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First published May 19, 2010; doi:10.1152/jn.00294.2010. A consistent
organizational feature of auditory cortex is a clustered representation
of binaural properties. Here we address two questions. What is the
intrinsic organization of binaural clusters and to what extent does
intracortical processing contribute to binaural representation. We
address these issues in the auditory cortex of the pallid bat. The pallid
bat listens to prey-generated noise transients to localize and hunt
terrestrial prey. As in other species studied, binaural clusters are
present in the auditory cortex of the pallid bat. One cluster contains
neurons that require binaural stimulation to be maximally excited, and
are commonly termed predominantly binaural (PB) neurons. These
neurons do not respond to monaural stimulation of either ear but show
a peaked sensitivity to interaural intensity differences (IID) centered
near 0 dB IID. We show that the peak IID varies systematically within
this cluster. The peak IID is also correlated with the best frequency
(BF) of neurons within this cluster. In addition, the IID selectivity of
PB neurons is shaped by intracortical GABAergic input. Iontophoresis
of GABAA receptor antagonists on PB neurons converts a majority of
them to binaurally inhibited (EI) neurons that respond best to sounds
favoring the contralateral ear. These data indicate that the cortex does
not simply inherit binaural properties from lower levels but instead
sharpens them locally through intracortical inhibition. The IID selec-
tivity of the PB cluster indicates that the pallid bat cortex contains an
increased representation of the frontal space that may underlie in-
creased localization accuracy in this region.

I N T R O D U C T I O N

Lesion and inactivation studies show that the auditory cortex
is necessary for sound localization (Casseday and Diamond
1977; Heffner 1997; Jenkins and Merzenich 1984; Malhotra et
al. 2004; Whitfield et al. 1972). This report addresses two
related issues regarding how the auditory cortex supports
sound localization: the nature of the underlying functional
organization and the extent to which this organization is shaped
within the auditory cortex.

A consistent observation in auditory cortex is that neurons
are clustered according to their binaural properties (Imig and
Adrian 1977; Kelly and Sally 1988; Middlebrooks et al. 1980;
Reale and Kettner 1986; Recanzone et al. 1999; Rutkowski et
al. 2000; Velanovsky et al. 2003). This is also true of the pallid
bat, the subject of this study. Unlike most bats, the pallid bat
listens for prey-generated noise transients to localize prey with
an accuracy �2° (Barber et al. 2003; Fuzessery et al. 1993).
Echolocation is reserved for general orientation and obstacle
avoidance. Its auditory cortex contains a region tuned between

5 and 35 kHz with most neurons selective for noise transients
(Razak and Fuzessery 2002). It presumably serves the pallid
bat’s accurate passive sound localization of prey. This region
contains two clusters of neurons with different forms of inter-
aural intensity difference (IID) sensitivity. One contains bin-
aurally inhibited (EI) neurons. The second cluster contains
predominantly binaural (PB) neurons. PB neurons have mixed
facilitatory and inhibitory interactions that create peaked IID
functions (Fuzessery et al. 1990; Semple and Kitzes 1993a,b;
Wise and Irvine 1984). These neurons respond weakly or not at
all to monaural stimulation of either ear but respond robustly
when binaurally stimulated at appropriate IIDs. The first goal
of the present study was to map IID sensitivity within the PB
cluster. We show that IID sensitivity shifts systematically with
frequency tuning within the cluster.

The second goal of this study was to determine if intracor-
tical inhibition plays a role in shaping binaural selectivity of
PB neurons. PB type binaural selectivity is seen in both the
inferior colliculus (IC) and the cortex suggesting that cortical
selectivity may be inherited (Irvine and Gago 1990; Irvine et
al. 1996; Lohuis and Fuzessery 2000; Phillips and Irvine 1981;
Semple and Kitzes 1993a,b). Anatomical data show consider-
able convergence and divergence in thalamocortical connec-
tions (McMullen and de Venecia 1993; Middlebrooks and
Zook 1983). Miller et al. (2001) showed that convergence
underlies thalamocortical transformation of spectral and tem-
poral properties, one consequence being that inhibitory recep-
tive field properties are transmitted with less fidelity than
excitatory properties. In the pallid bat cortex, GABA is in-
volved in shaping FM sweep direction and rate selectivity even
though similar response selectivity is seen in the inferior
colliculus (Razak and Fuzessery 2009). Therefore although PB
type selectivity is present in both the cortex and the IC, it
remains to be tested whether intracortical GABA plays a role
in refining PB selectivity locally.

