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Intracellular Recordings Reveal Novel Features of Neurons
That Code Interaural Intensity Disparities in the Inferior
Colliculus
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Many cells in the inferior colliculus (IC) are excited by contralateral and inhibited by ipsilateral stimulation and are thought to be
important for sound localization. These excitatory–inhibitory (EI) cells comprise a diverse group, even though they exhibit a common
binaural response property. Previous extracellular studies showed the diversity results from different circuits that generate the same EI
property among the IC population, where some inherit the property from a lower nucleus, some are formed de novo in the IC, and others
inherit EI features that are modified by inhibitory circuits. Here we evaluated the differential circuitry by recording inputs (postsynaptic
potentials) and outputs (spikes) with in vivo whole-cell recordings from the IC of awake Mexican free-tailed bats. We show that in a
minority of EI cells, either they inherited their binaural property from a lower binaural nucleus or the EI property was created in the IC via
inhibitory projections from the ipsilateral ear, features consistent with those observed in extracellular studies. However, in a majority of
EI cells, ipsilateral signals evoked subthreshold EPSPs that behaved paradoxically in that EPSP amplitudes increased with intensity, even
though binaural signals with the same ipsilateral intensities generated progressively greater spike suppressions. We propose circuitry
that can account for the responses we observed and suggest that the ipsilaterally evoked EPSPs could influence the responsiveness of IC
cells to dynamic signals with interaural intensity disparities that change over time, such as moving sound sources or multiple sounds that
occur in complex acoustic environments.

Introduction
Interaural intensity differences (IIDs) are the cues that animals
use to localize high-frequency sounds (Erulkar, 1972; Mills,
1972). The intensities received at the two ears are coded in the
auditory nerve and are first “compared” by binaural neurons in
the lateral superior olive (LSO). The comparison is subtractive,
whereby signals from one ear excite and signals from the other ear
inhibit the binaural cells, and thus these excitatory/inhibitory
(EI) neurons are sensitive to intensity disparities (Caird and
Klinke, 1983; Moore and Caspary, 1983; Joris and Yin, 1995; Park
et al., 1996, 1997; Casseday et al., 2002).

The LSO sends its axonal projections bilaterally to both the
inferior colliculus (IC) and the dorsal nucleus of the lateral lem-
niscus (DNLL). The DNLL is located just below the IC and sends
strong GABAergic projections to the IC just above it and to the
opposite IC. The IC is of particular interest because it receives the
projections not only from the two LSOs and DNLLs, but also
from most other lower auditory nuclei, and thus is the nexus of
the auditory system (Oliver and Huerta, 1992; Casseday et al.,
2002). Consistent with its innervation from the LSO, many IC
cells express EI properties similar to those in the LSO (Roth et al.,

1978; Wenstrup et al., 1986; Irvine and Gago, 1990; Kelly et al.,
1991).

The EI cells in the IC, however, comprise a diverse group, even
though they exhibit binaural response properties similar to LSO
cells. The diversity is apparent from the changes in EI properties
when inhibition at the IC is blocked or the DNLL is reversibly
inactivated (Li and Kelly, 1992; Faingold et al., 1993; Park and
Pollak, 1994; Burger and Pollak, 2001). Previous studies pro-
posed specific excitatory and/or inhibitory events that should be
evoked by each ear and thereby generate each of the various types
of EI cells in the IC via the projections shown in Figure 1. The
synaptic events proposed for each of the circuits, however, could
not be directly observed with extracellular recordings but rather
were inferred from the changes in discharge properties due to
blocking inhibition. To evaluate the degree to which the pro-
posed synaptic events actually occur, we used in vivo whole-cell
recordings from the IC in awake bats to directly visualize both the
inputs to EI cells, as revealed by sound-evoked EPSPs and IPSPs,
and the outputs, the discharges evoked by both monaural and
binaural signals. We show that in a minority of cells the postsyn-
aptic potentials (PSPs) evoked by monaural and binaural signals
are consistent with the synaptic events proposed in previous ex-
tracellular studies to account for the various formations of EI
properties. In the majority of EI cells, however, ipsilateral signals
evoked subthreshold EPSPs. The EPSPs behaved paradoxically in
that the EPSP amplitudes increased with intensity, even though
binaural signals with the same ipsilateral intensities generated
progressively greater spike suppressions. These additional sub-
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threshold responses not only show that the circuitry underlying
EI cells is more complex than previously suspected but also sug-
gest that the additional EPSPs could influence the responsiveness
of EI cells to signals that generate IIDs that change over time, such
as moving sound sources or multiple sounds that occur in com-
plex acoustic environments.

Materials and Methods
Surgical procedures. Experiments were conducted on male Mexican free-
tailed bats, Tadarida brasiliensis mexicana, captured from local sources in
Austin, TX. Surgical procedures were as described in previous reports
(Xie et al., 2008; Gittelman et al., 2009). In brief, bats were sedated with
isoflurane (inhalation) and then anesthetized with an intraperitoneal
injection of ketamine/xylazine (75–100 mg/kg ketamine, 11–15 mg/kg
xylazine, Henry Schein). The muscles and skin overlying the skull were
reflected, a foundation layer of cyanoacrylate was placed on the surface of
the skull, and a small metal rod was cemented to the foundation layer on
the skull and then attached to a bar. The IC in bats is hypertrophied and
can be seen through the thin brain case protruding between the cortex
and cerebellum. An opening was made in the skull over the IC and the
brain was kept clean and moist with Ringer solution. The bat was placed
in a restraining cushion and in the stereotaxic device, and the bar on its
head was secured to the stereotaxic device. Recordings were begun after
the bats recovered from the anesthetic, and thus all data were obtained
from awake animals. The bats typically lay quietly during the remainder
of the experiments. If they showed signs of discomfort, data collection
was stopped and doses of the neuroleptic, ketamine hydrochloride (1/40
dilution, 0.01 cc injection, Henry Schien), were administered. If they
continued to show signs of discomfort, the experiments were terminated.
All experimental procedures were in accordance with a protocol ap-
proved by the University of Texas Institutional Animal Care Committee.

