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We report a systematic relationship between sound-frequency tuning and sensitivity to interaural
time delays for neurons in the midbrain nucleus of the inferior colliculus; neurons with relatively low
best frequencies (BFs) showed response peaks at long delays, whereas neurons with relatively high
BFs showed response peaks at short delays. The consequence of this relationship is that the steepest
region of the function relating discharge rate to interaural time delay (ITD) fell close to midline for
all neurons irrespective of BF. These data provide support for a processing of the output of
coincidence detectors subserving low-frequency sound localization in which the location of a sound
source is determined by the activity in two broad, hemispheric spatial channels, rather than

numerous channels tuned to discrete spatial positions.

For many terrestrial mammals, and particularly for humans,
localization of sound sources in the horizontal plane is achieved
by an exquisite sensitivity to differences in the fine-time struc-
ture of low-frequency (< 1500 Hz) spectral components between
the two ears—4. The accepted model to account for this remark-
able binaural sensitivity is the coincidence detection model. In
this model, an array of neurons receives inputs from the two ears
such that a given neuron fires maximally when the difference in
arrival time at the two ears resulting from the location of a sound
source offsets the difference in neural transmission time. Con-
sistent with this, neurons sensitive to ITDs in the carrier fine
structure of low-frequency signals have been recorded from bin-
aurally responsive auditory nuclei in a wide range of species>8,
However, the exact means by which ITD-sensitive neurons con-
tribute to localization of a sound source remains to be deter-
mined. The prevailing view, explicit in descriptions of localization
in the barn owl®, and considered to be appropriate for mam-
mals1?, is that ITD-sensitive neurons signal azimuthal position
by their maximal discharge. Each ITD-sensitive neuron can there-
fore be considered as a separate spatial channel. However, impor-
tant differences exist between mammalian and barn owl
localization abilities and in the mechanisms underlying these
abilities. Not the least of these is that barn owls use ITDs to local-
ize high-frequency sounds, in the range 3-9 kHz%1112, frequen-
cies at which mammals are insensitive to time disparities in the
carrier fine structure of the stimulus at the two ears'®. At these
relatively high frequencies, mammalian azimuthal localization is
achieved by virtue of differences in the level of the sound between
the ears, and complex spectral patterns generated by the fre-
quency-filtering properties of the outer earl®. Conversely, barn
owls use interaural level differences over this frequency range for
localization in the vertical plane®16, combining this with ITD
sensitivity in the azimuthal plane to produce a space-specific rep-
resentation of auditory space in the optic tectum’. Furthermore,
unlike barn owls!8, the evidence in mammals for a systematic
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arrangement of delay lines feeding the coincidence detectors
remains equivocal®20, Little evidence exists that details the dis-
tribution of delay sensitivities encoded within the mammalian
auditory pathway, and, specifically, it remains unknown how the
gradient of axonal delays is arranged across the major tonotopic
axis in the medial superior olive (MSO), the site of primary bin-
aural integration in the mammalian brainstem. Finally, electro-
physiological data from a single side of the mammalian brainstem
and midbrain consistently show the peaks of ITD functions to
be distributed around a mean of +200 to +300 ps (refs. 5-8),
outside the physical limits of many small mammals, and well
away from the midline where spatial acuity seems to be great-
est?L, Indeed, the distribution of peak ITDs seems to be an invari-
ant function of head size, with a range of mammalian species
demonstrating an almost identical distribution despite large dif-
ferences in interaural distance’. This apparent lack of evolution-
ary pressure to constrain the peaks of ITD functions to within
the physically plausible range is puzzling, and means that for
many smaller mammals, most peaks of ITD functions actually
fall outside the range they could ever experience. Because acuity
tasks, including spatial acuity tasks in other sensory modalities,
are normally encoded by over-representation of sensory tissue
devoted to the task??, it seems incongruous that the peaks of ITD
functions should, if anything, be under-represented at interau-
ral delays actually available in the environment.