Additional evidence suggests that cortical processing is
important in shaping binaural selectivity. There is a greater
diversity of binaural properties in the cortex compared with
subcortical structures (Irvine and Gago 1990; Irvine et al.
1996; Phillips and Irvine 1981; Semple and Kitzes 1993a,b).
Azimuthal sensitivity is narrower in auditory cortex than in the
thalamus, suggesting that mechanisms intrinsic to cortex may
sharpen spatial selectivity (Barone et al. 1996). In both the cat
and the pallid bat, there is a higher percentage of PB neurons
in the cortex than in the IC (Irvine and Gago 1990; Irvine et al.
1996; Lohuis and Fuzessery 2000; Phillips and Irvine 1981;
Semple and Kitzes 1993a,b), suggesting that additional PB
neurons may be synthesized within the auditory cortex. We
tested this hypothesis by iontophoretically applying antago-
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nists of GABAA receptors on PB neurons. We show that
binaural facilitation in the majority of cortical PB neurons is
eliminated by GABAA receptor antagonists. This suggests that
the cortex shapes binaural sensitivity locally through intracor-
tical inhibition.

M E T H O D S

Pallid bats were collected in Arizona and New Mexico and held in
captivity in a 16 � 21 ft room. The room was maintained on a
reversed 12:12 h light cycle. All procedures followed the animal
welfare guidelines required by the National Institutes of Health and
the Institutional Animal Care and Use Committee.

Surgical procedures

Recordings were obtained from bats that were anesthetized with
methoxyflurane (Metofane) inhalation followed by an intraperitoneal
injection of pentobarbital sodium (30 �g/g body wt) and aceproma-
zine (2 �g/g body wt). To expose the auditory cortex, the head was
held in a bite bar, a midline incision was made in the scalp, and the
muscles over the dorsal surface of the skull were reflected to the sides.
The front of the skull was scraped clean and a layer of glass
microbeads applied, followed by a layer of dental cement. The bat was
then placed in a Plexiglas restraining device. A cylindrical aluminum
head pin was inserted through a cross bar over the bat’s head and
cemented to the previously prepared region of the skull. This pin
served to hold the bat’s head secure during the recording session. The
location of the auditory cortex was determined relative to the rostro-
caudal extent of the midsagittal sinus, the distance laterally from the
midsagittal sinus, and the location of a prominent lateral blood vessel
that travels parallel to the midsagittal sinus. The size of the exposure
was usually �2 mm2. Exposed muscle was covered with petroleum
jelly (Vaseline) and exposed brain surface was covered with paraffin
oil to prevent desiccation.

Recording procedures

Experiments were conducted in a heated (85–90°F), sound-proofed
chamber lined with anechoic foam. Bats were kept anesthetized
throughout the course of the experiments with additional pentobarbital
sodium (one-third of presurgical dose) injections. Stimuli were gen-
erated using Modular Instruments and Tucker Davis Technologies
digital hardware and custom-written software (Fuzessery et al. 1991).
The waveforms were amplified with a stereo amplifier and presented
as closed-field stimuli through Infinity emit-K ribbon tweeters fitted
with funnels that were inserted into the pinnae and sealed in place
with petroleum jelly. This procedure attenuated speaker intensity level
at the opposite ear by �30 dB and permitted presentation of the �20
dB IIDs that the bat normally experiences (Fuzessery 1996) without
significant acoustic interaction between speaker outputs. The speaker-
funnel frequency response curve showed a gradual increase of �5 dB
from 8 to 40 kHz as measured with a Bruel and Kjaer 1/8-in
microphone placed at the tip of the funnel. The two speakers used for
dichotic studies did not differ significantly in their frequency re-
sponse.

For mapping experiments, extracellular single-unit recordings were
obtained using glass electrodes (1 M NaCl, 2–10 M� impedance) at
depths between 200 and 600 �m. Penetrations were made orthogonal
to the surface of the cortex. Action potentials were acquired and stored
with the use of a Modular Instruments high-speed clock controlled by
custom software. Responses were quantified as the total number of
spikes elicited over 20 stimulus presentations.

Data acquisition

Pure tones (5–75 kHz, 5 ms duration, 1 ms rise/fall times, 1 Hz
repetition rate) were used to determine best frequency (BF) and

