibitory inputs, then removing the influence of those inhibitory inputs should reduce or eliminate the acoustically evoked
inhibition. On the other hand, if excitatory/inhibitory
response
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Figure 1. Schematicdiagramof the excitatory/inhibitory (EI) projec-

tion systemto the left inferior colliculus(IC). The earsprovidingthe
excitatory (+) andinhibitory (-) inputsto eachnucleusareindicated.
The large letters in eachnucleusindicatethat neuronsin that nucleus
receiveexcitatory (E) and inhibitory (I) inputs,whilethe small letters
signifywhetherit is the right or the left earthat providesthe excitation
or inhibition. Thus,ERIL in the right lateralsuperiorolive (L..Tnjsipnifiesexcitatory inputsfrom the right ear and inhibitory inpit, ‘f;d;
the left ear. Note that the right LSO, left dorsalnucleusof the lateral
lemniscus
(DNLL), andleft inferiorcolliculusall receiveexcitationfrom
the right ear and inhibition from the left ear, and are ERIL. The left
lateralsuperiorolive and right dorsalnucleusof the laterallemniscus
havethe inverseinnervationandareIREL. Arrows indicateGABAergic
glycinergicandexcitatory projections.The projectionsfrom lateralsuperior olive to dorsalnucleusof laterallemniscus,
and the monaural
excitatory projectionsfrom the right earto the inferior colliculusare
not shown.
properties are created in a lower nucleusand imposedupon the
collicular cell via an excitatory projection, then the blockade of
inhibitory inputs at the colliculus should have no effect on the
expressionof those responseproperties.
The experimental animals in this study were mustachebats.
Like other bats, the mustache bat emits high-frequency calls
and relies heavily on IIDs for localizing the echoesreturning
from objects in space(Fuzessery and Pollak, 1985; Wenstrup
et al., 1986; Pollak and Casseday,1989; Pollak, 1992). We recorded responsesfrom a region of the hypertrophied 60 kHz
contour of the inferior colliculus dominated by excitatorylinhibitory neurons(Wenstrup et al., 1986; Rossand Pollak, 1989),
whose responseproperties have been well documented in previous studies(Fuzesseryand Pollak, 1985;Wenstrup et al., 1986,
1988a,b). In this report, we show that blocking GABAergic innervation has profound effects on the binaural properties of
many excitatory/inhibitory collicular cells. We suggestthat at
least three GABAergic circuits shapeexcitatory/inhibitory features in the inferior colliculus, and discussthe implications of
these findings for mechanismsof information processingrelevant for sound localization.
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Surgical
procedures.
Fifteen
Jamaican
mustache
bats, Pteronotus
parnellii parnellii,
were experimental
subjects.
Prior to surgery,
animals
were anesthetized
with methoxytlurane
inhalation
(Metofane,
PitmanMoore,
Inc.) and 10 mg/kg of sodium pentobarbital
injected
intraperitoneally.
The hair on the bat’s head was removed
with a depilatory
and
the head secured in a head holder with a bite bar. The muscles and skin
overlying
the skull were reflected,
and lidocaine
(Elkins-Sinn,
Inc.) was
applied topically
to all open wounds. The surface ofthe skull was cleared
of tissue, and a ground electrode
was placed just beneath the skull over
the cerebellum.
A layer ofsmall
glass beads and dental acrylic was placed
on the surface of the skull to secure the ground electrode
and to serve
as a foundation
layer to be used later for fixing the head in the stereotaxic
apparatus.
A small hole (approximately
0.5-l .O mm diameter)
was then
drilled over the left inferior
colliculus
using landmarks
visible through
the skull for orientation.
We used only the left inferior
colliculus
of each
animal.
The bat was transferred
to a heated (27-3O“C),
sound-attenuated
room,
where it was placed in a restraining
apparatus
attached
to a custommade stereotaxic
instrument
(Schuller
et al., 1986). A small metal rod
was cemented
to the foundation
layer on the skull and then attached to
a bar mounted
on the stereotaxic
instrument
to ensure uniform
positioning
of the head. Recordings
were begun after the bat was awake.
Intramuscular
iniections
of the neuroleptic
Innovar-Vet
(0.01 ml/gm
body weight;
Pitman-Moore,
Inc.) were given if the bat appeared
in
discomfort.
Recording
electrodes. Piggyback
multibarrcl
microelectrodes
were used
for recordings
and iontophoresis
of drugs (Havey
and Caspary,
1980).
Single-barreimicropipcttes
were pulled to a tip diameter
less than 1 pm
and filled with buffered
1 M NaCl with 2% fast green (pH 7.4). Electrode
impedances
ranged from 5 to 20 M0. Fast green was used to enhance
the visibility
of the electrode
for placement
in the small hole made in
the skull. A five-barrel
electrode
(H-configuration;
Omega dot, Glass
Co. of America)
was pulled and the tips were broken
back under microscopic
observation
so that the tip diameter
of the multibarrel
array
was 10-l 5 pm, The single-barrel
micropipette
that was used to record
single units was then positioned
at an angle of approximately
20” to the
five-barrel
pipette,
and glued with cyanoacrylate
so that the tip of the
single-barrel
pipette protruded
about 10 Frn in front of the broken tips
of the five-barrel
pipette. One of the multibarrels
was used to balance
current. This balancing
(sum channel) barrel was also filled with buffered
1 M NaCl and 2% fast green (pH 7.4). One ejection
barrel was filled
with GABA (500 mM. oH
3.5-4.0:
Sigma), and another with bicuculline
.
methiodide
(10 mM, pH 3.0; Sigma).?he’other
barrels were tilled either
with the drug delivery
vehicle (0.16 M NaCl, pH 3.5) or glycinc
(100
mM, pH 3.5-4.0;
Sigma) and strychnine
(10 mM, pH 3.54.0;
Sigma).
All drugs were preparedjust
prior to each experiment,
and the electrodes
were filled immediately
before use. Bicuculline
was mixed with 0.16 M
NaCl in which the pH was adjusted to 3.0 by titration
with 0.10 M HCl.
GABA
was mixed in distilled
water in which the pH was adjusted
to
3.5-4.0
with 0.10 M HCl. The drug barrels and balancing
barrel were
connected
via silver-silver
chloride
wires to a six-channel
microiontophoresis
constant-current
generator
(Medical
Systems Neurophore
BH2) that was used to generate
and monitor
iontophoretic
currents.
The
sum channel was employed
to balance current
in the drug barrels and
reduce current
effects. The recording
barrel of the microelectrode
was
connected
by a silver-silver
chloride
wire to the head stage of a Dagan
AC amplifier
(mode1 2400). Electrode
penetrations
were made vertically
through
the exposed
dorsal surface of the inferior
colliculus.
Electrode
placement
was based on surface landmarks
viewed
with an operating
microscope.
Subsequently,
the electrode
was advanced
from outside of
the experimental
chamber
with a piezoelectric
microdrive
(Burleigh
7121W).
Acoustic
stimuli,
data acquisition,
and processing.
A custom-made
electronic
switch shaped sine waves from a Wavetek
oscillator
(Model
136) into 20 msec tone bursts having 0.5 msec rise-fall
times. During
data acquisition,
the sound intensity
of the bursts was selected pseudorandomly
by a Macintosh
IIci computer,
which controlled
an electronic attenuator
(Wilsonics
model PATT) via a 24-bit digital interface
(Metrabyte
MAC PTO-24) and a Digital Distributor
(Restek model 99).
The output of the attenuator
went to two speakers (Panasonic
ultrasonic
ceramic
loudspeaker
EFR-OTB40K2).
The speakers
were fitted with
plastic probe tubes (5 mm diameter)
that were placed in the funnels of
each pinna. Maximum
sound intensity
was 85 dB SPL measured
at 0.5
cm from the opening
of the probe tubes. Sound pressure and the fre-