Acoustic stimuli. Auditory stimuli were tone bursts generated digitally
in IGOR-PRO. Tone bursts had durations of 5–20 ms and rise–fall times
of 0.2 ms. The acoustic signals were sent to an Instrutech 16-bit D/A
converter and were fed to custom-made electronic attenuators and then
to custom-designed earphones. The frequency characteristics of each
earphone was determined with a 1⁄4 inch Bruel and Kajer microphone,
and the computer compensated for output fluctuations across frequency
so that each earphone was flat � 2 dB from �10 –50 kHz. At the start of
each experiment, the earphone was inserted into the funnel formed by
the bat’s pinnae and positioned adjacent to the external auditory meatus.
The acoustic crosstalk with this arrangement is �40 dB.

Recording procedures and data acquisition. Responses were recorded
with patch electrodes (5–10 M�) pulled from thick-walled (1.65 mm
OD, 1.1 mm ID) capillary glass (WPI, #PG52165-4). The standard inter-
nal solution was as follows (in mM): K-gluconate (115), HEPES (10), KCl
(7), MgATP (4), Na2GTP (0.3), EGTA (0.5), and Na2-phosphocreatine
(10). Membrane potentials were not corrected for liquid junction
potentials.

During experiments, the electrodes were positioned over the IC and
lowered into the IC with a piezoelectric microdrive (Burleigh Inchworm;
EXFO Burleigh) while under positive pressure of 2–3 psi. Electrodes were
lowered to a depth of �300 �m to bypass the external nucleus of the IC
and ensure that recordings were made from cells in the central nucleus of
the IC. All cells were recorded at depths of 300 –1000 �m from the surface
of the IC. Upon entering the central nucleus, the pressure was reduced to
0.3– 0.7 psi and the electrodes were advanced in steps of 1–2 �m. Cell
search was conducted in voltage-clamp mode using a �5 mV step to
monitor electrode resistance. When contact with a cell was made, pres-
sure was released and a small amount of negative pressure (�0.5 psi) was
applied to obtain a gigaohm seal. After a seal was obtained, additional
negative pressure was applied to break-in, the amplifier was switched to

A B C

Figure 1. Circuitry proposed in previous reports to account for the changes in binaural properties of EI cells when inhibition was blocked or the DNLL contralateral to the IC was inactivated. Black
lines show excitatory and red lines show inhibitory projections. Lower graphs show changes in IID functions obtained before and while inhibition was blocked. A, EI property is assumed to be
inherited from the LSO when there is no change in the IID function while inhibition is blocked at the IC. B, EI property is created in IC from excitatory projections evoked by contralateral stimulation
and inhibitory projections from the opposite DNLL that are activated by ipsilateral stimulation. In these cells, blocking GABAergic inhibition at the IC or inactivating the opposite DNLL greatly reduces
or completely abolishes the ipsilateral evoked spike suppression and transforms an EI into a monaural cell. C, Hybrid formation of EI properties. In these cells, the EI property is inherited from the LSO,
but the inhibitory projections from the DNLL cause spike suppression at lower ipsilateral intensities than those generated by the LSO. Hence, blocking inhibition or reversibly inactivating the DNLL
does not abolish the EI property but causes a shift in the IIDs that generate the spike suppression.
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whole-cell current-clamp mode, the voltage offset was set to 0, and the
electrode capacitance was neutralized. Recordings evoked by sound were
then obtained. Responses were sent either to a Dagan BVC 700A Bridge
and Voltage Clamp Amplifier (in early experiments) or to a MultiClamp
700 B Microelectrode Amplifier (Molecular Devices) and then to an
InstruTech ITC-18/PCI A/D/A converter (200 kHz sampling rate), and
stored on a Macintosh G5 computer. Analyses were done in IGOR PRO.
Tone bursts were first presented to the contralateral ear and frequency

Figure 2. Responses of a monaural neuron evoked by contralateral, ipsilateral, and binaural
tones. A, Ipsilateral tones at 30 and 50 dB SPL evoked no discernible response. Binaural signals
that had the same ipsilateral intensities, and were 10 –30 dB more intense than the contralat-
eral tones, did not change the spike count evoked by the contralateral signal presented alone.
Responses were evoked at the resting membrane potential of �55 mV. B, The same stimuli as
in A were presented, but the membrane potential was hyperpolarized from �55 to �73 mV.
The hyperpolarization prevented the cell from discharging, and ipsilateral tones at 30 and 50 dB
SPL did not evoke responses during hyperpolarization. C, Overlaid PSPs in bottom recordings
show that ipsilateral tones had no effect on contralaterally evoked PSPs. Recordings on bottom
right show overlaid EPSPs evoked by binaural tones with the two IIDs. Recordings on bottom left
show that the contralaterally evoked PSP had the same magnitude and shape as the PSP evoked
by the binaural signal in which the ipsilateral intensity was 50 dB SPL. Tone duration, 10 ms.