frequency tuning to ensure that recordings were made in the region
selective for noise. We have termed this region the low-frequency
region (LFR) in previous papers to distinguish it from the region tuned
between 30 and 70 kHz and selective for echolocation calls (Razak et
al. 2007). BF was defined as the frequency that elicited action
potentials to at least five successive stimulus repetitions at the lowest
intensity. The intensity was then increased in 5 or 10 dB steps to
record tuning characteristics. For neurons that did not respond to
monaural tones, BF was determined by presenting binaural tones. The
IID at which peak response occurred with noise (see following text)
was used to determine BF with binaural tones. Monaural responses to
contralateral (CL) and ipsilateral (IL) ear stimulation were determined
by presenting broadband noise with intensities between 5 and 60 dB
above threshold. The binaural response type was also determined with
broadband noise as the stimulus. Noise was presented at least two
different CL intensities, from 10 to 30 dB above threshold, while the
intensity at the IL ear was varied from 25 dB below to 25 dB above
CL intensity in 5 dB steps. Neurons were considered EI if the response
to binaural stimulation at any IID within the test range was �50% of
the maximal response. A neuron was considered PB if the response to
binaural stimulation was at least twice the response to monaural CL
stimulation and the response subsequently decreased with increasing
IL intensity. The example neuron shown in Fig. 1A was typical of
most PB neurons in the pallid bat cortex in that it hardly responded to
monaural CL ear stimulation. Monaural IL stimulation did not elicit
responses (not shown). The neuron responded robustly to binaural
input (Fig. 1B). IID selectivity of PB neurons was quantified using
two measures. The peak IID was measured as the geometric center of
the range of IIDs eliciting �80% of maximum response (e.g., Fig.
1B). The PB neuron shown in Fig. 1B exhibited a peak at �1.5 dB.
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FIG. 1. Measurement of peak interaural intensity differences (IIDs) and
bandwidth of predominantly binaural (PB) neurons. A: monaural [contralateral
(CL) ear] rate-level function of a PB neuron. B: IID selectivity was measured
by keeping the intensity at the CL ear fixed and increasing the ipsilateral (IL)
intensity from 20 dB below to 20 dB above the CL intensity in 5 dB steps. The
peak IID was the geometric center of the range of IIDs that produced 80% of
maximum response (short dash horizontal line). In the example shown, IIDs
between �3 and �5 dB caused a response �80% of maximum. The peak IID
of this neuron was �1.5 dB (solid arrow). The solid horizontal line indicates
the maximum response. Bandwidth (BW) of IID selectivity was the difference
between the maximum and minimum IIDs that produced a response �50% of
maximum. The BW of the neuron shown was 14 dB (�6 to �8 dB, long dash
arrows). The long dash horizontal line indicates 50% of maximum response.
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The bandwidth (BW) of IID selectivity of PB neurons was the
difference between the maximum and minimum IIDs that produced
�50% of maximum response (Fig. 1B). The BW of the example
neuron was 14 dB. As IID selectivity was measured at more than one
CL intensity, the peak IID and BW were measured at each CL
intensity and averaged.

Iontophoresis methods

Iontophoresis of bicuculline (BIC) or gabazine (GBZN) was ac-
complished using a three-barrel glass pipette. The tip of the electrode
was broken to an outer diameter of 5–10 �m. One barrel was used for
recording action potentials (1 M NaCl, 2–6 M� impedance). The
second barrel was used for injection of bicuculline methiodide (BIC,
Sigma, St. Louis, MO) or gabazine (GBZN, Sigma). BIC (10 mM
concentration, pH 3.0 with 0.1 N HCl) and GBZN (5 mM, pH 3.0 with
0.1 N HCl) were prepared fresh in isotonic saline. Iontophoretic
currents were presented with a BH-2 Neurophore System (Medical
Systems). In all experiments with BIC, recordings were commenced
at 10 min after turning on the injection current. For experiments with
GBZN, the waiting time was 15 min as initial studies showed stable
effects after 10 min. The third barrel was used as the balance electrode
(filled with 1 M NaCl).

A retaining current between �15 and �25 nA was applied during
the search phase and the predrug (control) recording phase. Ejection
currents between 5 and 40 nA were used to eject BIC and GBZN. In
most cases, a low ejection current was followed by at least one higher
current to ensure that the neuron was capable of firing additional
spikes and saturation was not an issue. Both BIC and GBZN were
used in this study because of previous reports suggesting that at high
ejection currents, BIC may affect both GABAA receptors and potas-
sium channels (Johansson et al. 2001; Kurt et al. 2006). GBZN may
be more specific for GABAA receptors. At the low ejection currents
used here (�40 nA), GBZN and BIC have similar effects in the pallid
bat auditory cortex (Razak and Fuzessery 2009). After recording the
effect of the receptor antagonists on response properties, recovery data
were obtained at 5 min intervals after turning off the injection current.

Neurons typically recovered from BIC effects in 10–15 min. Recov-
ery was typically longer following GBZN injections, and a waiting
time of 20 min was used. Control data were also obtained by injecting
current (up to �2 times the magnitude of the injection current used)
through the balance barrel to ensure that the current by itself did not
cause changes in spike rate.

R E S U L T S

Peak IIDs and bandwidths of PB neurons

IID selectivity was examined in 120 PB neurons within
the LFR in 16 pallid bats, using broadband noise as a
stimulus. Stimulus choice was based on previous selectivity
studies (Razak and Fuzessery 2002) and the putative in-
volvement of the LFR in the localization of prey-generated
noise. The IID selectivity of these neurons was determined
at two or more CL intensities. A typical example is shown
in Fig. 2A. The peak IID and BW of this neuron were 0 and
13 dB, respectively. There was little change in the peak IID
and BW of this neuron as CL intensity was increased.
Across the population, peak IIDs ranged from �10 to �10
dB, with the majority of neurons showing peaks at IIDs
between �4 to �6 dB (Fig. 2B). This suggests that most
neurons in the PB cluster represent sound locations near the
midline. The BW ranged from 7 to 30 dB across the
population, with the majority of neurons exhibiting values
between 10 and 20 dB (Fig. 2C).

