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Andrew J. King. Binaural-level functions in ferret auditory cortex:
evidence for a continuous distribution of response properties. J Neu-
rophysiol 95: 3742-3755, 2006; doi:10.1152/jn.01155.2005. Many
previous studies have subdivided auditory neurons into a number of
physiological classes according to various criteria applied to their
binaural response properties. However, it is often unclear whether
such classifications represent discrete classes of neurons or whether
they merely reflect a potentially convenient but ultimately arbitrary
partitioning of a continuous underlying distribution of response prop-
erties. In this study we recorded the binaural response properties of
310 units in the auditory cortex of anesthetized ferrets, using an
extensive range of interaural level differences (ILDs) and average
binaural levels (ABLs). Most recordings were from primary auditory
fields on the middle ectosylvian gyrus and from neurons with char-
acteristic frequencies >5 kHz. We used simple multivariate statistics
to quantify a fundamental coding feature: the shapes of the binaural
response functions. The shapes of all 310 binaural response surfaces
were represented as points in a five-dimensional principal component
space. This space captured the underlying shape of all the binaural
response surfaces. The distribution of binaural level functions was not
homogeneous because some shapes were more common than others.
Despite this, clustering validation techniques revealed no evidence for
the existence of discrete, or partially overlapping, clusters that could
serve as a basis for an objective classification of binaural-level
functions. We also examined the gradients of the response functions
for the population of units; these gradients were greatest near the
midline, which is consistent with free-field data showing that cortical
neurons are most sensitive to changes in stimulus location in this
region of space.

INTRODUCTION

Neuronal sensitivity to differences in sound level at each ear
provides a means by which the location of high-frequency
sounds can be represented in the brain. Because the auditory
cortex is required for normal directional hearing (Heffner and
Heffner 1990; Kavanagh and Kelly 1987; Malhotra et al. 2004;
Smith et al. 2004), a number of studies have used dichotic
stimuli to measure how the responses of its neurons vary with
interaural level difference (ILD). These studies have made
extensive use of nominal classification schemes for data reduc-
tion purposes (Imig and Adrian 1977; Irvine 1987; Kelly and
Judge 1994; Kelly and Sally 1988; Middlebrooks et al. 1980;
Phillips and Irvine 1983; Reale and Kettner 1986; Rutkowski et
al. 2000; Zhang et al. 2004). Thus neurons were assigned to
classes on the basis of their responses to monaural stimulation
of the contralateral and ipsilateral ears and then typically
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subclassified according to the binaural interactions of the
monaural responses. For example, the occurrence of nonlinear
summation of the monaural inputs would be classed as a
“facilitatory” interaction. The complexity of binaural stimulus
sets has increased over time, with recent work using extensive
two-dimensional (2D) stimulus grids in which ILDs were
recorded over a broad range of average binaural sound levels
(ABLSs) (Irvine et al. 1996; Semple and Kitzes 1993a,b; Zhang
et al. 2004). Such stimuli, having greater degrees of freedom,
revealed a fascinating diversity of responses that was not
evident with one-dimensional ILD functions. In the light of this
complexity, the relatively simple binaural -classification
schemes originally devised are no longer adequate, and the
functional organization of auditory cortex with respect to
binaural response properties needs to be reassessed.

The manner in which a neuron encodes stimuli is best
described through shape-related parameters such as the maxi-
mum response or the region of greatest slope. The shapes of
binaural response surfaces have been explored in a variety of
ways. This has been carried out qualitatively by reporting
commonly encountered features, such as the incidence of
nonmonotonic responses to ILD and/or ABL (Semple and
Kitzes 1993a,b), or by quantifying parameters such as the
preferred sound level combination at each ear (Semple and
Kitzes 1993b; Zhang et al. 2004) or the location of the
half-maximal ILD (Irvine et al. 1996). A disadvantage of these
parameters is that they capture relatively little shape-related
information and so poorly represent the full diversity of bin-
aural responses. A recent approach that has attempted to take
this diversity into account involved classifying the binaural
interactions with respect to the monaural responses at each
level combination in the stimulus grid (Zhang et al. 2004).
However, the resulting classification scheme is too complex to
be easily interpretable.

Current approaches to binaural classification have two draw-
backs. First they partition responses into classes. “Class” is a
nominal variable and therefore has low statistical power, plac-
ing an artificial restriction on subsequent analysis. The parti-
tioning is arbitrary if the class boundaries are drawn without
reference to a statistical distribution of response properties
across the population. If, for example, the underlying distribu-
tion exhibited distinct modes, it would be natural to draw the
class boundaries so as to separate these modes. Because the
underlying statistical distributions have not so far been docu-
mented or taken into account, it is unclear whether identifiable
classes of neurons, based on their sensitivity to ILDs or other

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

WWW.jn.org

9002 ‘8T Ae uo Bio ABojoisAyd-ul woiy papeojumoq



http://jn.physiology.org
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binaural cues, actually exist. Second, although there is a
relationship between the shape of the ILD/ABL response
function and the binaural interaction class, one is often not
predictive of the other (Irvine et al. 1996; Semple and Kitzes
1993a; Zhang et al. 2004). This is a disadvantage because
response shape is a parameter that can be related to neural
coding. Thus the relationship of binaural interaction class to
neural coding has remained unspecified.

