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Differential Patterns of Inputs Create Functional Zones in
Central Nucleus of Inferior Colliculus

William C. Loftus, Deborah C. Bishop, and Douglas L. Oliver
Department of Neuroscience, University of Connecticut Health Center, Farmington, Connecticut 06030-3401

Distinct pathways carry monaural and binaural information from the lower auditory brainstem to the central nucleus of the inferior
colliculus (ICC). Previous anatomical and physiological studies suggest that differential ascending inputs to regions of the ICC create
functionally distinct zones. Here, we provide direct evidence of this relationship by combining recordings of single unit responses to
sound in the ICC with focal, iontophoretic injections of the retrograde tracer Fluoro-Gold at the physiologically characterized sites. Three
main patterns of anatomical inputs were observed. One pattern was identified by inputs from the cochlear nucleus and ventral nucleus of
the lateral lemniscus in isolation, and these injection sites were correlated with monaural responses. The second pattern had inputs only
from the ipsilateral medial and lateral superior olive, and these sites were correlated with interaural time difference (ITD)-sensitive
responses to low frequency (�500 Hz). A third pattern had inputs from a variety of olivary and lemniscal sources, notably the contralat-
eral lateral superior olive and dorsal nucleus of the lateral lemniscus. These were correlated with high-frequency ITD sensitivity to
complex acoustic stimuli. These data support the notion of anatomical regions formed by specific patterns of anatomical inputs to the
ICC. Such synaptic domains may represent functional zones in ICC.

Introduction
Auditory processing relies upon brainstem nuclei that process
different aspects of sound (Malmierca and Hackett, 2010).
The cochlear nucleus (CN), ventral nucleus of the lateral lem-
niscus (VNLL), and periolivary nuclei code different spectral
and temporal aspects of sound but are driven only by sounds
in one ear (Malone and Schreiner, 2010; Young, 2010). In
contrast, the medial superior olive (MSO), lateral superior
olive (LSO), and dorsal nucleus of the lateral lemniscus
(DNLL) are “binaural” structures and code interaural time
differences (ITDs) or interaural level differences (ILDs) (Yin
and Kuwada, 2010).

These monaural and binaural nuclei project to the central
nucleus of the inferior colliculus (ICC) with two levels of af-
ferent organization. A primary, “tonotopic” map of best fre-
quency (BF) is created by fibrodendritic laminae (Morest and
Oliver, 1984; Oliver and Morest, 1984) and distributed from
low frequency dorsolaterally to high frequency ventromedially
(Schreiner and Langner, 1997; Malmierca et al., 2005, 2008;
Loftus et al., 2008). A secondary “nucleotopic” organization
(Brunso-Bechtold et al., 1981) subdivides the ICC into synap-
tic domains or functional zones that receive inputs from a particular
brainstem nucleus or nuclei (Aitkin and Schuck, 1985; Maffi and
Aitkin, 1987; Shneiderman and Henkel, 1987; Oliver and Huerta,
1992; Oliver, 2000, 2005; Cant and Benson, 2006).

Two pieces of physiological evidence are consistent with the
synaptic domain hypothesis. First, the ICC responses often
mimic those in subcollicular auditory nuclei (Davis et al., 1999;
Ramachandran et al., 1999), suggesting that postsynaptic ICC
neurons inherit their properties from ascending inputs. Second,
ICC neurons with similar response properties are spatially clus-
tered (Roth et al., 1978; Semple and Aitkin, 1979). Thus, the
synaptic domain hypothesis predicts that the segregation of in-
puts to ICC is an important aspect of the creation of the binaural
response properties of ICC neurons. Although the importance of
the inputs for neuronal function is assumed, there is seldom a
direct test of the hypothesis that a particular pattern of inputs is
directly related to a particular response to sound. Our previous
reports predict the excitatory inputs from MSO, LSO, and co-
chlear nucleus will create three separate synaptic domains in ICC
with different binaural properties (Oliver et al., 1997; Loftus et al.,
2004).

To test this prediction, we combined the evoked responses to
sound with retrograde transport and compared the sources of
input to the response properties at discrete locations in the ICC.
Specifically, we predicted that inputs from MSO would create
low-frequency ITD-sensitive ICC neurons, inputs from the co-
chlear nucleus would produce monaural neurons, and inputs
from the contralateral LSO (cLSO) would evoke high-frequency
ITD-sensitive and ILD-sensitive neurons. The present results
support the first two of these predictions, suggesting a simple
relationship between anatomical inputs and monaural or low-
frequency ITD-sensitive ICC sites. However, the third prediction
was rejected because the inputs to high-frequency binaural sites
received inputs from both MSO and LSO. Nevertheless, the re-
sults show a direct correlation between response properties and
anatomical inputs.
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These results have been presented in abstract form (Loftus et
al., 2006).

Materials and Methods
Experiments were performed on adult cats (Liberty Laboratories) in ac-
cordance with National Institutes of Health guidelines and protocols
approved by the Animal Care Committee of the University of Connect-
icut Health Center (Farmington, CT). The methods used are similar to
those published previously (Loftus et al., 2004). Animals were anesthe-
tized with an intramuscular injection of ketamine (33 mg/kg) and xyla-
zine (1 mg/kg), intubated, and maintained in an areflexive state with a
mixture of isoflurane and medical grade oxygen. They were monitored
for reflexive state; breathing rate, heart rate, exhaled CO2, and blood
SpO2 were monitored with a SurgiVet capnograph pulse oximeter
(V90043, Smiths Medical PM), and body temperature was monitored
with a rectal probe coupled to a digital thermometer and maintained at
37°C with a water blanket. Lactated Ringer’s solution was given intrave-
nously throughout the experiment. The animal was placed in a double-
walled sound attenuation chamber (Industrial Acoustics Company). A
craniotomy was performed over the occipital cortex, and a small region
of cortex was aspirated to permit visualization of the right inferior col-
liculus (IC). Glass patch pipettes, pulled to an outer diameter of 3–7 �m
and filled with an anatomical tracer dissolved in 0.9% saline (see below),
were used for both recording and injection. The pipette was advanced
into the IC, and the neural responses to sound were assessed. Repeated
penetrations were made until an appropriate location for the injection
was encountered. Following the recording and injections, the muscles
and skin were sutured, buprenorphine (.005 mg/kg, s.c.) was adminis-
tered for postoperative analgesia, and the animal recovered in an inten-
sive care unit incubator at 37°C until fully awake. Recovery from the IC
experiments was uneventful, and the animals ate and drank normally a
short time after recovering from anesthesia.