The ratio of changes in peak IID or BW relative to changes in
CL intensity level (termed IID/CL ratio) was measured to test the
stability of IID preference or BW over different CL intensities.
This is the same measure used by Irvine and Gago (1990) to
quantify stability of binaural properties across absolute intensity.
For example, if the peak IIDs of a neuron were 0, 0, and 3 dB at
CL intensities of 35, 40, and 50 dB, respectively, then the IID/CL
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FIG. 2. Properties of the population of
PB neurons. A: the responses of a PB neu-
rons to binaural stimulation of a range of
intensity levels, showing little change in
peak IIDs or BWs. B: the majority of neu-
rons exhibited peak IID values between �4
and �6 dB. C: the BW of selectivity ranged
between 7 and 30 dB with the majority of
neurons exhibiting values between 10 and 16
dB. D: peak IIDs and bandwidth of selectiv-
ity were stable across absolute intensity (see
text for details).
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ratio for peak IID is 0.2 [i.e., (3–0)/(50–35) 	 3/15 	 0.2].
Similarly if the BWs were 11, 13, and 15 dB at 35, 40, and 45 dB,
respectively, then the IID/CL ratio for BW is 0.4. The distribution
of the IID/CL ratio for peak IID (Fig. 2D) shows that �70% of the
PB neurons had a ratio �0.2, and �90% of the neurons had a ratio
�0.4. Similarly, the distribution of IID/CL ratio for BW shows
that �70% of the neurons had a ratio �0.4. These results suggest
that the peak IID and BW of the majority of PB neurons remain
relatively stable with changes in absolute intensity level.

Peak IIDs vary systematically within the PB cluster

The PB cluster was mapped using single unit recordings in
four bats to determine the intrinsic organization of the PB
cluster. In all four cortices, peak IIDs changed systematically
from positive to negative IID values in a caudorostral direction
(Figs. 3 and 4). Figure 3 shows IID sensitivity plots recorded

from the LFR of a pallid bat auditory cortex. The number
above each IID plot corresponds to the recording location in
the map shown in the middle of the figure. The two most
medial neurons in the map were binaurally inhibited (shown as
EI in the map). The most caudolateral neuron was monaural
(EO – showed no change in response with increasing IL
intensities). All other neurons exhibited PB sensitivity. The
peak IID of each PB neuron is shown in parentheses in the
map, and by the arrow in each IID plot. Peak IIDs changed
systematically from �8 dB caudally to �6 dB rostrally. The
BF of each recording site is also noted in the IID plots. Because
both BF and peak IID change in a rostrocaudal direction, there
was a correlation between these two properties. Neurons with
lower BFs had more positive IID peaks.

The actual range of BF and peak IIDs within each PB cluster
varied across individuals. Figure 4, left, shows changes in BF

FIG. 3. Peak IIDs are arranged systematically in a PB cluster. IID sensitivity of single neurons was recorded at several sites within the low-frequency region
(LFR, experiment CTX24). The recording sites are indicated by numbers in the map shown in the middle of this figure. The number on top of each IID plot
identifies the location of the recorded neuron within this map. The numbers within parentheses in the map, and arrows in each IID plot, correspond to the peak
IID value recorded at each site. The peak IIDs change systematically from CL preferring to IL preferring in the caudorostral direction. Sites marked as binaurally
inhibited (EI) were binaurally inhibited, and the site marked EO was monaural.
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within the PB clusters of the other three cortices, and the right
column shows the corresponding peak IID maps. In the example
shown in Fig. 4A, BF changed from 8 to 26 kHz in a caudolateral
to rostromedial direction. The peak IIDs of these PB neurons
changed systematically from �5 dB caudally to �8 dB rostrally.
The other examples in Fig. 4 also show the relationship between
BF and IID peak and serve to illustrate the individual variability
in the range of peak IIDs and in the overlap between the tonotopic
map and peak IID range. The correlation between BF and IID
peak was significant (Fig. 4G). Together, these data show that the
arrangement of peak IIDs within the PB cluster is systematic and
correlated with tonotopy.

Comparison of IID selectivity in response to noise and BF tones

IID selectivity in response to broadband noise and BF tones
was compared in 37 PB neurons. Almost all (33/37) PB neurons

were more sharply tuned for IID in response to noise than BF
tones. The examples in Fig. 5 illustrate the range of differences
observed in neural responses to binaural noise and tones. The
neuron shown in Fig. 5A was sharply tuned for IID when pre-
sented with noise. The peak IID was near 0 dB, and the 50% BW
was 10 dB. In response to binaural BF tone (16 kHz), the BW
increased to 26 dB (Fig. 5B). The peak IID remained centered
near 0 dB, indicating that the increase in BW for tones was due to
a nearly symmetrical expansion of the IID function. The neuron
shown in Fig. 5, C and D, also showed an increase in BW from 21
dB in response to noise to 31 dB in response to BF tone (21 kHz).
In this neuron, the peak IID changed from 0 dB for noise to 7 dB
for tones, indicating that the neuron now responded better to IIDs
favoring the CL ear.

