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Abstract

Humans can accurately localize sounds even in unfavourable signal-to-noise conditions. To investigate the neural mechanisms
underlying this, we studied the effect of background wide-band noise on neural sensitivity to variations in interaural level differ-
ence (ILD), the predominant cue for sound localization in azimuth for high-frequency sounds, at the characteristic frequency of
cells in rat inferior colliculus (IC). Binaural noise at high levels generally resulted in suppression of responses (55.8%), but at
lower levels resulted in enhancement (34.8%) as well as suppression (30.3%). When recording conditions permitted, we then
examined if any binaural noise effects were related to selective noise effects at each of the two ears, which we interpreted in light
of well-known differences in input type (excitation and inhibition) from each ear shaping particular forms of ILD sensitivity in the
IC. At high signal-to-noise ratios (SNR), in most ILD functions (41%), the effect of background noise appeared to be due to
effects on inputs from both ears, while for a large percentage (35.8%) appeared to be accounted for by effects on excitatory input.
However, as SNR decreased, change in excitation became the dominant contributor to the change due to binaural background
noise (63.6%). These novel findings shed light on the IC neural mechanisms for sound localization in the presence of continuous
background noise. They also suggest that some effects of background noise on encoding of sound location reported to be emer-
gent in upstream auditory areas can also be observed at the level of the midbrain.

Introduction

Sound localization can be impaired by background noise, but it is
often forgotten that we maintain relatively good sound localization
performance across many signal-to-noise ratios (SNRs) (Good &
Gilkey, 1996; Good et al., 1997; Lorenzi et al., 1999; And�eol
et al., 2011; Kerber & Seeber, 2012). Some limited data are avail-
able on the neural bases of the effect of background noise on cod-
ing of cues for sound location or on the spatial tuning in auditory
cortex and superior colliculus (SC) (Brugge et al., 1998; Furukawa
& Middlebrooks, 2001; Martin et al., 2010). With respect to
response strength, the effects in SC (Martin et al., 2010) and A1
(Brugge et al., 1998) seem to differ. In A1, continuous background
noise only induced suppression of the responses similar to that
seen simply by decreasing signal level, while in SC most
responses were unaffected by noise, and only in a small number
of cells did noise result in suppression or enhancement of the
responses.
The inferior colliculus (IC) is an important obligatory midbrain

auditory nucleus in relay of information from cochlea to cortex
(Irvine, 1986; Pickles, 1988) and the source of indirect projections
to SC (Slee & Young, 2013). It is also the site of de novo synthe-
sis (Park, 1998; Pollak et al., 2003; Park et al., 2004; Li et al.,

2010; Pollak, 2012) of sensitivity to interaural level difference
(ILD) (Flammino & Clopton, 1975; Kelly et al., 1991; Oliver &
Huerta, 1992; Palmer & Kuwada, 2005), the predominant binaural
cue for azimuthal localization of high-frequency sounds (Erulkar,
1972; Mills, 1972; Irvine, 1986). Thus, investigating the effects of
noise on ILD sensitivity in IC could elucidate if the different
effects of noise on sound location coding in SC and A1 are emer-
gent differences in these areas or whether common processes occur
in IC, but are modified selectively in different upstream brain areas
by local circuitry. Furthermore, IC neurons receive complex excit-
atory, inhibitory and modulatory inputs from several brain struc-
tures (Casseday et al., 2002; Pollak et al., 2002; Bajo & King,
2012), and it is plausible that selective effects of noise on these
inputs can explain the mechanism underlying the changes in ILD
sensitivity due to noise. However, the effect of noise on these
inputs has not yet been assessed either in cortex or in the midbrain
(SC or IC).
The aim of this study was to provide a better understanding of

the effect of background noise on neuronal coding of ILD in IC of
rats and to examine whether this effect can be explained by effects
on the excitation and inhibition in this area. To do this, we first
compared the ILD sensitivity functions in the absence and presence
of binaural background noise, then compared the changes in ILD
sensitivity functions as a result of introducing binaural vs. monaural
background noise to assess the effect of noise on excitation and
inhibition.
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Materials and methods

Subjects

Recordings were performed in 25 adult male rats [ten Long-Evans
and 15 Specific Pathogen Free (SPF) Sprague-Dawley], weighing
240–470 g, obtained from Monash Animal Services (Monash
University, VIC, Australia). Experiments were approved by the
Monash University Animal Experimentation Ethics Committee and
conformed to the guidelines of the Australian Code of Practice for
the Care and Use of Animals for Scientific Purposes.

Surgical procedures

Animals were anaesthetized (60 mg/kg pentobarbitone, i.p.) and
administered a muscle relaxant (0.1 mL xylazine-saline solution,
i.p.). Anaesthesia was maintained with approximately hourly doses
of 0.1 mL pentobarbitone and 0.05 mL xylazine. We routinely
monitored depth of anaesthesia based on palpebral and pinch-with-
drawal reflexes, and through continuous monitoring of the electro-
cardiogram (ECG) and electromyogram (EMG) from the forearm
muscles. Body temperature was maintained at 37 � 0.5 °C using a
heating pad thermostatically controlled by feedback from a rectal
probe.
An incision was made along the midline of the head and the over-

lying tissue was deflected to expose the skull. The auditory mea-
tuses were transected close to the tympanic membrane with
sufficient canal tissue left to form a seal around a sound delivery
tube from the speaker coupler (see below), allowing sound to be
delivered directly to the eardrum. A craniotomy was made in the
skull over the left occipito-parietal cortex, extending 3 mm rostral
from lambda and 4 mm lateral from midline, to insert the electrode
for recording from the left IC.

Recording procedures and confirmation of recording locations
in IC

All recordings were done in a sound-proof room. The rat’s head
was tilted 15° up from the horizontal, and the microelectrode was
held in a stereotactic frame tilted 20° forward from the vertical. Par-
ylene-coated tungsten microelectrodes with 2 MΩ impedance at
1 kHz (A-M Systems, Carlsborg, WA, USA) were used to record
from the IC. The electrode penetration site on the cortex varied
around positions approximately 1.1 mm rostral and 1.7 mm lateral
of lambda. Signals from the microelectrode were amplified
(gain = 1000) and band-pass filtered between 0.5 and 9 kHz. Spikes
were extracted in real-time using a Schmitt trigger device with the
trigger level set manually by the experimenter, while monitoring the
electrode output and trigger level on an oscilloscope.
The electrode was advanced through the occipito-parietal cortex

towards the midbrain while presenting auditory stimuli that were
varied between noise bands and tonal stimuli until detection of
robust auditory responses with characteristics of IC recordings
(see below). Once we were assured that the response characteris-
tics were indeed those expected from IC neurons, the electrode
was advanced in 2- to 5-lm steps to obtain recordings from a
well-isolated single neuron (SNR of at least five times back-
ground recording level).
Mean spike counts from a well-isolated single neuron were com-

puted within the windows that were set to capture different response
components of the neuron (i.e. onset, late and sustained components;
see below) and were stored for further offline investigations. The
spike waveforms were monitored continuously to ensure the single

unit recording state was maintained and the same waveform was
present for all recordings.
After data collection from a single well-isolated cell at one

depth, the electrode was advanced at least 100 lm from the
recording depth while monitoring the signal from the recorded cell
on the oscilloscope screen to ensure it was progressively reduced
in size and ultimately buried in noise, before attempting to obtain
recordings from the next well-isolated cell. This process ensured
that there was no overlap between data from successively recorded
single neurons.
To ensure that all recordings were done in the IC, we used the

tonotopic sequence of the characteristic frequency (CF; frequency of
greatest sensitivity) of successive neurons and the characteristics of
the neural responses. Thus, we only report recordings from penetra-
tions in which we observed a systematic increase in CF with sys-
tematic movements further ventrally (Syka et al., 1981) from the
first point where auditory drive was first obtained in each penetra-
tion. Also, we observed that almost all neurons in the recording area
had spontaneous activity, and the very few neurons that did not
were interspersed amongst spontaneously active neurons located
more dorsally and more ventrally. Finally, the majority of neurons
from which recordings were obtained had sustained activity and,
again, the neurons that did not were interspersed amongst neurons
with sustained activity located more dorsally and more ventrally.
These three characteristics differentiate IC recordings from record-
ings in the SC under similar anaesthetic conditions (Wise & Irvine,
1983). SC cells do not show a systematic progression in CF in
dorso-ventrally orientated penetrations, they show little to no sponta-
neous activity and they predominantly have onset-only responses.
All these properties of SC recordings were also confirmed in rats in
our other experiments not reported here. In a few cases, post-mor-
tem histology with Nissl stains was conducted, and microscopy con-
firmed the location of our recordings in central nucleus of IC, but
this histology is no longer available and cannot be presented in this
report.

Auditory stimuli

As detailed previously (Rajan, 2000, 2001, 2005), tones and noise
stimuli to each ear were synthesized using a Tucker-Davis Technol-
ogies (TDT; Alachua, FL, USA) auditory processor at sampling rate
of ~200 kHz and passed through separate programmable attenuators,
before feeding into one of two Sennheiser HD 535 speakers each in
specially designed custom-made housing leading out to a sound
delivery tube placed in one external auditory meatus (Rajan, 1995,
1998). Sound pressure level (SPL) was measured by presenting the
sound stimulus into one end of a closed-cavity coupler through the
speakers, while the output was recorded at the other end using a
0.25-inch condenser microphone (Type 4135; Br€uel & Kjær,
Nærum, Denmark) connected to a measuring amplifier (Type 2606;
Br€uel & Kjær). The frequency response curves of the speakers for
frequencies ranging from 1 to 40 kHz were determined by measur-
ing the output of the speakers using this set-up, while a Gaussian
white noise stimulus was played at the maximum voltage (�10 V
for the TDT system), and the power spectral density of the recorded
output was then obtained. This was adjusted by spot checks of out-
put levels of tones at five frequencies across this range. The fre-
quency response curves of the speakers resulting from this
calibration were used for setting of the level of the sound stimuli
(Rajan et al., 1991).
Tonal stimuli were gated tone bursts shaped with a 4-ms rise–fall

time, with variable duration between 50 and 200 ms depending on

© 2015 The Authors. European Journal of Neuroscience published by Federation of European Neuroscience Societies and John Wiley & Sons Ltd.
European Journal of Neuroscience, 42, 1685–1704

1686 Y. Mokri et al.



the cells’ response profile (see below). Tonal stimuli were always at
the CF. To test the effects of background noise, band-passed Gauss-
ian white noise (1–40 kHz) was generated using the TDT system
and was presented, either monaurally or binaurally, as a continuous
stimulus starting 5 s before commencing testing with the tones and
remained on for the duration of each block of testing (see below).

Segregation of different temporal components of neural
responses

Once a well-isolated single neuron was identified, we estimated the
cell’s CF and the threshold at CF by monitoring the neural
responses audio-visually while manually varying tonal frequency
and level. Then, CF tone stimuli were presented at levels from CF
threshold to 60 dB > CF threshold, to categorize the cell’s response
patterns as Onset, Onset-late and Sustained (Irvine & Gago, 1990),
for setting of stimulus duration for all subsequent tests. Typically,
Onset responses showed a brief burst of responses (5–30 ms) shortly
after stimulus onset (i.e. onset response component), Onset-late
responses showed the onset response component, followed by a
brief pause of at least 20 ms and then sustained firing for the dura-
tion of the stimulus (i.e. late response component), and Sustained
responses had a sustained discharge for the duration of the stimulus,
commencing about 35–50 ms after stimulus onset that was main-
tained while testing with a range of stimulus durations from 50 to
300 ms (i.e. sustained response component). During our recordings,
onset response components were tested with 50-ms tones, and late
or sustained response components were tested with tones ranging in
duration for 100, 150 or 200 ms, with tone duration set to ensure
that all response components were captured. Onset, late and sus-
tained response components were captured separately with appropri-
ate time windows set for data collection. Using different durations
for tonal stimuli helped in saving time, given the large number of
conditions tested for each cell in this study.
It has been shown that the onset and late components of Onset-

late cells can behave differently in terms of absolute sensitivity at
CF, patterns of growth of response rate with level and ILD sensitiv-
ity (Hind et al., 1963; Geisler & Rhode, 1969; Moore & Irvine,
1981; Irvine, 1986; Irvine & Gago, 1990; Finlayson, 1999). Of par-
ticular relevance to this study, the interaction between monaural
inputs to a cell in the IC of rats can also be time-dependent (Zhang
& Kelly, 2009, 2010). This was also true of our recordings, such
that the effects of noise could be different on the two temporal
response components even when recorded from the same IC cell
(see Results). Hence, we separately analysed onset and late compo-
nents of Onset-late responding cells and will present data to justify
this segregation in the Results. These components, i.e. onset, late
and sustained response, are referred to as response components here-
after.