Figure 3. An EI cell in which the contralaterally evoked spikes were completely suppressed by
ipsilateral tones, but ipsilateral tones presented alone evoked no responses. The EI property was
inherited from a lower binaural nucleus, and the circuit that most likely generated the responses is
showninFigure1 A.A,Responsesevokedbycontralateral, ipsilateral,andbinauraltonesattheresting
membrane potential. Ipsilateral tones presented monaurally evoked no responses at 0, 10, or 20 dB
SPL, even though binaural tones with ipsilateral intensities of 10 –20 dB completely suppressed
spikes. B, IID function showing the binaural spike counts normalized to the count evoked by the
contralateral tone alone as a function of ipsilateral intensity. C, Responses to the same stimuli while
the cell was hyperpolarized from�57 mV to�82 mV. The hyperpolarization prevented spiking, and
a large EPSP was evoked by the contralateral tone at 10 dB SPL. Ipsilateral signals presented monau-
rally did not evoke any discernible response, showing that the cell did not receive ipsilateral innerva-
tion. With binaural signals, however, the EPSPs evoked by the contralateral tones were progressively
suppressed by ipsilateral tones until the EPSP was abolished when the ipsilateral intensity was 20 dB
SPL. D, EPSPs evoked by contralateral tone alone are overlaid with those evoked by binaural tone,
showing that an ipsilateral tone of 0 dB SPL reduced the amplitude of the EPSP evoked by the con-
tralateral tone. Tone duration, 20 ms.
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was manually scanned to determine the cell’s
best frequency (BF), the frequency at which the
lowest intensity evoked discharges. BF tones
were then presented to evaluate responses
evoked by contralateral, ipsilateral, and binau-
ral stimulation. Each tone was presented 8 –20
times. In each of the figures below, the record-
ings that show EPSPs with spikes are from a
single tone presentation, while each subthresh-
old PSP shown is the average of the 8 –20 tone
presentations. The spike counts evoked by the
particular number of tone presentations are
shown on the right of each suprathreshold
record.

Results
We recorded spikes and PSPs intracellu-
larly with patch electrodes from 42 cells in
the central nucleus of the IC of awake bats.
Resting membrane potentials were not
corrected for liquid junction potentials
and ranged from �45 to �57 mV and
were more or less evenly distributed
among the various types of EI cells de-
scribed below. All responses were evoked
by tone bursts having durations of 5–20
ms presented at the neuron’s BF. Tones
were presented monaurally over a range
of intensities to either the contralateral or
ipsilateral ear alone. Binaural signals were
presented with the tone at the contralat-
eral ear fixed at one intensity, usually �10
dB above spike threshold, while tones
were presented simultaneously to the ip-
silateral ear over a 20 – 40 dB intensity
range, from �10 dB below to 30 dB above
the intensity at the contralateral ear.

We recorded three major aural types of
IC cells based on their responses to mon-
aural and binaural stimulation. The three
types were described in previous extracel-
lular studies of the IC in bats and other
mammals (Roth et al., 1978; Fuzessery et
al., 1985; Semple and Kitzes, 1987; Li and
Kelly, 1992; Park and Pollak, 1993). The first type is monaural.
These cells, which comprised �7% of our sample (3/42 cells),
were driven by contralateral stimulation, but no discharges were
evoked by ipsilateral stimulation (Fig. 2). Most importantly, the
spike counts evoked by contralateral tones were not affected by
tones presented simultaneously to the ipsilateral ear, even when
the ipsilateral tones were 10 –30 dB more intense than the con-
tralateral tones. The second type is EI and was the most common
type we recorded (67%, 28/42 cells) (Fig. 3). Similar to the mon-
aural cells described above, these cells were driven only by con-
tralateral stimulation, and ipsilateral tones never evoked
discharges. Unlike monaural cells, contralaterally evoked spike
counts were inhibited when ipsilateral tones were presented
simultaneously, hence the term excitatory–inhibitory. The third
type is the facilitated EI (EI/f) cell, which comprised 26% (11/42)
of our sample (see Fig. 9). These cells differed from conventional
EI cells in that binaural signals with low ipsilateral intensities
evoked spike counts at least 20% higher than the counts evoked
by the contralateral signals alone. As ipsilateral intensity in-
creased, however, spikes were progressively suppressed and were

completely suppressed with ipsilateral signals 10 –30 dB more
intense than the contralateral signals.

In the sections below, we first describe the various projection
patterns that were proposed in previous studies to account for the
different formations of EI cells in the IC. The projections are
shown in Figure 1. In the subsequent sections, we focus on PSPs,
both EPSPs and IPSPs. Particular attention is directed at the PSPs
evoked by monaural stimulation of the ipsilateral ear. In each
case, we suggest how the interactions of the synaptic events
evoked by each ear influenced the discharges evoked with binau-
ral stimulation, and how those features relate to the projection
patterns in Figure 1.

Circuits proposed in previous studies that account for the
spike suppression by ipsilateral tones
All cells whose contralaterally evoked discharges were suppressed
with binaural stimulation were categorized as EI or EI/f. There
are, however, three explanations that can account for the sup-
pression of contralaterally evoked discharges with binaural stim-
ulation, the EI property, based on the excitatory and inhibitory

Figure 4. A, An EI cell in which a contralateral tone evoked a suprathreshold EPSP and ipsilateral signals only evoked IPSPs that
increased with intensity. With binaural signals, the contralaterally evoked spikes were progressively suppressed as ipsilateral
sound intensity was increased. The spike suppression mirrored the increases in IPSP amplitudes with ipsilateral intensity, suggest-
ing that the EI property was created de novo in the IC with the circuitry shown in Figure 1 B. B, Excitatory response to a 10 dB SPL
contralateral tone aligned with IPSPs evoked by ipsilateral tones at different intensities, showing that the latencies of the IPSPs
were coincident with the EPSP evoked by a contralateral tone. C, IID function of spike counts. Tone duration, 5.0 ms.
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projections that innervate the IC (Fig. 1) (Li and Kelly, 1992;
Faingold et al., 1993; Burger and Pollak, 2001; Pollak et al., 2003).
The facilitation evoked by binaural signals in EI/f cells and the
projection that could explain just the facilitation are considered
in the following sections. One explanation is that the EI property
was formed in a lower nucleus, presumably the LSO, and that
property was then imposed on the IC cell via an excitatory pro-
jection (Fig. 1A). The EI property would, in that case, be inher-
ited. Alternatively, the EI property may have been formed in the
IC through a monaural excitatory projection evoked by sound at
the contralateral ear that was then shaped by inhibitory inputs
to the IC cell evoked by the ipsilateral ear, e.g., from the DNLL on
the opposite side. The binaural property in this case would be
created de novo in the IC by the interactions of the synaptic events
at the IC that were evoked by stimulating each ear (Fig. 1B). A
third explanation is that yet other EI cells were hybrids, in that
they had features of both types described above. In these cells the
EI property is first formed in the LSO. The EI property, however,
is modified in the IC through the convergence of LSO and inhib-
itory projections that presumably come from the DNLL. The net
effect of this convergence is to create EI cells in the IC that are
suppressed by lower intensities at the ipsilateral ear than they
would be if they received only the LSO projection (Fig. 1C). Be-
low we show the PSPs that were evoked by stimulation of each ear
and how their interactions could account for the binaural dis-

charge properties observed in each cell.
We also point out the degree to which the
circuits in Figure 1 can account for the
results we observed in the various types of
EI cells with patch electrodes.