Acoustic stimulation, electrophysiological recording, and response
analysis. Acoustic stimuli were generated with a TDT System 2 (Tucker
Davis Technologies) under the control of a personal computer and were
delivered by Beyerdynamic DT-48 earphones via sealed enclosures. Each
earphone was coupled to a hollow tube that was held in place by a
custom-fitted ear mold (Reprosil, Dentsply International) made for
each individual animal. The sound delivery system was calibrated for
amplitude and phase between 60 and 40,000 Hz with a half-inch micro-
phone (Brüel and Kjaer) while the ear molds with the embedded sound
tubes were inserted in the pinnae. The sound was measured through a
narrow probe tube permanently affixed to the interior of the sound de-
livery tube, and the measured transfer function was corrected for the
probe tube characteristics. The amplitude and phase of the acoustic stim-
ulus system were measured as a function of frequency. During sound
delivery, we applied an inverse filter (for both amplitude and phase) of
the acoustic system to each stimulus. This procedure compensates for the
amplitude and phase frequency response of the stimulus system. Our
custom software and calibration methods are identical to that used in
previous studies (Batra and Fitzpatrick, 2002; Oliver et al., 2003;
D’Angelo et al., 2005; Kuwada et al., 2006; Fitzpatrick et al., 2009).

Extracellular recordings of neurons and multiunit clusters were used
to localize the ICC and to guide the specific location of the tracer deposit.
Search stimuli were broadband noise bursts or pure tones delivered to the
contralateral ear or a binaural beat stimulus to both ears (see below). ICC
neurons were isolated with a Bak window discriminator (Bak Electron-
ics) and tested for their BF with monaural and binaural pure tones at a
level of 60 – 80 dB sound pressure level (SPL). The frequency that elicited
the greatest response at a given level was deemed the BF. To test ITD
sensitivity in neurons with low frequency (�3 kHz) sensitivity, we used a
binaural beat stimulus (Kuwada et al., 1979; Batra et al., 1997). This
entails a dichotic presentation of two tones with slightly different fre-
quencies (e.g., 1 Hz) that produces a cyclic change in the ongoing inter-
aural phase at a rate equal to the difference between the two frequencies.
For example, a 1000 Hz tone to the left ear and a 1001 Hz tone to the right
ear produce a continuously changing interaural phase difference at a rate
of 1 Hz (i.e., the beat frequency). A neuron was identified as ITD sensitive
if its response followed the beat frequency. We used a 3 Hz binaural beat

(1 s duration) as a search stimulus and a 1 Hz binaural beat (5 s duration)
as a test stimulus. Some neurons were tested with a 1 Hz binaural beat
stimulus that had identical, 23 Hz sinusoidal amplitude modulation
(SAM) added to the stimulus in both ears (D’Angelo et al., 2003; Sterbing
et al., 2003). For neurons with sensitivity to higher frequencies (�3 kHz),
sensitivity to ITD in the envelope of SAM tones was tested with a
binaural beat created by slightly disparate modulation frequencies to
the two ears (i.e., identical carrier frequency in both ears but the
modulation frequencies differed by 1 Hz) (Batra et al., 1989, 1993,
1997). ITD sensitivity also was tested by varying the interaural delay
of frozen noise or clicks.

ITD sensitivity to binaural beat stimuli was analyzed using methods
described previously (Yin and Kuwada, 1983; Kuwada et al., 1989;
Fitzpatrick et al., 2000). An individual “delay curve” for each frequency
was constructed by plotting the response rate as a function of the ITD. A
linear fit of the mean interaural phase of the response as a function of
stimulus frequency was used to estimate the neuron’s “characteristic
delay” (CD) (Rose et al., 1966) based on the slope of the linear fit and
“characteristic phase” (CP) based on the Y-intercept of the linear fit. The
CP is a measure of whether the delay curves align at the peak (CP near 0
cycles) or trough (CP near 0.5 cycles), and the CD is an estimate of the
difference in conduction times from each ear to the binaural coincidence
detector, i.e., the ITD required for coincident arrival of the inputs at each
frequency. A single “composite” delay curve for the entire range of tested
frequencies was constructed by averaging the individual delay curves.

To test ILD sensitivity, tones with the same frequency were presented
to both ears, with the level of the ipsilateral tone varying over successive
presentations while the level of the contralateral tone remained constant.
In one paradigm, the two tones were presented simultaneously. In an-
other paradigm, a 400 ms tone was presented to the contralateral ear and
a 100 ms duration tone, delayed by 100 ms, was presented to the ipsilat-
eral ear. With either paradigm, a level-dependent decrease in the firing
rate during the ipsilateral stimulus was indicative of ipsilateral ear sup-
pression and ILD sensitivity.

The activity of some neurons was unaffected by any ipsilateral ear
input in our battery of test stimuli, and we classified such neurons as
“monaural.” We cannot exclude the possibility that neurons failing to
exhibit binaural sensitivity in the face of our stimulus battery could nev-
ertheless have had latent binaural sensitivity that would have been ex-
pressed with a stimulus outside of our tested repertoire (D’Angelo et al.,
2003; Sterbing et al., 2003).

Anatomical injections, histology, and analysis of retrograde labeling.
Small, focal iontophoretic injections of 3% Fluoro-Gold (FG) (Fluoro-
chrome) (Schmued and Fallon, 1986; Pieribone and Aston-Jones, 1988)
in 0.9% saline were made at the recording site through the tip of the
recording micropipette. In some cases, the FG was mixed with 5% bio-
tinylated dextran amine (D-1956, Invitrogen) and 5% fluorescein dex-
tran (D-1820, Invitrogen). Iontophoretic injections were 2 �A of 2 min
duration with 7 s pulses and a 50% duty cycle (7 s on/7 s off), using a
Stoelting precision current source. In initial experiments, we sought to
make two injections at sites with similar electrophysiological properties
in the same ICC to increase the number of labeled neurons. This strategy
proved unnecessary, because we later found that a single injection pro-
duced sufficient numbers of retrogradely labeled neurons in the brain-
stem to yield a clear and unambiguous pattern of labeling. Thus, most of
the cases were from a single injection made in the ICC.

Following a 2 week survival period for retrograde transport, animals
were deeply anesthetized with ketamine and xylazine and transcardially
perfused with 0.12 M phosphate buffer, pH 7.4, containing 2% sucrose
and 0.05% lidocaine followed by 4% formaldehyde in the same buffer.
Fixed brains were blocked in the Horsley–Clark plane, and transverse
sections through the brainstem were cut at 50 �m thickness on a freezing
microtome. To view the fluorescent FG-labeled material, one series of
sections at 300 �m intervals (i.e., every sixth section) were mounted with
DABCO (1, 4-diazobicyclo-[2.2.2]-octane; Aldrich Chemical) in neutral,
buffered glycerine. A second series of sections at 300 �m intervals were
stained for Nissl substance with cresyl violet and thionin (1:1). A third
series of sections at 150 �m intervals was used for FG immunohisto-
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chemistry. The remaining sections were held in reserve in case additional
histology was necessary.