Quantitative data collection

As described earlier, the CF and the threshold at CF were first esti-
mated by the experimenter for each cell. The first set of quantitative
measurements was of the frequency-level response area to accurately
confirm CF and threshold at CF for each response component. The
frequency-level response area was determined with tonal stimuli pre-
sented over a wide frequency range encompassing the estimated CF
and from levels extending from 20 dB below the estimated CF
threshold up to 80 dB SPL, and with spike counts measured across
8–20 repetitions of this matrix of frequency-level combinations.
The spike count at each frequency-level combination also allowed

generation of input–output (I-O) functions of the relationship
between neural response and tone sound level.
After determining the CF and CF threshold for each response

component, and recording the frequency-level response area, we
then examined sound location encoding characteristics of each
response component by recording responses to variations in ILD.
We used the average binaural level (ABL)-constant method (Irvine,
1986), in which ILDs were created by varying the sound levels in
the two ears symmetrically around a pre-specified base level (ABL).
ILDs were generated over a range from �30 dB (sound level in the
ear contralateral to the recording IC set 15 dB > ABL and sound
level in the ipsilateral ear set 15 dB < ABL) to +30 dB (sound level
in contralateral ear set 15 dB < ABL and sound level in ipsilateral
ear set 15 dB > ABL), in steps of 5 dB. At each ILD, the stimulus
was repeated 20 times, and in each block, ILD stimuli were alter-
nated so that a larger contralateral level was followed by a larger
ipsilateral level to reduce any effect of adaptation. Spike count
across these 20 repetitions was considered as the neural response to
the tonal stimulus at that ILD.
For each response component, the spike count vs. ILD function,

henceforth referred to as the ILD sensitivity function or ILD func-
tion, was first obtained at a particular ABL that corresponded to a
contralateral sound level that when presented monaurally evoked
robust but not saturated responses. This level was determined from
the CF I-O function obtained from the frequency-level response area
measurement and is referred to as the standard ABL hereafter. Then,
the effect of binaural background noise on responses to variations in
ILDs was examined. Noise level was initially set to the SPL that
evoked a noticeable effect on but not total suppression of the ILD
function. This noise level is hereafter referred to as the standard
noise level.
After recording responses to ILD variation about the standard

ABL in the presence of the standard binaural background noise, if
recording was still stable, we recorded responses to ILD variation
about the standard ABL in the presence of the standard background
noise, but presented only to one ear at a time. In such tests, we also
assessed the binaural interactions potentially underlying the ILD
sensitivity function, categorizing cells based on their binaural input
characteristics into EE, EI, IE, predominantly binaural (PB), and
EO/mon, using the notation introduced by Goldberg & Brown
(1969), and based on characteristics described in detail by Irvine
et al. (1996). In this categorization, EI cells are classed as receiving
predominantly excitatory input from the contralateral ear and pre-
dominantly inhibitory input from the ipsilateral ear, the reverse is
true for IE cells, EE cells receive excitatory inputs from both ears,
PB cells show strong binaural facilitation regardless of their monau-
ral response characteristics (e.g. the EE/F cells among this group
receive sub-threshold excitatory inputs from each ear, but when both
ears are stimulated simultaneously, the response to the stimulus is
much stronger than the summation of the responses to monaural
stimulation) and EO/mon cells are monaural cells. In practice, in the
EO/mon category, we found only cells receiving excitatory input
from the contralateral ear. This classification would be used to spec-
ulate on the mechanisms underlying the effect of binaural back-
ground noise on ILD sensitivity based on the excitatory and
inhibitory inputs to each response component, as are described in
detail later.
Then, if recording conditions permitted, the effect of other back-

ground noise levels was tested on ILD sensitivity at the standard
ABL. Finally, where possible, we examined other ABLs to investi-
gate the effect of varying SNR (SNR = CF tone SPL – background
noise SPL) on ILD functions.
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Classification of ILD functions

The main focus of this study was to assess the effect of back-
ground noise on ILD sensitivity of the IC neurons. As this effect
may differ between neurons coding for different azimuthal loca-
tions, we grouped the recorded ILD sensitivity functions into six
categories based on their putative functional role in the coding of
sound location, using descriptors that have been identified and used
in previous studies in the IC and other auditory structures to define
ILD sensitivity (Irvine, 1986; Irvine et al., 1996; Uragun & Rajan,
2013).
For this classification, we first identified responses that were ILD-

sensitive, defined as functions showing ILD-dependent variations in
response strength of more than 50% of the maximum response of
the ILD function, a well-established criterion for quantifying ILD
sensitivity (Rose et al., 1963; Irvine et al., 1996). ILD functions that
did not meet this criterion were classed as ILD-insensitive (Fig. 1A;
all ILD responses are larger than 50% of the maximum response,
marked by the dashed horizontal line). We then categorized the
ILD-sensitive responses into monotonic and non-monotonic ILD
functions, based on which function among Boltzmann, exponential,
Gaussian and Lorentzian functions (defined below) was a better fit
to the ILD function. We used the fit function of the MATLAB curve
fitting toolbox, and the best fit for each individual ILD function was
defined as the fit with the smallest sum of squared errors (SSE).
Determining the best fit for the ILD functions was particularly use-
ful, as we used the parameters of the best fitting function for each
ILD function for quantifying the characteristics of that ILD function,
i.e. response strength, ILD50 or peak ILD, and full width at half
maximum or 80% dynamic range (these characteristics are described
later in detail).
A Boltzmann function is defined in eqn (1), where A1 is the ini-

tial activity, A2 is the final activity, x0 is the half amplitude point
and dx is descriptive of slope:

y ¼ A1 � A2

1þ eðx�x0Þ=dx
þ A2 ð1Þ

An exponential function is defined in eqn (2), in which A1 is
maximum response, and b is the growth rate:

y ¼ A1ebx ð2Þ
A Gaussian function is defined in eqn (3), in which A1 is the

maximum response, w is indicative of width, xc is the location of
the peak response and A2 is the baseline activity:

y ¼ A2 þ A1eð�ðx�xcÞ2=2w2Þ ð3Þ
A Lorentzian function is defined in eqn (4), in which A1 is the

maximum response, xc is the location of the maximum response and
w is width.

y ¼ A1

1þ ðx�xc
0:5wÞ2

ð4Þ

In all equations, x is the ILD at which the stimulus was presented,
and y is the response to the stimulus at that ILD. Note that by using
the inverse function of these functions, it is possible to determine
the ILD (i.e. x value) at which a particular response strength, for
example 50% of the maximum response (i.e. y value), occurred. We
used this method to determine some of the characteristics of the
ILD functions, such as ILD50, as will be described later.
If the best fitting function for an ILD function was either a Boltz-

mann or an exponential function, the ILD function was termed
monotonic. Monotonic ILD functions were further divided into Con-
tra-selective (Fig. 1B) if the maximum response occurred at the
ILDs favouring the contralateral ear [A1 < A2 in eqn (1) or b < 0 in
eqn (2)], and Ipsi-selective (Fig. 1C) if the maximum response
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Fig. 1. Examples of the different categories of ILD sensitivity functions in the absence of background noise. An example (A) ILD-insensitive (variations in
response strength of <50% of the maximum response of the ILD function); (B) Contra-selective (monotonic); (C) Ipsi-selective (monotonic); (D) Midline-selec-
tive (non-monotonic); (E) Off-midline-selective (non-monotonic); and (F) Complex (multiple peaks) ILD function. Dashed horizontal line represents 50% of the
maximum response margin [ILD function was ILD-sensitive if responses dropped below this level at some ILDs (B–F)]. Thick solid line shows the best fitting
function (fit with the smallest SSE among Boltzmann, exponential, Gaussian and Lorentzian functions) to the ILD sensitivity function. This fitted function was
used to categorize the ILD sensitive functions into categories shown in B–E and to compute some metrics characterizing the ILD functions, i.e. maximum
response strength, ILD50, peak ILD, 80% dynamic range and width. It was not possible to find a good fit among the above mentioned functions for Complex
ILD functions (F). The shaded area indicates the ILDs ranging between 5 and �5 dB [for Midline-selective ILD functions (D), peak ILD fell within this range,
while for Off-midline-selective functions (E), it fell outside this range]. Ipsi: sound pressure level in the ipsilateral ear; Contra: sound pressure level in the con-
tralateral ear.
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occurred at the ILDs favouring the ipsilateral ear [A1 > A2 in
eqn (1) or b > 0 in eqn (2)].
If the best fit was either a Gaussian or a Lorentzian function,

and the response dropped by more than 50% of the peak response
at both sides of the peak response within the range of ILDs tested,
the ILD function was termed non-monotonic. Non-monotonic ILD
functions were classed into Midline-selective (Fig. 1D) and Off-
midline-selective (Fig. 1E) functions, based on whether the location
of the peak response [xc in eqns (3) and (4)] was in the range of
�5 dB about 0 dB ILD (Midline-selective) or outside this range
(Off-midline-selective). However, for some functions, although a
Gaussian or Lorentzian function was the best fit, the response did
not drop below 50% of the peak response at one side of the peak
response, within the range of ILDs tested, and we classified these
functions among the monotonic functions.
It was impossible to find a good fit for a few ILD functions with

multiple peaks, and these ILD functions were categorized as
Complex (Fig. 1F; one maximum occurred at ILD �30 dB and one
around ILD 0 dB). The SSE for the best fit for these Complex ILD
functions constituted the outliers of the distribution of SSEs for the
best fit for all ILD functions. Most Complex functions were similar
to those reported earlier as Trough functions in A1 of cats (Irvine
et al., 1996).
Although despite a long history at all levels of the auditory

system of describing ILD functions as being monotonic (sigmoi-
dal-shaped) or non-monotonic (peaked), there is no strong theoret-
ical basis to guide what form of functions should be used to fit
to ILD sensitivity functions in IC or other areas in the auditory
pathway (Uragun & Rajan, 2013). Therefore, to determine if an
ILD function was monotonic or non-monotonic, initially we used
a sigmoidal function (Boltzmann) and one bell-shaped function
(Gaussian). However, when we implemented this strategy, we
found that these two functions did not capture the variability in
the shape of the ILD functions. For example, we found that none
of these initial fitting functions (Boltzmann or Gaussian) was a
good fit for ILD functions like those shown in Fig. 1C. Hence,
and to have a more accurate estimate of the metrics characteriz-
ing the ILD functions, i.e. maximum response, ILD50, peak ILD,
80% dynamic range and width, we added two more functions that
were a better fit to some ILD functions than were the Boltzmann
or Gaussian functions, namely exponential and Lorentzian
functions.