A tacit assumption in virtually all models of low-frequency
binaural hearing is that an identical (and relatively broad) range
of peak ITDs is fully represented within each low-frequency chan-
nel of the tonotopic gradient, for frequencies up to approximately
2 kHz in mammals®0. However, no previous study has tested this
assumption directly. Here we provide empirical evidence from a
large sample of low-BF neurons in the midbrain of the guinea
pig, a species with good low-frequency hearing, that mammalian
low-frequency localization should be considered in an alterna-
tive manner. Our data revealed that the representation of ITDs
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varied systematically along the main frequency axis. Maximum
output of the lowest BF neurons occurred at long interaural
delays, and maximum output of the highest BF neurons occurred
at short interaural delays. The consequence of this arrangement
was that the steepest slopes of ITD functions were positioned
near midline ITDs, irrespective of neuronal BF. Furthermore, the
rate at which neural output changed with interaural delay was a
constant proportion of total neural output per microsecond of
ITD, independent of BF.

Our data, consistent with suggestions made by previous
authors?24, indicate that for mammalian localization, the position
of the peaks of ITD functions may be unimportant compared with
the position of greatest sensitivity to the change in ITD. Our data
support a model of low-frequency localization based on broadly
tuned channels in the two sides of the brain?-27,

ResuLTs

Peak ITD varies systematically with BF

We recorded responses of 520 low-BF neurons (< 2.0 kHz) from
the left inferior colliculus (IC) of anesthetized guinea pigs to inter-
aurally delayed broad-band noise, and examined their sensitivi-
ty to ITDs as a function of neuronal BF. Noise-delay functions
(NDFs) were recorded from IC neurons with BFs (Fig. 1a) rang-
ing from 250 Hz to 1.4 kHz, covering the frequency range over
which ITD sensitivity is found in mammals. Whether for indi-
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Fig. 1. Responses of many ITD-sensitive neurons are maximally modu-
lated over the physiological range of ITDs. (a) Noise-delay functions
(NDFs) plotting normalized neuronal discharge rate as a function of
interaural delay for individual IC neurons over different BF ranges.
From top to bottom, NDFs were examined for BFs in a 50-Hz band
centered on 250 Hz, 50-Hz bands around 500 Hz and 700 Hz, a 100-Hz
band centered on 1.0 kHz, and a 200-Hz band centered on 1.4 kHz.
The range over which the ITD functions are plotted is varied so that
approximately 2.5 cycles of the BF-dependent oscillatory functions are
shown for each BF band. (b) Top, NDF for an individual IC neuron with
a BF of 250 Hz (black line). Bottom panels, average NDFs (black lines)
for the data shown in the left panels of (a). All panels show steepness
functions (red lines) for each NDF, in which the absolute slope has
been calculated at each ITD. (c) Distribution of ITDs at which noise
delay functions responded with maximum output (white bars) and at
which they responded with maximum change in output (red bars).
(d) Examples of responses of ‘trough-type’ neurons, with BFs in the
range 450-600 Hz, recorded in the IC. Trough-type neurons were
characterized by a minimum discharge rate at a particular value of
ITD—often relatively close to zero ITD—and broader regions of
higher discharge rate to either side of the trough. Seven of the eight
examples here show response minima at ipsilateral ITDs, and one
shows a response minimum at a contralateral ITD.

vidual neurons (Fig. 1b, black curve in top panel) or averaged
across neurons within BF bands (Fig. 1b, black curves in remain-
ing panels), NDFs were clearly modulated with the interaural delay
of the noise stimulus. Responses tended to peak at positive 1TDs,
corresponding to sounds that lead in time at the ear contralater-
al to the IC being recorded. The likely source of binaural input
for these I1C neurons is the medial superior olive on the same side
of the brain28. Of the 520 neurons for which we obtained NDFs,
most (83%, 432/520) showed peaks at contralaterally leading ITDs
(Fig. 1c, white bars), consistent with previous reports in the mam-
malian MSO%%-31 and 1C5-7:32, and the predominantly ipsilateral
projection of the MSO28, Most peaks were approximately between
+150 ps and +300 ps, outside the physiological range of the guinea
pig. Few neurons showed peaks in their NDFs at or close to zero
ITD. A small number of neurons showed NDFs that peaked at
negative 1TDs (31/520), and about 10% (57/520) showed respons-
es to interaurally delayed noise that were best characterized by a
reduction in their response at a particular ITD. Such ‘trough-type’
neurons (Fig. 1d) likely constituted the output of low-frequency
neurons in the lateral superior olive (D.J. Tollin, PX. Joris & T.C.T.
Yin, Abstr. 23rd Meeting Assoc. Res. Otolaryngol., 32, 2000).