Postsynaptic potentials evoked by
monaural and binaural stimulation
in monaural cells
In Figure 2, we first show the responses,
PSPs and spikes, evoked in a monaural cell
to provide a baseline for comparison with
the EI and EI/f cells considered below.
Consistent with the criteria given above
for monaural cells, the spike counts evoked
by contralateral tones were not affected by
tones presented simultaneously to the ip-
silateral ear, and ipsilateral stimuli pre-
sented alone evoked no detectable IPSP or
EPSP at any intensity. As a further check
to ensure that ipsilateral stimulation did
not evoke either a shunting inhibition,
where the resting potential was at or near
the chloride equilibrium potential, or an
inhibition that canceled an excitation, we
hyperpolarized the membrane potential
from its normal resting potential of �55
to �73 mV (Fig. 2B). Ipsilateral signals
did not evoke a PSP during hyperpolariza-
tion at any intensity, thereby confirming
that no subthreshold response was evoked
by ipsilateral stimulation. Although the
hyperpolarization prevented spiking, con-
tralateral stimulation alone evoked a large
EPSP due to the increase in the excitatory
driving force. With binaural signals, in-
creasing the ipsilateral intensity did not re-
duce the amplitudes of the EPSPs, which

were equal to the amplitudes evoked by the contralateral signal
presented alone (Fig. 2C). All of these features show that ipsilat-
eral stimulation had no effect on the synaptic events evoked by
contralateral stimulation. The finding that ipsilateral signals
evoked no response, even when the ipsilateral signals were 30 dB
louder than the contralateral signals, also showed that there was
no speaker crosstalk at those intensities, i.e., that sound presented
to one ear did not leak over to stimulate the other ear.

Postsynaptic potentials evoked in EI cells
Although all EI cells were homogenous in terms of their spike
suppression with binaural stimulation, three different types of EI
cells were observed based on the PSPs, or absence of PSPs, evoked
by ipsilateral stimulation. The first type of EI cell (5/28) was
similar to monaural cells, in that no PSP was evoked by ipsilateral
stimuli, although the same ipsilateral signals, when presented
binaurally, suppressed the discharges evoked by contralateral sig-
nals. These features are consistent with the circuit in Figure 1A
and are illustrated by the cell in Figure 3A. To ensure that the
ipsilateral signals did not evoke a shunting inhibition, the cell was
hyperpolarized from rest (�57 mV) to �82 mV (Fig. 3C). Like
the monaural cell described above, there were no PSPs evoked by
ipsilateral stimulation while the cell was hyperpolarized. How-
ever, as the ipsilateral intensity increased during hyperpolariza-
tion, the PSPs evoked by binaural tones were progressively

Figure 5. An EI cell in which ipsilateral tones evoked only EPSPs with amplitudes that increased with intensity. When the same
ipsilateral signals were presented binaurally, they strongly suppressed contralaterally evoked spikes. A, Responses evoked by
contralateral, ipsilateral, and binaural signals. Bracketed responses show the response to the ipsilateral tone at 50 dB SPL and the
response to a binaural tone with the same, 50 dB SPL ipsilateral intensity. B, Same response to contralateral and ipsilateral tones
as in A, but contralateral and ipsilateral tones are aligned in time and shown at higher magnification. C, Circuit that could generate
the responses. D, IID function in which normalized spike counts are plotted as a function of ipsilateral intensity. Contralateral
intensity was 10 dB SPL. E, The responses below the arrow are the two responses in brackets but are superimposed at a higher
magnification. Amplitude of EPSPs are �8.0 mV. F, Amplitudes of ipsilaterally evoked EPSPs plotted together with the amplitudes
of the EPSPs evoked by binaural signals that had the same ipsilateral intensities. Note that ipsilateral EPSP amplitudes increased
with sound intensity, whereas the binaurally evoked EPSPs decreased with the same ipsilateral intensities. EPSP amplitudes of
binaural signals were measured after spikes were eliminated. Tone duration, 20 ms.
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reduced in amplitude, and there was no discernible PSP at the
highest ipsilateral intensity, i.e., when the ipsilateral tone was 20
dB sound pressure level (SPL). Our explanation for these results
is that IC cell only received excitatory inputs from a lower nucleus
that was driven by stimulation of the contralateral ear. The lower
nucleus, however, was binaural and had EI properties, e.g., LSO,
and those properties were then imposed on the IC cell through an
excitatory projection, as shown in Figure 1 A. Thus, the ipsi-
lateral inhibition of contralaterally evoked discharges oc-
curred in the lower nucleus, and the EI properties of these IC
cells were inherited.

The second type (3/28 EI cells) had ipsilaterally evoked IPSPs
that most likely inhibited the contralaterally evoked excitation,
and thereby formed the EI property in the IC, features consistent
with the circuit in Figure 1B. Three features of the IPSPs are
noteworthy and are illustrated by the EI cell in Figure 4. The first
feature is that the ipsilateral inhibition was intensity dependent,
where the IPSP magnitudes progressively increased with ipsilat-
eral intensity in a manner that mirrored the intensity-dependent
spike suppression. The second is that the latencies of the IPSPs
were similar to the latencies of the contralaterally evoked excita-
tion, where the inhibition and excitation overlapped extensively
and were coincident at ipsilateral intensities that caused complete
spike suppression. The third feature is that the magnitudes of the
EPSPs evoked by the binaural tones declined in concert with the
increasing magnitudes of the IPSPs evoked when tones were pre-
sented only to the ipsilateral ear. These features are consistent
with the circuitry shown in Figure 1B, and thus with the propo-
sition that the EI property in these cells was formed de novo in the
IC by the ipsilaterally evoked inhibition that suppressed the con-
tralaterally evoked discharges.