To amplify and preserve the FG signal in a nonfluorescent form, we
used immunohistochemical methods. After 20 min in 0.5% H2O2 to
remove endogenous peroxidase, sections were rinsed in 0.05 M PBS and
exposed to 10% goat serum with 0.5% Triton X-100 in PBS for 2 h.
Sections were then incubated in anti-FG antibody made in rabbit (Fluo-
rochrome, 1:50,000) in the blocker at 4°C overnight. Following PBS
rinses, tissue was exposed to a biotinylated anti-rabbit secondary anti-
body made in goat (Vector Laboratories; 1:800) in 10% goat serum
blocker for 2 h at 4°C. The biotin antibody and the injected biotinylated
dextran (if present) were visualized with the ABC-peroxidase method
(ABC Elite, Vector Laboratories) performed 2 h to overnight; and this
was followed by preincubation in 0.05% diaminobenzidine with 0.02%
cobalt chloride and 0.02% nickel ammonium sulfate (15 min) and the
same solution with 0.005% H2O2 (15 min or less). Sections were dried
onto subbed slides and coverslipped with Permount (Fisher Scientific).

Neurolucida (Microbrightfield) was used to plot the location of injec-
tion sites and retrogradely labeled neuronal somata in complete series
of sections with either epifluorescence or light microscopy of the stabi-
lized sections. Nissl-stained sections were used in conjunction with the
plotted sections to draw cytoarchitectonic boundaries of IC subdivisions
and lower auditory nuclei on both the right and left sides. There were 24
specific structures that are listed in Tables 1 and 2 and comprise the
cochlear nuclei, superior olivary nuclei, periolivary nuclei, and nuclei of
the lateral lemniscus. The number of labeled neurons in each structure
was counted and expressed as a percentage of the total number of labeled
neurons in that case. In this way, the anatomical distribution of labeled
neurons in a given case was represented by 24 variables, i.e., one variable
per structure.

The multivariate anatomical results were analyzed with both cluster
analysis and principal components analysis using the MatLab Statistics

Toolbox (Mathworks). The k-means algorithm was used to automati-
cally partition the 11 cases into separate clusters on the basis of similari-
ties and differences in the retrograde labeling patterns. The algorithm
treats each case as a point in 24-dimensional space and works by mini-
mizing the sum of the squared Euclidean distances from each point to the
centroid of its cluster over all clusters. The number of clusters was a
user-supplied parameter. We found four clusters to be optimal in terms
of providing the best separation among clusters, and the graphs pre-
sented are based on this parameter value. A similarity index, a measure of
how close a point is to other points in its own cluster relative to points in
other clusters, was computed for each point in the partitioned dataset.
These measures can range from �1 to �1 and were displayed in a “sil-
houette plot.”

A principal components analysis was done to reduce the high dimen-
sionality of the anatomical data and to visualize the variability in patterns
of retrograde labeling. A scree plot, which depicts the fraction of the total
variability accounted for by each principal component, indicated that
there were no more than three components to be extracted. The anatom-
ical results for all 11 cases were plotted as observations in the lower
dimensional space defined by the first three principal components. The
score for each principal component is computed by a linear combination
of the original 24 anatomical variables, with a different set of coefficients
for each principal component. These coefficients (also known as compo-
nent “loadings”) were plotted as vectors with respect to the principal
components axes. The scatter plot of observations and the vector plot of
coefficients were combined into the same graph, using the “biplot” func-
tion of MatLab.

Results
A total of 13 small focal injections of FG were made in the ICC of
11 animals. The size of the FG deposit was nearly identical across

Table 1. Percentage of retrogradely labeled neurons from sources in the lower auditory brainstem following injections at physiologically characterized sites in the ICC

Case BF (kHz)
No. of labeled
neurons cDCN cAVCN cPVCN iCN iVLL iILL cMSO iMSO iLSO cLSO cDLL iDLL iPO cPO

144 3 and 6 94 23 24 3 1 37 1 — — 1 — 7 1 — —
48 2.7 19 — 26 — — 74 — — — — — — — — —
36 6.0 17 — 47 12 — 24 — — — — — 6 12 — —

151 0.450 122 — — — — — — — 98 3 — — — — —
24 0.300 61 — — — — — — — 93 7 — — — — —

176 0.350 174 — — — — — — — 93 7 — — — — —

34 13 123 — 14 — 3 AVCN 17 6 2 40 5 — — — — 14
136 15.5 500 — 14 — — 20 — 1 10 9 12 1 7 16 11

39 3.7 and 6.5 257 — — — — 2 — — 37 15 3 17 25 1 —
97 11 273 — — — 1 DCN 2 — — 46 27 21 — �1 3 1

5 1.0 109 1 — — — 1 — 2 6 6 24 — — 59 2

Dash (—) indicates no data. Symbols indicate clusters shown in Figure 1.

Table 2. Percentage of retrogradely labeled neurons in periolivary structures

Case BF (kHz) iVMPO cVMPO iLNTB cLNTB iVNTB cVNTB cALPO iDLPO cDLPO iDMPO cDMPO iMNTB

144 3 and 6 — — — — — — — — — — — —
48 2.7 — — — — — — — — — — — —
36 6.0 — — — — — — — — — — — —

151 0.450 — — — — — — — — — — — —
24 0.300 — — — — — — — — — — — —

176 0.350 — — — — — — — — — — — —

34 13 — — — 11 — — 1 — — — — —
136 15.5 15 �1 �1 5 1 �1 — — 1 �1 3 �1

39 3.7 and 6.5 — — �1 — — — — �1 — — — —
97 11 2 — — �1 — — 1 — — 1 — —

5 1.0 57 2 — — — — — — — 2 — —

Dash (—) indicates no data. Symbols indicate clusters shown in Figure 1.
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all 11 cases, but the different cases exhibited different patterns of
retrograde FG labeling. In the dataset as a whole, FG-labeled
neuronal somata were found in the cochlear nuclei, the nuclei of
the lateral lemniscus, the superior olivary complex, and perioli-
vary nuclei. However, each of the injections produced labeling in
only a subset of these structures. Thus, in any given experiment
an absence of retrogradely labeled cells in one of these structures
is not easily explained by incomplete transport.