quency
response
of the loudspeakers
wcrc measured
with a l/4 inch
Brtiel and Kjaer microphone
(type 4 135) and a Briiel and Kjaer measuring amplifier
(type 2608).
Each speaker
showed
less than 13 dB
variability
for the frequency
range used (55-65
kHz),
and intensities
between
the speakers
did not vary more than ?2 dB at any of those
frequencies.
Tone bursts were presented
at a rate of four per second.
Acoustic
isolation
between
the ears was 40-50 dB and was determined
empirically
by testing monaural
units during the course of the experiments. Monaural
units were responsive
to sound at the contralateral
ear and were unaffected
by ipsilateral
sounds up to 40 dB higher in
intensity
than the threshold
at the contralateral
ear. After the threshold
for the contralateral
ear was determined,
that speaker was turned off
and the ipsilateral
speaker was activated.
The threshold
difference,
in
decibels,
between
the ipsilateral
and contralateral
speakers
was taken
as a measure
of acoustic isolation.
Only well-isolated
spikes with a signal-to-noise
ratio of at least 8 were
studied.
Spikes wcrc fed to a window
discriminator
and the output of
the discriminator
was fed to the computer.
When a unit was encountered, its characteristic
frequency
and absolute threshold
wcrc audiovisually
determined
in order to set stimulus
parameters
subsequently
controlled
by the computer.
The characteristic
frequency
was defined
as the frequency
that elicited responses at the lowest sound intensity
to
which the unit was sensitive.
Binaural
stimuli
were then presented
to
determine
whether
the unit was monaural
or binaural,
and if it was
binaural,
whether
it was excitatory/inhibitory
or excitatory/excitatory.
Units wcrc classified
as excitatory/inhibitory
if sound at the inhibitory
car suppressed
the responses evoked
by the contralateral
ear by at least
50%. For each excitatory/inhibitory
unit, sounds at various intensities
were presented
monaurally
to the ipsilateral
ear, and the influence
of
this stimulation
was monitored
audiovisually.
Only cells in which monaural stimulation
of the ipsilateral
ear did not evoke discharges
were
classified as excitatory/inhibitory.
Poststimulus
time histograms
were generated
with characteristic-frequency tone bursts presented
20 times in a pseudorandom
order at each
sound intensity
or interaural
intensity
disparity.
Histograms
were displayed on the computer
screen for inspection
during the experiments
and stored on hard disk for later analysis. A rate-intensity
function
was
constructed
for each unit from the responses generated
with characteristic-frequency
tone bursts presented
to the excitatory
ear at intensities
from 10 dB below to 40 dB above threshold.
An intcraural
intensity
disparity
(IID) function
was generated
next with sound intensity
at the
contralateral
ear fixed at 10-20 dB above threshold
and the intensity
at the ipsilateral
ear varied
from about 20 dB below to 30 dB above
the intensity
at the excitatory
ear. All units were checked to ensure that
at least one IID used a low-enough
intensity
at the inhibitory
ear so
that the evoked
discharge
rate was comparable
to the rate evoked
by
the excitatory
ear alone.
Responses
were recorded
before during and after drug application.
When a drug was not being applied,
a retention
current
of 15 nA (electrode negative)
was applied
to each drug barrel to prevent
leakage of
drugs. Drugs were iontophorctically
applied by turning
off the negative
retention
current and switching
to a positive
ejection
current.
The iontophoretic
application
of GABA
produced
a rapid dose-dependent
inhibition
in all collicular
cells. Complete
inhibition
of discharges
was
achieved
with ejection
currents
of GABA
ranging from 5 nA to 50 nA.
Bicuculline
took a much longer time than GABA
to exert its effects. A
change in firing rate typically
occurred
within the first minute following
application
of bicuculline,
but the firing rate usually took 2-5 min to
stabilize.
The effect of bicuculline
was to increase the firing rates in all
but a few collicular
neurons.
The increases in discharge
rate, moreover,
always occurred
in a dose-dependent
fashion.
The increases in firing
rate caused by bicuculline
could be inhibited
by the simultaneous
application
of GABA.
The effects on monaural
rate-intensity
functions
were initially
evaluated with a low (5 nA electrode
positive)
ejection current ofbicuculline.
Rate-intensity
functions
were obtained
until the shape and maximum
spike count stabilized,
and then the current
was increased
and the procedure repeated.
The currents
most frequently
employed
ranged from
5 to 20 nA. Higher
currents
were sometimes
employed
with neurons
whose firing rates increased with ejection
currents
of 20 nA. Electrode
resistance
was monitored
continuously,
and only cases in which resistance did not change throughout
drug application
are reported.
The
applied voltage that maintained
the constant ejection
currents was also
monitored
and was within
the range reported
by Purves (198 1) for a
linear relation
between
drug release and ejection current.
To assurc that changes in rate-intensity
functions
were due to bicu-
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culline and not to the applied current, responses were obtained when
drugs were not ejected but a current equal to the bicuculline ejection
current was passed through the balancing barrel. Those responses were
compared to the predrug and bicuculline-induced
responses. To control
for any effects that the low pH of the vehicle might cause, current was
passed through the vehicle alone. The responses of two cells appeared
to be influenced by current artifacts, so the data for those cells were
discarded and the electrodes were immediately replaced. An account of
the general effects of GABA, bicuculline, and vehicle alone on cells in
the mustache bat’s inferior colliculus has been presented elsewhere (Pollak and Park, 1993).
Five units displayed a substantial degree of spontaneous activity. The
amount of spontaneous activity was measured for each of these cells by
recording the number of responses when the speakers were inactivated
for predrug, drug, and recovery conditions. The number of spontaneous
responses was then subtracted from the number of acoustically evoked
responses at each intensity tested.
After collecting data with bicuculline, the ejection current was switched
off and the cell was allowed to recover. Recovery was complete when
the shape of the rate-intensity function and the maximum spike count
returned to predrug form. Recovery from bicuculline occurred over
periods ranging from a few minutes up to 30 min depending on the
previous ejection current and the length of time bicuculline had been
applied. We assessed recovery with monaural response properties because the units were part of a larger project in which we evaluated the
effects of bicuculline and strychnine on a variety of monaural as well
as binaural response features. A report on the effects of bicuculline on
monaural response properties has appeared previously (Pollak and Park,
1993), while the effects of strychnine will be the subjects of future reports.
However, in 15 units we obtained recovered IID functions in addition
to the rate-intensity function. When the rate-intensity function recovered in each unit, the IID functions, all of which changed substantially
with bicuculline, also recovered and exhibited their predrug forms.

Results
We studied 83 binaural neuronsfrom the central nucleusof the
inferior colliculus. Recordingswere from the hypertrophied 60
kHz isofrequency contour in the left inferior colliculus, and all
cells were excited by the contralateral ear and inhibited by the
ipsilateral ear. Becausethe excitatory/inhibitory projection system involves both contralateral and ipsilateral structuresaswell
ascrossedand uncrossedprojections, we will refer to structures
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Figure2. Response characteristics of
an EI neuron. A, Rate-intensity function generated by monaural tone bursts
at the right (excitatory) ear. The threshold was about 15 dB. At 35 dB (20 dB
above threshold), the unit responded
with 78 mikes (asterisk).
and resnonding increased at higher ‘intensities. B,
IID function generated by setting the
intensity at the right ear at 35 dB and
presenting sound to the left (inhibitory)
ear at a variety of intensities. With the
lowest intensity at the left ear (asterisk),
77 spikes were evoked, which is comparable to the response evoked by stimulating the right ear alone at 35 dB.
Increasing the intensity at the left ear,
which produced more negative IIDs,
caused the discharge rate to decline, and
with the highest intensity at the left ear
(-20 dB IID), responses were completely suppressed. At the bottom ofthe
IID function, left (L) and right (R) indicate the ear at which the sound was
more intense. The histograms below the
graphs show the discharge patterns
evoked by monaural stimulation (A)and
binaural stimulation (B) at the intensities and IIDs indicated.