Defining the features of the ILD functions

To characterize the effect of noise, we extracted some metrics to
describe the main features of the ILD functions from the best fit
found using the curve fitting method described above.
Maximum response strength at the preferred location: defined as

the maximum of the ILD function. This value was equal to A1 + A2

in eqns (1) and (3), A1 in eqn (4), and the maxima for eqn (2).
Equations (1) and (2) were for monotonic ILD functions and
eqns (3) and (4) were for non-monotonic ILD functions.
Putative coding features of the ILD functions: defined as the

ILD50 (for monotonic functions) or peak ILD (for non-monotonic
functions). The ILD50 was defined as the ILD at which the strength
of the responses was 50% of the maximum response. This is the
inflection point at which the inputs from the contralateral ear domi-
nate the inputs from the ipsilateral ear and is thought to have a role
in population coding of sound location in IC (Palmer & Kuwada,
2005). The ILD50 was found using the inverse function (described
earlier) of the best fitting function [eqns (1) or (2)]. For non-mono-

tonic functions, peak ILD signals the preferred location of a cell and
was defined as the ILD at which the peak response occurred [xc in
eqns (3) and (4)].
Tuning characteristics of the ILD functions: defined as 80%

dynamic range for monotonic ILD functions and width for non-
monotonic ILD functions. The 80% dynamic range was the ILD
range over which response strength dropped from 90 to 10% of the
maximum response strength. ILDs at which the 90 and 10% of the
maximum response occurred were found using the inverse function
of the fitted functions, i.e. eqns (1) and (2). Width for non-mono-
tonic functions was taken as the width of the ILD function at the
response strength that was half the maximum response, i.e. full
width at half maximum (FWHM). This was equal to 2.35w in
eqn (3), i.e. full width at half maximum for a Gaussian function,
and w in eqn (4).

Results

In this section, we first categorize responses based on their putative
functional role in encoding location of a sound source, and then
show how introducing binaural background noise affected this spa-
tial coding. Finally, we describe the potential correlation between
the effect of background noise on the excitatory and inhibitory
inputs received from individual ears and the effect of binaural back-
ground noise on spatial coding.

IC cell response patterns

In total, we recorded from 67 cells, confirmed by their response
characteristics and the progression of CF in successively encoun-
tered neurons to be in the central nucleus of IC (see Materials and
methods). We classified cells as Onset (47.7%), Onset-late (40.2%)
and Sustained (11.9%) using the time pattern characteristics of
responses to CF stimuli (Irvine & Gago, 1990). This distribution
was similar to that reported for the cat IC (Irvine & Gago, 1990).
In most cells, the response pattern remained constant with CF tone
level tested over a range from threshold to 60 dB > CF threshold.
In the few cells where there were changes, we found that from
levels of 20 dB > CF threshold (used in our study for these cells)
there were no changes in the response pattern of an individual
cell.
Similar to other studies mentioned earlier, it was apparent in

our recordings too that the different time components of the same
Onset-late cell’s response could show very different ILD sensitiv-
ity, and we also found that even when they showed the same
form of ILD sensitivity, the effects of noise could be quite differ-
ent for different time components of the same cell (see below).
Therefore, we separately analysed the onset and late components
of Onset-late responding cells, resulting in a total of 94 response
components for analysis. These components could be easily sepa-
rated temporally, because they were separated by a gap of at least
20 ms.

Classification of responses based on ILD sensitivity at the
standard ABL

As described in detail in the Materials and methods, to examine
ILD sensitivity, a tonal stimulus at the CF of each response compo-
nent was presented at ILDs varying around the standard ABL. Spike
counts recorded in response to the tonal stimulus at each ILD consti-
tuted the ILD sensitivity function (ILD function) for each response
component.
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Figure 2 shows the distribution of the characteristics of the test
population (namely CF, CF threshold, and the difference between
the standard ABL and CF threshold) separated for early and late
response components. The CF for the 94 response components ran-
ged from 0.8 to 34 kHz (Fig. 2A), with most response components
having a CF < 15 kHz, and the CF threshold ranged from �20 to
60 dB SPL (Fig. 2B), with most CF thresholds lying between 5
and 40 dB SPL. There was no significant difference between the
distribution of CF or CF thresholds for the two response compo-
nents (two-sample Kolmogorov–Smirnov test, P = 0.5 and P = 0.1
for CF and CF threshold, respectively). However, note that while
in our recordings the CF was the same for the early and late
response components of the same On-late cell, for seven out of 27
On-late cells, the CF threshold for the early response component
was different from the CF threshold of the late response component
of the same cell. As shown in Fig. 2C, for most response compo-
nents (70.5%), the standard ABLs at which ILD functions were
recorded were 15–35 dB > CF threshold. Again, there was no sig-
nificant difference between the distributions of this measure for
early and late response components (two-sample Kolmogorov–
Smirnov test, P = 0.8).
We divided the ILD functions into six categories: Contra-selec-

tive, Ipsi-selective, Midline-selective, Off-midline-selective, ILD-
insensitive or Complex, based on the criteria described in the
Materials and methods. Figure 2D shows the distribution of the cat-
egories of ILD functions separately for early and late components
of the responses (early responses in this figure are the onset
response components of the Onset and Onset-late responses, and
late responses constitute the late response components of Onset-late

responses and the sustained response components). In general, the
distributions of ILD function categories were quite similar across
early and late responses (two-sample Kolmogorov–Smirnov test,
P = 0.8). For both temporal response components, the major class
consisted of Contra-selective cells, with non-monotonic functions
(Midline-selective and Off-midline-selective functions) being the
second largest category. ILD-insensitive and Complex ILD func-
tions formed the next largest categories, with slightly more of the
late response components showing these types of ILD functions
than the early response components.
Despite this overall similarity of distributions, considering the

Onset-late cells, onset and late response components of an indi-
vidual cell did not routinely show the same ILD sensitivity cate-
gory. For 14 out of 27 Onset-late cells, the category of the ILD
functions obtained was different for onset and late response com-
ponents, in agreement with other studies that have also reported
differences in the ILD sensitivity of early and late responses
(Hind et al., 1963; Geisler & Rhode, 1969; Moore & Irvine,
1981; Irvine, 1986; Irvine & Gago, 1990). Figure 3A plots, for
these 14 Onset-late cells, the category of ILD function of the
onset response component vs. that for the late response compo-
nent of the same cell, and shows that there was no relationship
between the ILD function categories of the two components. For
example, when the category of the ILD function for the onset
response component was Contra-selective, the category of the late
response component could be Midline-selective, Complex or ILD-
insensitive.
The remaining 13 Onset-late cells each had the same category

of ILD functions for the onset and late response components. For
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nine of these cells, the ILD functions of their onset and late
response components were either both monotonic or both non-
monotonic ILD functions, which enabled us to compute the
metrics characterizing the ILD functions for these functions.
Figure 3B–F show the comparison between these metrics for the
onset and late response components of these nine Onset-late cells
(for the remaining four Onset-late cells, both onset and late
response components were ILD-insensitive and it was not possible
to compute these metrics for comparison). These metrics were the
ILD50 for monotonic functions (Fig. 3B), peak ILD for non-
monotonic functions (Fig. 3C), 80% dynamic range for monotonic
functions (Fig. 3D), FWHM for non-monotonic functions
(Fig. 3E) and maximum response strength (Fig. 3F). As shown by
the r values at the top of each panel, there was no significant
correlation between the metrics characterizing the ILD functions
of the onset and late response components of these Onset-late
cells. Even though the r value for the peak ILD for the three
non-monotonic ILD functions (Midline-selective and Off-midline-
selective) was high, the relationship was not significant (P = 0.1).
Thus, even in cells with the same ILD function category for
onset and late response components, there was rarely any correla-
tion between the metrics for the ILD functions for the two
response components. These differences formed the basis for
treating the early and late response components of the Onset-late
cells as separate, and analysing the effect of background noise on
these components separately.

Effect of binaural background noise on coding of ILDs at the
standard SNR

We now detail the effect of introducing binaural background noise
on ILD functions recorded at the standard ABL and standard back-
ground noise level, i.e. at the standard SNR.
For seven out of 94 ILD functions, none of the noise levels tested

had a strong effect on the responses, so these ILD functions were
discarded from further analysis, leaving 87 ILD functions for
analysis at the standard SNR. Of these 87 ILD functions, 13 were
ILD-insensitive and eight were Complex, and these are considered
separately later. Effects described here are therefore for 66 ILD
functions (38 Contra-selective, three Ipsi-selective, 17 Midline-selec-
tive and eight Off-midline-selective ILD functions). For these func-
tions noise could be causing the following.

Change in maximum response strength

The noise-induced change in maximum response strength was con-
sidered significant if the maximum response in the presence of
noise differed from that in the absence of noise by 20% of the
maximum response strength in the latter condition. The value of
20% was chosen because it appeared to demarcate changes in
maximum response strength due to noise masking from changes
explicable as random variability, and also because it is the crite-
rion used by Zhang & Kelly (2010) for similar quantification of
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changes in responses. We tested some values other than 20% as
well and found that small changes in this value did not affect the
overall results significantly. Figure 4A shows an example ILD
function that exhibited a noise-induced increase in maximum
response strength by 42.8% of the maximum response strength in
the no-noise condition, while Fig. 4B shows an example ILD func-
tion that exhibited a noise-induced decrease in maximum response
strength by 35.4% of the maximum response strength in the no-
noise condition.

Shift of ILD function

Noise could also cause a shift in the ILD function towards more
negative or more positive ILDs (i.e. to ILDs favouring the contra-
lateral or ipsilateral ear, respectively). For monotonic ILD sensi-
tivity functions, this change was quantified by comparing the
ILD50 values across noise conditions, while for non-monotonic
ILD sensitivity functions, this was done by comparing the peak
ILDs. A shift of more than 5 dB or <�5 dB in these parameters
was considered significant. Figure 4C shows an exemplar mono-
tonic ILD function for which the ILD50 shifted by 6 dB towards

more contralateral locations, compared with the ILD50 of the ILD
function in the no-noise condition, when background noise was
introduced. For the exemplar non-monotonic ILD function in
Fig. 4D, the peak ILD in the presence of noise was shifted by
10 dB towards more contralateral locations, compared with the
no-noise condition.
Background noise could result in a combination of these

changes in an ILD function, e.g. a significant decrease in
response strength accompanied by shift of the ILD function to
more lateral ILDs.

Change in category

Introduction of background noise sometimes resulted in a change in
the shape (i.e. the category) of the ILD function, as shown for the
example ILD function in Fig. 4E.

Change in tuning characteristics

Tuning of the ILD functions was measured for non-monotonic func-
tions as the width of the ILD function and for monotonic ILD func-
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tions as the 80% dynamic range, and introducing background could
affect these metrics. Change in these features of ILD functions was
not used to classify the effect of background noise, and it is reported
only for completeness of description.
We used changes in maximum response strength, putative cod-

ing features, i.e. ILD50 and peak ILD, as well as in the shape of
the ILD function to classify the effects of the standard level of
background noise on the ILD sensitivity function at the standard
ABL, and these effects of background noise on the 66 ILD func-
tions available for analysis are summarized in Fig. 4F. With
respect to response strength, almost equal numbers of ILD func-
tions exhibited suppression in maximum response strength
(30.3%) (Fig. 4F; ‘Dec’ and ‘Dec/Sf’), as exhibited enhancement
of maximum response strength (34.8%), (Fig. 4F; ‘Inc’ and ‘Inc/
Sf’). One interesting result, with respect to effects in the different
ILD function categories, was that for nearly all Off-midline-selec-
tive functions (seven/eight), binaural noise increased the maximum
response strength (the clear bars marked as ‘Inc’ and ‘Inc/Sf’ in
Fig. 4F), in contrast to Midline-selective functions where noise
also decreased the maximum response strength. For many other
ILD functions (16.6%), while maximum response strength was
maintained, there was a shift in ILD50 or peak ILD (Fig. 4F;
‘Sf’). Shift in ILD50 without or with changes in maximum
response strength occurred in 56.1% of monotonic functions,
while shift in peak ILD occurred in 28% of the non-monotonic
functions (Fig. 4F; ‘Sf’, shift only; ‘Dec/Sf’, decreased response
strength + shift; ‘Inc/Sf’, increased response strength + shift). This
suggests that the peak ILD of non-monotonic functions may be
more resilient to noise compared with the ILD50 of monotonic
functions. The shift of the ILD functions was always towards
ILDs favouring more contralateral locations compared with the
no-noise condition except for two Contra-selective functions and
one Mid-line-selective function, for which the shift was towards
more ipsilateral locations. The monotonic ILD functions discussed
here were all Contra-selective, as the only effect observed for
Ipsi-selective functions was that background noise altered the
shape of the ILD function (note hatched bars in Fig. 4F only at
label ‘Shp’). Finally, with respect to changes in tuning character-
istics (not illustrated in Fig. 4F for clarity), most non-monotonic
ILD functions (61.1%) showed a decrease in tuning width, while
there was an increase in the tuning dynamic range for most
monotonic ILD functions (64.2%).
The effect of background noise was also studied for 13 ILD-

insensitive and eight Complex ILD functions, which were not
detailed above, as it was not possible to use the metrics described
earlier to quantify the effects of noise on these ILD function catego-
ries. Most Complex functions (92.3%) exhibited a change in shape
in background noise, while the rest showed an overall decrease in
response across all ILDs. Twelve out of 13 ILD-insensitive func-
tions turned into Contra-selective ILD functions in background
noise. Only one of these ILD-insensitive functions exhibited an
overall suppression in the responses and remained ILD-insensitive
when background noise was presented.
For 13 out of 27 Onset-late cells, the category of the ILD func-

tions for early and late response components was the same. How-
ever, for six out of these 13 cells (46.1%), background noise at the
standard SNR produced different effects on onset and late response
components. For example, for one of these cells, the effect of intro-
ducing standard background noise on the ILD functions of the onset
response component was an increase in response strength, while it
was a decrease in response strength for the ILD function of the late
response component.