A multivariate analysis of the anatomical results suggests there
are four patterns of inputs to ICC neurons from the auditory
brainstem. The automatic clustering procedure partitioned the
11 cases into four clusters (Fig. 1A) using the 24-dimensional
space of anatomical variables (Tables 1 and 2). Table 1 contains
the distribution of labeled inputs for all sites in all 11 cases, and
Table 2 breaks down the general periolivary categories (cPO and
iPO) into the specific periolivary structures for a total of 24 ana-
tomical measures. There are three clusters of three to four mem-
bers each plus one “singleton cluster” (Fig. 1A). The first cluster
corresponds to sites with the main inputs from contralateral an-
teroventral cochlear nucleus (cAVCN), dorsal cochlear nucleus
(DCN), posteroventral cochlear nucleus, and the ipsilateral
VNLL (iVNLL) (Fig. 1A, square; Table 1). The second cluster
corresponds to sites whose predominant input is from the MSO,
with a slight input from the ipsilateral LSO (iLSO) (Fig. 1A,
circle; Table 1). The third cluster (Fig. 1A, triangle) is a more
diffuse cluster, and these four cases have a more varied and com-
plex pattern of inputs than those exhibited by the first two clus-
ters. Finally, the singleton cluster (Fig. 1A, inverted triangle) is
distinct from the other 10 cases, largely due to its heavy input
from the ventromedial periolivary nucleus (VMPO).

The first three principal components collectively account for
92% of the variability in this anatomical data (Fig. 1B,C). Indi-
vidually, the three principal components account for 67.3, 18.6,
and 6.1% of the variability, respectively. The first three cases (Fig.
1B, squares labeled 1–3) form a rather tight cluster in the space
defined by the first two principal components. This cluster ap-
pears to be distinguished mainly by predominant inputs from the
cAVCN and iVNLL, judging by its proximity to the coefficient
vectors for those two variables. The next three cases (Fig. 1B,
circles labeled 4 – 6) form an even tighter cluster on the opposite
side of the space and appear to be distinguished by predominant
input from MSO. The third cluster is more diffuse and is centered
in the principal component space (Fig. 1B,C, triangles labeled
7–10), suggesting that this is a more heterogeneous cluster with
more complex combinations of inputs. Finally, the singleton
cluster (Fig. 1B,C, inverted triangle labeled 11) is by itself in the
lower part of the space and appears to be distinguished by strong
input from the ipsilateral ventromedial periolivary nucleus
(iVMPO).

Thus, the anatomical analysis was consistent with the notion
of synaptic domains formed by a limited set of inputs to zones in
ICC. We next determined the relationship of the response prop-
erties at these ICC injection sites to the inputs from the lower
auditory brainstem. We predicted that the properties would be
related to primary excitatory inputs from cochlear nucleus, MSO,
and contralateral LSO.

Sites with convergent input from cochlear nucleus and VNLL
The first cluster of cases (Fig. 1A, squares) were three experi-
ments (144, 48, and 36) with injections at the caudal or rostral
extremes of the ICC (Fig. 2, squares), and they had similar inputs
with FG-labeled neurons found mainly in the contralateral CN
and iVNLL (Table 1). At these injections sites, unit activity was

Figure 1. Multivariate analyses of the retrograde labeling data in Tables 1 and 2. A, Silhou-
ette plot of the results of the k-means clustering algorithm, which grouped the 11 cases into
three clusters plus one singleton cluster. The length of each bar indicates the similarity between
that case and the remaining points in the cluster. The case number is indicated at the right of
each bar. The symbols and numbers on the left side of the graph correspond to those used in
subsequent plots. B, Biplot of the scores (symbols) and coefficients (arrows) for the first and
second principal components. Each case is indicated by the same symbol/number used in the
silhouette plot above. The principal component coefficients/arrows are labeled with the corre-
sponding structure name. Many of the 24 coefficients were too small to be shown on the plot. C,
Biplot of scores and coefficients for the third and second principal components. Inset shows an
enlarged view of data points near the center of the plot.
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driven only by the contralateral ear and unaffected by simulta-
neous stimulation to the ipsilateral ear. In these cases, we tested
the units extensively with different types of binaural stimuli, in-
cluding those with amplitude modulations on the envelope or
carrier (see Materials and Methods). This usually occupied most
of the time the unit was held, and it was not possible to examine
responses to all possible monaural stimuli. All three cases had a
BF in the 2.7– 6 kHz range. In all three of these monaural sites we
verified that there was robust ITD and/or ILD sensitivity else-
where in the same ICC, far removed from the injected site(s).
Thus, the lack of binaural sensitivity reflects a local property of
the injected sites. However, the properties and inputs were not
identical.

Case 144 had two injection sites with well isolated single units
having BFs of 3.5 kHz (Fig. 3A) and 6 kHz (Fig. 3B). Both units
failed to show sensitivity to ILD or ITD. Because these units were
tuned to high frequencies (�3 kHz), the tests included binaural
beats of the modulation frequency of SAM tones. Isointensity
frequency sweeps showed that the 6 kHz unit did not broaden its

tuning with intensity increases. The Q10 of 4, the Q40 of 2, and
the BF above 3 kHz suggest that the unit is an I-type neuron
(Ramachandran et al., 1999). The 3.5 kHz unit had an onset
response, a Q10 of 1.75, and a Q40 of 1.16, but it is not clear
whether this is a V-type or I-type since the BF and Q values

Figure 2. Composite map of the injection sites for all cases. The locations of the injection site
centers of all cases are shown superimposed onto the IC section plots of one case. The symbols
correspond to those used in Figure 1. The case number and BF (in kHz) are indicated to the left
and right of the symbol, respectively. Sections are arranged from caudal (upper left) to rostral
(lower right). Numbers above each section indicate the position (in micrometers) relative to the
caudal tip of the IC. Scale bar, 1 mm.

Figure 3. Data for case 144. A, B, Frequency tuning for single units recorded at the two
different ICC injection sites. Stimuli were presented to the ipsilateral ear only (Ipsi only), the
contralateral ear only (Contra only), or diotically, i.e., to both ears (Binaural). Stimulus levels
were 60 dB SPL (A) and 65 dB (B). C, Plots of locations of FG-labeled neuronal somata (filled
triangles) and IC injection sites in representative sections of the brainstem. Each section is
identified by a section number and its position (in micrometers) relative to the caudal margin of
the dorsal cochlear nucleus. The right side of the section is ipsilateral to the injected IC. FN, Facial
nucleus; STN, spinal trigeminal nucleus; STT, spinal trigeminal tract. See Results for abbrevia-
tions of the auditory structures. D, E, Photomicrographs (epifluorescence) of the boxed areas in
C showing retrogradely labeled neuronal somata in the CN (D) and the VNLL (E).
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overlap those seen for both categories (Ramachandran et al.,
1999). The FG-labeled neurons were found in all three divisions
of the cochlear nucleus in isolated, low-density patches (Fig. 3C–
E). However, we did not see two separated bands of retrogradely
labeled cells in the cochlear nucleus even though the injection
sites were separated by one octave and were not in the same ICC
section (Fig. 3C). Most cells were in the anteroventral cochlear
nucleus (AVCN) and the DCN. Patches of labeled cells were also
seen in VNLL, where tonotopic organization is more difficult to
visualize (Merchan and Berbel, 1996).