as being on the left or right. Hence, excitatory/inhibitory cells
in the left colliculus were excited by sound at the right (contralateral) ear and inhibited by sound at the left (ipsilateral) ear.
The responseproperties of each neuron were evaluated with a
range of IIDs. The disparities were generatedby holding sound
intensity at the right (excitatory) ear constant at 1O-20 dB above
threshold and varying the intensity at the left ear. By convention,
IIDs are assigneda positive value if the intensity at the right
(excitatory) ear wasgreater than the intensity at the left (inhibitory) ear, and a negative value if the intensity at the right ear
was lessthan the intensity at the left ear. We point out that in
severalprevious reports (Fuzesseryand Pollak, 1985;Wenstrup
et al., 1986, 1988a,b; Fuzessery et al., 1990) positive IIDs indicated that soundat the inhibitory ear wasstronger than at the
excitatory ear. However, the convention usedby almostall other
investigators is that a positive IID indicates stronger sound at
the excitatory ear, and we therefore conform here with the generally accepteduse of positive and negative IIDs.
Features of binaural responsepropertiesprior to drug
application
There were two types of IID functions. Fifty-eight (70%) of the
cellshad conventional IID functions wherethe firing rate evoked
by a fixed intensity at the right (excitatory) ear remained constant with low intensities at the left (inhibitory) ear, and then
declined progressively as the intensity at the left ear increased
(Fig. 2). We refer to cells that had this type of IID function as
EI neurons. The IID functions of the remaining 25 cells (30%)
showedbinaural facilitation and were classifiedasEIN neurons
[Fig. 3; in previous studied thesecells alsohave beencalled EO/
IF (Fuzesseryand Pollak, 1985; Fuzesseryet al., 1990) peaked
(Sempleand Kitzes, 1987),and nonmonotonic (Irvine and Gago,
1990)]. In thesecells, increasingsound intensity at the left (inhibitory) ear initially causedthe firing rate to increaseby at least
25% above the rate evoked by the soundat the right (excitatory)
ear alone. Additional intensity increasesat the left (inhibitory)
ear then resulted in a marked decline in responserate.
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Figure 3. Response characteristics of
an EI/f neuron. A, Rate-intensity function showing that the unit responded
with 16 mikes at 25 dB (asteriskl.B.
IID function generated by‘fixing imensity at the right (excitatory) ear at 25
dB. At the lowest intensity presented to
the left (inhibitory) ear, the unit responded with I5 spikes (asterisk),
which
was comparable to the spike count
evoked by stimulating the right ear alone
at 25 dB. As the intensity at the left ear
increased, which produced more negative IIDs. the discharge rate more than
doubled to 37 spikes at 0 dB IID, and
then declined rapidly as intensity at the
left ear was increased further. At the
highest inhibitory intensity, when the
116 was -20 dB; the unit-was almost
completely suppressed. At the bottom
of the IID function, left (L) and right
(K) indicate the ear at which the sound
was more intense. The histograms below the graphs show the discharge patterns evoked by monaural stimulation
(A) a+ binaural stimulation (B) at the
intensities and IIDs indicated.
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Quantitative
measures of two binaural properties were derived from the IID functions of both EI and EI/f neurons. The
first measure was the maximum
inhibition,
the percentage by
which the response evoked by the right (excitatory)
ear was
reduced due to stimulation
of the left (inhibitory)
ear (Wenstrup
et al., 1988a). For EI/f units, the peak response to binaural
stimulation
was compared to the minimum
response evoked by
the highest intensity at the left (inhibitory)
ear. The second was
the 50% point, the IID at which the response evoked by the
right (excitatory) ear declined by 50% (50% points were previously called inhibitory thresholds by Wenstrup et al., 1988a,b).
Quantitative
values of both features varied among the units
sampled. The values of maximum inhibition
ranged from 50%
to 100% (Fig. 4A). Three units illustrating the range of maximum
inhibitions
are shown in Figure 5. The unit in Figure 5A was
weakly inhibited by the left (inhibitory)
ear and had a maximum
inhibition
of about 60%. The maximum
inhibition
of the unit
in Figure 5B was SO%, and the unit in Figure 5C had a maximum
inhibition
of 100%. The majority of units (65%) were strongly
inhibited
and had maximum
inhibitions
of at least 80%. The
distribution
of maximum
inhibitions
among our sample is in
close agreement with the distribution
reported previously (Wenstrup et al., 1988a).
The 50% point IIDs ranged from + 15 dB right ear stronger
to -30 dB left ear stronger (Fig. 48). In 65 cells (78%) the 50%
points occurred at IIDs that were zero or negative, where the
response rate was reduced by 500/o when the intensity at the left
(inhibitory)
ear was equal to or greater than the intensity at the
right (excitatory)
ear. Figure 6, U and C. shows two units in
which the IIDs of the 50% points were 0 dB and -20 dB left
ear stronger, respectively.
The 50% points of 18 of the units
(22%) were at positive IIDs; the response rate was reduced by
50% when sound at the (right) excitatory ear was stronger than
the (left) inhibitory
ear. An example is the unit in Figure 6A.
The distribution
of 500/o points shown in Figure 4B is similar
to that found previously (Wenstrup et al., 1988a).

Efects

of bicuculline on maximum inhibition

The effects of bicuculline
on maximum
inhibition
spanned the
continuum
from no change in maximum inhibition
to complete
elimination
of inhibition
evoked by the left (inhibitory)
ear. We
arbitrarily
divided the 83 EI and El/f units into three categories
based on the degree to which bicuculline
reduced maximum
inhibition.
Units in the first category had maximum inhibitions
that were either minimally
affected or not affected at all by
bicuculline.
In these units, the difference between the predrug
maximum
inhibition
and the maximum
inhibition
with bicuculline was less than 25% (Fig. 7A). Units in the second category
had a moderate bicuculline-induced
reduction in maximum inhibition.
For these units, bicuculline
caused the maximum
inhibition
to decline by 25-50% (Fig. 7B). Units in the third
category were profoundly
affected by bicuculline
and exhibited
reductions of more than 50% in maximum
inhibition
(Fig. 7C).
Of the 83 units, the maximum
inhibitions
of 52 neurons were
largely unaffected by bicuculline,
17 units displayed moderate
reductions,
and the maximum
inhibitions
of 14 units were
strongly affected by bicuculline.
Thus, 3 1 cells (37% when the
moderately
and strongly affected categories were combined)
showed a substantial
reduction
or elimination
of maximum
inhibition
with bicuculline.
Before continuing,
we point out some factors inherent with
the microiontophoresis
of bicuculline
other than its antagonism
for GABA receptors, and show that those factors probably did
not contribute to the above results. We turn first to the cells in
which bicuculline
caused a large reduction or in some cases a
complete elimination
of ipsilaterally evoked inhibition
and show
why those results were almost certainly due to a blockage of the
GABAergic
innervation
from the left (inhibitory)
ear and not
to a saturation
of response rate. One feature associated with
bicuculline
is that it causes an overall increase in response magnitude in almost all collicular neurons (Faingold et al., 1989,
1991; Pollak and Park, 1993). A saturation elhect could occur
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Fzgure 5. Three units with different maximum inhibitions. A, Unit
with a maximum inhibition of 60%. This unit responded with 68 spikes
to a tone burst presented to the right (excitatory) ear alone at 10 dB
above threshold (not shown), and had a similar rate of 64 spikes when
the sound intensity at the left ear was low (IID of + IO dB) in the binaural
condition. When the intensity at the left (inhibitory) ear increased by
40 dB (IID of -30 dB), the firing rate decreased to 27 spikes, and thus
the rate declinedby about 60%.B and C Units with maximuminhibitions of 80% and 1OO%, respectively. Left (L) and right (R) below the

graphsindicatethe earat whichthe soundwasmoreintense.
Maximum

Inhibition

(%)

(excitatory) ear. Since the dischargerate under the binaural conditions

tested was the same as that evoked

by the right (excit-

atory) car alone, it is reasonableto conclude that the inhibitory
inputs evoked by the left ear were blocked

Distribution
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of 50% Points

IID (dB)

Figure 4. Distribution of maximum inhibition
(B) values for 83 El and EIA units.

Right Ear
Stronger
(A) and 50% point IID

if the increase in discharge rate was so great that the rate could
not be reduced by the inhibition
evoked by the left (inhibitory)
ear. In other words, the inhibition
evoked by the left (inhibitory)
ear might have been present in these cells, although it appeared

by bicuculline,

there-

by rendering the cell monaural.
With regard to the 52 cells in which bicuculline had little or
no effect on maximum inhibition, the possibility exists that the
drug failed to block GABAergic receptorsin thoseneurons.This
explanation is unlikely becausebicuculline not only increased
responsemagnitudes,but in most units affected other response
properties aswell. The effectivenessof bicuculline on monaural
responseproperties in a unit whose maximum inhibition was
unaffected by the drug is illustrated in Figure 8. The predrug
rate-intensity and ITD functions are shown in the top panelsof
Figure 8, and the samefunctions obtained with two dosagesof
bicucullinc are shownin the lower panels.The significantfeature
is that while the maximum inhibition remainedat or near 100%
and thus wasunaffectedby bicuculline, the dischargerate evoked
by 20 msec tone bursts at the right (excitatory) ear increased
from a predrug maximum of 17 spikes to 373 spikes at the
highest dosageof bicucullinc. In addition, the rate-intensity
function

was transformed

from a predrug

nonmonotonic

func-

tion to one that was monotonic at the highest dosageof bicuculline. However, the possibility remains that bicuculline may
not have reachedthe GABAergic receptorsinnervated by inputs
from the left (inhibitory) ear, although it blocked the GABAergic
inputs from the right (excitatory) ear that affected dischargerates
and rate-intensity functions. As we show below, this was also
unlikely

because

in many

cells whose

maximum

inhibitions

were unaffected by bicuculline, the antagonist changed either
the cell’s 50% point IID, its binaural facilitation, or both.

that the inhibition was eliminated becauseits expressionwas
overwhelmed by a largeoverall increasein responsemagnitude
caused by bicuculline.
Saturation
effects, however, could not
account for the elimination
of maximum inhibition
in the unit
shown in Figure ?C. While the discharge rate evoked by a 5 dB
signal at the right (excitatory) ear was elevated from 30 spikes
in the predrug condition to 55 spikesby bicuculline, a rate of
55 spikes was within the unit’s dynamic response range as shown

by the arrow on the rate-intensity function in Figure 7C (inset).
It follows that if the inhibition evoked by the left (inhibitory)
ear were present, it should have greatly reduced or eliminated
completely