Nearly 30% (11/37) of PB neurons exhibited either a differ-
ent binaural selectivity or poor responses to tones compared

25

26

20

22

17
17

17

17

16 16

17

15

10

23

13

14

8

10

8 8 8

1013

15
12

13

-7

-5

-5

-4

-5
-7

-4

-2

-2 -3

-3

-4

0

EI

-1

2

-2

0

0 0 EI

32

5
EI

-3

CTX23

BEST-FREQUENCY PEAK IID

22

24

20
21

20

26 25
25

23
18

14

1414
1719

19
16

1719

-10

-4

-3
-5

EI

1 1
3

EI
EI

EI

10953

EI
3

00

CTX25

34

39

32

34

39

30

34

32

31

32

27

29

23

24

20

18

17 17

CTX22

-4

-7

-3

-5

-5

0

-5

0

-4

0

0

1

5

1

4

EI

4 5

17 5

ROSTRAL

BEST FREQUENCY (kHz)

5 10 15 20 25 30 35 40

P
E

A
K

 II
D

 (d
B

)

-12

-8

-4

0

4

8

12

R-sq = 0.2
p<0.001

G

E

C

A B

D

F
FIG. 4. Peak IIDs are arranged systematically in PB clus-

ters. A, C, and E: BF map within PB clusters in 3 different bats.
B, D, and F: the corresponding peak IID map. Sites marked as EI
were binaurally inhibited. Left: - - -, isofrequency contours; right:
- - -, different ranges of peak IIDs. Broadband noise was used as
stimulus to map peak IID. G: correlation between BF and peak IID
from all the neurons recorded in this study.

521CORTICAL MAP OF IID SENSITIVITY

J Neurophysiol • VOL 104 • JULY 2010 • www.jn.org

 on July 14, 2010 
jn.physiology.org

D
ow

nloaded from
 

http://jn.physiology.org


with noise. For example, the neuron shown in Fig. 5E was
sharply tuned for IID in response to noise. However, when
tested with a BF tone, the neuron now responded to IIDs
favoring the IL ear (Fig. 5F). The neuron shown in Fig. 5, G
and H, showed the opposite change. It had a peaked PB
function for noise but was no longer inhibited at IIDs favoring
the CL ear. Overall, eight neurons that were PB for noise either
exhibited EI type responses favoring the CL (4/8) or IL ears
(4/8). Three neurons that responded robustly to noise, re-
sponded poorly (�20% of maximum noise response) to tones.
Thus more than a quarter of neurons in the PB cluster of the
noise-selective region did not exhibit a peaked PB response
when tested with BF tones. Across the population of PB
neurons that showed a peaked IID response for both noise and
tones (26/37), BW was significantly higher for tones than noise
(noise: 16.9 � 1.1 dB, BF tone: 26.5 � 1.1 dB, paired t-test,

P � 0.0001, Fig. 6A). Most (19/26) of these neurons showed at
least a 3 dB difference in the peak IID for noise and tones (Fig.
6B). No trend was observed in terms of the direction of shift of
peak IIDs for noise and tones. Taken together, these data show
that the PB neurons integrate across multiple frequencies to
generate sharper IID selectivity for broadband stimuli.

The difference in binaural sensitivity for noise and tones
suggests that the systematic map of IID sensitivity in the PB
cluster may not be clearly evident if probed with BF tones. To
test this, we mapped one cortex based on single unit recordings
in response to both binaural noise and BF tones (Fig. 7). When
mapped with noise as the stimulus, peak IIDs varied system-
atically from �8 dB caudally to �5 dB rostrally. When the IID
sensitivity of the same neurons was mapped with the BF tone,
there was a general increase from positive to negative values in
a caudorostral direction. However, the map is disrupted by the
presence of neurons with weak response (WR) to tones and
neurons with different binaural sensitivity to tones compared
with noise. Even when only the neurons with PB response to
tones are considered, the map is less systematic. For instance,
a neuron with a negative peak IID (�1 dB) occurs among
neurons with positive values. Another neuron with 0 dB peak
IID occurs among neurons with more positive peak IIDs. These
data suggest that neurons in PB clusters integrate binaural cues
across frequency to sharpen IID sensitivity to noise.