The representation of ITD in the auditory pathway varied along
the tonotopic gradient, that is, with the neuronal BF. The mean
(Fig. 2a, black circles) and standard deviation of peak ITDs as a
function of neuronal BF indicate that neurons with the lowest BFs
tended to have the highest values of peak ITD, whereas neurons
with the highest BFs tended to have the lowest values of peak ITD.
The few neurons with best delays at negative ITDs (Fig. 2a, white
circles, absolute peak ITD) showed a similar relationship between
BF and ITD. The dotted horizontal line indicates the maximum
ITD experienced by the guinea pig (approximately 150 ps). Plot-
ted as the equivalent interaural phase disparities (IPDs; Fig. 2b),
peak IPD tuning was independent of BF. This does not mean that
individual neurons showed frequency-dependent ITD tuning. The
central tenet of the Jeffress model of coincidence detection is that
individual low-frequency binaural neurons show a unique or char-
acteristic delay at which they respond maximally, independent of
stimulating frequency. As we have reported previously32, IC neu-
rons that respond in a manner consistent with this model also show
the same dependence of peak (or characteristic) delay on neuronal
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Fig. 2. Peak ITD, but not peak IPD, depends on neuronal BF
(a) Distribution of peak ITDs as a function of neuronal BF, for 100-Hz
bands covering the full frequency range over which mammals are sensi-
tive to interaural time differences in the stimulus fine structure. Error
bars show standard deviations. Black circles show mean values for neu-
rons with positive peak ITDs. White circles show absolute mean values
for neurons with negative peak ITDs. Due to the small number of neu-
rons with negative peak ITDs, neurons were divided into just 4 groups:
BFs up to 200 Hz (n = 5), BFs between 200 Hz and 400 Hz (n = 5), BFs
between 400 Hz and 600 Hz (n = 9) and BFs above 600 Hz (n = 12). Inset
replots the standard deviations of those neurons with positive peak ITDs
as a function of BF. (b) Same data as in (a), but plotted in terms of inter-
aural phase disparity, where the best interaural phase (BP) was calculated
as BP = peak ITD (ms) x BF (kHz) . The inset replots the standard devia-
tions as a function of BF for the IPD data.

BF as we report here. In addition, those IC neurons that deviate
from simple “Jeffress-type’ behavior show evidence of convergent
binaural inputs from brainstem neurons with characteristic delays
that seem to demonstrate the same relationship between BF and
characteristic delay?2.

A second feature of our data is that the range of ITDs encod-
ed within each frequency channel also varied with BF. This is
obvious from the standard deviations of the mean values, but is
seen more clearly when the standard deviations are plotted
against BF (Fig. 2a, inset). The peaks of the low-BF neurons
occurred over a wide, non-physiological range of ITDs, whereas
the peaks of high-BF neurons occurred over a restricted but more
physiological range of ITDs. Standard deviations represented in
terms of IPD, however, were largely independent of BF. This vari-
ation with BF of the mean and the range of peak ITDs is incon-
sistent with many current models of mammalian low-frequency
binaural localization. Such models assume the full range of inter-
nal delay lines within each frequency channel distributed across
the physically realizable range of ITDs10,

In Fig. 1a and b, the abscissa ranges have been adjusted to
show the NDF shape in full, and indicate that NDFs are similar in
shape across different BFs. However, when plotted over a small-
er range of ITDs (Fig. 3a), the differences in scaling become
apparent. As we demonstrated above for noise stimulation, and
as we have reported previously for tones32, the ITD correspond-
ing to the peak of the delay functions varied systematically with
BF. However, a second, obvious feature from Fig. 3a is that NDFs
for neurons with the lowest BFs were relatively broad compared
to those for neurons with the highest BFs. This is because NDFs
are quasi-periodic®*, with the width of their main peak deter-
mined largely by the period of the BF component of the noise
stimulus®3435, Consequently, for neurons with the lowest BFs,
variation of the ITD by up to several hundred microseconds
around the peaks of both individual and averaged NDFs had rel-
atively little effect on the discharge rate. In contrast, small changes
in ITD within the physiological range (dotted vertical lines) pro-
duced a relatively large change in discharge rate.