the responses evoked by the 5 dB sound at the right

L,R llD(dB) LIR

L>R llD(dBj L‘R

L>R

Figure 6. Three units with different 50% point IIDs. The broken lines
indicate where the discharge rate declined by 50%. Note different scales
for number of spikes in each panel.
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Figure 7. Effects of bicuculline on the maximum inhibitions of three
neurons. Sound intensity at right ear is shown in each predrug IID
function, and was 10 dB above threshold for each unit. A, IID functions
before and during application of bicuculline for an EI unit whose maximum inhibition changed minimally with bicuculline. Bicuculline had
little effect on the shape of the IID function or on maximum inhibition,
even though it doubled the overall spike count. Threshold at the right
(excitatory) ear was 0 dB. B, Neuron showing a moderate change in
maximum inhibition with bicuculline. In the predrug binaural condition, responses were almost completely suppressed by negative IIDs
(left ear stronger). With bicuculline, high intensities at the left ear still
inhibited discharges, although the decline in response rate was far less
than in the predrug condition. Threshold at the right ear was 0 dB. C,
Neuron showing a large change in maximum inhibition with bicuculline.
Prior to bicuculline, responses were strongly inhibited at IIDs of 0 dB
and with more negative IIDs (left ear stronger). With bicuculline, inhibition from the left (inhibitory) ear was blocked and the cell became
monaural. The inset shows the rate-intensity function with 20 nA of
bicuculline. The arrow shows the discharge rate evoked by monaural
stimulation of the right (excitatory) ear at 5 dB, which was the intensity
at the right ear in the binaural condition. Threshold at right ear was - 5
dB. Left (L) and right (R) at bottom of the graphs indicate the ear at
which the sound was more intense. Note that the y-axis (number of
spikes) was scaled so that the maximum value in each graph was close
to the maximum spike count.
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Figure 8. Example of a unit that showed a minimal change in its
maximum inhibition and 50% point IID, but large dose-dependent
changes in monaural response properties. The panels on the left show
the rate-intensity functions for the right (excitatory) ear prior to bicuculline and with two dosages of bicuculline, 40 nA and 80 nA. Each
dosage increased the overall discharge rate and progressively changed
the shape of the rate-intensity function from a strongly nonmonotonic
function to one that was monotonic. The panels on the right show IID
functions for the predrug and bicuculline conditions. Note different scale
for number of spikes in each panel.
cells, the 50% points shifted to more negative IIDs with bicuculline, such that a more intense signal at the left (inhibitory)
ear was required to produce the criterion inhibition
than in the
predrug condition.
An example of a unit whose 50% point
changed by - 14 dB such that the sound at the left (inhibitory)
ear had to be 14 dB more intense than in the predrug condition
is shown in Figure 10. In four other units, 50% points changed
in the other direction to more positive IIDs such that the intensity at the left (inhibitory)
ear that produced 50% suppression
was lower with bicuculline
compared to the predrug condition.

Effects of bicuculline on binaural facilitation
Eflkts of bicuculline on 50%points
Thirty cells (59%) in which bicuculline
had little or no effect on
maximum
inhibition
displayed bicuculline-induced
changes in
the IID of their 50% points of at least +5 dB (Fig. 9). In 26

Bicuculline
affected binaural facilitation
in 20 of the 25 EI/f
cells. In six cells, bicuculline
reduced the amount of facilitation
but did not completely abolish it (e.g., Fig. 14). However, in 14
cells bicuculline
eliminated
binaural facilitation.
Elimination
of
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b’igure 10.
Example of a unit that showed relatively little change in
its maximum inhibition
with bicuculline
but had dose-dependent shifts
of its 50% point IID. The brokrn
line shows the IID at which the
discharge rate declined by 50%. The predrug 50% point IID was ~6 dB
(l@?). The 50% point IID shifted to ~ 10 dB with 10 nA of bicuculline
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Figure 9. Histogram showing the bicuculline-induced
changes in 50%
point IIDs. The histogram shows 5 I units in which bicuculline caused
little or no change in maximum inhibition. In 2 1 units, bicuculline had
no effect on the IID at the 50% point, while in 30 units bicuculline
caused the IID at the 50% point to shift by at least +5 dB. Negative
values indicate that a greater intensity was required at the left (inhibitory) ear to suppress discharges with bicuculline than in the predrug
condition.

facilitation
was observed in ET/f units independent
of changes
in maximum inhibition.
Thus, binaural facilitation was reduced
or lost in some cells that also had profound or moderate reductions in maximum
inhibition
with bicuculline,
whereas in
other cells maximum
inhibition
was affected minimally
or not
at all.
We illustrate this selective effect of bicuculline
with the unit
in Figure 11. The first feature to note in the predrug functions
is that the response rate evoked by sound at the right (excitatory)
ear alone was similar to the response rate evoked with binaural
stimulation
when the intensity at the left (inhibitory)
ear was
very low (asterisk in Fig. 1 L4,R). As the intensity at the left
(inhibitory)
ear changed from a low to a moderate intensity (IID
of 0 dB), the response rate more than doubled and thus was
facilitated. With additional
intensity increases at the left (inhibitory) ear, the discharges declined progressively
and were
almost completely suppressed by the highest intensity presented
at the left ear. The application
of bicuculline
caused changes in
both monaural and binaural response properties. One change
was an overall increase in response magnitude,
which can be
seen in the rate-intensity
function in Figure 11 C’. With binaural
stimulation,
a very low sound intensity at the left (inhibitory)
ear evoked a discharge rate that was similar to the rate evoked
by the contralateral
ear alone (Fig. 1 lD), as was the case in the
predrug condition.
However, bicuculline
eliminated
the binaural facilitation
since there was no longer a systematic increase
in discharge rate as the sound at the left (inhibitory)
ear increased
from low to moderate intensities. In addition, bicuculline
had
a small effect on the maximum
inhibition;
with the highest
intensity at the left (inhibitory)
ear, the response was clearly
inhibited but not as strongly as it had been in the prcdrug condition. In short, bicuculline transformed the facilitated IID function into that of a conventional
EI cell.

k$>cts qf bicucullinr dosageon binaural inhibition
The effects of bicuculline
reported above represent a conservative estimate of the role that GABAergic
innervation
plays
in shaping binaural inhibition.
One reason is that in most units

(cenfrr),
and shifted to -20 dB with 20 nA of bicuculline
(rig/u). Note
the different
scale for number
of spikes in each panel. Left (L) and right
(K) at bottom
of graphs indicate
the car at which the sound was more
intense.

we utilized only one iontophoretic
current (dosage) for the ejection of bicuculline.
The currents used were usually below 50
nA, and we are uncertain as to whether higher doses of bicuculline would have produced more profound effects. For example, bicuculline
caused a moderate reduction in maximum
inhibition
with a particular ejection current in units such as the
one shown in Figure 7R. What is unclear is whether a greater
decrease in maximum inhibition
could have been achieved had
a higher ejection current also been used.
In 15 units, however, we evaluated the effects of more than
one dosage of bicuculline
on binaural inhibition.
In five of these
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Figure
II.
El/f unit in which bicuculline
eliminated
binaural
facilitation but had only a minor
effect on maximum
inhibition.
A and B,
Predrug rate-intensity
and IID functions,
respectivelv.
c‘and U, Rateintensity
and IID functions
during bicuculline
applicaiion.
The function
in R shows facilitation
at IIDs of0 and ~ 10 dB. D shows that bicuculline
eliminated
facilitation
but that the maximum
inhibition
declined
only
slightly.
Note the different
scale for number
of spikes in predrug
and
bicuculline
panels. Left (L) and right (R) at bottom
of graphs indicate
the ear at which the sound was more intense.
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units, the effects on maximum inhibition and 50% points did
not changewith dosageeven though the rate-intensity functions
changed markedly. An example is the unit in Figure 8. In 10
units, however, there were clear dose-dependenteffects on one
or more measuresof binaural inhibition. The unit in Figure 10,
for example, showeddose-dependentchangesin the 50% point
IID with only a minimal change in maximum inhibition. In
other units there were substantial dose-dependenteffects on
maximum inhibition and/or binaural facilitation, as illustrated
by the EI/f unit in Figure 12. In this unit, the maximum inhibition declined progressively as bicuculline dosagewas increased,and was essentially eliminated by the highest dosage
of bicuculline (the cell became monaural). Increasing dosesof
bicuculline also initially reduced and then eliminated the binaural facilitation. It should be noted that although the lowest
dosageof bicuculline (5 nA) causeda substantialincreasein the
overall responsemagnitude, the progressivechangesin binaural
inhibition at 10 nA and 20 nA occurred without a significant
additional increasein firing rate. It is also noteworthy that the
responserate evoked by binaural stimulation with 20 nA of
bicuculline was substantially below the maximum rate of the
monaural rate-intensity function. Thesefeaturesshowthat both
the elimination of the facilitation and the elimination of the
inhibition werenot by-products of a saturatedresponserate that
could neither be increasedby an additional excitation nor decreasedby a moderate inhibitory drive.
A dose-dependentreduction in binaural facilitation and maximum inhibition is also illustrated by the weakly inhibited EI/
f unit in Figure 13. This neuron is of interest becausethe effect
of bicuculline on the discharge rate was different at an IID of
+20 dB than it was at higher or lower IIDs. The differential
effectsof bicuculline at the various IIDs suggestthat GABAergic
inhibition shapesbinaural facilitation and maximum inhibition
in different ways. Using the dischargerates in the predrug condition as a baseline, we interpolated from the monaural rateintensity function that tone bursts at 20 dB evoked 29 spikes
(Fig. 13,top left panel). Under binaural conditions, the intensity
at the right (excitatory) ear was held constant at 20 dB. With
an IID of +40 dB, right ear stronger, 34 spikeswere elicited
(Fig. 13, top right panel), a dischargerate similar to that interpolated from the monaural rate-intensity function. When the
intensity at the left ear was increasedby 20 dB so that the IID
was +20 dB, right ear stronger, the dischargerate increasedto
58 spikesand thus the cell expressedfacilitation. Further increasesin the intensity at the left (inhibitory) ear then causeda
reduction in dischargerate to 24 spikes;the predrug maximum
inhibition was 59%. With 20 nA of bicuculline (Fig. 13, middle
panels),the dischargerates at IIDs of +40 dB and + 20 dB were
virtually the sameas the predrug condition, and thus the facilitation was also unchanged. However, the dischargerate at an
IID of -20 dB, left ear stronger, was slightly elevated. As a