Effect of variation of the level of binaural background noise on
ILD sensitivity

For 52 response components, after testing at the standard SNR, good
spike isolation allowed testing of the effects of increasing level of
background noise (decreasing SNR). As shown in Fig. 5A, all cate-
gories of ILD functions were tested at several SNRs, although due
to the time constraint imposed by stability of recording, not all 52
were tested over the same range of SNRs.
Nine of the 52 response components had ILD-insensitive or com-

plex ILD functions and are discussed later. For the remaining 43
response components with monotonic or non-monotonic ILD sensi-
tivity functions, the effect of changing SNR on ILD functions was
variable across the response components. Figure 5B–F show exam-
ples of each of the different patterns of effects by varying SNR
observed for the ILD functions.
For some ILD functions, response strength consistently decreased

with increasing noise level and this decrease was accompanied by a
lateral shift of ILD50 (Fig. 5B) or Peak ILD compared with the no-
noise condition. For another group of ILD functions, the initial
effect of increasing noise level was an increase in maximum
response strength (Fig. 5C; e.g. compare SNR = 0 dB with no-noise
condition), followed by a decrease with further increases in noise
level (Fig. 5C; e.g. compare SNR = �20 dB with SNR = �10 dB).
This decrease was also accompanied by a shift in Peak ILD
(Fig. 5C) or ILD50. For a few ILD functions, the only effect was a
lateral shift of ILD50 with no significant change in maximum
response strength (Fig. 5D). The other common effects were a
change in shape (Fig. 5E) and non-systematic changes with changes
in SNR (Fig. 5F). Figure 5E shows an ILD function that in the
no-noise condition was Off-midline-selective, but it turned into a
Contra-selective ILD function when the level of noise increased,
and Fig. 5F shows an example of non-systematic changes as the
noise level increased above standard.
Figure 6A shows the distribution of these patterns of change for

the different categories of monotonic (‘Con’ and ‘Ips’ labels) and
non-monotonic (‘Mid’ and ‘Off’ labels) ILD functions, for all 43
response components. Most ILD functions (54.7%) eventually
exhibited a decrease in maximum response strength accompanied by
lateral shift [Fig. 6A; decrease in maximum response strength
accompanied by lateral shift (‘Dec/Sf’) or increase in maximum
response strength then followed by a decrease accompanied by lat-
eral shift (‘Inc/DS’)]. However, a relatively large percentage of func-
tions (33.3%) showed non-systematic changes with increasing noise
level (Fig. 6A; bars labelled ‘NSys’). With respect to ILD function
category, with decreasing SNR, the Contra-selective ILD functions
predominantly showed a decrease in response strength accompanied
by lateral shift, with the next most common effect being non-sys-
tematic changes. The Midline-selective ILD functions also predomi-
nantly showed these two effects but the weighting was reversed,
with more of this category of function showing non-systematic
effects than any other effect. The other two categories of ILD func-
tions were too small in number to draw any firm conclusions with
respect to these ILD function categories.
For these 43 response components, the maximal effect of noise

within the range of noise levels tested was quantified at the lowest
SNR (highest test noise level) and this result is shown in Fig. 6B.
For most ILD functions (53.4%), the main effect at the highest test
noise level was a decrease in response strength accompanied by a
lateral shift in the ILD50 or peak ILD of the function (left bars
labelled ‘Dec/Sf’ in Fig. 6B). Many ILD functions (34.8%; Fig. 6B;
bars labelled ‘Shp’) changed shape (ILD function category). With
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respect to ILD function category, at the lowest SNR, the Contra-
selective ILD functions predominantly showed a decrease in
response strength accompanied by lateral shift, with the next most
common effect being change in shape (category) of the ILD func-
tion. The Midline-selective ILD functions also predominantly
showed these two effects, while in contrast to Contra-selective func-
tions, these two effects seemed to be equally likely for this category.
The other two categories of ILD functions were too small, and it
was not possible to make firm conclusions for these categories.
Comparing these results with the results of introducing background
noise at the lowest level tested (standard noise) presented in Fig. 4F
shows that while suppression and facilitation of responses were
equally likely at higher SNRs, suppression of the responses became
the most dominant effect at lower SNRs.
Effects across all SNRs for the 43 response components are sum-

marized in Fig. 6C. Increase in response strength (clear bars and
cross-hatched bars, labelled ‘Inc/Sf’ and ‘Inc’) was more prevalent
at higher SNRs (lower noise levels), the change in shape (light grey
bars, labelled ‘Shp’) was more prevalent at lower SNRs, and
decrease in response strength, whether accompanied by lateral shifts
(black bars, labelled ‘Dec/Sf’) or not (diagonally hatched bars,
labelled ‘Dec’), was found at all SNRs, although all types of

changes could be observed at different SNRs, and this suggests that
the type of the change in ILD function was not solely dependent on
the SNR and varied across populations.
One Complex and eight ILD-insensitive functions were also tested

at multiple SNRs. It was noted earlier that nearly all ILD-insensitive
functions turned into Contra-selective ILD functions in standard
background noise. As SNR decreased, the ILD50 of these Contra-
selective ILD functions shifted even further towards more contralat-
eral locations compared with the standard noise condition. These
functions eventually became non-responsive at very low SNRs. For
the only ILD-insensitive function for which standard background
noise resulted in suppression of responses at all ILDs, the function
remained ILD-insensitive across all SNRs, becoming even more sup-
pressed as the level of noise increased. The only Complex function
tested at multiple SNRs exhibited non-systematic changes as SNR
decreased.
Finally, we address the issue of the effect of noise on the onset

and late response components of Onset-late cells. Eight Onset-late
cells with similar ILD function category for onset and late compo-
nents were tested at a number of SNRs. For five cells, decreasing
SNR produced the same effect on onset and late components.
Another two cells initially exhibited different effects of background
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with conditions with higher SNRs (including the no-noise condition); (E) change in the shape (category) of the ILD function – the shape of the Off-midline-
selective function in this panel changed to Contra-selective; (F) non-systematic changes, i.e. intermittent increase and decrease in response strength as SNR
decreased – for instance, note the maximum response of the exemplar ILD function in this panel when SNR decreased from 40 dB to 30 dB and then to
20 dB. No noise: no background noise; S/N: signal-to-noise ratio (in dB); Ipsi: sound pressure level in the ipsilateral ear; Contra: sound pressure level in the
contralateral ear.
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noise for onset and late response components at the standard SNR,
i.e. increase of response strength for the onset responses, but change
in shape and decrease in response strength for the late responses.
When SNR decreased, the first cell showed a change in the category
of the ILD function for both onset and late response components,
while the second showed non-systematic changes for both response
components. For the eighth cell, the effect of decreasing SNR on
the ILD functions was different for onset and late response compo-
nents, with decrease in SNR causing the onset response compo-

nent’s ILD function to change category, but causing a non-
systematic change in ILD function for the late response component.
For this cell, the effects of the standard noise on the ILD function
of the onset and late response components were also different from
each other, i.e. decrease in response strength for onset and increase
in response strength for late response component. It was not possible
to make this comparison for the Onset-late cells for which the onset
and late response components of one cell fell in different categories
of ILD functions.
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Fig. 6. Summary of the effect of decrease in SNR on ILD functions, across all response components (43 response components with monotonic or non-mono-
tonic ILD functions), at the standard ABL. (A) Distribution of pattern of changes in ILD functions as SNR decreased for different ILD categories. (B) Change
in ILD function at the lowest SNR vs. ILD function in the no-noise condition, for different ILD categories. (C) Change in ILD function at each SNR compared
with the no-noise condition. (D–I) Change in metrics defining ILD functions, i.e. maximum response strength, ILD50, peak ILD, 80% dynamic range and width,
as a function of SNR, for monotonic (‘Mono’; Contra-selective and Ipsi-selective) and non-monotonic (‘Non-mono’; Midline-selective and Off-midline-selec-
tive) ILD functions. (D) Number of ILD functions at each SNR, with significant decrease or increase in maximum response strength, compared with the no-
noise condition. (E) Average percentage of significant decrease in maximum response strength, comparing noise with no-noise conditions, as a function of
SNR, plotted separately for monotonic (‘Mono’) and non-monotonic (‘Non-mono’) ILD functions. The number of these ILD functions at each SNR is shown in
D (‘Dc/Mn’ and ‘Dc/Nmn’, respectively). (F) As for E but showing data for significant increases in maximum response strength. The number of these ILD
functions at each SNR is shown in D (‘In/Mn’ and ‘In/Nmn’, respectively). (G) Number of ILD functions tested at different SNRs with significant shift in
ILD50 or peak ILD, vs. the no-noise condition. (H) Average change in ILD50 for monotonic and peak ILD for non-monotonic ILD functions, vs. the no-noise
condition, as a function of SNR for ILD functions with significant change in these characteristics. The number of these ILD functions at each SNR is shown in
G for monotonic (‘Cn/Mn’ and ‘Ip/Mn’) and non-monotonic (‘Cn/Nmn’ and ‘Ip/Nmn’) ILD functions. (I) Average change in 80% dynamic range (‘Dynamic
range’) for monotonic and width for non-monotonic ILD functions as a function of SNR. The number of these ILD functions at each SNR is shown in Fig. 5A
(‘Monotonic’ and ‘Non-monotonic’). Error bars in E, F, H and I are standard error of means. Con: Contra-selective; Ips: Ipsi-selective; Mid: Midline-selective;
Off: Off-midline-selective; Dec: decrease in response strength; Inc: increase in response strength; Sf: shift in ILD50 or peak ILD; Shp: change in shape (cate-
gory) of ILD function; Dec/Sf: decrease in response strength plus lateral shift of ILD50 or peak ILD; Inc/DS: increase in response strength followed by decrease
in response strength plus lateral shift of ILD50 or peak ILD; Inc/Sf: increase in response strength plus lateral shift of ILD50 or peak ILD; Nsys: non-systematic;
Dc: decrease in response strength; In: increase in response strength; Mn: monotonic ILD functions; Nmn: non-monotonic ILD functions; Cn: contralateral shift;
Ip: ipsilateral shift; Mono: monotonic ILD functions; Non-mono: non-monotonic ILD functions.
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Quantifying the effect of varying background noise level on
ILD sensitivity