GABA shapes binaural sensitivity of PB neurons

The role of GABA in shaping cortical binaural sensitivity
was studied in 22 neurons within the PB cluster. During the
application of BIC or GBZN, 17/22 (78%) PB neurons were
strongly excited by monaural stimulation, resulting in a loss of
their peaked IID sensitivity. A typical example is shown in
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Fig. 8. This neuron responded poorly to monaural CL stimu-
lation in the control condition (Fig. 8A, CTRL). The neuron
responded robustly to binaural stimulation with a peak IID
centered at 0 dB (Fig. 8B). When BIC was injected, the neuron
responded to monaural CL stimulation, with response magni-
tude increasing with current strength (Fig. 8A). Consistent with
an enhanced monaural response to CL stimulation, the neuron
responded well to binaural stimuli that favored the CL ear (Fig.
8C). That is, binaural selectivity changed from a PB to an EI
type response. The neuron continued to be inhibited for bin-
aural stimuli that favored the IL ear in the presence of BIC.
These observations were consistent at the three different CL
intensities tested. Figure 8A shows that the neuron was capable
of firing additional spikes when the injection current was
increased. This suggests that the loss of the peak was not due
to a saturation effect. The neuron’s dependence on binaural
input for strong responses was restored a few minutes after the
BIC current was turned off (Fig. 8D).

To quantify the effects of the antagonists on binaural re-
sponses of PB neurons, two trough/peak ratios were calculated.
The first, termed contralateral trough/peak ratio is the ratio
between response at a CL ear favoring IID (�20 dB IID) and
the response at the best IID. The second, termed ipsilateral

trough/peak ratio is the ratio between response at an IL ear
favoring IID (�20 dB IID) and the response at the best IID.
The best IID is defined in the control (predrug) condition when
neurons exhibit PB type selectivity. During iontophoresis when
most neurons show EI type selectivity, best IID refers to the
IID at which the neuron’s response peaked in the control
condition. These ratios provide a measure of the peak height by
comparing response at best IID with response to IIDs at which
the neuron hardly responds (�20 dB IID). A smaller ratio
indicates a larger difference between response at the reference
IID and response at best IID. These ratios were calculated
before and during antagonist iontophoresis. For the example
shown in Fig. 8, the CL trough/peak ratio changed from 0.2 in
the control condition to 0.9 during BIC application. This shows
that in the control condition, the response to the best IID was
approximately fivefold larger than the response to �20 dB IID.
When BIC was applied, the response to a CL favoring IID was
almost as high as the response to the IID to which the neuron
responded best in the control condition. The IL trough/peak
ratio hardly changed (0–0.07), indicating that the neuron
continued to be strongly suppressed at IL favoring IIDs during
iontophoresis.
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was increased. D: the neuron recovered control-like binaural
sensitivity 10 min after the injection current was turned off.
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Both GBZN and BIC produced similar effects in the LFR
as has been previously shown in the echolocation call
selective region of the pallid bat cortex (Razak and Fuz-
essery 2009). BIC increased responses to monaural stimu-
lation in 13/16 neurons, whereas GBZN had similar effects
in 4/6 neurons. The binaural response of the neuron shown
in Fig. 9 was converted from PB to EI type when GBZN was
applied. The neuron hardly responded to monaural stimula-
tion of either ear in the control condition but showed robust
responses to CL ear stimulation in the presence of GBZN
(Fig. 9A). There was no response to the IL ear stimulation.
Its binaural response was strong and peaked at an IID
centered at 0 dB (Fig. 9B). In the presence of GBZN, the
neuron responded well to binaural stimulation favoring the
CL ear and continued to be suppressed when the IL intensity
was increased, resulting in EI type sensitivity (Fig. 9B). In
this neuron, the CL trough/peak ratio changed from 0.1 in
the control condition to 1.1 during GBZN application,
indicating a strong response to CL IIDs. The IL trough/peak
ratio changed from 0.1 to 0.4, suggesting a decrease in the
inhibition driven by the IL ear.

Across the population of PB neurons the main effect of
BIC/GBZN was to reduce or eliminate the peak mainly by
increasing responses to the IIDs favoring the CL ear. Figure
10 summarizes the change in the CL and IL trough/peak
ratios following antagonist application. The CL trough/peak
ratio is significantly larger (paired t-test, P � 0.0001) in the
drug condition compared with control showing that GABA
signaling is important in shaping the peaked response of PB
neurons in the cortex. The IL trough/peak ratio was also
significantly (paired t-test, P 	 0.005) different between the
control and drug conditions. However, the mean ratio was
still �0.2 in both conditions indicating that the response to
IL favoring IID was strongly suppressed even in the pres-
ence of GABA antagonists. Taken together, these data

suggest that cortical GABAA receptors play a critical role in
shaping the binaural sensitivity of PB neurons with the main
effect being a suppression of responses to monaural CL
input or to binaural input favoring the CL ear. Thus cortical
GABA sculpts out a peaked binaural response from EI type
inputs.