*‘-*
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Binauralresponse
propertiesfor a neuronthat showed proreductionand eventualeliminationof maximuminhibition
and binauralfacilitationwith increasingdosages
of bicuculline.Bicucullineessentially
removedthe influenceof the left (inhibitory) earand
transformedthe unit from an EI/f into a monauralcell.Valuesof maximum inhibition and binauralfacilitation for predrugand bicuculline
conditionsareshownnextto eachgraph.Bottom panel showsmonaural
rate-intensityfunctionwith 20 nA of bicucullineto illustratethat the
discharge
ratesevokedwith binauralstimulationwerenot saturated.
Figure 12.
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result, the maximum inhibition declined from a predrug value
of 59-46%.
When the ejection current of bicuculline was increased to 40
nA, the differential effects at +40 dB IID and +20 dB IID
became apparent. The discharge rate increased to about 5 1 spikes
at an IID of +40 dB, a rate close to the rate evoked by a
monaural 20 dB stimulus presented to the right (excitatory) ear
that we interpolated from the rate-intensity function. The significant feature is that the discharge rate at the facilitated IID
(+ 20 dB, right ear stronger) remained constant at - 60 spikes,
resulting in a marked decrease in binaural facilitation; in the
predrug condition, the response rate increased by 6 1% when the
IID changed from +40 dB to + 20 dB, whereas the increase was
only 20% with 40 nA of bicuculline. We also point out that a
discharge rate of 60 spikes with bicuculline was below the cell’s
saturated response rate, as revealed by the rate-intensity function shown in the bottom left panel of Figure 13. As the intensity
at the left (inhibitory) ear was increased so that the IID was
-20 dB (left ear stronger), the cell no longer was as strongly
inhibited as it had been in the predrug condition and the maximum inhibition declined to 30%. Thus, the reduction in the
facilitation was due to a dose-dependent increase in the discharge rate evoked by a 20 dB monaural tone burst, a rate that
was virtually the same as the rate evoked with binaural stimulation at an IID of +40 dB, right ear stronger. That rate increase
progressively reduced the difference in discharge rates evoked
by IIDs of +40 dB and + 20 dB, thereby reducing the facilitation
as well. The reduction in maximum inhibition, in contrast, was
apparently due to a progressively greater blockage of the inhibition evoked by relatively high sound intensities at the left
(inhibitory) ear. In short, there was a dose-dependent reduction
of both maximum inhibition and binaural facilitation that was
apparently due to the effects of bicuculline on different aspects
of the IID function. Whether the maximum inhibition and facilitation would have been completely abolished with higher
dosages of bicuculline is unclear since 40 nA was the largest
ejection current that was employed with this cell.
Finally, the unit in Figure 14 alsoillustratesa dose-dependent
decline of both maximum inhibition and binaural facilitation.
In this unit, however, the progressivedecline in both measures
reacheda plateau at 10 nA of bicuculline; neither the maximum
inhibition nor the facilitation appearedto decline further when
the bicuculline ejection current wasraised to 20 nA, suggesting
that the full reduction of these binaural properties had been
achieved. The lowest panels in Figure 14 show that within 7
min after terminating the application of bicuculline, both the
binaural facilitation and maximum inhibition recovered. The
recovered rate-level and IID functions are particularly noteworthy becausethe shapesof the functions were so similar to
the predrugfunctions. They differed only in responsemagnitude:
the maximum dischargerate in the predrug IID function was
27 spikes,whereasthe recovered maximum dischargerate was
54 spikes.Thesefeatures strongly suggestthat the reductions in
facilitation and maximum inhibition in the 5 nA bicuculline
condition were not simply due to an overall increasein response
magnitude. If they were, then the shapeof the recovered IID
function wherethe maximum dischargerate was54 spikesshould
not have been similar to either the predrug function (maximum
dischargerate of 27 spikes) or the 5 nA bicuculline function
(maximum dischargerate of 72 spikes),but rather should have
beenintermediate betweenthe two functions. For this unit, then
GABAergic inhibition apparently contributed partially but not
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An EI/f unit that showeddose-dependent
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andIID functionsobtainedwith 20 nA of bicucullineareshownin the
middle panels, and the samefunctionsobtainedwith 40 nA of bicuculline are shownin the bottom panels. The arrows indicatethe approximateresponse
ratesevokedby 20 dB toneburstspresented
monaurally. Theserateswere similarto the ratesevokedwith binaural
stimulationwhenthe intensityat the left (ipsilateral)earwaslow (with
the mostpositiveIIDs presented).
Valuesof maximuminhibition and
binauralfacilitationfor predrugandbicucullineconditionsare shown
next to eachgraph.Sincethis unit wasnot testeddirectly with 20 dB
monauralstimulation,binauralfacilitation wasdeterminedfrom the
IID functionsasthe percentage
of response
increase
from +40 dB IID
to +20 dB IID. Note the differentscalefor numberof spikesin each
panel.
Figure 13.

entirely to both the maximum inhibition and binaural facilitation.

Discussion
The purpose of this report is to examine how the GABA, receptor antagonistbicuculline affectedthree measuresofbinaural
responseproperties of excitatory/inhibitory neurons in the inferior colliculus. There are three main findings. First, bicuculline
substantially reduced or eliminated the maximum inhibition in
about 40% of the cells. Second, bicuculline changedthe IID of
the 50% point in more than half of the cells that retained their
predrug maximum inhibition. Third, bicuculline affected binaural facilitation in 80% of EIW cells, and in more than half of
the EI/f cellsit totally eliminated the facilitation. Thesefindings
were obtained with a limited stimulus set in that the intensity
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at the excitatory car washeld constant at IO-20 dB above threshold. Hence, our resultsdo not describethe full rangeof binaural
properties sincetheseproperties arc in somecellsinfluenced by
the absolute intensity at the excitatory ear (e.g., Semple and
Kitzes, 1987; Wenstrup ct al., 1988a; Irvine and Gago, 1990).
However, by using only one excitatory intensity, we were able
to assess
the effects of increasingintensity at the inhibitory ear
on a constant influence exerted by the other ear without introducing the complications of the additional circuits recruited by
higher sound intensities at the excitatory ear. The information
obtained from this procedure alsoallowed us to proposecircuits
that could account for the effectsthat we observedafter blocking
GABAergic inhibition. Below, we first discussthe types of circuits that are likely to be involved in creating the three binaural
properties and the likely origins of those GABAergic circuits.
We then discussthe implications of the bicuculline-induced
changesin binaural inhibition for the processingof information
relevant for the localization of a sound source.
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The blockageof GABAcrgic inputs with bicuculline had a wide
rangeof effects on maximum inhibition. At one extreme are the
52 cells in which
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had minimal

or no effects. Since

bicuculline clearly blocked GABAergic inputs evoked by stimulation of either ear, as illustrated by the changesin response
rates.rate-intensity functions, and mostimportantly, 50%points.
it appearsthat GABAergic innervation at the level of the colliculus was not involved in the generation of the maximum
inhibition
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14. Neuron in which bicuculline had dose-dependent effects
on maximum inhibition and binaural facilitation with small ejection
currents. The effects of bicuculline apparently reached a saturation level
at about 10 nA such that higher dosages produced no additional effects.
Bottom
graphs show recovery of EI/f properties. Arrows
indicate the
response ratesgenerated by 15 dB tone bursts presented monaurally.
Valuesof maximuminhibition and binaural facilitation for predrug and
bicuculline conditions are shown next to each graph. Note the different
scale for number of spikes in each panel.
Figure