Injected sites in the other two cases also failed to respond to
binaural stimuli. Case 48 had a monotonic rate level function
up to 80 dB and a Q20 of 1.4, consistent with either an I-type or
a V-type response. Case 36 had a saturating rate level function,
responding up to 80 dB, and a Q20 of 2.4. These data and the BF

of case 36 suggest that the unit was an I-type. Both cases
showed retrograde labeling primarily limited to the AVCN
and VNLL.

Sites dominated by MSO inputs
The second cluster of cases (Fig. 1A, circles, 151, 24, and 176) had
injections at ITD-sensitive sites in the low-frequency, dorsolat-
eral ICC (Fig. 2, circles). All three cases exhibited the same overall
retrograde pattern, with the vast majority of FG-labeled neurons
in the MSO and the remaining small proportion of labeled neu-
rons in the ipsilateral LSO (Table 1).

The multiunit response at the injection site in case 151 was a
peak-type ITD response [Kuwada et al. (1989), their Fig. 5]. The
binaural BF was 450 Hz at 80 dB (Fig. 4A). The BF for the ipsi-
lateral ear was somewhat lower in frequency, and the response to

Figure 4. Data for case 151. A–D. Multiunit responses recorded at the injection site. A, Frequency tuning for stimuli at 80 dB. B, ITD tuning curves obtained with a 1 Hz binaural beat stimulus with
the “beat” on the carrier frequency. Tested frequencies were between 300 and 550 Hz, in 50 Hz steps. C, Phase versus frequency plot. D, Composite ITD tuning curve. E, Injection at the ICC recording
site in and nearby Nissl-stained section (right). The asterisk indicates the position of the injection site center; black lines indicate the orientation and progression of frequency band lamina in the ICC.
F, Photomicrograph (immunohistochemical staining) of retrogradely labeled neuronal somata in the dorsal MSO. G, Plots of retrogradely labeled neurons in representative sections. The box in
section (Sec.) 113 corresponds to the area shown in F. Scale bars: E, G, 1 mm; F, 20 �m.
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the contralateral ear was too weak to determine a BF. The re-
sponse to the binaural beat stimulus was strongly modulated by
ITD as shown in the delay curves taken at a different frequency
(Fig. 4B). The peaks of the delay curves clustered near zero, and
the interaural phase versus frequency plot intersected the y-axis
near 0 cycles (Fig. 4C). The peak of the response in the composite
delay curve (Fig. 4D) indicates a best delay of 120 �s. Consistent
with the BF, the injection site indicated that this recording was in
the dorsolateral ICC (Fig. 4E). Almost all of the retrogradely
FG-labeled neurons in the brainstem of this case were confined to
the ipsilateral MSO (Fig. 4F,G; Table 1) with the few remaining
neurons in the low-frequency, dorsolateral limb of the ipsilateral
LSO. In transverse sections, the neurons were clustered in the
dorsal third of the MSO. This pattern is consistent with the tono-
topic gradient of the MSO (low to high frequencies in a dorso-
ventral direction) and the low-frequency BF of the ICC injection
site. The distribution of neurons along the rostral-caudal axis of
the MSO was more or less uniform, and neurons were found in all
sections throughout the MSO, consistent with multiple MSO in-
puts converging onto a single ICC site as opposed to a simple
point-to-point pattern (Oliver et al., 2003).

A somewhat more complex response was seen at the injection
site of case 24, where a multiunit recording showed no response
to a pure tone binaural beat (Fig. 5A, open squares). However, a
response was evoked by monaural SAM tones in either ear (Fig.
5A, filled circles and triangles), and an unambiguous response to
low-frequency ITDs was evoked by a 1 Hz binaural beat with a
fixed modulation frequency of 23 Hz on the carrier frequencies
between 100 and 500 Hz (Fig. 5A, filled squares). ITD sensitivity
to the carrier frequency of SAM tones was reported previously in
the ICC of the rabbit (D’Angelo et al., 2003; Sterbing et al., 2003).
Under these conditions, the response to contralateral stimulation
was stronger than that to ipsilateral stimulation, and both showed
BFs near 200 Hz (Fig. 5A). A single unit was also well isolated at
this same site (Fig. 5B–D). The interaural phase versus frequency
plot for this unit was nonlinear. Most of the higher frequencies
had a characteristic phase near 0 cycles (Fig. 5B, circles, solid
line), and the composite ITD curve for the same frequencies in-
dicated a peak-type response (Fig. 5C). However, at frequencies
below 350 Hz the phase shifted away from zero (Fig. 5B, triangles,
dotted line), and there was a decrease and shift in the response
near 0 ITD (Fig. 5D). What may be more important than the
unusually large characteristic delay is that within the physiologi-
cal range of ITDs, the activity shifts from one side of 0 ITD to the
other as the stimulus frequency drops below 350 Hz (Fig. 5B–D).
This nonlinear response is consistent with a convergence of two
excitatory inputs with different ITD sensitivity on the same ICC
neuron. As in the case above, all of the FG-labeled neurons were
in the ipsilateral superior olivary complex, with most (93%) in
the dorsal MSO (Fig. 5Eb) and the remainder (7%) in the dorso-
lateral tip of the LSO (Fig. 5Ea). Thus, these anatomical data
suggest that for this unit the ipsilateral MSO was one source of
excitatory ITD-sensitive input, and the LSO was a second source
of excitatory input. Because LSO neurons often fire at interaural
delays near �2 ms (Joris and Yin, 1995), an excitatory input from
LSO may explain the large nonzero response at lower frequency.