Binaural facilitation was not affected by GABAA receptor
antagonists in 5/22 PB neurons. Figure 11 shows an example
in which GBZN enhanced the response magnitude nearly
fourfold, but the peaked IID function remained. The CL
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trough/peak ratio changed from 0.15 to 0.17 with GBZN.
The IL trough/peak ratio changed from 0.05 to 0.38, sug-
gesting a decrease in IL driven inhibition relative to control.
The best IID also was unchanged. In these neurons, peaked
IID functions are either inherited from subcortical structures
or depend on non-GABAA receptor mediated mechanisms.

D I S C U S S I O N

There are two novel findings in this study regarding cortical
binaural processing. First, the peak IID shifts systematically
within the PB cluster and is correlated with BF. The peak IIDs
and BWs of PB neurons were relatively stable across absolute
intensities, suggesting that they provide reliable spatial infor-
mation in a changing acoustic environment. Second, cortical
GABA shapes the peak IID in the majority of PB neurons. The
auditory cortex uses local inhibition to create peaked IID
functions and to shape the intrinsic organization of the PB
cluster.

PB cluster: increased representation of azimuths near
the midline

PB neurons have been reported in the inferior and supe-
rior colliculi as well as the auditory cortex (Hirsch et al.
1985; Kitzes et al. 1980; Semple and Kitzes 1993a,b; Wise
and Irvine 1984). As observed in the present study, these
neurons typically respond best to IIDs near 0 dB. In a direct
test of the azimuthal sensitivity of binaurally facilitated
neurons in the IC, Fuzessery et al. (1990) used a sequential
closed-field/free-field paradigm to show that neurons with
PB type selectivity responded best to sounds from near the
midline. Likewise, in auditory cortex, Samson et al. (1994)
reported neurons that responded best to midline locations
but lost responses when either ear was occluded. While the
IID sensitivity of these neurons was not tested in this study,
the monaural occlusion results suggest that these were PB
cells.

The PB cluster in the pallid bat cortex is likely to focus on
azimuth locations close to the midsagittal plane based on the
monaural and binaural cues created by the bat’s ears (Fuz-
essery 1996). BFs in the PB cluster were between 8 and 39 kHz.
The distribution of maximum IIDs in the pallid bat’s frontal sound
field is highly frequency dependent (Fuzessery 1996) over the
range of BFs in the PB cluster. Therefore while the majority of
neurons show �50% maximum firing within �10o of the mid-
sagittal plane, their azimuthal sensitivity will vary considerably
with BF. From 5 to 30 kHz, the directionality of the ears
sharpen considerably, and both the areas of maximum sensi-
tivity and peak IIDs are reduced in size and move toward the
midline. Assuming bilateral symmetry in the binaural proper-
ties of the PB clusters, neurons tuned to �10 kHz can be
expected to be most sensitive to sound locations of �40°
azimuth, whereas those tuned around 30 kHz will have a more
restricted sensitivity for sound locations of �10° azimuth.
Thus the PB clusters may be a specialization to increase
representation of space near the midline and subserve the
remarkably accurate passive sound localization ability of the
pallid bat (Barber et al. 2003).

The presence of a systematic IID map in the PB cluster
does not necessarily predict a point-to-point map of space as

seen in the midbrain of the barn owl. First, the PB cluster
focuses on a narrow range of space in front of the pallid bat.
Second, the 50% BW of most PB neurons is broad (between
12 and 15 dB). As sound frequency increases, the range of
azimuth locations that produce this range of IIDs decreases.
This predicts that azimuth receptive fields will become
narrower with increasing BF. Thus as the sound moves from
�30o CL or IL space toward the midline, the extent of
activity will spread from mostly the low BF neurons to
include neurons with systematically higher BF with most of
the PB cluster activated when the sound is at midline. One
can imagine this as a “bull’s eye” with neurons with the
highest BFs having spatial receptive fields restricted to the
center of the target. This suggests that the relationship
among IID sensitivity, frequency tuning, and ear direction-
ality results in a substrate within the PB cluster that repre-
sents sounds near the midline based on systematic changes
in the extent of activity.

We have previously suggested that the EI cluster also en-
codes sound locations based on the extent of activation model
(Irvine and Gago 1990; Wenstrup et al. 1988; Wise and Irvine
1984). Neurons in the EI cluster are arranged according to the
IIDs at which they are inhibited, which suggests a systematic
shift in areas of excitation as a sound moves along the azimuth
(Razak and Fuzessery 2002). Thus the two binaural clusters
may use similar substrates to represent overlapping regions of
space with the EI cluster serving a larger region including
midline and the PB cluster focusing on the midline. The two
clusters may also have complementary sound localization func-
tions with the EI clusters lateralizing a sound source, resulting
in a head orientation that places the sound within the focus of
the PB cluster.

Comparison of responses to noise and tones

The sharper IID tuning and more systematic topography
observed when broadband noise was used as a stimulus com-
pared with a BF tone indicates that PB neurons integrate
binaural information over a broad frequency range, which is
consistent with the sound localization behavior of the pallid bat
in that it relies on prey-generated noise transients (Bell 1982;
Fuzessery et al. 1993). Perhaps in a manner similar to neurons
in the optic tectum of the barn owl (Brainard et al. 1992), the
main priority of the PB cluster is to resolve space, not fre-
quency. This is consistent with both neurophysiological
(Clarey et al. 1995; Recanzone et al. 2000) and behavioral data
(Butler 1986) showing sharper azimuth localization for broad-
versus narrowband sounds.