We quantified the effect of varying SNR on maximum response
strength, putative ILD coding metrics (ILD50 for monotonic func-
tions and peak ILD for non-monotonic functions) and tuning charac-
teristics (80% dynamic range for monotonic functions and width for
non-monotonic functions) of the ILD functions.
For change in maximum response strength, Fig. 6D shows the

number of ILD functions that exhibited a significant decrease in
maximum response strength at each SNR for monotonic (bars
marked ‘Dc/Mn’) and non-monotonic (‘Dc/Nmn’) ILD functions, as
well as ILD functions that exhibited a significant increase in maxi-
mum response strength for monotonic (‘Inc/Mn’) and non-mono-
tonic (‘Inc/Nmn’) ILD functions. For ILD functions that showed a
significant decrease in maximum response strength, Fig. 6E shows
the mean percentage decrease in maximum response strength com-
pared with the no-noise condition at each SNR for all such ILD
functions. Equivalently, Fig. 6F shows the mean percentage increase
in maximum response strength for ILD functions that exhibited a
significant increase in maximum response strength. The mean effect
varied somewhat with SNR, especially in the case of the ILD func-
tions exhibiting a decrease. The magnitude of increase in maximum
response strength appeared in general to be higher for non-mono-
tonic than for monotonic functions, but there was not a large differ-
ence between these groups in terms of decrease in maximum
response strength. For each type of change (decrease or increase),
there was no significant variation with SNR, for monotonic func-
tions (Kruskal–Wallis test; decrease: h = 2.3, d.f. = 5, P = 0.8;
increase: h = 1.7, d.f. = 4, P = 0.7) or for non-monotonic functions
(Kruskal–Wallis test; decrease: h = 4.2, d.f. = 5, P = 0.5; increase:
h = 2.7, d.f. = 5, P = 0.7).
For shift in coding features, in Fig. 6G, the bars marked ‘Cn/Mn’

and ‘Cn/Nmn’ show the number of ILD functions that in back-
ground noise exhibited a significant shift in ILD50 and peak ILD,
respectively, to more contralateral locations compared with the no-
noise condition, while ‘Ip/Mn’ and ‘Ip/Nmn’ show the same shift to
more ipsilateral locations. The majority of the ILD functions shifted
towards more contralateral locations compared with the no-noise
condition. Figure 6H shows the mean of the distributions of change
in ILD50 and peak ILD across SNRs. Again, there was no signifi-
cant variation with SNR for monotonic (Kruskal–Wallis test;
h = 8.8, d.f. = 5, P = 0.1) or non-monotonic (Kruskal–Wallis test;
h = 7.3, d.f. = 5, P = 0.1) ILD functions.
Finally, Fig. 6I shows the mean change in tuning characteristics

caused by noise as indexed in the 80% dynamic range for mono-
tonic functions and in width for non-monotonic functions. These
values were computed for all monotonic and non-monotonic ILD
functions, regardless of the change in response strength. The num-
bers of functions contributing to these means were reported earlier
in Fig. 5A (bars marked as ‘Monotonic’ and ‘Non-monotonic’ at
each SNR). The change in these characteristics at each SNR varied
across ILD functions and there was no significant variation with
SNR for 80% dynamic range (Kruskal–Wallis test; h = 2.2, d.f. = 5,
P = 0.8) or for width (Kruskal–Wallis test; h = 9.2, d.f. = 5,
P = 0.1). In summary, the magnitude of change in characteristics of
the ILD functions was not solely dependent on SNR and varied
across populations.
Considering the putative role of ILD50 and peak ILD in coding

of space, to examine the effect of noise on these metrics in greater
detail, we plotted the change in ILD50 and peak ILD with respect
to the no-noise condition vs. SNR, individually for all the ILD

functions tested (Fig. 7). In this figure, in addition to the signifi-
cant shifts considered in Fig. 6H, the shifts that were not signifi-
cant (the shifts between �5 and 5 dB) were also shown. Although
background noise significantly affected these metrics for the major-
ity of ILD functions at most SNRs (points falling out of the
shaded area at each SNR in Fig. 7), the ILD50 or peak ILD of a
number of ILD functions was not significantly affected by back-
ground noise (points for each ILD function falling in the shaded
area at each SNR), even at relatively high levels of noise. Also, it
seems that peak ILD of the non-monotonic functions is more resis-
tant to noise, as at lower levels of noise (SNR < 10 dB) the peak
ILD of a larger percentage of ILD functions seems to show non-
significant shifts (points falling in the shaded area at each SNR in
Fig. 7B), compared with the ILD50 of the monotonic functions
(points falling in the shaded area at each SNR in Fig. 7A). How-
ever, this conclusion must be heavily qualified by the small num-
ber of ILD functions available for analysis for both monotonic and
non-monotonic ILD functions.

Excitatory and inhibitory inputs and correlation with the effect
of background noise

To attempt to elucidate the mechanisms underlying the effect of bin-
aural noise on ILD sensitivity and to interpret the changes in terms
of likely effects on excitation and inhibition, we examined the
effects of presenting background noise to each ear monaurally at the
standard noise level on ILD sensitivity at the standard ABL. We
were able to record responses to ILDs under the different noise lat-
erality conditions at the standard noise level (standard SNR) for 39
ILD functions, and Fig. 8A–D show examples of the patterns of
effects observed. Only noise-induced changes in the ILD function
by more than 20% of the response in the no-noise condition at each
ILD were considered to be non-random. This margin is shown using
dashed lines in these figures.
Figure 8A shows an example where the effects of binaural noise

were replicated by noise presented only to the contralateral ear
(compare the ILD functions marked as ‘Contra noise’ and ‘Binaural
noise’), suggesting that the effective input to this response compo-
nent emanated via the contralateral ear, and suppression of only this
input could account for the effect of binaural noise. The alternative
case is illustrated in the non-monotonic function in Fig. 8B where
noise presented only to the ipsilateral ear evoked the same effect as
noise presented binaurally (compare the ILD functions marked as
‘Ipsi noise’ and ‘Binaural noise’), suggesting that, here, the effective
input was from the ipsilateral ear, and suppression of only this input
was sufficient to account for the effect of binaural noise. In Fig. 8C,
introduction of noise in either the contralateral or the ipsilateral ear
resulted in suppression of responses at ILDs ranging from approxi-
mately �20 to 10 dB (shaded area), although response suppression
was stronger with binaural noise, suggesting that the effect of binau-
ral background noise was the result of the combination of the effects
of noise on both ears. The cell from which this response component
was recorded was an EE/F cell, also referred to as predominately
binaural (PB) (Goldberg & Brown, 1969), and received excitatory
inputs from both ears. In this type of cell, binaural stimulation
results in a strong response that is larger than the sum of the monau-
ral responses, namely facilitation. It seems that for this response
component, when monaural responses were suppressed with binaural
background noise, the monaural excitation received from the two
ears was not strong enough to induce facilitation as opposed to the
no-noise condition, inducing strong suppression in the responses.
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For ILD functions like that in Fig. 8D, the effect of binaural noise
could not be accounted for by changes observed when noise was
introduced monaurally to either ear or by a combination of these
changes. Rather, a complex mixture of effects exerted via both ears
appeared responsible for the effect of binaural noise. For example,
for the ILD function in Fig. 8D, when noise was introduced monau-
rally in either ear (ILD functions marked as ‘Contra’ and ‘Ipsi’),
any change in the ILD function fell within the 20% response vari-
ability margin (represented by the dotted lines). However, when
noise was presented binaurally, there was a strong suppression in
response strength at ILDs ranging approximately from �30 to
�20 dB (shaded area), and responses fell below the response vari-
ability boundary.
Using these definitions, we found the effective input for each ILD

function, namely the ear via which monaural noise could account
for the effects of binaural noise on the ILD function at the standard
SNR, and these results are presented in Table 1.
For Contra-selective ILD functions, the effect of binaural noise

seemed to be explicable by any of the effects described above (i.e.
the effect of noise on either ear, a combination of effects via the
two ears, or a complex mixture of effects via the two ears; first row
of Table 1), and for the Midline-selective functions by the combina-
tion of the effects via the two ears (third column of the third row).
For the rest of the categories the numbers were too small to make a
firm conclusion.
As described in the Materials and methods, we identified the

binaural input characteristics of the response components in the no-
noise condition, and these characteristics for the 39 response compo-
nents examined are presented in Table 2. The majority of the cells

(43.5%) were EI, and a second large group of cells (28.2%) were
predominantly binaural (PB), a category that comprised EO/F, OO/F
and EE/F cells (see Materials and methods for definition). These
results and binaural input characteristics of each category of ILD
functions were in accordance with those reported in IC of cat (Geis-
ler & Rhode, 1969; Moore & Irvine, 1981; Irvine, 1986; Caird &
Klinke, 1987; Irvine & Gago, 1990; Irvine et al., 1996) and gerbil
(Semple & Kitzes, 1987), for which such data have been reported.
We used the results of our analysis of identifying the effective ear

presented earlier (Table 1) along with these binaural characteristics
(Table 2) to make conclusions about the excitatory and inhibitory
inputs that were affected by background noise and that mediated the
effect of binaural background noise on each ILD function at the
standard SNR.
These results separated for different effects of binaural masking

on the ILD functions at the standard SNR are shown in Fig. 8E.
Where the effect of binaural noise could be explained solely by
effects on one ear or the other, the figure separates effects of binau-
ral noise according to whether the effect could be explained solely
by effects on a monaural excitatory input (‘E’; leftmost bars) or
solely by effects on a monaural inhibitory input (‘I’; second bar).
Where the effects of binaural noise were explained by effects on
both ears, the figure plots separately the effects on each of the dif-
ferent types of binaural interaction (i.e. ‘PB’, ‘EI’, ‘IE’ and ‘EE’).
Of 39 ILD functions, at the standard SNR, the effect of binaural
masking for the majority of the ILD functions (41%) was due to a
combination of inputs received from both ears (‘PB’, ‘EI’, ‘IE’ and
‘EE’ in Fig. 8E). For a large percentage of ILD functions (35.8%),
regardless of the exact effect induced by noise (decrease, increase,
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etc.), the effect of binaural background noise seemed to be due to
an effect only on excitatory input (‘E’; leftmost bar in Fig. 8E),
while for a small percentage of ILD functions (7.6%), the effect of
binaural background noise seemed to be due to the effect only on
inhibitory input (‘I’; second bar in Fig. 8E). For 15.3% of the ILD
functions, it was not possible to explain the result of binaural mask-
ing based on the effect on individual ears (extreme right bar in
Fig. 8E). Figure 8E shows that various changes observed as a result
of introducing binaural background noise, i.e. increase (‘Inc’ and
‘Inc/Sf’) or decrease (‘Dec’ and ‘Dec/Sf’) in maximum response
strength, or change in shape (‘Shp’), could be either due to the
effect of noise solely on the excitatory input or due to the combina-
tion of the effects on inputs from both ears, as well as a complex
mixture of effects on the inputs from the ears. The only effect of
noise that was explained by the effect solely on the inhibitory input
was decrease in the maximum response strength accompanied by
lateral shift of the ILD function (cross-hatched bar labelled ‘I’).
Decrease in maximum response strength (‘Dec’ and ‘Dec/Sf’) was

mostly due the effect of noise on the excitatory input (36.3%) or
inhibitory input (27.2%) as opposed to the combination of effects
on the inputs from the two ears (18.1%), while for the increase in
maximum response strength (‘Inc’ and ‘Inc/Sf’) the effect could be
due either to the change in excitatory input (45.5%) or to the combi-
nation of changes in the two ears (54.5%). Change in shape (‘Shp’)
for the majority of the ILD functions was explained by the combina-
tion of changes on the inputs from both ears (50%), although it
could also be due to the change in monaural excitatory input
(31.2%).
With respect to the category of the ILD functions, for Contra-

selective ILD functions, excitatory input (31.2%) followed by inter-
action between excitatory and inhibitory inputs (25%) (EI cells) pre-
dominantly explained the effect of binaural background noise, as
well as a complex mixture of the effect on the inputs from the two
ears (25%). For Midline-selective ILD functions, it seemed that
change in inputs from both ears and the interaction between these
inputs for the predominately binaural (PB) cells explained the effect
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of binaural background noise for the majority of cells (66.6%). For
the rest of the categories, the numbers were too small to make a
firm conclusion.
Again, we examined the issue of how noise affected the different

temporal components from the same Onset-late cell. For three
Onset-late cells that had the same category of ILD functions for
onset and late response components, the effective ears for the two
response components were different. For these three cells, the effec-
tive ear was complex (one case) or excitatory (two cases) for the
onset response components, while for their corresponding late
response components, it was inhibitory, EE or complex, respec-
tively. For three other Onset-late cells that had the same category of
ILD functions for onset and late response components, the effective
ears for the two components were the same.