Like the previous case, case 176 also shows evidence of con-
vergence from MSO and LSO onto a site with a low BF (Fig. 6A).
This unit also had unambiguous ITD sensitivity to low frequen-
cies and a nonlinear interaural phase versus frequency plot (Fig.
6B). From 450 to 700 Hz the CPs indicate a common phase delay
around 0.5 cycles, typical of a trough-type response. This is con-
sistent with the composite curve that had the predicted trough-

type shape (Fig. 6D). However, the phase-versus-frequency plot
of the lower frequency range (�400 Hz) indicates a phase delay of
0.7 cycles, which is in between the 0 cycles of a “typical” peak
response and the 0.5 cycles of a “typical” trough response (Fig.
6B). The composite curve in the lower frequency range showed
both a prominent peak slightly below 0 ms and a trough above 1
ms delay (Fig. 6C), indicating once more that there was a shift in
the response within the physiological range of ITDs at higher
versus lower frequencies. The proportions of labeled inputs in the

Figure 5. Data for case 24. A, Frequency tuning of a multiunit recording at the ICC injection
site. B–D, Response data of a well isolated single unit at the same site. Data were collected with
a 1 Hz binaural beat with an identical 23 Hz SAM added to the stimulus in both ears. B, Phase
versus frequency plot. Delay tuning was heterogeneous across frequency. The unit had a defi-
nite peak-type response for frequencies between 400 and 500 Hz (circles, solid line). Delay
tuning deviated from this dramatically at lower frequencies (�350 Hz, triangles, dashed line)
with trough-like characteristics C, D, Composite delay curves, one for each frequency range, are
shown in C (�400 Hz) and D (�350 Hz). E, Nissl-stained section (left) and immunohistochem-
ical photomicrographs (right) through the superior olivary complex ipsilateral to the injected
ICC. Boxes (a and b) on the Nissl section indicate the cytoarchitectonic location of FG-labeled
neuronal somata in the dorsolateral LSO (a) and the dorsal MSO (b) from adjacent immunore-
acted sections.
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MSO and ipsilateral LSO were identical to the previous case (Ta-
ble 1), and they also support the convergence of excitatory inputs.

Sites with multiple olivary inputs
The third cluster of four cases (Fig. 1A, upright triangles, 34, 136,
39, and 97) had injection sites distributed around the central area
of the ICC, both in terms of location along the rostral-caudal axis
and the dorsolateral-ventromedial frequency axis (Fig. 2, upright
triangles). This cluster was less consistent in the pattern of inputs
(Table 1). All had prominent inputs from the ipsilateral MSO and
additional inputs including, but not limited to, the contralateral
MSO, contralateral LSO, or contralateral cochlear nucleus. These
injected neurons exhibited complex forms of ITD sensitivity. In
general, they responded to ITDs in envelopes, clicks, noise, or
amplitude modulated stimuli, but not to ITDs in pure tones.
Somewhat surprisingly, most did not respond to ILDs, even if
they had significant LSO input.

Two cases (34 and 136) had significant input from both supe-
rior olive and AVCN (Table 1). Consistent with a BF between 13
and 16 kHz, the injection sites were at ICC sites located in the
ventromedial part of the ICC (Fig. 2, triangles). Interestingly,
they both shared sensitivity to ITDs in the envelopes of SAM
tones.

The neuron in case 34 showed both ITD and ILD sensitivity.
The ILD sensitivity is illustrated by the inhibition of the response
by sound in the ipsilateral ear when it was inserted 100 ms after
the start of the contralateral tone (Fig. 7A). At 80 dB SPL, the
ipsilateral stimulus completely suppresses the response to the
contralateral stimulus, and at 60 dB SPL the suppressive effects of
the ipsilateral tone can no longer be detected. Both pure tones in
Figure 7A were at the BF of 13 kHz (Fig. 7B). ITD sensitivity for
this neuron to the envelope of a SAM tone is shown by the
trough-type composite delay curve with firing minima at an ITD
of 2 ms (Fig. 7C). The phase versus frequency plot is consistent

with this trough shape and intersects the y-axis at a CP near 0.5
cycles (Fig. 7D) [Batra et al. (1993), their Fig. 2)]. Both ILD sen-
sitivity and ITD sensitivity could be related to inhibition pro-
duced by glycinergic inputs from the ipsilateral LSO in the ICC

Figure 6. Data for case 176. A, Frequency tuning of a single unit at the ICC injection site. B,
Phase versus frequency plot. The unit had peak-type response for frequencies �400 Hz (trian-
gles, dashed line) and a trough-type response for frequencies between 450 and 750 Hz (circles,
solid line). C, Composite delay curve for frequencies �400 Hz. D, Composite delay curve for
frequencies �450 Hz.

Figure 7. Data for case 34. A, Poststimulus time histograms (PSTNs) for a single unit at the injec-
tion site, indicating suppression by the ipsilateral ear. The contralateral ear stimulus was 300 ms in
duration and was initiated at time 0 on the PSTHs. The ipsilateral stimulus was 100 ms in duration and
was delayed 100 ms relative to the onset of the contralateral ear stimulus. The level of the ipsilateral
stimulus is indicated in each histogram (the contralateral stimulus was constant at 60 dB SPL). The
dashed lines indicate the onset and offset of the ipsilateral ear stimulus. B, Frequency tuning for SAM
stimuli (23 Hz modulation) delivered to the contralateral ear at 70 dB SPL. C, Composite delay tuning
curve obtained with 1 Hz binaural beat stimuli, with the beat on the modulation frequency. The carrier
frequency was 14 kHz. The composite combines delay curves obtained with modulation rates from
40/41 Hz to 80/81 Hz, in 5 Hz steps. D, Phase versus frequency plot for the nine tested modulation
frequencies. E, Plots of retrogradely labeled neurons in representative sections (Sec.) and the ICC
injection site.
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(Fig. 7E; Table 1). However, the largest input to this site was from
the ventral, high-frequency part of the MSO (43%) (Fig. 7E).
Little is known about the response of higher frequency MSO
neurons. Whether high-frequency MSO is ITD sensitive and
whether it receives inhibitory inputs driven by the ipsilateral ear
are both important unresolved factors in this case. In any event,
the data suggest that the response reflects a convergence of ITD-
sensitive and monaural (AVCN, VNLL) inputs.

A similar situation is seen in case 136 (Fig. 2, triangle) where a
neuron with a BF of 15 kHz in ICC was ITD sensitive to the
envelope of a SAM tone and had a peak-type delay curve with a
best ITD at 125 �s (data not shown). Here, the binaural inputs
arose from the MSO and bilaterally from LSO and DNLL. As
before, these binaural inputs converged with monaural inputs
from the AVCN, VNLL, and two periolivary nuclei: the ventro-
medial periolivary nucleus on the ipsilateral side, iVMPO, and
the lateral nucleus of the trapezoid body on the contralateral side,
cLNTB (Tables 1, 2).

Two ITD-sensitive sites were injected in case 39 (Fig. 8). These
were lower in BF and near the center of the ICC (Fig. 2, triangles).
At the 3.75 kHz site (Fig. 8A), neurons also failed to show ILD
sensitivity and exhibited no response to pure tones in the ipsilat-
eral ear. However, once again, they were sensitive to ITDs in the
envelopes of SAM tones (carrier, 3750 Hz; modulation fre-
quency, 250 Hz) (Fig. 8B). The second site had neurons with BFs
near 7 kHz (Fig. 8C) and had an onset-only response to all tested
stimuli. Because it did not have a sustained response to binaural
beat stimuli, we could not elicit envelope-ITD sensitivity in this
manner. However, neurons at this site were sensitive to ITDs in
clicks (Fig. 8D). The inputs to these sites were similar to those
above, with an array of MSO and LSO inputs. However, the DNLL
inputs were more prominent, and the AVCN inputs were lacking.