Role of GABA in shaping cortical binaural properties

Our results with GABAA receptor antagonists show intra-
cortical inhibition shapes the peaked IID sensitivity of PB
neurons. Specifically, it is responsible for the inhibition at IIDs
favoring the CL ear. In contrast, inhibition at IL IIDs is less
affected, suggesting a subcortical origin. A model for how
inhibition shapes binaural facilitation in PB neurons was pro-
posed by Park and Pollak (1993) and is applicable in the pallid
bat cortex. This model requires two EI neurons converging on
the PB neuron (Fig. 12). One EI neuron is excitatory, and the
other EI neuron is GABAergic and provides inhibition. An-
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other requirement of the model is that the GABAergic EI
neuron be inhibited at more positive (CL) IIDs than the
excitatory EI neuron (Fig. 12). When binaural stimulation
favors the CL ear, the inhibition provided by the GABAergic
EI neuron reduces the response of the PB neuron. When the
IID is near 0 dB, the GABAergic EI neuron is inhibited,
allowing the excitatory EI neuron to drive the PB neuron. For
IIDs that favor the IL ear, both EI neurons are inhibited, and
the PB cell is not activated. The response peak therefore occurs
near 0 dB IID.

One likely scenario for the inputs to PB neurons is that the
inhibitory EI neuron is located in the cortex, while the
excitatory EI input is a thalamocortical projection (Fig. 12).
Application of GABAA receptor antagonists blocks the
actions of GABA released from the inhibitory EI neuron
located in the cortex. This causes a relative increase in
response to stimuli favoring the CL ear. The systematic shift
in the peak IID within the PB cluster will occur if the
properties of the two EI inputs change systematically across
the cortical surface. The BW of PB neurons is controlled by
the difference between the IIDs at which the two EI neurons
are maximally inhibited.

It must be noted that these results were obtained from
pentobarbital anesthetized cortex. Pentobarbital may increase
apparent inhibition and sharpen selectivity. However, IID sen-
sitivity varied as a function of stimulus, so the effect was not
overwhelming. Also the effect of disinhibition was more than
just an increase in response magnitude. It specifically involved
loss of inhibition evoked by sound at one ear. This suggests
that while the system may have been depressed by pentobar-
bital, the underlying inhibitory mechanisms could nonetheless
be revealed.

Hierarchical processing in the auditory system

Why shape PB sensitivity de novo when such selectivity is
already present in the IC? There is considerable convergence
and divergence in the thalamocortical pathway that may reduce
selectivity in the cortex (Middlebrooks and Zook 1983). In
addition, inhibitory transmission may be more subject to deg-
radation than excitatory transmission. In a study of thalamo-
cortical transference of receptive fields, Miller et al. (2001)
showed that while thalamic excitatory fields are largely un-
changed at the cortical level, inhibitory components are added
there. Previous studies support the idea that the cortex uses

local inhibitory processes to shape response selectivity. Whole
cell recording also shows that intracortical inhibition shapes
the spectrotemporal properties of cortical neurons (Kaur et al.
2004; Wehr and Zador 2003). Zhang et al. (2003) reported that
inhibitory currents recorded in cortical neurons enhance selec-
tivity for FM sweep direction by differentially suppressing
responses to the nonpreferred direction. The blockade of
GABAergic receptors has revealed that the response patterns,
frequency tuning, and FM sweep selectivity of cortical neurons
are shaped by intracortical inhibition (Chen and Jen 2000; Kurt
et al. 2006; Razak and Fuzessery 2009; Schulze and Langner
1999; Wang et al. 2000, 2002). Thus even if a similar response
property is present in both subcortical and cortical neurons, it
cannot be assumed that the cortex simply inherits these prop-
erties. If cortical processing refines binaural selectivity, one
prediction is that there will be layer-specific differences in the
PB cluster (Atencio et al. 2009). This will be tested in future
studies.

Origin of cortical binaural clusters

Middlebrooks and Zook (1983) showed that binaural clus-
ters occur in the cortex through systematic connections with
thalamic loci with similar binaural properties (Fig. 13, left).
Cortical bands of EI and EE (binaurally excited) neurons
receive inputs from segregated thalamic loci that presumably
have similar binaural properties, forming functionally distinct
thalamocortical subunits. Our data suggest a second mecha-
nism (Fig. 13, right). PB neurons are present in a single cluster
in the pallid bat LFR. The finding that disinhibition transforms
most PB neurons to EI neurons suggests that intracortical
inhibition may play a role in creating this cluster of PB neurons
from a larger cluster of EI neurons.
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