The third type of EI cell was the most common type (20/28 EI
cells) and displayed the most surprising feature. The surprising
feature is that ipsilateral stimulations evoked intensity-dependent
EPSPs. Evidence of ipsilaterally evoked EPSPs was never detected in
extracellular studies and thus was not previously proposed as a pro-
jection in EI cells.

These EI cells were not homogeneous, but rather displayed
one of two intensity-dependent EPSP patterns. In 13/20 EI cells,
ipsilateral tones only evoked EPSPs with amplitudes that in-
creased with intensity (Fig. 5). As explained below, the circuit that
best accounts for their features is the circuit in Figure 1A, but
with the addition of an ipsilateral excitatory projection (Fig. 5C).
The addition of the ipsilateral excitatory projection generated a
paradoxical feature. The paradox is that the amplitudes of the
ipsilaterally evoked EPSPs increased with intensity in each of the
13 cells (Figs. 5F, 6), even though binaural signals with the same
ipsilateral intensities generated progressively greater suppres-
sions of contralaterally evoked discharges. When presented bin-
aurally, the highest ipsilateral intensities produced a complete
spike suppression, as shown in Figure 5A when ipsilateral inten-
sities were 40 –50 dB SPL.

Importantly, the binaural signal with the highest ipsilateral
intensity, e.g., contralateral intensity (C) � 10 dB, ipsilateral in-
tensity ( I) � 50 dB for the cell in Figure 5, evoked a subthreshold
EPSP with a waveform virtually identical in latency, amplitude,
and shape to the EPSP evoked by a 50 dB ipsilateral signal pre-
sented alone (Fig. 5E). What these features suggest is that the
spike suppression due to binaural stimulation occurred in a lower
nucleus, e.g., the LSO, and that ipsilateral stimulation activated
two different projections; one projection inhibited the LSO and
another projection provided subthreshold excitation to the IC
(Fig. 5C). Thus, with binaural stimulation, increasing ipsilateral

intensities progressively inhibited the excitatory drive from the
LSO while simultaneously increasing the subthreshold excitation
from the monaural excitatory projection. With IIDs of 30 and 40
dB, ipsilateral ear more intense, the LSO was completely inhib-
ited, leaving only the ipsilaterally evoked excitation. Hence, the
PSP evoked by both the monaural ipsilateral signal at 50 dB and
the PSP evoked by the binaural signal that had the same ipsilateral
intensity (C � 10, I � 50 dB) were virtually the same because they
were both evoked only by the ipsilateral excitatory projection.

The paradox of EPSPs evoked by both the contralateral and
ipsilateral signals presented alone coupled with a complete spike
suppression when the same signals were presented binaurally was
also seen in seven other cells. In those cells, however, low ipsilat-
eral intensities evoked IPSPs that then changed into EPSPs, fol-
lowed by IPSPs at higher ipsilateral intensities (Fig. 7A). The
circuit that can account for the monaural and binaural properties
of these cells is similar to the circuit proposed for the EI cells with
only ipsilaterally evoked EPSPs, but with the further addition of
an ipsilaterally evoked inhibitory projection that probably origi-
nated in the opposite DNLL (Fig. 7C). The amplitudes of the
EPSPs in these cells also increased with ipsilateral intensity, and
binaural signals with the same ipsilateral intensities that evoked
the largest EPSPs when presented monaurally produced a com-
plete discharge suppression. Moreover, the PSP evoked by the
binaural signal with the highest ipsilateral intensity, i.e., C � 30
dB SPL, I � 40 dB SPL in Figure 7E, was similar in latency, shape
and magnitude to the PSP evoked by a 40 dB ipsilateral signal
presented alone, as also occurred for the neuron in Figure 5. As
we show next, the ipsilaterally evoked EPSPs that we observed in
EI cells were also seen in the EI/f cells.

Postsynaptic potentials evoked in EI/f cells
The main difference between EI and EI/f cells is that facilitated
spike counts were evoked over a small range of IIDs at which the
ipsilateral signals were either equal to or less intense than the

Figure 6. Paradoxical effects of presenting ipsilateral signals monaurally compared to the
effects of presenting the same ipsilateral signals binaurally. Increases in amplitudes of the
ipsilaterally evoked EPSPs with intensity were in the exact opposite direction to the reduced
EPSP amplitudes evoked by the same ipsilateral intensities presented binaurally. Lines connect
mean EPSP amplitudes of 13 EI cells. The EPSPs of binaural signals that evoked spikes were
measured after spikes were filtered from recordings. Error bars show standard error of the
mean.
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contralateral signals. Since spike counts with binaural tones were
enhanced by at least 20% above the counts evoked by the con-
tralateral tones alone, it would be reasonable to expect that the
ipsilateral intensity that evoked facilitation should evoke an EPSP
when presented alone. As expected, in most EI/F cells (7/11),
ipsilateral tones evoked EPSPs when presented monaurally at the
same intensity that evoked facilitation when presented binaurally
(Figs. 8A, 9). The EPSP amplitudes ranged from �2–5 mV and
apparently were sufficiently large that the boosts they gave to the
contralaterally evoked excitations generated the facilitations.
Thus the mechanism that produced the facilitation in these cells
apparently was a summation of ipsilaterally and contralaterally
evoked EPSPs.