Delay functions are steepest around midline ITDs

For each of the 432 neurons with peaks at contralateral ITDs, a
steepness function was obtained by calculating the absolute value
of the slope of the function at each ITD. Two main features were
observed for both individual NDFs (Fig. 1b, red curve in top
panel) and averaged NDFs (Fig. 1b, red curves in remaining pan-
els). First, NDFs tended to be steeper on the slope of the func-
tion on the midline side (that is, facing zero ITD) than on the
slope of the function on the side away from midline. Eighty per-
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cent (346/432) of neurons with NDF peaks at positive ITDs
showed steeper midline than non-midline sides of their NDFs,
compared with just 11% (49/432) that showed steeper non-mid-
line than midline sides, and 9% (37/432) that showed similarly
steep midline and non-midline facing sides. Second, the steep-
est portion of the NDFs occurred close to zero ITD, and certainly
within the physiological range of the guinea pig. Across all BFs,
the distribution of ITDs at which NDF were steepest (Fig. 1d,
red bars) indicated that many NDFs were steepest within the
physiological range of the guinea pig (indicated by vertical dot-
ted lines), and close to zero ITD.

A rate code for interaural delay independent of neural BF
Responses of low-BF (< 1.0 kHz) MSO cells are highly modu-
lated with ITD and generally show half-wave-rectified ITD func-
tions, with the lowest BF neurons (< 200 Hz) showing even
better than half-wave-rectified 1TD functions?. This accords
with the bushy cells in the ventral cochlear nucleus, the pre-
sumed inputs to the MSO coincidence detectors, enhancing
monaural phase locking over that seen in primary auditory nerve
fibers at these low frequencies®. In addition, there is a tenden-
cy for modulation to be reduced with increasing BF, presum-
ably reflecting the reduction in phase locking of the presumed
monaural inputs that is observed with increasing frequency3s.
We observed similar behavior in the responses of IC neurons.
However, despite the tendency for ITD tuning systematically to
become broader than half-rectified with increasing BF, the slopes
of NDFs remained steeper for high- than for low-BF neurons
(Fig. 3a). From this, one might conclude that the rate at which
discharge rate changes when ITD is varied is a further metric
that dependents on neuronal BF. However, an important con-
sideration is that the NDFs in Fig. 3a constitute functions that
have been normalized for both the minimum and maximum
evoked spike rates, and thus correspond to the ITD-modulated
component only of the response to interaurally delayed noise.
Analyzing the data in this format is consistent with previous
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Fig. 3. The rate at which discharge rate changes
as a function of ITD is largely independent of
neuronal BF. (a, b) Average NDFs, plotted over
the same ITD range, for neurons with BFs in
bands around 250 Hz, 335 Hz and 425 Hz (both
50-Hz bands), 500 Hz, 700 Hz, 1.0 kHz and
1.4 kHz. The widest NDF with the longest peak
ITD is that for the 250-Hz band (dark blue line).
The BF band increases monotonically with
decreasing NDF width and position of peak ITD
up to 1.4 kHz (indicated by systematic transfor-
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calculated from the ITD-modulated components of the response only (a). Black circles indicate the percentage change in discharge rate per

microsecond calculated from the total discharge rate (b).

studies of ITD processing3!:37. However, the potential relevance
to the responses of low-frequency IC neurons of input from
monaural and ITD-insensitive nuclei is ignored in this analysis.
When NDFs were normalized for maximum discharge rate only
(Fig. 3b), rather than for both maximum and minimum dis-
charge rate (Fig. 3a), the ITD-modulated component of the
response as a proportion of the total neural output systemati-
cally declined with BF. The consequence of this increase in the
magnitude of the non ITD-modulated response component is
that the slopes of NDFs were more similar across BF than would
be the case if neural output were modulated completely with
ITD. As suggested by the NDFs in Fig. 3a, when only the ITD-
modulated component of the responses were considered (Fig.
3c, white circles), the rate at which discharge rate changed with
changing ITD increased systematically with increasing BF, albeit
more slowly than predicted from the assumption of half-rectified
responses (Fig. 3c, dotted line). When normalized to maximum
spike output only (Fig. 3c, black circles), and therefore expressed
as a proportion of total neural output (as with NDFs in Fig. 3b),
the rate at which discharge rate changed with 1TD was virtually
constant across BFs. For the lowest BF neurons (centered at 100
Hz), NDFs essentially took the form of a half-rectified sine wave
at BF being almost fully modulated with ITD. With increasing
BF, however, the rate of change in discharge rate increased only
slowly up to 400 Hz, and then remained essentially constant
between 0.1% and 0.2% of discharge rate per microsecond ITD
for BFs above 400 Hz.