in these cells. Rather,

the maximum

inhibitions

of

these neurons either were created in a lower binaural nucleus
suchasthe lateral superior olive and imposedupon the collicular
cellsvia an excitatory projection or wereformed in the colliculus
by glycinergic inhibition.
At the other extreme are the 14 cells whose maximum inhibitions were greatly reduced or eliminated by bicuculline. Our
interpretation of this result is that maximum inhibition is created in the left colliculus by the convergence of an excitatory
input from the right (excitatory) ear and a GABAergic input
from the left (inhibitory) ear. When we applied bicuculline to
these cells, the drug eliminated the maximum inhibition by
allowing the responsesevoked by soundat the right (excitatory)
ear to be expressedin the presenceof stimulation to the left
(inhibitory) ear that would normally inhibit those discharges.
Intermediate between the two extreme effects on maximum
inhibition are the 17 cells in which bicuculline causedmoderate
changesin maximum inhibition. We point out that the change
in maximum inhibition that we observed may have underestimated the full effectsof the GABAergic inhibition. The reason
is that the effects of bicuculline on most responseproperties
including maximum inhibition were often dosedependent(Pollak and Park, 1993). Since we used only one low dose of bicuculline on most cells, it seemslikely that even larger changes
in maximum inhibition may have been revealed had we employed higher dosesof bicuculline.
However, in a few cells we are more confident that the moderate influence of GABAergic inhibition on maximum inhibition would not have increasedwith higher dosesof bicuculline.
We say this becausewe tested five cells that had a moderate
change in maximum inhibition with more than one dosageof
bicuculline. In two of those cells, the moderate changein maximum inhibition obtained with the lowest dosagedid not increasewhen a higher dosageof bicuculline was applied, indi-
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eating that the full reduction in maximum inhibition had been
achieved (e.g., Fig. 14). This suggests that in some cells GABAergic inputs activated by the left (ipsilateral) ear enhance a
preexisting inhibition established in a lower binaural center, or
add to an inhibition generated in the colliculus with glycinergic
inhibition.
50% points
Bicuculline caused the 50% point IID to change in more than
half (30) of the cells in which bicuculline had little or no effect
on maximum inhibition. In the majority of these cells, bicuculline caused their 50% points to shift to more negative IIDs
such that a higher intensity at the left (inhibitory) ear was required to suppress the response rate by 50%. In other words,
the normal predrug 50% points were closer to an IID of zero,
or in some cases to IIDs in which sound at the right (excitatory)
ear was stronger.
The simplest interpretation of such shifts is that in the normal
condition there are at least two inhibitory circuits that form the
IID function in the collicular cell, one of which is GABAergic
(Fig. 15). One circuit initially creates the excitatory/inhibitory
property of the cell by the convergence of an excitatory projection from the right (contralateral) ear and an inhibitory projection from the other ear. This circuit establishes both a maximum
inhibition and a 50% point IID that is achieved when the intensity at the left (ipsilateral) ear is substantially greater than
the intensity at the right ear. The circuit occurs either in a lower
nucleus such as the lateral superior olive, and then imposes the
IID function on the collicular cell via an excitatory projection
as in Figure 15, or it occurs in the colliculus via glycinergic
inhibition. In either case, this circuit is not affected by iontophoresis of bicuculline. The second circuit is GABAergic and
converges upon the same collicular cell that the first circuit
innervates. The GABAergic circuit is driven only by stimulation
of the left (ipsilateral) ear and has a lower absolute threshold
than the inhibitory component of the first circuit. Thus, the
effect of the GABAergic circuit is to change the IID function at
the colliculus, where it causes the discharge rate to decline with
lower intensities at the left ear than did the IID function created
in the first circuit. In short, the resultant IID function due to
the summation of these circuits has a 50% point that is shifted
to a more positive IID that requires less intensity at the ipsilateral ear for inhibition but has the same maximum inhibition
that was initially established in the first circuit. The effect of
bicuculline was to remove the influence of the GABAergic circuit, thereby allowing the maximum inhibition and 50% point
IID of the first circuit to be expressed by the collicular cell.
Binaural facilitation
Perhaps the most intriguing result ofthis study is that bicuculline
eliminated facilitation in more than half of the EIA cells (14 of
25). Thus, in many cells GABAergic inhibition plays an important role in the generation of the “facilitation,” although the
facilitation was apparently produced partially or completely by
other mechanisms in those EIA cells in which facilitation was
unaffected or only partially reduced with bicuculline. For purposes of clarity, we outline a circuit for an EI/f cell in which
GABAergic inhibition shapes the facilitated response but not
the maximum inhibition or IID of the 50% point (Fig. 16). The
circuit has two requirements. The first is that the EIA collicular
cell is innervated by two EI cells. One of the EI cells provides
excitation (cell L in Fig. 16B), and the other is GABAergic and
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Figure 15. Hypotheticalcircuitry to explainhowan EI neuronin the
inferiorcolliculus(ZC)couldhavea shiftin 50%point IID but nochange
in maximuminhibition. In this circuit, the IID function, and hence
the 50%point andmaximuminhibition, areestablished
in a cellbelow
the inferiorcolliculus(cellL) by a convergence
of excitatoryinputsfrom
oneearandinhibitory inputsfrom theotherear.Theabsolutethresholds
of boththe excitatoryandinhibitory inputsareequalfor thislowerunit
(10 dB), which resultsin a 50% point at an IID of 0 dB. The IID
functionof the lowercell(cellL) is shown in the lower right with broken
lines.The propertiesof the IID function arethenimposedon the collicularcell via an excitatory projection(brokenarrow). An inhibitory
GABAergicinput (thick arrow on left) innervatesthe samecollicular
neuron.The GABAergic input is excited only by the left (inhibitory)
earand hasa lowerabsolutethresholdthan the inhibitory component
belowthe colliculus.The absolutethresholdof the GABAergicinputs
in this example is 0 dB. The result is that the GABAergic

input inhibits

the collicularcell at lower IIDs than would otherwisebe inhibitory.
Hence, the IID function shifts to right, as indicated by the solidline in
the IID function shown in the upperright. Blocking the GABAergic
inuuts to the colliculus with bicuculline reveals the 50% point IID and
maximum inhibition imposed by cell L. Thus, the IID function and the
IID at the 50% point of the colli&lar cell shift to the left with bicuculline,
as indicated by the brokenline in the upper IID function, while the
maximum inhibition is unchanged.

thus is inhibitory to its collicular target (cell G in Fig. 160).
Both cells are excited by sound at the right (contralateral) ear
and inhibited by sound at the left ear. The secondrequirement
is that the GABAergic EI cell, the G cell, needsa higher intensity
at the left (inhibitory) ear to achieve 50% inhibition compared
to the L cell. With binaural stimulation in which sound at the
right (excitatory) ear is more intense than at the left (inhibitory)
ear, both the L and G cells are excited but receive little or no
inhibition. Under these conditions, the L cell provides an excitatory drive to the collicular cell (broken line in Fig. 16), but
the dischargerate of the collicular cell is reduced due to the
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synaptic connection with a cell in a lower nucleus (cell L). Sound intensity at the right ear 10 dB above threshold evokes a certain discharge rate.
That discharge rate is then imposed on the inferior colliculus cell (ZC) via an excitatory projection. The discharge rate of the collicular cell is shown
by the circle in the top graph. B, We next add an inhibitory input from the left ear to cell L, thereby making it EI with properties similar to an EI
cell in the contralateral lateral superior olive. The EI properties of cell L are also expressed by the collicular cell, shown as the IID function in the
top panel. C, A GABAergic input to the collicular cell that originates from cell G is added next. The GABAergic cell (cell G) receives excitation
from the right ear. When sound is presented to the right ear, it simultaneously evokes an excitation via cell L and an inhibition in the collicular
cell via cell G. The inhibition from cell G reduces the overall discharge rate of the collicular cell. Adding sound to the left ear generates an IID
function with a lower overall response rate than cell L but has the same maximum inhibition. D, Lastly, an inhibitory input evoked by the left ear
is added to cell G, making it EI. Cell G has a lower 50% point IID than cell L. Sound at the right ear alone at 10 dB above threshold or with a
subthreshold intensity at the left ear evokes the same reduced discharge rate as described for C. The reason is that sound at the right ear drives
both cell L and cell G, thereby simultaneously evoking an excitation and an inhibition in the collicular cell. The critical event occurs when the
intensity at the left ear is increased slightly such that the inhibitory input is above threshold at cell G but is still below threshold for cell L. At this
point, then, cell L provides the same excitatory drive to the colliculus as it did with a weaker sound at the left ear, but since cell G is inhibited and
thus no longer imparts an inhibition at the colliculus, the discharge rate of the collicular cell increases and expresses facilitation. As the intensity
at the left ear increases, inhibitory inputs continue to suppress cell G, but in addition, it now also suppresses discharges in cell L. As the discharge
rate of cell L falls to zero, so does the discharge rate of the collicular cell. The effect of bicuculline (not shown) on this circuit is to block the activity
of cell G. Hence, the response rate increases and the collicular’cell simply expresses the EI property of the lower cell, as shown in B.
inhibition
by the G cell (Fig. 16C). The key event occurs with
slightly higher IIDs around 0 dB. These IIDs are sufficient to
inhibit the G cell but are not yet large enough to inhibit the L
cell. Thus, the L cell continues to excite the collicular cell, but
now the discharge rate of the collicular cell is enhanced because
it no longer receives inhibition
from the G cell (Fig. 160). In
other words, the GABAergic
inhibition
evoked by the right
(contralateral)
ear is disinhibited
when moderately intense sound
is presented to the left ear, and the disinhibition
is expressed as
a facilitation.
As the sound intensity at the left (inhibitory)
ear
increases, the threshold for the inhibitory
input to the L cell is
reached and then exceeded. Consequently,
the excitatory drive
of the L cell is progressively reduced, which in turn reduces the
discharge rate of the collicular cell (Fig. 160). We point out that
the circuit could work equally well if the L cell were replaced
by an excitatory projection from the right (contralateral)
ear and
a glycinergic inhibitory
projection
from the left ear that converged at the colliculus.
With this circuit, the application
of bicuculline eliminates the
GABAergic
inhibition
provided by the G cell. The removal of
GABAergic
inhibition
allows an increased response rate to be
evoked by the sound at the right (contralateral)
ear, and the
increase is not dependent on the sound intensity at the left ear.