In 4 of the 11 EI/F cells, however, low-intensity ipsilateral
tones presented monaurally evoked virtually no subthreshold re-
sponse, even though the same ipsilateral signal generated a facil-
itated response when presented binaurally (Fig. 8B). To confirm
that no inputs were evoked by low-intensity ipsilateral signals, we
evaluated responses in two cells before and when their membrane
potentials were hyperpolarized, and in both cases, low-intensity
ipsilateral signals evoked no responses. This is illustrated by the
monaural and binaural responses of the cell in Figure 8B when it
was hyperpolarized from its normal resting potential of �57 mV
to �70 mV. Ipsilateral tones at the intensity that evoked dis-
charge facilitation (at 0 dB SPL) did not evoke a PSP under hy-
perpolarization, although binaural signals evoked a larger EPSP
than was evoked by the contralateral tone alone (Fig. 8C). It

would appear that in these cells, the summation of ipsilaterally
and contralaterally evoked responses could not account for the
facilitation evoked by binaural stimulation. The mechanism of
facilitation in these cells is unclear, but the facilitation presum-
ably was initially generated in a lower nucleus.

Binaural signals with ipsilateral intensities higher than those
that produced discharge facilitation progressively suppressed
spikes in all EI/f cells in a way identical to that described above for
conventional EI cells (Fig. 9), and thus the EI property, as op-
posed to the facilitation, is most likely generated by the same
circuit proposed for conventional EI cells with ipsilaterally
evoked EPSPs, i.e., Figure 1A. As with the majority of the con-
ventional EI cells described previously, EPSPs were evoked by
ipsilateral stimulation, and in 10 of 11 EI/f cells the amplitudes of
the ipsilaterally evoked EPSPs increased with intensity. More-
over, with binaural signals the same paradox was observed in
these EI/f cells as in the EI cells; the increases in amplitudes of the
ipsilaterally evoked EPSPs with intensity were in the exact oppo-
site direction to the reduced spike counts evoked by the same
ipsilateral intensities when presented binaurally (Fig. 9A). Fi-
nally, the subthreshold EPSPs evoked by binaural signals at high
ipsilateral intensities, i.e., 40 and 50 dB SPL in Figure 9, had the
same waveforms and amplitudes as those evoked by ipsilateral
signals presented monaurally at 40 and 50 dB SPL. These results
support the proposition presented earlier, that the inputs nor-
mally activated by the contralateral ear may have been inhibited
at those IIDs in a lower binaural nucleus, and that the EPSPs

Figure 7. An EI cell in which increasing intensity of the ipsilateral tone first evoked IPSPs that changed into prominent EPSPs followed by a shallow IPSP at higher intensities. A–E are the same
as in Figure 5. Tone duration, 5.0 ms.
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evoked at those IIDs were generated only by the excitatory
inputs activated by the ipsilateral ear, as in the circuit shown in
Figure 5C.

Binaural response properties at higher
contralateral intensities
The binaural features shown in the previous sections were de-
rived with low-intensity contralateral tones that ranged from 10
to 30 dB SPL. Ten cells, 7 EI and 3 EI/f cells, were also evaluated
with a second contralateral intensity that was 20 – 40 dB more
intense than the lower intensity. In each of the 10 cells, the same
binaural property evoked with the lower contralateral intensity
was also evoked at the higher intensity, which showed that the
binaural features were independent of intensity. We illustrate the
similar binaural properties at two intensities with the EI cell in
Figure 10.

The EI cell in Figure 10 is the same cell shown in Figure 5, but
the contralateral intensity in Figure 5 was 10 dB SPL, whereas the
contralateral intensity in Figure 10 was 50 dB SPL. The circuit
that may have generated the responses at 50 dB is shown in Figure
10B. The spike count evoked by the 50 dB SPL contralateral tone
was lower than the spike count evoked by the 10 dB SPL con-
tralateral tone because the cell’s rate-intensity function was non-
monotonic (not shown). Thus, the 50 dB SPL contralateral signal
apparently evoked both an excitation and inhibition for reasons
given below. In addition, the IID at which spikes were completely
suppressed was slightly different with the 50 dB SPL contralateral
tone (C � 50, I � 30 dB) than it was for the 10 dB contralateral
tone (C � 10, I � 40 dB), presumably due to the smaller spike
count evoked by the 50 dB contralateral signal. In other respects,

the binaural properties were similar. For example, whether the
contralateral tone was 10 or 50 dB SPL, the PSPs evoked by bin-
aural stimuli with ipsilateral tones at 50 dB SPL were almost
identical (Fig. 10D). Additionally, those binaurally evoked PSPs
were virtually the same as the PSPs evoked by 50 dB SPL ipsilat-
eral signals presented alone.

The circuit that could explain the cell’s response properties
incorporates an excitatory projection from the opposite LSO, an
ipsilaterally evoked excitatory projection, and an additional in-
hibitory input driven by high but not low contralateral intensi-
ties. Since LSO neurons have monotonic rate-intensity functions
(Tsuchitani and Boudreau, 1967; Tsuchitani and Johnson, 1985;
Park et al., 1997), the additional inhibitory input would account
for the nonmonotonic rate-intensity function of the IC cell. The
nucleus that provided that inhibition was almost certainly binau-
ral because there was no evidence of contralateral inhibition with
the binaural tones at C � 50, I � 50 (Fig. 10A). The contralateral
inhibition may have come from the DNLL on the same side as the
IC, since the DNLL is a binaural nucleus with EI properties
(Brugge et al., 1970; Yang and Pollak, 1994; Kelly et al., 1998) that
provides inhibitory projections bilaterally to EI cells in the IC
(Adams and Mugnaini, 1984; Shneiderman et al., 1988; Ross and
Pollak, 1989; Shneiderman and Oliver, 1989; Winer et al., 1995).
We propose that the 50 dB contralateral signal drove two lower
binaural inputs, excitation from the LSO and inhibition from the
DNLL on the same side as the IC (Fig. 10B). The ipsilateral signal
drove three inputs: one that inhibited the LSO, one that inhibited
the DNLL, and a third that evoked a subthreshold excitation. As
the ipsilateral intensity was increased in the binaural signals, the
inputs from the ipsilateral ear progressively inhibited both the