DiscussioN

The current explanation of low-frequency localization in mam-
mals is that an array of neurons, tuned to different ITDs, encodes
the position of a sound source in azimuth. The assumption implic-
it in this explanation is that tuning to a specific ITD is manifested
as a maximum firing rate to that ITD, and that a range of neurons
with peak firing rates covering the entire range of physiological
ITDs exists within each auditory frequency band. Here we have
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presented empirical evidence, based on the responses of a large
population of ITD-sensitive single neurons, that is not consistent
with this explanation. First, the representation of interaural delays
across the physiological range by peak firing rates was not com-
plete across the low-frequency tonotopic gradient. Rather, the posi-
tion of peak ITDs was BF dependent, with the consequence that
neurons showed the largest changes in their discharge rate with
changes in ITD within the physiological range, and particularly
for ITDs that correspond to midline spatial positions. Second, the
extent of the representation within each frequency band was not
equivalent across BF, with a much wider range of ITDs producing
maximum firing in lower-BF than in higher-BF neurons. Howev-
er, both the value and the range of the interaural phase difference
at the peak within each frequency band were essentially invariant
as a function of BF. These observations do not accord with cur-
rent models of low-frequency binaural processing.

Anatomical evidence suggests that the barn owl nucleus lam-
inaris (NL, the avian homologue of the mammalian MSO) con-
tains a full complement of delay lines within each frequency
channel®®. Azimuthal position of a sound source is thought to
be encoded by a population of neurons sharply tuned for ITDs
within the barn owls’ physiological range. This model of sound
localization is normally taken de facto as the model to explain
sensitivity to ITDs in mammals10, particularly as it accords
extremely well with the coincidence detection model first pro-
posed by Jeffress for human low-frequency sound localization?,
However, aside from the empirical evidence in the current study,
there are a priori reasons why a neural code in which the max-
imum discharge rate signals the ITD might not be sufficient to
explain mammalian sensitivity to ITDs. Barn owls, using high
frequencies with consequent narrow ITD tuning and many
peaks of ITD functions within the physiological rangel21517,
would seem to have sufficient resolution in ITD functions to
be able to use the peak firing rate. However, the broad ITD func-
tions, and the lack of peaks near zero ITD, represent a problem
for mammals working at much lower frequencies. In our data,
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ITD tuning in the IC was only as sharp as that reported in the
one study in which recordings were unequivocally confined to
within the boundaries of the MSO2°. Nevertheless, it remained
that the slopes of ITD functions were sharper on the midline
side of the peak ITD compared with the non-midline side. How
might this observation, which has been previously reported3g,
be explained without resorting to a specific mechanism of neur-
al sharpening? On the basis that there are long delays at low BFs
and short delays at high BFs, convergent input onto single IC
neurons from MSO neurons with different BFs, which is a lin-
ear additive process3339, will produce NDFs with steeper mid-
line than non-midline slopes as a matter of course. This is
because individual NDFs are similar near midline but less so
farther from it (Fig. 3a and b). The simplest explanation, there-
fore, for the difference in the steepness of the slopes of NDFs
facing toward or away from midline ITDs, is that convergent
excitatory input from the brainstem reduces the slope of func-
tions away from midline, rather than inhibitory inputs sharp-
ening the slope nearest the midline.

Plausible mechanisms that dispense entirely with axonal
conduction delays have been postulated to account for the
empirical observation of 1TD sensitivity*, However, the cur-
rent data remain consistent with the more established models
of low-frequency binaural interactions including the involve-
ment of MSO neurons as coincidence detectors. One question
the current study raises concerns the nature and extent of any
putative systematic arrangement of delay lines subserving ITD
sensitivity. The extensive data set we report here clearly demon-
strates that there is a strong relationship between BF and peak
ITD in the mammalian midbrain. Because the MSO is tono-
topically organized, there must be a topographical organization
of differences in transmission time from the two ears that fol-
lows the tonotopy. However, we cannot rule out some addi-
tional form of processing that modifies either the input or the
output of the MSO so that it reflects the pattern of responses
we observe in the IC.