Thus, increasing the intensity at the left ear no longer evokes a
facilitation,
and the IID function will be generated only by the
L cell as in Figure 16B. The maximum
inhibition
and IID of
the 50% point are not affected because they are not produced
by GABAergic
inhibition
at the colliculus.
It should be noted, however, that in some EI/fcells bicuculline
not only eliminated
the binaural
facilitation
but also significantly reduced or eliminated
entirely their maximum
inhibitions. Our interpretation
of these changes is that the binaural
facilitation
was generated by a mechanism
similar to that described above, but in these cells the maximum
inhibition
was
either generated entirely by an additional
GABAergic
circuit
that innervates the colliculus (e.g., the unit in Fig. 12) or was
only partially created in a lower nucleus and was reinforced by
GABAergic
innervation
of the colliculus (e.g., the unit in Fig.
14). It would appear, then, that the GABAergic
circuits can act
independently
of each other or can function simultaneously
to
influence more than one binaural property.

Possibleorigins of GABAergic circuits
Using the known features of the EI projection system, we speculate on the possible origins of the GABAergic
circuits described
above. Previous studies have revealed three major sources of
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GABAergic innervation of the inferior colliculus: (1) collicular
neurons that act locally, (2) the left (ipsilateral) dorsal nucleus
of the lateral lemniscus, and (3) the right (contralateral) dorsal
nucleus of the lateral lemniscus (Fig. 1).
We turn first to those neurons that act within the colliculus,
of which there are two types: intemeurons that only act intrinsically, and principal cells whose axons project to higher nuclei
and provide collaterals to other collicular cells (Rockel and Jones,
1973a,b; Morest and Oliver, 1984; Oliver and Morest, 1984;
Zook et al., 1985; Oliver et al., 1991; Saldana and Merchan,
1992). Immunocytochemical studies in a number of mammals,
including the mustache bat (Pollak and Winer, 1989; Pollak et
al., 1992; Vater et al., 1992), demonstrate that a substantial
portion of collicular cells are GABAergic, and these cells include
both principal cells and small cells that presumably are intrinsic
(Adams and Wenthold, 1979; Mugniani and Oertel, 1985;
Thompson et al., 1985; Moore and Moore, 1987; Roberts and
Riback, 1987a,b; Oliver et al., 1988; Caspary et al., 1990). It
should be noted that with rare exception, all collicular cells are
excited by the right (contralateral) ear (e.g., Roth et al., 1978;
Semple and Aitkin, 1979; Aitkin, 1986; Irvine, 1986; Wenstrup
et al., 1986, 1988a,b). Thus, these neurons could provide GABAergic inhibition to other collicular cells and shape the wide
variety of GABA-mediated monaural response properties that
have been reported in previous studies (Faingold et al., 1989,
199 1; Yang et al., 1992; Pollak and Park, 1993). It seems unlikely, however, that GABAergic collicular cells were involved
in the formation of maximum inhibition or in the 50% point
shifts. These properties require that the GABAergic cells be
activated by stimulation of the left (ipsilateral) ear, whereas
monaural collicular cells are unaffected and EI collicular neurons
are inhibited by the left (ipsilateral) ear. On the other hand, we
proposed in the previous section that binaural facilitation is
produced by a GABAergic EI cell, the G cell in Figure 16, that
is inhibited by the left (ipsilateral) ear. Since some GABAergic
collicular cells are presumably EI and would be inhibited by
sound at the left (ipsilateral) ear, the G cell in Figure 16 could
be a GABAergic EI collicular cell that acts locally on other EI
cells.
Another type of collicular cell that may have affected binaural
inhibition is the commissural cells that provide projections from
the colliculus on the opposite side (Adams, 1980; Zook and
Casseday, 1982; Ross et al., 1988; Ross and Pollak, 1989; Hutson et al., 1991). Although the participation of commissural
cells cannot be ruled out, commissural fibers project sparsely to
the EI region of the mustache bat’s inferior colliculus (Ross and
Pollak, 1989), and it is unknown whether or not they are GABAergic.
The dorsal nuclei of the lateral lemniscus are also prime sources
of GABAergic innervation since their cells are predominantly
if not entirely GABAergic (Adams and Mugniani, 1984; Mugniani and Oertel, 1985; Thompson et al., 1985; Roberts and
Riback, 1987a,b; Pollak and Winer, 1989; Glendenning et al.,
1992; Pollak et al., 1992; Vater et al., 1992). For reasons explained below, the left and right dorsal nuclei can influence
monaural and binaural properties differently. Studies indicate
that high-frequency cells in the dorsal nuclei are excitatory/
inhibitory (Brugge et al., 1970; Covey and Casseday, 199 1; Markovitz and Pollak, 1993). This suggests that neurons in the left
dorsal nucleus are excited by stimulation of the right (contralateral) ear and inhibited by stimulation of the left (ipsilateral)
ear, similar to EI cells in the left colliculus (Fig. 1). As was the
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case for intrinsic collicular neurons, the response properties suggest that the projections from the left (ipsilateral) dorsal nucleus
could influence monaural response properties and binaural facilitation of cells in the left colliculus. However, they should
have little or no influence on the maximum inhibitions or 50%
points of collicular neurons. The reason is that the GABAergic
cell or cells responsible for maximum inhibition or for shifting
the IID of the 50% point need to receive excitation from the
left (ipsilateral) ear in order to inhibit their target in the colliculus. However, cells in the left dorsal nucleus of the lateral
lemniscus are probably not excited but rather are most likely
inhibited by stimulation of the left (ipsilateral) ear, and thus are
unavailable to provide inhibition to the colliculus with binaural
stimuli.
The most likely source of GABAergic innervation that could
affect maximum inhibitions and IIDs of 50% points is the right
(contralateral) dorsal nucleus of the lateral lemniscus (Fig. 1).
Not only does the right dorsal nucleus provide the strongest
GABAergic inputs to the left colliculus (Shneiderman et al.,
1988; Markovitz and Pollak, 1993) but its cells are excited by
stimulation of the left ear and thus are in a favorable position
to exert a potent influence on binaural inhibition in the left
inferior colliculus. This role is further supported by a recent
study by Li and Kelly (1992a) in the rat. They showed that
pharmacologically inactivating the dorsal nucleus reduced or
eliminated binaural inhibition in a substantial number of EI
neurons in the contralateral colliculus.
Comparisons with previous studies
The shaping of binaural response properties by GABAergic inhibition is apparently a general feature of auditory processing
in the midbrain. Fujita and Konishi (199 I), for example, showed
that GABA sharpens selectivity for interaural time disparities
in the owl’s auditory pathway. Yin and Chan (1990) showed
that interaural time disparity functions in the cat are sharper in
collicular cells than in the medial superior olive. It seems significant that the difference between interaural time disparity
functions in the two nuclei of the cat was similar to the sharpening of interaural time disparity functions seen in the owl’s
inferior colliculus with bicuculline. This suggests that a process
similar to that in the barn owl also occurs in the mammalian
auditory system, although it has not been shown that GABAergic inhibition underlies such changes in the cat’s inferior
colliculus.
There are also several recent studies that support the hypothesis that GABAergic inhibition is involved in processing
IIDs in the inferior colliculus. Consistent with our results, Faingold and his colleagues (Faingold et al., 1989, 199 1) also found
that bicuculline markedly reduced the maximum inhibition of
EI cells in the rat’s inferior colliculus. As mentioned previously,
Li and Kelly (1992a) showed that the maximum inhibition in
a substantial number of EI units in the rat’s inferior colliculus
could be reduced or eliminated by inactivating the contralateral
dorsal nucleus of the lateral lemniscus, suggesting that GABAergic inhibition underlies the maximum inhibition of the
units from which they recorded.
Relevance for sound localization
Each of the three binaural response properties we studied intluences the azimuthal receptive fields of 60 kHz collicular neurons
(Fuzessery and Pollak, 1985; Wenstrup et al., 1988b; Fuzessery
et al., 1990). These influences are most easily visualized by first
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Figure 17. Influence of 50% point IID,
maximum inhibition, and binaural facilitation on receptive fields of collicular neurons.
Stylized azimuthal receptive fields and IID functions arc
shown for a monaural neuron (A), EI
neurons (B-U), and an EI/fneuron (B).
Receptive fields show regions of space
along the aAmuth where sounds at various ‘intensities elicit discharges. Response magnitude is indicated by shading, where the darkest areas represent
75-100% of maximum discharge rate,
dark grajs areas represent 50-74% of
maximum discharge rate. and hght gra!’
areas represent 25-49% of maximum
discharge rate. A, Receptive field of a
monaural neuron. R, Receptive field of
an EI neuron with 100% maximum inhibition and a 50% point IID of 0 dB
indicated by the broken line in the IID
function. The effect of the inhibition
evoked by the left ear is to limit the
regions ofthe left sound field from which
discharges could be evoked. C. Effect
ofa change in 50% point IID. This neuron also has 100% maximum inhibition
but a different (more negative) IID at
the 50% point than the neuron in B.
Note the encroachment ofthe receptive
field across the midline and into the left
acoustic field. D, Effect of change of
maximum inhibition. The 50% point
IID is 0 dB, as it is in R above. but the