Figure 8. Two EI/f cells in which ipsilateral tones evoked different responses when presented monaurally. A, Low ipsilateral intensity (0 dB SPL) evoked an EPSP and spike counts were facilitated
with binaural signals that had the same low (0 dB SPL) ipsilateral intensity. Insert shows EPSP in higher magnification. IID function based on normalized spike counts is shown on right. Tone duration,
20.0 ms. B, Another EI/f cell in which low ipsilateral intensities (0 dB SPL) did not evoke any response but spike counts were facilitated with binaural signals that had the same ipsilateral intensity
(0 dB SPL). Top panel shows responses to a contralateral tone at 10 dB SPL and an ipsilateral tone at 0 dB SPL, and the facilitated response to tones with the same intensities presented binaurally.
Lower panel shows responses to the same stimuli while the cell was hyperpolarized. The EPSP evoked by the binaural signal is slightly larger than EPSP evoked by the contralateral signal alone, even
though the ipsilateral tone presented alone evoked no response. C, EPSPs evoked by the contralateral tone and the binaural tone are superimposed. Tone duration, 5.0 ms.
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excitation from the LSO and the inhibition from the DNLL, while
increasing the excitation to the IC. When the ipsilateral inten-
sity was 40 or 50 dB SPL, both the excitation from the LSO and
the inhibition from the DNLL were completely suppressed,
leaving only the ipsilaterally evoked excitation. Such a circuit
would account for the identity of the PSPs evoked by binaural
signals with 50 dB SPL ipsilateral intensities with contralateral
signals of 10 and 50 dB SPL, even though a higher-intensity
contralateral signal presented alone evoked both an excitation
and inhibition.

Discussion
This study showed five major features of EI and EI/f cells in the
IC. The first is that a minority of EI cells inherited their response
properties from a lower binaural nucleus. Those cells were in
essence “monaural” in that they received excitatory inputs only
from the contralateral ear and received no innervation from the
ipsilateral ear. The second feature is that the EI property in a few
cells was formed de novo in the IC via excitatory projections from
the contralateral ear that were suppressed in the IC by inhibitory
projections from the ipsilateral ear. The third, and most surpris-
ing feature, was that the majority of EI cells received excitatory
inputs not only from the contralateral ear, but also from the
ipsilateral ear, and in many of those cells, ipsilateral stimulation
evoked only EPSPs. The fourth feature concerns EI/f cells, and is
that EPSPs were evoked by ipsilateral stimulation at IIDs that
evoked facilitation. Finally, the fifth feature is that in almost all
EI/f cells, EPSPs were evoked by ipsilateral stimulation at IIDs

that suppressed contralaterally evoked spikes, in ways identical to
conventional EI cells. Below we discuss how these results com-
pare to previous studies and then propose some functional con-
sequences for the ipsilaterally evoked EPSPs that were so
commonly observed in both EI and EI/f cells.

Comparisons with previous studies
Previous studies showed that EI and EI/f cells comprise a diverse
subpopulation of the IC, since each type is formed by different
circuitry (Faingold et al., 1989, 1993; Li and Kelly, 1992; Park and
Pollak, 1993, 1994). The circuits proposed in previous studies are
shown in Figure 1A–C and invoked various combinations of
three projections: (1) the projection of the LSO to the contralat-
eral IC, (2) the projections of the DNLL to the contralateral IC,
and (3) an excitatory projection of unknown source from a lower
monaural nucleus that was activated by stimulation of the ear
contralateral to the IC. Our results can, with the addition of a
circuit for ipsilateral evoked EPSPs, be explained by the three
projections and are largely in agreement with previous studies.
Thus, previous extracellular studies reported that the EI proper-
ties of some cells were unchanged when inhibition was blocked or
when the contralateral DNLL was reversibly inactivated (Fig.
1A). Those cells are directly comparable to the EI cells we re-
corded in which ipsilateral stimulation evoked no subthreshold
response at any intensity, and must have inherited their EI prop-
erties from the LSO. Previous studies also showed that the spike
suppression in other EI cells was due to inhibitory projections
from the opposite DNLL (Fig. 1B). In those studies, spike sup-

Figure 9. EI/f cell in which ipsilateral tones evoked only EPSPs and facilitation was apparently produced by a summation of excitations evoked by ipsilateral and contralateral tones. Higher
ipsilateral intensities evoked progressively larger EPSPs but suppressed discharges when presented binaurally. A–E are the same as in Figure 5. The amplitude of the ipsilateral EPSP in E is �8.0 mV.
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pression with binaural stimuli was abol-
ished when the DNLL on the side opposite
to the IC was inactivated, and the spike
suppression then returned following inac-
tivation (Li and Kelly, 1992; Faingold et
al., 1993; Burger and Pollak, 2001). The
changes in EI properties of the cells due to
DNLL inactivation are strikingly similar
to the EI cells in which contralateral stim-
ulation evoked excitation and ipsilateral
stimulation evoked IPSPs, where the
amplitudes of the IPSPs increased with
ipsilateral sound intensity (e.g., the cell
in Fig. 4).