The aim of our study was to develop an approach in which
the shape of 2D (ILD/ABL) binaural functions could be de-
scribed within a metric space. Principal components analysis
(PCA) of the responses from 310 cortical units was used to
create an objective “binaural-level function space,” in which
the similarity between units could be measured. We used
clustering validation techniques to analyze the distribution of
points in this space to search for natural partitioning of the
observed functions. Because the shape of the response func-
tions is related to neural coding, the occurrence of discrete
clusters or prominent modes would indicate the existence of
distinct ILD/ABL classes. This approach is unsupervised,
meaning that it holds no prior assumptions regarding the nature
and number of binaural response classes and is readily appli-
cable to other areas of neuroscience. We also calculated the
gradients over the population of response functions, to explore
the regions of the stimulus space to which the neurons were
most sensitive.

METHODS
General

Seven adult (aged =4 mo) pigmented ferrets (Mustela putorius)
with normal hearing (assessed by otoscopic examination and tympa-
nometry) were used in this study. All surgical procedures were
approved by the local ethical review committee and licensed by the
UK Home Office. At the end of each experiment, the animal was
killed humanely by anesthetic overdose.

On the day preceding the experiment, the ferret was deprived of
food to prevent the possibility of anesthetic-induced emesis. The
ferrets were anesthetized by intramuscular injection of alphaxalone/
alphadolone acetate (Saffan, 2 mg + kg~ '; Mallinckrodt Veterinary,
Uxbridge, UK). During surgery, bupivacaine hydrochloride (Marcain
Polyamp, Astrazeneca UK, Luton, UK) was applied topically, and
supplementary doses of Saffan were given as required by a cannula
implanted in the radial vein. Body temperature was monitored by a
rectal probe and maintained at about 38°C with a feedback electric
blanket. The animal’s head was fixed in a stereotaxic frame using
blunt ear bars and the skull was exposed. A tracheal cannula was
implanted and the animal was ventilated (7025 respirator; Ugo Basile,
Milano, Italy) with oxygen-enriched air. Atropine sulfate (0.06 mg -
kg~' - h™'; Animal Care, York, UK) and dexamethasone (0.5 mg -
kg~ - h™!, Dexadreson; Intervet UK, Milton Keynes, UK) were
administered intramuscularly to reduce mucus secretions in the air-
ways and to minimize cerebral edema, respectively. A steel bar
(diameter 7 mm) was attached to the skull with stainless steel screws
and dental cement. The bar was clamped to a steel plate and the
stereotaxic frame was removed, leaving the animal’s head supported
by only the cemented bar.

A craniotomy was performed over either the right or left auditory
cortex. In experiments using tungsten-in-glass electrodes, the dura
was left in place to protect the brain and minimize the risk of swelling.
Cortical motion was reduced by building a well of dental acrylic
around the craniotomy and filling this with 2% agar in saline. For
experiments using 16-channel silicon electrodes (Neuronexus Tech-
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nologies, Ann Arbor, MI), the dura had to be removed because the
electrodes could not penetrate it. In these cases we exposed only a
small region of cortex, which was protected with a thin layer of
mineral oil. At the conclusion of the surgical preparation, anesthesia
was switched to an intravenous infusion (Perfusor Secura FT infusor;
B. Braun Melsungen, Melsungen, Germany) of ketamine/medetomi-
dine hydrochloride (Ketaset, 5 mg - kg~' - h~!, Fort Dodge Animal
Health, Southampton, UK; Domitor, 10 pg - kgf' - h™!, Pfizer,
Sandwich, UK) in Hartmann’s solution.

Stimuli

All stimuli were created using TDT System 3 hardware (Tucker-
Davis Technologies, Alachua, FL) and presented using commercial
Panasonic headphones (Panasonic RP-HV297, Bracknell, UK) cou-
pled to otoscope specula that were inserted into each ear canal. The
transfer function of the earphones was canceled from the stimulus
using an inverse filter to flatten the frequency response of the drivers.
Closed-field calibration was carried out using a 1/8-in. condenser
microphone (Type 4138, Briiel & Kjar UK, Stevenage, UK). The
Panasonic drivers produced a flat (= <5 dB) frequency response over
the ranges at which they were used (see following text).

Broadband (0.5- to 25-kHz) noise stimuli of 50- or 100-ms duration
(5-ms raised cosine onset and offset ramps) were presented dichoti-
cally with an interstimulus interval of 1,000 ms. Noise bursts were
appropriate stimuli to use given that behavioral studies have impli-
cated auditory cortex in the localization of broadband stimuli (e.g.,
Heffner and Heffner 1990). In addition, unlike pure tones, there was
no need to adapt the stimuli to the characteristic frequency (CF) of
each individual unit (a distinct practical advantage when many dif-
ferent units are recorded simultaneously through an electrode array).
The output of the two drivers was checked regularly throughout the
experiment using a closed-field microphone and measuring amplifier
(Briiel & Kjer Type 2610) to ensure they were within 2 dB of each
other. To capture ILD functions at a range of ABLs, 80 binaural noise
level combinations were presented randomly from a stimulus grid
containing ABLs from 0 to 90 dB and ILDs from 0 to £50 dB (Fig.
1). A 50-dB maximum ILD was chosen because this was below the
cross-talk level of our sound delivery system. Ferrets engaged in the
localization of far-field sources rarely experience ILDs >35 dB
(Parsons et al. 1999), although the range of ILDs that might be
experienced from near-field sources can be considerably larger (Duda
and Martens 1998). A greater range of ILDs was used in this study
because binaural interactions still occur at these extreme values and it
is possible that responses to stimuli outside the physiological range
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FIG. 1. Schematic illustrating the 80 sound level combinations (black dots)
at which binaural stimuli were presented. Gray lines indicate the axes along
which average binaural level (ABL) and interaural level difference (ILD) vary
(i.e., ABL is constant along the ILD dimension).
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