Effect of varying SNR on the interaction between inputs from
the ears

In the last section, we reported results obtained by analysing the
interaction between the excitatory and inhibitory inputs only at the
standard SNR. For 16 response components, we decreased the SNR
to investigate the effect of noise level on the effective input when
tonal stimuli were presented at the standard ABL.
For 11 of these ILD functions (68.7%), the effective input

remained the same across different levels of noise introduced. For
the remaining five ILD functions, the effective input at the lowest
SNR tested was different from the effective input at the standard
SNR. For example, for one ILD function, the effect of background
noise on inhibitory input was accountable for the effect of binaural
background noise on the ILD function at the standard SNR, while
when SNR was at the lowest level tested, the effect of binaural back-
ground noise was explicable by the effect of background noise on
excitatory input. For the other four of these five ILD functions, a
similar change was observed: for two ILD functions, the effective
input changed from being a combination of the inputs from both ears
into excitatory input, for one ILD function, from inhibitory input to a
combination of inputs from both ears, and for the last ILD function,
from excitatory input into a complex mixture of the effects on mon-
aural inputs. Figure 8F shows a comparison between the effective
ear at the lowest SNR tested and at the standard SNR for all these 16
ILD functions. It can be seen that at lower SNRs, for a larger per-
centage of ILD functions (63.6%) the effect of introducing binaural
background noise could be explained solely by the effect on excit-
atory input, compared with the higher standard SNR (35.8%)
(Fig. 8F; leftmost bars). This is while, still for some ILD functions,

at the lowest SNRs, the effective ear was either a combination of the
effects on the two ears (clear bar labelled ‘Both’ in Fig. 8F) or a
complex mixture of the effects on the monaural inputs (clear bar
labelled ‘Cmp’ in Fig. 8F). As can be seen in Fig. 8F, for none of
the ILD functions was inhibitory input per se enough to account for
changes observed as a result of introducing binaural background
noise at the lowest SNRs tested. Finally, because the number of cells
in each category of ILD functions was small, we were not able to
arrive at reliable conclusions regarding the effective ear for different
categories of ILD functions and also for various effects of binaural
masking on the ILD function, and the results are not reported here.

Effect of ABL on category of ILD functions and the effect of
masking

The results described thus far were obtained with the CF stimulus
presented at the standard ABL. As ILD sensitivity can vary with
ABL (Semple & Kitzes, 1987; Irvine & Gago, 1990), when record-
ing conditions permitted, we recorded responses at other ABLs as
well. For 26 response components, we were able to examine the
effect of noise masking on ILD functions at a number of ABLs
higher than the standard ABL.
For most response components (20/26; 76.9%), when ABL was

increased above the standard ABL, the category of the ILD func-
tions remained unchanged across ABL levels. For example, in
Fig. 9A the category of the ILD function in the no-noise condition
(black traces) was Off-midline-selective at the standard ABL of
60 dB SPL (left panel) and remained unchanged when ABL
increased to 70 dB SPL (right panel). Although the category of the
ILD function in Fig. 9A did not change when ABL increased, this
function was the only ILD function out of these 20 ILD functions
for which increasing ABL changed the effect of binaural back-
ground noise. For this function, as can be seen in Fig. 9A, at an
ABL of 60 dB SPL, when binaural noise was presented, there was
an initial increase in the response strength at SNR 20 dB followed
by a decrease in response strength at the lower SNR of 10 dB
(Fig. 9A, left panel), whereas at an ABL of 70 dB SPL there was
only a decrease in the response strength across all SNRs (Fig. 9A,
right panel).
For the remaining six ILD functions (23%) that were tested at

multiple ABLs, an increase in ABL changed the ILD function cate-
gory. For two ILD functions, category of the ILD function changed
from Off-midline-selective to Complex, and for the other four ILD
functions, the category changed from Contra-selective to ILD-insen-
sitive, from Contra-selective to Midline-selective, from Complex to
Midline-selective, and from Complex to Ipsi-selective.

Table 1. Distribution of the effective ear(s) for each category of ILD func-
tions at the standard SNR

Effective ear

Contra ear Ipsi ear Combination Complex effect

Contra-selective 5 3 4 4
Ipsi-selective 0 0 2 0
Midline-selective 1 0 4 1
Off-midline-selective 3 0 1 0
ILD-insensitive 3 0 3 0
Complex 1 1 2 1

Contra ear: effect on input from contralateral ear; Ipsi ear: effect on input
from ipsilateral ear; Combination: combination of effects on inputs from both
ears; Complex effect: complex mix of effects on inputs from the ears.

Table 2. Distribution of binaural type for each category of ILD function

Binaural characteristics

EI IE EE OE/F+I EO/F OO/F EE/F EO/mon

Contra-selective 14 0 0 0 0 0 1 1
Ipsi-selective 0 1 0 0 0 0 1 0
Midline-selective 0 0 0 0 2 0 3 1
Off-midline-
selective

1 0 1 0 0 1 0 1

ILD-insensitive 0 0 4 0 0 0 2 0
Complex ILD
function

2 0 0 1 1 0 0 1

E, excitatory; I, inhibitory; F, facilitatory; O, occluded; mon, monaural.
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Finally, we assessed the effect of ABL on the interaction
between inhibitory and excitatory inputs that formed the ILD
functions of 11 response components, by examining the effect of
monaural noise at multiple levels of ABL. When ABL was raised
above the standard ABL, for nearly all response components
(90.9%) the input that appeared to be sufficient to explain the
effect of binaural masking remained the same. Only for one ILD-
insensitive function (black traces in Fig. 9B), while introducing
background noise at both the standard ABL (50 dB SPL) and at
a higher ABL of 70 dB SPL resulted in a change of the category
of the ILD function to Contra-selective (red traces in left and
right panels of Fig. 9B, respectively), the ear accountable for the
effect of binaural noise seemed to differ for ABL 50 dB SPL
and ABL 70 dB SPL. The change in the responses with noise at
the standard ABL (50 dB SPL) seemed to be due to the combi-
nation of effects on inputs from both ears. As can be seen in the
left panel of Fig. 9B, when noise was introduced in either the
contralateral or the ipsilateral ear there was a decrease in
responses at more positive ILDs, and the decrease in responses in
binaural noise appeared to be probably a combination of the
observed decrease in the monaural cases. At the higher ABL of
70 dB SPL, the result clearly seemed to be due to effects on
input from the contralateral ear (compare the ILD functions
marked as ‘Contra noise’ and ‘Binaural noise’ in the right panel
of Fig. 9B).

Discussion

We found that background noise had heterogeneous effects on
ILD coding by IC neurons and on inputs emanating from each of
the two ears to shape that ILD sensitivity. SNR was an important
factor influencing the effect of binaural background noise on the
ILD functions, e.g. suppression or facilitation of responses, and
the excitatory or inhibitory inputs that were probably affected.
This will be discussed in detail in the following sections. Also,
we found that onset and late response components of the same
cell could show different changes with noise, even when they
showed the same form of ILD coding. This suggests that the
mechanisms shaping ILD sensitivity of the two components may
be independent, in keeping with the known differences between
the two components for other metrics such as sensitivity at CF,
response rate-level function and ILD sensitivity (Hind et al.,
1963; Geisler & Rhode, 1969; Moore & Irvine, 1981; Irvine,
1986; Irvine & Gago, 1990; Finlayson, 1999), and the fact that
the interaction between monaural inputs to an IC cell can be
time-dependent (Zhang & Kelly, 2009, 2010). However, as the
functional significance of different response patterns in the IC is
still not well known (Zhang & Kelly, 2010), and particularly it is
unknown how the different components contribute to spatial local-
ization, it is not trivial to discuss the effect of these differences
on spatial coding.
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Fig. 9. Effect of the change in ABL on the effect of background noise and effective input. (A) Change in the effect of binaural background noise with change
in ABL. The effect of noise on the Off-midline-selective ILD function of the exemplar response component in this figure at ABL 60 dB SPL (standard ABL) is
an increase in response strength followed by decrease (left panel), while at ABL 70 dB SPL, it is a decrease in response strength (right panel). (B) Change in
the effective monaural input with ABL. For this example, the effect of binaural noise on the ILD function at ABL 50 dB SPL (standard ABL) can be explained
by a combination of effects on inputs from both ears, while it can be explained based on the input from the contralateral ear at ABL 70 dB SPL (right panel).
Note that the category of the ILD function for both examples does not change with change in ABL (as was the case for the majority of the ILD functions tested
at multiple ABLs in this study). No noise: no background noise; Binaural noise: binaural background noise; Contra noise: monaural background noise in the
contralateral ear; Ipsi noise: monaural background noise in the ipsilateral ear; Ipsi: sound pressure level in the ipsilateral ear; Contra: sound pressure level in the
contralateral ear.
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Comparison with previous studies

To our knowledge, this is the first study on the effects of continuous
background noise on spatial coding in the central nucleus of the IC.
Studies of noise masking effects on spatial coding have been con-
ducted in auditory cortex (Brugge et al., 1998; Furukawa & Middle-
brooks, 2001) and in SC (Martin et al., 2010). Given the obligatory
role of the central nucleus of IC in flow of information to both these
structures (Irvine, 1986; Pickles, 1988; Garc�ıa Del Ca~no et al.,
2006; Slee & Young, 2013), it will be instructive as to whether the
effects described in those structures parallel those in the IC or reveal
novel emergent effects. However, note that we cannot segregate the
IC recordings into the different IC sub-divisions and this impacts on
our ability to unequivocally correlate the effects observed in our IC
recordings with effects seen in auditory cortex or SC, which get
differential projections from different IC sub-divisions.
In cat A1, Brugge et al. (1998) found that the effect of noise was

mainly to cause a reduction in response strength and shrinkage of
the spatial receptive field. However, Martin et al. (2010) found that
response strength of SC cells of rats mostly did not change in back-
ground noise (78.3 and 65% for two different types of receptive
fields), while it increased for a small percentage (8.7 and 15%) and
decreased for another small percentage (13 and 20%) of cells.
Furukawa & Middlebrooks (2001) reported that nearly two-thirds of
A2 neurons in cats exhibited response suppression in background
noise, but at lower noise levels, one-third of the neurons showed
enhancement of responses. Our results suggest that although these
differences may reflect differences in processing in different auditory
areas, they may also be due to the difference in the noise levels
used. We found that at the standard SNR, i.e. the lowest noise level
tested, noise caused enhancement (34.8% of ILD functions) as well
as suppression (30.3% of the ILD functions), while at the lowest
SNR (the highest noise level tested), noise mainly induced suppres-
sion of the maximum response strength (55.8% of the ILD func-
tions). A very small number of cells were unaffected by noise
(7.4%) within the range of test noise levels (higher levels may have
had an effect). In our study, the effects of noise at higher SNRs
were more consistent with those observed by Martin et al. (2010) in
SC, and, in lower SNRs, more similar to those found by Brugge
et al. (1998). What we found in IC was consistent with Furukawa
& Middlebrooks’ (2001) study in A2 that reported cases of facilita-
tion in the responses when SNR was high and mostly suppression
of responses when SNR was low.
In addition to changes in response strength, binaural and monau-

ral background noise also caused shifts in the ILD sensitivity func-
tions. It has been shown that ILD sensitivity functions recorded to a
probe signal in IC could shift towards the mean ILD of a noise
stimulus preceding the probe signal (Dahmen et al., 2010). In our
study, this cannot be a contributing factor when testing with binaural
noise, as noise was always set to be equal in both ears (i.e.
ILD = 0 dB). When background noise was presented monaurally to
the contralateral ear, for some ILD functions there was a shift of the
ILD function to more contralateral locations (compared with the no-
noise condition), similar to what has been reported for IC neurons
by Dahmen et al. (2010). However, for these ILD functions, when
monaural noise was presented to the ipsilateral ear, we did not
observe a shift to ipsilateral locations, except for two ILD functions.
Thus, it seems the shift of ILD functions with monaural or binaural
noise is probably due to a mechanism other than adaptation to ILD
of background noise.
To quantify these effects of noise on the ILD functions, we used

a curve fitting method (Materials and methods) with functions

selected to allow best comparison of changes in ILD functions by
the objective measurement of metrics from fits to the ILD functions.
We do not mean to imply a physiological meaning to the specific
fitted function in terms of the physiology underpinning the ILD
functions.