The projection that was not proposed
in previous studies is a subthreshold EPSP
evoked by ipsilateral stimulation, since
that response was undetectable with ex-
tracellular recordings even when inhibi-
tion was blocked. Indeed, it seems likely
that some of the EI cells in previous extra-
cellular studies that were unaffected when
inhibition was blocked were cells that in-
herited their EI property from LSO pro-
jections but also had ipsilaterally evoked,
subthreshold EPSPs. The EI properties
would not change when inhibition was
blocked because the EI property itself is
first generated in the LSO, in the same way
described above for cells that inherit their
EI property but have no ipsilaterally
evoked responses. The scenario for EI cells
with EPSPs is that low intensities at the
ipsilateral ear evoke no subthreshold re-
sponses, but with increasing ipsilateral in-
tensities the LSO is progressively inhibited,
while the amplitude of the ipsilateral EPSP
progressively grows. The ipsilaterally
evoked EPSPs presumably add to the de-
creasing EPSPs from the LSO, which
would adjust the IID at which the cell is
completely inhibited so that higher inten-
sities at the ipsilateral ear would be re-
quired to completely inhibit the cell than
if the cell only received projections from the LSO. At IIDs with
high ipsilateral intensities, the LSO is completely inhibited, leav-
ing only a subthreshold EPSP evoked by the ipsilateral ear, which
would not be detected when inhibition was blocked because it
was subthreshold. This interpretation is supported by the EPSPs
in both EI and EI/f cells evoked by binaural stimulation at IIDs
with ipsilateral intensities 10 – 40 dB higher than the contralateral
intensity. In all of these cells, the binaurally evoked EPSPs were
virtually identical to the EPSPs evoked only by ipsilateral stimu-
lation at the same intensity as in the binaural signals.

Other EI cells had ipsilaterally evoked inhibition and an ipsi-
laterally evoked subthreshold excitation that was activated at in-
tensities higher than those that activated the inhibition (Fig. 7).
Their EI property is probably inherited from the LSO and is
further shaped by an ipsilaterally evoked inhibition at low IIDs
that may have originated from the opposite DNLL. These features
are consistent with some cells in previous extracellular studies in
which blocking GABAergic inhibition did not eliminate their EI

property but rather changed the IID that caused a complete or
nearly complete inhibition (Faingold et al., 1989; Li and Kelly,
1992; Park and Pollak, 1993).

The same circuitry that we proposed for the EI cells with
ipsilateral EPSPs could also account for the EI/f cells that ex-
pressed ipsilateral EPSPs at the IIDs that evoked facilitation.
The only difference in the EI/f cells is that the circuit that
generates the ipsilateral EPSPs has lower thresholds than the
ipsilateral circuits in the conventional EI cells. In this scenario,
binaural signals with low ipsilateral intensities would evoke
both the excitation from the LSO and a small ipsilaterally
evoked EPSP whose summation would generate a spike count
greater than that evoked only by the LSO excitation, and
thereby evoke the facilitation.

Potential functional consequences of the ipsilaterally
evoked EPSPs
What functional impact could the ipsilaterally evoked EPSPs
have on binaural processing of sound for localization? One pos-
sibility is that their influence would be apparent only in more

Figure 10. The same EI cell shown in Figure 5, but the contralateral intensity was 50 dB SPL, and thus the contralateral intensity
was 40 dB more intense than was presented in Figure 5. A, Responses to contralateral tones, ipsilateral tones, and tones presented
binaurally. B, The circuit that could generate the responses. The circuit is the same as in Figure 5 with the addition of a high-
threshold, inhibitory input from the DNLL to account for the reduced spike count at 50 dB SPL, i.e., the upper-threshold rate level
function. C, IID function based on normalized spike counts. D, Responses to ipsilateral tone alone at 50 dB SPL and the binaural
response evoked by binaural tones with the same ipsilateral intensity superimposed at higher magnification. E, Superimposed
responses showing that virtually the same responses were evoked by binaural signals when contralateral signals were 10 or 50 dB
SPL and ipsilateral intensity was 50 dB SPL. Tone duration, 20.0 ms.
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complex acoustic environments with moving sounds or when
several sounds are received in succession. Consider, for example,
a sound that moves around the head from the ipsilateral to the
contralateral sound field. The initial EPSP could summate with
the stronger excitation evoked as the sound moves into the con-
tralateral field and thereby evoke a stronger discharge than would
a stationary sound in the contralateral sound field. Another pos-
sibility applies to two or more sounds that followed each other
within a short interval and that emanate from the same location
in space, a location that generates an IID more intense at the
ipsilateral ear. The first sound would evoke only a subthreshold
EPSP, while the EPSP evoked by the following sound(s) would
summate with the first EPSP. Assuming the summated response
is suprathreshold, there would be a change in the responsiveness
of the IC cell for the trailing sound(s) produced by the reception
of an earlier sound whose IID only generates a subthreshold
EPSP.

It is noteworthy that such a change in responsiveness to a
trailing signal occurs in neurons whose EI properties are formed
de novo in the IC through GABAergic projections from the oppo-
site DNLL (Burger and Pollak, 2001; Pollak et al., 2003; Pecka et
al., 2007). In those cells, initial signals with IIDs that are stronger
in the contralateral ear allow the cell to discharge to trailing sig-
nals with IIDs that, when presented alone, completely suppress
discharges. Such changes in the binaural sensitivities of EI cells
have been shown to contribute to the precedence effect, a percept
common to all animals (Wyttenbach and Hoy, 1993; Keller and
Takahashi, 1996, 2005; Burger and Pollak, 2001; Pecka et al.,
2007). The precedence effect is caused by a mechanism that sup-
presses the directional information carried by echoes (Wallach et
al., 1949; Zurek, 1987; Litovsky et al., 1999; Pecka et al., 2007).
When initial and trailing sounds are presented, listeners hear a
single composite sound and perceive the composite sound as
originating from the leading speaker.

The difference between cells that express ipsilateral EPSPs and
those that express inhibition to ipsilateral signals is that the EPSPs
could change the responsiveness to signals that emanate from the
same locations in space, whereas cells that express ipsilateral in-
hibition only change the responsiveness to signals that emanate
from different regions of space. Together, the two types of cells
could respond to trailing signals from any region of space while
degrading the code for the location of the trailing sound. Previous
studies suggested that dynamic IIDs generate different responses
in IC cells than do static IIDs (Sanes et al., 1998; Burger and
Pollak, 2001). Given the prevalence of ipsilaterally evoked EPSPs
among EI cells, features that change binaural processing in dy-
namic acoustic environments may be more prevalent than previ-
ously suspected.
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