maximum inhibition is reduced to 75%.
Higher sound intensities located in the
left sound field now evoke discharges.
E, Receptive field of an EI/f unit. Note
that the IID at the 50% point is the same
as the El neuron in C above, as is the
receptive field border in the left (ipsilateral) sound field. The facilitation at
0 dB IID, however, results in a region
of maximal firing focused directly ahead.
Receptive fields are for 60 kHz units
with monotonic rate-intensity functions. Construction of El receptive fields
is based on the model of Wenstrup et
al. (1988b), and construction of El/f receptive field is based on Fuzesserq et
al. (1990).
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considering the azimuthal
receptiv-e field of a 60 kHz monaural
neuron in the left inferior colliculus. In monaural neurons. sound
from all locations in either the left or right sound field evoke
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Wenstrup et al., 1988b). The shape of the receptive field is due
to shadowing and the directional
properties ofthe ears. and thus
sound intensity in the left (ipsilateral)
field must be greater than
sound intensity in the right (contralatcral)
field to evoke the
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same discharge rate. The consequence of adding an inhibitory
projection from the left (ipsilateral) ear is that when the sound
source is in the left acoustic field and is sufficiently intense, it
turns on the inhibitory projection, which then suppresses discharges. The net result is that the receptive fields of 60 kHz EI
collicular units are characterized by a border in space (Fig. 17B)
(Fuzessery and Pollak, 1985; Wenstrup et al., 1988b). Sounds
emanating from one side of the border, which correspond to
more intense sound at the right (excitatory) ear, evoke a more
or less strong discharge rate depending upon the signal intensity.
Sounds emanating from the other side of the border corresponding to locations closer to the left (inhibitory) ear evoke little or
no discharges. The border is the location in space at which the
discharge rate changes from one that is fairly vigorous to a much
lower rate or a complete inhibition. For the unit in Figure 17B,
the border is close to the midline.
It is of importance that the IID at the 50% point is an accurate
predictor of the receptive field border in 60 kHz EI cells (Fig.
17B,C) (Fuzessery and Pollak, 1985; Wenstrup et al., 1988b).
Thus, the receptive fields of units that have negative IIDs at the
50% points (left ipsilateral ear more intense) have borders in
the left (ipsilateral) sound field. These units respond to sound
fromanywhere in the right (contralateral) acoustic field and only
in certain regions of the left (ipsilateral) acoustic field near the
midline (Fig. 17C). The receptive fields of units with progressively more positive IIDs at 50% points have borders that are
shifted toward the midline or into the right (contralateral) sound
field. Units with 50% point IIDs around 0 dB are inhibited by
sound in the ipsilateral sound field and respond most strongly
or only when the sound is at and beyond the midline. Units
with positive IIDs at their 50% points respond only when sounds
emanate from the right (contralateral) acoustic field.
While the IID at the 50% point determines the border of the
unit’s receptive field, the binaural feature that determines the
degree to which the discharge rate changes beyond the receptive
field border is the maximum inhibition (Fig. 170) (Wenstrup
et al., 1988b). The discharge rate beyond the border declines in
proportion to the unit’s maximum inhibition. EI units whose
maximum inhibition is 100% are completely inhibited by sounds
in the left (ipsilateral) sound field, whereas the discharge rate
declines markedly but is not completely suppressed in units with
lesser maximum inhibitions (compare Fig. 17BJ).
The receptive fields of EIN cells are variations of the fields of
EI cells (Fig. 17E) (Fuzessery and Pollak, 1985; Fuzessery et
al., 1990). Like EI cells, they respond poorly or not at all to
sounds located in the left (ipsilateral) acoustic field, and their
borders are determined by the IID at their 50% point. Unlike
EI cells, the discharge rates of EI/f cells are enhanced for sound
locations that generate the IIDs at which they are facilitated.
The IIDs producing facilitation are usually at or close to 0 dB
and thus occur around the midline. EIA cells, then, respond
most vigorously to sounds located directly ahead as a consequence of the binaural facilitation.
The- 50% point IIDs of 60 kHz EI cells are systematically
ordered in the mustache bat’s inferior colliculus (Wenstrup et
al., 1985, 1986). EI neurons with negative 50% point IIDs (i.e.,
neurons requiring a more intense sound at the left ear than at
the right ear to produce 50% inhibition) are located in the dorsal
EI region. More ventral EI neurons display a progressive shift
to more positive 50% point IIDs. The most ventral EI neurons
have the highest, most positive 50% point IIDs: they are suppressed by sound intensities at the left ear that are less intense
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than the sounds at the right (contralateral) ear. This arrangement
forms a computational map of the IIDs generated by 60 kHz
signals at the ears, and has important implications for the way
in which sound location is represented in the auditory system
(Pollak et al., 1986; Wenstrup et al., 1986, 1988b; Pollak and
Casseday, 1989; Pollak, 1992).
A question of some interest concerns the site at which the
map is initially generated. We had previously thought that the
map is most likely first created in the lateral superior olive. Our
reasoning was that since lateral superior olive cells display a
wide range of 50% point IIDs (Boudreau and Tsuchitani, 1968;
Sanes and Rubel, 1988; Covey et al., 199 l), it seems likely that
the IIDs of the 50% points are topographically organized, which
could then be imposed on the contralateral inferior colliculus
via an ordered excitatory projection system. The finding that
the 60 kHz region of the lateral superior olive projects to the
EI region of the 60 kHz contour in the colliculus is consistent
with this interpretation (Ross and Pollak, 1989). However, this
scenario does not take into account the role of the dorsal nuclei
of the lateral lemniscus, which also projects to the EI region of
the 60 kHz contour with stronger projections than those from
the lateral superior olives (Ross and Pollak, 1989).
One of the implications of the present study is that the collicular map of IIDs is not simply a relayed version of a map
established in the lateral superior olive, but rather is formed to
a substantial degree in the colliculus by GABAergic innervation
that likely originates in the contralateral dorsal nucleus of the
lateral lemniscus and perhaps in the ipsilateral dorsal nucleus
as well. The GABAergic innervation contributes to the establishment of the map and to the formation of receptive fields of
the neurons in the mapped region in several ways. The first is
by the creation of the EI property in some collicular cells through
the convergence of excitatory and GABAergic inhibitory inputs.
This not only establishes the binaural property of the cell, but
in so doing establishes the IID of the cell’s 50% point, and hence
its receptive field border. A second way is seen in other cells
where GABAergic inputs adjust their 50% point IIDs, and thus
shift their receptive field borders. A third way occurs in yet
other cells in which the maximum inhibition is increased, thereby enhancing the contrast on each side of the cell’s receptive
field border. Another implication of this study is that GABAergic inhibition shapes binaural facilitation in most collicular
EIA cells. The effect of the facilitation is to shift the maximum
response rate of these cells in favor of sounds located along the
midline.
Several of the effects of GABAergic inhibition, which include
the shaping of response features not found in lower nuclei such
as EI/f properties, and the reinforcement of existing properties,
as illustrated by the enhancement of maximum inhibition or
the shifts in 50% point IIDs, are consistent with traditional ideas
concerning the role of hierarchical information processing. The
relevance of the 50% point shifts that we found may reside in
the paucity of lateral superior olive units with positive 50%
point IIDs that was recently reported by Covey and her colleagues for the mustache bat (Covey et al., 1991). This would
suggest that only a portion of the 50% point IIDs present in the
colliculus are established in the lateral superior olive and that
the shaping of IID functions that produces neurons with positive
50% point IIDs is completed in the inferior colliculus. This
modification may be important for creating the full range of
50% point IIDs, and hence the spatial receptive fields, required
for the accurate representation of a sound source in the inferior
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colliculus. However, the de lzuvo generation of EI cells is somewhat puzzling; we have to wonder why excitatory/inhibitory
properties need to be created anew in the inferior colliculus,
since excitatory/inhibitory
cells are already established in the
lateral superior olive. Of interest in this regard is that Miiller
and Scheich (1987) also report the construction of EI neurons
in the avian forebrain. They suggest that monaural neurons may
be better suited to accommodate the convergence of excitatory
and inhibitory inputs required for complex sound analysis. Only
after the cell acquires the appropriate response properties, a
process presumably completed in the higher levels of the auditory system, is the neuron made binaural, thereby allowing it
and others like it to participate simultaneously in the analysis
of complex sound patterns and localization. This is an intriguing
hypothesis that should be tested in future experiments concerned with processing at higher levels of the auditory system.
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