Underlying events causing changes in ILD functions in
binaural background noise

It has been speculated that the effect of noise on sound localization
is exerted through changes in the balance of inhibitory and excit-
atory inputs to cells (Finlayson & Adam, 1997; Finlayson, 1999;
Furukawa & Middlebrooks, 2001). By comparing the effects of
monaural and binaural noise on ILD encoding and then evaluating
these effects in the context of presumed dominant monaural excit-
atory or inhibitory inputs to the IC cells, we found that at low back-
ground noise levels, the effects of binaural noise appeared to be the
result of either a combination of changes in both monaural inputs
(41%) or due solely to a change in the presumed excitatory inputs
(35.8%), and as background noise level increased, effects on the
presumed excitatory inputs became the dominant effect to account
for the effect of binaural background noise (63.6%).
Differential effects on contralateral and ipsilateral inputs in our

study cannot be due to differences in effects at the cochlea, as the
binaural noise was the same in the two ears and would have the
same masking effect at both cochleas (Costalupes et al., 1984; Gib-
son et al., 1985). Therefore, monaural-specific changes induced by
binaural background noise must be due to some centrally occurring
difference in the way differential inputs from the two ears are
affected. As we did not directly record inhibitory and excitatory
events and cannot know the origin of the inhibitory and excitatory
events shaping the ILD sensitivity of IC neurons, speculations on
these central changes must be couched in general terms. Further-
more, in interpreting the effects of monaural noise, we assumed a
predominant excitatory or inhibitory input derived from the test ear,
whereas intracellular recordings have shown both excitatory and
inhibitory postsynaptic current to monaural stimulation of either ear
(Ono & Oliver, 2014), and Xiong et al. (2013) have shown a role
for bilateral inhibition in ILD processing in IC. Thus we take a cau-
tious approach to interpretation of the underlying changes in noise
effects on ILD coding in IC.
The IC receives a complex mix of excitatory and inhibitory inputs

from several brain structures (Burger & Pollak, 2001; Li et al.,
2010), mainly contralateral lateral superior olive (LSO), contralateral
and ipsilateral dorsal nucleus of the lateral lemniscus (DNLL) and
contralateral IC (Li & Kelly, 1992; Faingold et al., 1993; Gonz�alez-
Hern�andez et al., 1996; Burger & Pollak, 2001; Loftus et al., 2004;
Li et al., 2010; Pollak, 2012). LSO provides direct excitatory inputs,
while DNLL provides predominant inhibitory inputs to the IC (Bur-
ger & Pollak, 2001). Background noise in our study may have
caused an adaptation of excitation coming from LSO or inhibition
coming from DNLL. Adaptation results in facilitation and suppres-
sion of responses in LSO (Finlayson & Adam, 1997) and IC
(Finlayson, 1999), although there has been no study of such effects
in DNLL, and this must remain speculative.
In LSO of gerbils and IC of bats, Magnusson et al. (2008) and

Park & Pollak (1993, 1994), respectively, found that GABA plays a
role in lateral shift of the monotonic ILD functions, like the noise-
induced shift we observed. Magnusson et al. (2008) proposed that
the GABA-induced change in the ILD functions plays a role in
adaptation to the acoustic environment. A similar mechanism and
functional role could underlie our observation of a noise-induced
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shift of the monotonic ILD sensitivity functions in IC mostly to
ILDs generated from more contralateral locations compared with the
no-noise condition. Also, the inhibitory input from ipsilateral DNLL
to IC (Pollak, 2012) is thought to shape non-monotonicity of rate-
level functions (Pollak, 2012), and background noise effects on this
input may be responsible for the change in shape of the ILD func-
tion of some EI cells. Finally, the noise effects we observed could
occur through noise-induced activation of surround inhibition
(Rajan, 2001), which has been shown to affect the responses of IC
neurons (Xie et al., 2005).

Noise-induced change in metrics of ILD functions and
relevance to psychophysics

Background noise caused a shift in metrics that could potentially be
the neural read-out code for auditory spatial location, namely peak
ILD or ILD50. ILD is highly variable with frequency and location in
rats (Koka et al., 2008), so it is not trivial to translate the shift we
observed in these metrics directly to location in auditory space or
correlate this with performance in sound localization in humans.
However, one prediction of the noise-induced shift of ILD functions
to ILDs favouring more contralateral locations is that, in noise, there
should be an apparent shift in perceived sound location to more lat-
eral locations. Support for this proposition is found in the data of
Good & Gilkey (1996), showing the effects of noise on sound local-
ization by humans. They showed that as noise increased, sounds to
the left were perceived as being further to the left, and sounds to
the right were perceived as being further to the right, consistent with
our prediction. This pattern was disrupted only at the highest noise
level (�10 dB SNR) when sounds showed a bias to be localized
further to the right than they really were, regardless of whether they
originated from left or right.
Despite the changes we generally observed for ILD sensitivity

functions as a result of background noise, Good & Gilkey (1996)
and Good et al. (1997) showed that humans maintain their sound
localization capability to a large extent, as long as the sound was
clearly audible (i.e. SNR ~10 dB). Some compensation for the
effect of background noise on sound localization may start even at
the level of cochlea through feedback from the olivocochlear effer-
ent system (May et al., 2004; And�eol et al., 2011; Reiss et al.,
2011). Furthermore, the changes observed in ILD sensitivity in our
study with background noise may not directly map to poor sound
localization. One potential contributor to cochlear implantees’ poor
sound localization ability in noise is that they are unable to use
cues other than ILD, such as interaural time differences or spectral
cues, and rely heavily on ILD for sound localization (Van Hoesel
& Tyler, 2003; Seeber & Fastl, 2008). This suggests that these
other monaural and binaural cues could help in sound localization
in noise while ILD sensitivity was disrupted by background noise.
Some other coding characteristics of higher auditory area cells cod-
ing for space also may remain intact when background noise is
present, and this may help in sound localization in noise. For
example, Brugge et al. (1998) proposed that the gradient of the
receptive field is a code for auditory space, and showed that the
slope and position of this gradient remained constant across noise
conditions. Finally, in our study, we found a small number of ILD
functions that were unaffected by noise. This is similar to the
zebra finch auditory cortex noise-invariant neurons (Moore et al.,
2013) that showed similar responses to bird songs in the absence
and presence of background noise. We also found moderate stabil-
ity of the ILD50 or peak ILD of some ILD functions, when back-
ground noise was introduced. The small sample size precludes any

claim that this relative stability of ILD functions is a common
mechanism in allowing IC cells to maintain coding of space in the
presence of noise. However, it does indicate that some IC cells
show relative stability of putative coding mechanisms for spatial
location in the presence of noise, analogous to the effects reported
in SC (Martin et al., 2010).

Conclusion

Our findings suggest that many effects of background noise on
spatial encoding in upstream brain areas, such as A1, A2 and SC
(Brugge et al., 1998; Furukawa & Middlebrooks, 2001; Martin
et al., 2010), may reflect effects at the auditory midbrain or other
downstream structures. It is unlikely that the midbrain effects reflect
effects relayed from cortex because of the fast time scale (e.g.
changes in the IC onset response, occurring within 5–10 ms from
stimulus onset, when afferent responses are only just starting to
occur in auditory cortex), and because the barbiturate anaesthetic we
used significantly suppresses even primary auditory cortical
responses (see discussion in Rajan et al., 2013).
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Abbreviations

ABL, average binaural level; binaural noise, binaural background noise; CF,
characteristic frequency; Cmp, Complex; Con, Contra-selective; Contra,
sound pressure level in the contralateral ear; contra noise, monaural back-
ground noise in the contralateral ear; Dec/Sf, decrease in response strength
accompanied by lateral shift of ILD50 or peak ILD; Dec, decrease in
response strength; E, excitatory; I, inhibitory; IC, inferior colliculus; ILD, In-
teraural level difference; Inc/DS, increase in response strength followed by
decrease in response strength; Inc/Sf, increase in response strength accompa-
nied by lateral shift of ILD50 or peak ILD; Inc, increase in response strength;
Ins, ILD-insensitive; Ips, Ipsi-selective; Ipsi noise, monaural background
noise in the ipsilateral ear; Ipsi, sound pressure level in the ipsilateral ear;
Mid, Midline-selective; Nsys, non-systematic; no noise, no background noise;
Off, Off-midline-selective; PB, predominately binaural; SC, Superior Collicu-
lus; Sf, shift in ILD50 or peak ILD; Shp, change in the shape, namely cate-
gory, of the ILD function.

References

And�eol, G., Guillaume, A., Micheyl, C., Savel, S., Pellieux, L. & Moulin, A.
(2011) Auditory efferents facilitate sound localization in noise in humans.
J. Neurosci., 31, 6759–6763.

Bajo, V.M. & King, A.J. (2012) Cortical modulation of auditory processing
in the midbrain. Front. Neural. Circuits., 6, 114.

Brugge, J.F., Reale, R.A. & Hind, J.E. (1998) Spatial receptive fields of pri-
mary auditory cortical neurons in quiet and in the presence of continuous
background noise. J. Neurophysiol., 80, 2417–2432.

Burger, R.M. & Pollak, G.D. (2001) Reversible inactivation of the dorsal
nucleus of the lateral lemniscus reveals its role in the processing of multi-
ple sound sources in the inferior colliculus of bats. J. Neurosci., 21, 4830–
4843.

Caird, D. & Klinke, R. (1987) Processing of interaural time and intensity dif-
ferences in the cat inferior colliculus. Exp. Brain Res., 68, 379–392.

Casseday, J.H., Fremouw, T. & Covey, E. (2002) The inferior colliculus: a
hub for the central auditory system. In Oertel, D., Fay, R.R. & Popper,
A.N. (Eds), Integrative Functions in the Mammalian Auditory Pathway,
Springer Handbook of Auditory Research. Springer New York, New York,
pp. 238–318.

Costalupes, J.A., Young, E.D. & Gibson, D.J. (1984) Effects of continuous
noise backgrounds on rate response of auditory nerve fibers in cat. J. Neu-
rophysiol., 51, 1326–1344.

© 2015 The Authors. European Journal of Neuroscience published by Federation of European Neuroscience Societies and John Wiley & Sons Ltd.
European Journal of Neuroscience, 42, 1685–1704

1702 Y. Mokri et al.



Dahmen, J.C., Keating, P., Nodal, F.R., Schulz, A.L. & King, A.J. (2010)
Adaptation to stimulus statistics in the perception and neural representation
of auditory space. Neuron, 66, 937–948.

Erulkar, S.D. (1972) Comparative aspects of spatial localization of sound.
Physiol. Rev., 52, 237–360.

Faingold, C.L., Anderson, C.A. & Randall, M.E. (1993) Stimulation or
blockade of the dorsal nucleus of the lateral lemniscus alters binaural and
tonic inhibition in contralateral inferior colliculus neurons. Hearing Res.,
69, 98–106.

Finlayson, P.G. (1999) Post-stimulatory suppression, facilitation and tuning
for delays shape responses of inferior colliculus neurons to sequential pure
tones. Hearing Res., 131, 177–194.

Finlayson, P.G. & Adam, T.J. (1997) Excitatory and inhibitory response
adaptation in the superior olive complex affects binaural acoustic process-
ing. Hearing Res., 103, 1–18.

Flammino, F. & Clopton, B.M. (1975) Neural responses in the inferior colli-
culus of albino rat to binaural stimuli. J. Acoust. Soc. Am., 57, 692–695.

Furukawa, S. & Middlebrooks, J.C. (2001) Sensitivity of auditory cortical
neurons to locations of signals and competing noise sources. J. Neurophys-
iol., 86, 226–240.

Garc�ıa Del Ca~no, G., Gerrikagoitia, I., Alonso-Cabria, A. & Mart�ınez-Mill�an,
L. (2006) Organization and origin of the connection from the inferior to
the superior colliculi in the rat. J. Comp. Neurol., 499, 716–731.