A final case in this group, case 97 (Fig. 2, triangle), had an 11
kHz BF site in ICC that was excited by frozen noise in either ear at
higher intensity levels (data not shown). Below 80 dB, the unit
was not modulated by tonal or noise stimuli in the ipsilateral ear.
Consequently, the ITD sensitivity was not tested. As above, most
inputs were from the superior olivary complex, with minimal
input from the cochlear nucleus and VNLL (Table 1).

A final complex olivary case
The final cluster is represented by a single case, case 5 (Fig. 1,
inverted triangle). At this site in rostrolateral ICC (Fig. 2, inverted
triangle), a single unit with a BF of 1 kHz responded to tones only
with an onset response (Fig. 9A). However, the unit exhibited
ITD sensitivity in response to a 1 Hz binaural beat on the carrier
of a SAM tone (Fig. 9B,C) (both ears received the same modula-
tion frequency). This unit was also selective for modulation rate,
as shown by the modulation transfer functions (Fig. 9D). The rate
modulation transfer function was bandpass with a peak at 355
Hz. In contrast, the synchrony modulation transfer function was
high pass and had reached maximum near 200 Hz. This site was

Figure 8. Data for case 39. A, Frequency tuning of a single unit at injection site 1. Stimuli
were diotic tones delivered at 60 dB SPL. B, Interaural delay tuning of the same unit, tested with
an amplitude modulated tone (250 Hz) and a 3750 Hz carrier. C, Frequency tuning of a multi unit
at injection site 2. Stimuli were tones delivered at 60 dB SPL to the contralateral ear. D, Inter-
aural delay tuning at injection site 2, with click stimuli.

Figure 9. Data for case 5. A–C, PSTHs for a 1 Hz binaural beat on a 1000 Hz carrier. The
modulation rate is indicated in each histogram. D, Modulation transfer functions in terms of
response rate and synchrony/vector strength. E, Plots of retrogradely labeled neurons in repre-
sentative sections.
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distinguished in the cluster analysis (Fig. 1), because the largest
single input was from ipsilateral VMPO (Fig. 9E). As in the pre-
vious group, the other inputs were from the superior olivary
complex, but the predominant input was from the contralateral
LSO rather than the input from the MSO and ipsilateral LSO.

Discussion
The present results show that small, localized regions to the ICC
differ in their inputs from the lower auditory brainstem. These
regions contained neurons with different types of ITD sensitivity.
However, we did not find the predicted, relatively simple pattern
of synaptic domains defined by separate excitatory inputs from
contralateral cochlear nucleus, LSO, and ipsilateral MSO. In-
stead, we found at least three patterns of anatomical inputs that
appear to be correlated to different types of binaural responses.
Sites lacking ITD sensitivity (monaural) were associated with in-
puts primarily from cochlear nucleus and VNLL. Low-frequency,
ITD-sensitive neurons were associated with dominant inputs
from MSO and secondary inputs from ipsilateral LSO. Finally,
neurons with BF above 3000 Hz and ITD sensitivity to complex
signals like SAM tones, clicks, or noise, but not pure tones, were
associated with inputs from both MSO and bilateral inputs from
LSO. These results support the general notion that the ICC is
organized into functional zones in which the responses of
postsynaptic neurons in each zone are shaped by ascending in-
puts arising from a subset of subcollicular auditory nuclei.

Implications for functional organization in ICC
The present findings suggest at least three types of functional
zones in the ICC of the cat. A monaural domain is dominated by
inputs from the contralateral cochlear nucleus and ipsilateral
VNLL. A low-frequency ITD domain is dominated by inputs
from the ipsilateral MSO. Finally, a high-frequency ITD domain
requires more complex stimuli and has more convergence from
multiple superior olivary sources, including periolivary nuclei.

The “monaural domain” in the rostral and caudal ICCs con-
tains neurons with unambiguous monaural responses and clearly
differs from the two binaural domains on both physiological and
anatomical grounds. The predominant input was from the CN
and VNLL, regarded as predominantly monaural (Batra and
Fitzpatrick, 1997; Shore et al., 2003; Sumner et al., 2005). This
input pattern was not observed elsewhere in this dataset, suggest-
ing that it is unique to monaural functional zones in the ICC. The
monaural domain appears to be concentrated in the rostral and
caudal ends of the ICC, and response properties are essentially
shaped by the CN as suggested by Ramachandran et al.
(Ramachandran et al., 1999; Ramachandran and May, 2002).
VNLL may provide monaural, inhibitory modulation to this
zone, because most VNLL neurons colocalize glycine and GABA
(Riquelme et al., 1998). A monaural domain may be specialized
for spectrotemporal processing (Escabí and Schreiner, 2002) or
monaural spectral cues for location produced by direction-
dependent filtering by the cat’s pinnae (Butler et al., 1990; Young
et al., 1992; Delgutte et al., 1999; Imig et al., 2000; Poirier et al.,
2003).

The “low-frequency (�500 Hz) ITD domain” in the dorsolat-
eral ICC is marked by the prominent input from the ipsilateral
MSO and the lateral, low-frequency limb of the iLSO. Because the
iLSO is a likely source of glycinergic input (Saint Marie et al.,
1989; Glendenning et al., 1992; Oliver et al., 1995), this projection
may be the main inhibitory input to low-frequency ITD domain.
Because the ITD in low-frequency signals is the most potent cue
for the azimuthal position of low-frequency sounds (Wightman

and Kistler, 1992), this functional zone may be designed for low-
frequency sound localization (Kuwada et al., 1979, 1987, 1997;
Fitzpatrick et al., 1997; D’Angelo et al., 2003). The inhibitory LSO
input could serve to sharpen the azimuthal receptive field
(Kuwada et al., 1997). However, some projections from iLSO are
glycinergic and may excite ICC neurons. The mixed peak and
trough-type ITD responses in cases 24 and 176 of the present
study support the notion of iLSO excitation.

The “high-frequency ITD domain” contained neurons with a
variety of binaural responses. It is clearly the most heterogeneous
of the three functional zones. Unlike the low-frequency ITD
zone, this domain had a more varied and richer set of binaural
inputs, including both MSO and bilateral LSO inputs. In addi-
tion, the DNLL was a frequent source of input and may be a
primary source of inhibitory input for this domain (Shneiderman et
al., 1988; Shneiderman and Oliver, 1989; Li and Kelly, 1992;
Faingold et al., 1993), especially since at higher frequencies the
iLSO glycinergic input is diminished (Saint Marie et al., 1989;
Glendenning et al., 1992). The adequate stimuli were spectrally
complex and included ITD sensitivity to envelopes in SAM tones
and carriers in SAM tones and to click trains and noise. This is
consistent with the notion that modulated stimuli are most im-
portant in this functional zone (Escabí et al., 2003, 2005; Zheng
and Escabí, 2008) and most relevant to ITD coding at higher
frequencies (Batra et al., 1989).