More important is the question of how the relationship
between BF and peak ITD can contribute to mammalian sound
localization. As an alternative model to a labeled line code,
where a particular neuron firing maximally indicates the
azimuthal position of the source, our data suggest that azimuth
could be encoded in the form of a rate code mediated by broad-
ly tuned spatial channels. The specific form this model might
take is subject to debate?6:27. At least three possibilities exist.
The first is that azimuthal position of a sound source is com-
puted from the overall discharge rate within the broadly tuned
ITD channel on one side of the brain. Thus, for a sound moving
away from the midline, activity will increase in the contralat-
eral hemisphere, toward the peak of the ITD functions, indi-
cating that the sound source has shifted to a more lateral
position. An inherent ambiguity in this model arises, however,
because changes in stimulus level also alter the overall activity
within these broad channels. This potential ambiguity can be
resolved by computing azimuthal position from a comparison
of activity between hemispheric channels, corresponding to the
summed (or subtracted) activity on either side of the brain®-2,
or from comparison between binaural and monaural activity
within the same hemispheric channel. In the two-hemispher-
ic-channel model, an increase in activity because of a change
in azimuthal position in one channel is accompanied by a
decrease in activity in the other hemispheric channel. Because
the low-pass filter properties of the head provide no apprecia-
ble interaural level differences for low-frequency sounds, irre-
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spective of their position in space, changes in azimuth will have
negligible effect on the sound-level-mediated component of the
discharge rate. Thus, in the single-hemispheric model, changes
in binaurally evoked, ITD-dependent activity are compared
with a fixed and azimuth-independent level of monaural activ-
ity in the same side of the brain. One potential problem for a
localization model based on the comparison of activity in two
hemispheric binaural channels is that unilateral lesions of the
IC seem to produce only contralateral deficits in sound local-
ization*!. However, because this study used broad-band stim-
ulation that would produce ITD, ILD and spectral cues, it is
possible that a binaural deficit in ITD processing alone could
be masked by the use of the other cues.

The provision for exquisite sensitivity to ITDs by the use of
broadly tuned channels is consistent with processing in many
other sensory modalities and submodalities, including color
processing in the visual system, in which cells broadly tuned
for wavelength provide for sensitivity to a plethora of differ-
ent hues. Furthermore, the representation of broadly tuned,
low-frequency spatial channels within each hemisphere is sim-
ilar to the activity patterns generated at high frequencies by
interaural level differences. Although a small fraction of mam-
malian neurons sensitive to disparities in the level of a sound at
the two ears are selectively tuned to a specific ILD, most favor
activation of one ear over the other, with maximal modulation
of discharge rates for ILDs corresponding to midline, or near-
midline, spatial positions*243, This again contrasts with the
barn owl, for which the ILD-sensitive neurons in the IC are
sharply tuned to a specific elevation which, when combined
with the output of neurons sharply tuned for azimuth, pro-
vides for a space-specific map in the barn owl optic tectum??,
Empirical evidence suggests that the azimuth of high-frequency
sound sources may be encoded primarily by edges in azimuth
receptive fields of a population of ILD-sensitive cells*3. This is
consistent with the suggestion that the slopes of the functions
through midline provide the basis for spatial acuity even
when spectral localization cues arising from the outer ear are
included.

METHODS

Single-neuron recordings were made from the low-frequency regions
of the inferior colliculus of 133 urethane-anesthetized guinea pigs using
glass-coated tungsten microelectrodes. Data from these animals con-
tributed to a range of different studies investigating binaural hearing
over a three-year period, as well as to the experiments reported here. All
experiments were carried out in accordance with the Animal (Scientif-
ic Procedures) Act of 1986 of Great Britain and Northern Ireland. Fol-
lowing isolation, each neuron’s BF was first determined audio-visually
using binaurally presented tones presented at zero ITD, and then by
recording a detailed frequency-versus-level response area over a
6-octave range around this BF. Ninety-five percent of the neurons sam-
pled had BFs below 1.5 kHz, a frequency close to the upper limit of ITD
sensitivity in the guinea pig32. Noise stimuli consisted of identical
(frozen) broadband noise bursts (50 Hz-5 kHz) presented dichotically
to each ear using 12.7-mm Briiel and Kjer (Naerum) condenser ear-
phones at 10-20 dB above the neuron’s noise threshold. Noise-delay
functions (NDFs) were constructed over a range of interaural delays
equal to 3x the period of the neuron’s BF. Either 20 repetitions of a
50-ms burst of noise, or 3 repetitions of a 320-ms burst of noise were
presented at each of 51 equally spaced delays over this range. Steepness
functions were constructed for each NDF by calculating the absolute
slope for each ITD from the difference in spike counts evoked by the
two neighboring ITDs, one more negative and one more positive. Fur-
ther details of methods may be found in our previous reports of ITD-
sensitive responses to interaurally delayed noise®.
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