Geisler, C.D. & Rhode, W.S. (1969) Responses of inferior colliculus neurons
in the cat to binaural acoustic stimuli having wide-band spectra. J. Neuro-
physiol., 32, 960–974.

Gibson, D.J., Young, E.D. & Costalupes, J.A. (1985) Similarity of dynamic
range adjustment in auditory nerve and cochlear nuclei. J. Neurophysiol.,
53, 940–958.

Goldberg, J.M. & Brown, P.B. (1969) Response of binaural neurons of dog
superior olivary complex to dichotic tonal stimuli: some physiological
mechanisms of sound localization. J. Neurophysiol., 32, 613–636.

Gonz�alez-Hern�andez, T., Mantol�an-Sarmiento, B., Gonz�alez-Gonz�alez, B. &
P�erez-Gonz�alez, H. (1996) Sources of GABAergic input to the inferior
colliculus of the rat. J. Comp. Neurol., 372, 309–326.

Good, M.D. & Gilkey, R.H. (1996) Sound localization in noise: the effect of
signal-to-noise ratio. J. Acoust. Soc. Am., 99, 1108–1117.

Good, M.D., Gilkey, R.H. & Ball, J.M. (1997) The relation between detec-
tion in noise and localization in noise in the free field. In Gilkey, R.H. &
Anderson, T.R. (Eds), Binaural and Spatial Hearing in Real and Virtual
Environments. Lawrence Erlbaum Associates, Hillsdale, NJ, pp. 349–376.

Hind, J.E., Goldberg, J.M., Greenwood, D.D. & Rose, J.E. (1963) Some dis-
charge characteristics of single neurons in the inferior colliculus of the cat.
II. Timing of the discharges and observations on binaural stimulation. J.
Neurophysiol., 26, 321–341.

Irvine, D.R. (1986) The Auditory Brainstem - A Review of the Structure and
Function of Auditory Brainstem Processing Mechanisms. In Progress in
Sensory Physiology. Springer-Verlag, Berlin.

Irvine, D.R. & Gago, G. (1990) Binaural interaction in high-frequency neu-
rons in inferior colliculus of the cat: effects of variations in sound pressure
level on sensitivity to interaural intensity differences. J. Neurophysiol., 63,
570–591.

Irvine, D.R., Rajan, R. & Aitkin, L.M. (1996) Sensitivity to interaural inten-
sity differences of neurons in primary auditory cortex of the cat. I. types
of sensitivity and effects of variations in sound pressure level. J. Neuro-
physiol., 75, 75–96.

Kelly, J.B., Glenn, S.L. & Beaver, C.J. (1991) Sound frequency and binaural
response properties of single neurons in rat inferior colliculus. Hearing
Res., 56, 273–280.

Kerber, S. & Seeber, B.U. (2012) Sound localization in noise by normal-
hearing listeners and cochlear implant users. Ear Hearing, 33, 445–457.

Koka, K., Read, H.L. & Tollin, D.J. (2008) The acoustical cues to sound
location in the rat: measurements of directional transfer functions. J. Ac-
oust. Soc. Am., 123, 4297–4309.

Li, L. & Kelly, J.B. (1992) Inhibitory influence of the dorsal nucleus of the
lateral lemniscus on binaural responses in the rat’s inferior colliculus. J.
Neurosci., 12, 4530–4539.

Li, N., Gittelman, J.X. & Pollak, G.D. (2010) Intracellular recordings reveal
novel features of neurons that code interaural intensity disparities in the
inferior colliculus. J. Neurosci., 30, 14573–14584.

Loftus, W.C., Bishop, D.C., Saint Marie, R.L. & Oliver, D.L. (2004) Organi-
zation of binaural excitatory and inhibitory inputs to the inferior colliculus
from the superior olive. J. Comp. Neurol., 472, 330–344.

Lorenzi, C., Gatehouse, S. & Lever, C. (1999) Sound localization in noise in
normal-hearing listeners. J. Acoust. Soc. Am., 105, 1810–1820.

Magnusson, A.K., Park, T.J., Pecka, M., Grothe, B. & Koch, U. (2008) Ret-
rograde GABA signaling adjusts sound localization by balancing excitation
and inhibition in the brainstem. Neuron, 59, 125–137.

Martin, A., Vachon-Presseau, E., Pageau, C., Lepore, F. & Guillemot, J.-P.
(2010) Coding sound direction in noisy environment in the superior colli-
culus of the rat. Neurosci. Lett., 470, 28–32.

May, B.J., Budelis, J. & Niparko, J.K. (2004) Behavioral studies of the oli-
vocochlear efferent system: learning to listen in noise. Arch. Otolaryngol.,
130, 660–664.

Mills, A. (1972) Auditory localization. In Tobias, J.V. (Ed.), Foundations of
Modern Auditory Theory, vol 2. Academic Press, New York, pp. 303–348.

Moore, D.R. & Irvine, D.R. (1981) Development of responses to acoustic in-
teraural intensity differences in the cat inferior colliculus. Exp. Brain Res.,
41, 301–309.

Moore, R.C., Lee, T. & Theunissen, F.E. (2013) Noise-invariant neurons in
the avian auditory cortex: hearing the song in noise. PLoS Comput. Biol.,
9, e1002942.

Oliver, D.L. & Huerta, M.F. (1992) Inferior and Superior Colliculi. In Web-
ster, D.B., Popper, A.N. & Fay, R.R. (Eds), The Mammalian Auditory
Pathway: Neuroanatomy, Springer Handbook of Auditory Research.
Springer, New York, pp. 168–221.

Ono, M. & Oliver, D.L. (2014) The balance of excitatory and inhibitory syn-
aptic inputs for coding sound location. J. Neurosci., 34, 3779–3792.

Palmer, A.R. & Kuwada, S. (2005) Binaural and spatial coding in the infe-
rior colliculus. In Winer, J.A. & Schreiner, C.E. (Eds), The Inferior Colli-
culus. Springer, New York, pp. 377–410.

Park, T.J. (1998) IID Sensitivity differs between two principal centers in the
interaural intensity difference pathway: the LSO and the IC. J. Neurophys-
iol., 79, 2416–2431.

Park, T.J. & Pollak, G.D. (1993) GABA shapes sensitivity to interaural
intensity disparities in the mustache bat’s inferior colliculus: implications
for encoding sound location. J. Neurosci., 13, 2050–2067.

Park, T.J. & Pollak, G.D. (1994) Azimuthal receptive fields are shaped by
GABAergic inhibition in the inferior colliculus of the mustache bat. J.
Neurophysiol., 72, 1080–1102.

Park, T.J., Klug, A., Holinstat, M. & Grothe, B. (2004) Interaural level dif-
ference processing in the lateral superior olive and the inferior colliculus.
J. Neurophysiol., 92, 289–301.

Pickles, J.O. (1988) An Introduction to the Physiology of Hearing, 2nd Edn.
Emerald Group Publishing Limited, Bradford, UK.

Pollak, G.D. (2012) Circuits for processing dynamic interaural intensity dis-
parities in the inferior colliculus. Hearing Res., 288, 47–57.

Pollak, G.D., Burger, R.M., Park, T.J., Klug, A. & Bauer, E.E. (2002) Roles
of inhibition for transforming binaural properties in the brainstem auditory
system. Hearing Res., 168, 60–78.

Pollak, G.D., Burger, R.M. & Klug, A. (2003) Dissecting the circuitry of the
auditory system. Trends Neurosci., 26, 33–39.

Rajan, R. (1995) Frequency and loss dependence of the protective effects of
the olivocochlear pathways in cats. J. Neurophysiol., 74, 598–615.

Rajan, R. (1998) Receptor organ damage causes loss of cortical surround
inhibition without topographic map plasticity. Nat. Neurosci., 1,
138–143.

Rajan, R. (2000) Centrifugal pathways protect hearing sensitivity at the
cochlea in noisy environments that exacerbate the damage induced by loud
sound. J. Neurosci., 20, 6684–6693.

Rajan, R. (2001) Plasticity of excitation and inhibition in the receptive field
of primary auditory cortical neurons after limited receptor organ damage.
Cereb. Cortex, 11, 171–182.

Rajan, R. (2005) Contextual modulation of olivocochlear pathway effects on
loud sound-induced cochlear hearing desensitization. J. Neurophysiol., 93,
1977–1988.

Rajan, R., Irvine, D.R.F. & Cassell, J.F. (1991) Normative N1 audiogram
data for the barbiturate-anaesthetised domestic cat. Hearing Res., 53,
153–158.

Rajan, R., Dubaj, V., Reser, D.H. & Rosa, M.G.P. (2013) Auditory cortex of
the marmoset monkey - complex responses to tones and vocalizations
under opiate anaesthesia in core and belt areas. Eur. J. Neurosci., 37,
924–941.

Reiss, L.A.J., Ramachandran, R. & May, B.J. (2011) Effects of signal level
and background noise on spectral representations in the auditory nerve of
the domestic cat. JARO, 12, 71–88.

Rose, J.E., Greenwood, D.D., Goldberg, J.M. & Hind, J.E. (1963) Some dis-
charge characteristics of single neurons in the inferior colliculus of the cat.
I. Tonotopical organization, relation of spike-counts to tone intensity, and
firing patterns of single elements. J. Neurophysiol., 26, 294–320.

© 2015 The Authors. European Journal of Neuroscience published by Federation of European Neuroscience Societies and John Wiley & Sons Ltd.
European Journal of Neuroscience, 42, 1685–1704

ILD sensitivity in noise in the rat IC 1703



Seeber, B.U. & Fastl, H. (2008) Localization cues with bilateral cochlear
implants. J. Acoust. Soc. Am., 123, 1030–1042.

Semple, M.N. & Kitzes, L.M. (1987) Binaural processing of sound pressure
level in the inferior colliculus. J. Neurophysiol., 57, 1130–1147.

Slee, S.J. & Young, E.D. (2013) Linear processing of interaural level differ-
ence underlies spatial tuning in the nucleus of the brachium of the inferior
colliculus. J. Neurosci., 33, 3891–3904.

Syka, J., Druga, R., Popel�ar, J. & Kalinov�a, B. (1981) Functional organiza-
tion of the inferior colliculus. In Syka, J. & Aitkin, L. (Eds), Neuronal
Mechanisms in Hearing, Plenum, New York, pp. 137–153.

Uragun, B. & Rajan, R. (2013) The discrimination of interaural level differ-
ence sensitivity functions: development of a taxonomic data template for
modelling. BMC Neurosci., 14, 114.

Van Hoesel, R.J.M. & Tyler, R.S. (2003) Speech perception, localization,
and lateralization with bilateral cochlear implants. J. Acoust. Soc. Am.,
113, 1617–1630.

Wise, L.Z. & Irvine, D.R. (1983) Auditory response properties of neu-
rons in deep layers of cat superior colliculus. J. Neurophysiol., 49,
674–685.

Xie, R., Meitzen, J. & Pollak, G.D. (2005) Differing roles of inhibition in
hierarchical processing of species-specific calls in auditory brainstem
nuclei. J. Neurophysiol., 94, 4019–4037.

Xiong, X.R., Liang, F., Li, H., Mesik, L., Zhang, K.K., Polley, D.B., Tao,
H.W., Xiao, Z. & Zhang, L.I. (2013) Interaural level difference-dependent
gain control and synaptic scaling underlying binaural computation. Neu-
ron, 79, 738–753.

Zhang, H. & Kelly, J.B. (2009) Time-dependent effects of ipsilateral stimula-
tion on contralaterally elicited responses in the rat’s central nucleus of the
inferior colliculus. Brain Res., 1303, 48–60.

Zhang, H. & Kelly, J.B. (2010) Time dependence of binaural responses in
the rat’s central nucleus of the inferior colliculus. Hearing Res., 268,
271–280.

© 2015 The Authors. European Journal of Neuroscience published by Federation of European Neuroscience Societies and John Wiley & Sons Ltd.
European Journal of Neuroscience, 42, 1685–1704

1704 Y. Mokri et al.