The structure of functional zones in the ICC
Our findings show reproducible anatomical patterns despite in-
jections that are clearly larger than a single neuron. This is con-
sistent with functional zones that are larger than a single neuron
but smaller than the entire ICC. Because the center of our injec-
tion site is defined by the neural response at the tip of the elec-
trode, there is an excellent correlation between the pattern of
anatomical inputs and the response properties. However, the
correlation may not be perfect, because the tracer may have dif-
fused beyond the neuron at the center and may extend into an
adjacent anatomical zone. This raises the question of how func-
tional zones in the mammalian ICC are constructed. Clearly, it is
different from the avian ICC, where different ascending inputs
target different parts of ICC, each with its own tonotopic map
(Takahashi and Konishi, 1988).

There are two different models for the structure of functional
zones in the mammalian ICC. A functional zone in ICC may be
related to the fibrodendritic lamina (Oliver et al., 1997; Malmierca et
al., 2005). Alternatively, larger regions within the central nucleus
may differ in their inputs. These may not be mutually exclusive or-
ganizations, because there is evidence for both types of organization.
In both instances, when two different inputs project to different
functional zones in IC, there should be at least one condition in
which one input is labeled while the other is not.

The 150 –200 �m wide fibrodendritic lamina contain closely
spaced, disc-shaped neurons with parallel dendritic trees, and
these neurons are likely to share the same inputs (Shneiderman and
Henkel, 1987; Oliver et al., 1997; Loftus et al., 2004; Malmierca et al.,
2005). Laminar axons in ICC tend to run long distances parallel
to and within the dendritic laminae and give off only short
branches or make en passant terminals, making it likely that sin-
gle axons are confined to a single lamina (Oliver and Morest,
1984; Oliver et al., 1991). Anatomically, the fibrodendritic lami-
nae may correspond to the narrowest dimension of the physio-
logically defined frequency band lamina and the discrete steps in
the tonotopic organization seen in ICC (Schreiner and Langner,
1997; Malmierca et al., 2008). In most cases, our retrogradely
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labeled neurons in the lower auditory nuclei were confined to a
single tonotopic position. Such a pattern is consistent with the BF
of a small injection site confined to a single fibrodendritic lamina.
However, previous experiments also showed tonotopically orga-
nized projections (Roth et al., 1978; Aitkin and Schuck, 1985;
Maffi and Aitkin, 1987; Ross et al., 1988). But when only the
tonotopic organization is considered, it may be unclear when an
injection spreads to adjacent laminae. The adjacent laminae will
code similar BFs, and after a larger injection a larger group of
neurons will be labeled in adjacent positions in the lower auditory
nuclei. This is problematic, because adjacent laminae may have
different inputs.

Evidence that adjacent laminae in ICC may have different
inputs comes primarily from the LSO of the cat (Shneiderman
and Henkel, 1987; Saint Marie et al., 1989; Gabriele et al., 2007).
Different neurons in LSO project to the ipsilateral and contralat-
eral ICs, and their axons do not converge on the same target. Five
animals in the present study (Table 1, cases 144, 151, 24, 176, 34)
show labeling in only the ipsilateral LSO and MSO, with no la-
beling in the contralateral LSO. This is consistent with an injec-
tion confined to one lamina that receives inputs from the iLSO
but not the cLSO. Only one experiment in each of three studies
showed a similar result [case 76-4 in Roth et al. (1978), case 83-23
in Aitkin and Schuck (1985), and case 44 in Brunso-Bechtold et
al. (1981)]. In contrast, injections that labeled both iLSO and
cLSO are consistent with injections that label two adjacent lami-
nae with different LSO inputs (Table 1). This was the common
pattern in previous studies (Roth et al., 1978; Brunso-Bechtold et
al., 1981; Maffi and Aitkin, 1987; Cant and Benson, 2006), but
seen in only four of nine cases here with BF �1 kHz.

Larger regions of ICC also may have segregated inputs and
serve as functional zones. In the present cases, injections that
label only the cochlear nucleus and iVNLL were only in the ex-
treme rostral and caudal ICs (Table 1). This is consistent with a
physical separation of cochlear nucleus and superior olivary in-
puts also seen in the caudal IC of the gerbil (Cant and Benson,
2006).

The larger functional zones within ICC may be related to low-
or high-frequency specialization. MSO is large in primates and
other species capable of low-frequency ITD processing e.g. (Irving
and Harrison, 1967; Masterton et al., 1975). Consequently, MSO
neurons are the predominant group labeled after injections in the
low-frequency IC (Roth et al., 1978; Aitkin and Schuck, 1985;
Cant and Benson, 2006), a pattern supported in the present data
(Table 1).

In contrast, the DCN is specialized for higher frequencies and
lacks neurons with a BF below 1 kHz in the cat (Spirou et al.,
1993). This is consistent with our previous anterograde studies
(Oliver, 1984) and a tendency to label DCN inputs when MSO
and LSO labeling are absent or diminished (Maffi and Aitkin,
1987; Cant and Benson, 2006). A separation of DCN and superior
olivary inputs is found in the present data despite undersampling
of the DCN inputs.

The LSO projections may contribute to both laminar and
larger organizations. Low BF LSO neurons tend to project to
ipsilateral IC, and high-BF neurons project to contralateral IC
(Glendenning and Masterton, 1983). These projections may ter-
minate on more separated targets in low-frequency ICs, where
iLSOs converge with MSO terminals (Loftus et al., 2004). In mid-
frequency IC, iLSO and cLSO laminae are side by side (Shneiderman
and Henkel, 1987; Gabriele et al., 2007).

In summary, this study relates the function of ICC neurons
with the anatomical circuitry that provides the synaptic inputs.

This methodological approach supports the synaptic domain hy-
pothesis in that groups of adjacent ICC neurons appear to share
the same pattern of inputs even in instances when only a single
unit was isolated and studied. However, the higher frequency
ITD-sensitive part of ICC is complex and is likely to contain
multiple domains yet to be clarified. Here, there may be neurons
in adjacent laminae with different patterns of inputs that produce
different types of ITD sensitivity (Seshagiri and Delgutte, 2007).
With our current methods, such neurons in adjacent laminae
may be labeled with the same injection and, thus, blur a far more
elegant synaptic domain organization than that seen here.
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