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Abstract The tonotopicity of the cat’s primary auditory
sortex (Al) is thought to provide the framework for fre-
juency-specific processing in that field. This study was
esigned to assess this postulate by examining the spa-

{al distribution of neurons within Al that are activated

5y a single tonal frequency delivered to the contralateral
sar. Distributions obtained at each of several stimulus
evels were then compared to assess the influence of
stimulus amplitude on the spatial representation of a
;iven,stimulus frequency in Al Data were obtained
"~ 308 single units in Al of four adult, barbiturate-

__thetized cats, using extracellular recording meth-
»ds. Stimuli were 40-ms tone pulses presented through
.alibrated, sealed stimulating systems. In each animal,
he CF (stimulus frequency to which- the unit is most
ensitive), threshold at CF, response/level function at
°F, and binaural interactions were determined for iso-
ated neurons (usually one per track) in 60-90 electrode
racks. For each unit, regardless of its CF, responses to
10 repetitions of contralateral tones of a single frequen-
y, presented at each of four or five sound pressure levels
SPLs) in the range from 10 to 80 dB were obtained.
yifferent test frequencies were used-in each of four cats
1.6, 8.0, 11.0, and 16.0 kHz). For tones of each SPL, we
enerated maps of the response rates across the cortical
urface. These maps were then superimposed on the
aore traditional maps of threshold CF. All units whose
°F was equal to the test frequency could be driven at
ome SPL, given an appropriate monaural or binaural
onfiguration of the stimulus. There was a clear spatial
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segregation of neurons according to the shapes of their
CF tone response/level functions. Patches of cortex, of-
ten occupying more than 2 mm?, seemed to contain only
monotonic or only nonmonotonic units. In three cor-
tices, a patch of nonmonotonic cells was bounded ven-
trally by a patch of monotonic cells, and in one of these
cases, a second patch of monotonic cells was found dor-
sal to the nonmonotonic patch. Contralateral tones of
any given SPL evoked excitatory responses in discon-
tinuous cortical territories. At jow SPLs (10, 20 dB),
small foci of activity occurred along the isofrequency
line representing the test frequency. Many of these cells
had nonmonotonic response/level functions. At mid-
and high SPLs, the CFs of neurons activated by a pure
tone varied across 3 octaves. At the highest SPL used
(80 dB), most of the neurons with nonmonotonic re-
sponse/level functions were inactive, or responded poor-
ly; the active neurons were widely spread across the
cortex, and the distribution of activity had a pattern
bearing little relationship to the threshold CF contour
map. These data indicate that only isolated patches of
units within the relevant isofrequency contour are acti-
vated by a given suprathreshold contralateral tone. At
suprathreshold stimulus levels, the region of cortex con-
taining active patches extends widely beyond the
threshold isofrequency contour region corresponding to
the test stimulus frequency. ‘The spatial representation
of a stimulus delivered to the contralateral ear appears,
therefore, to be highly level dependent and discontinu-
ous. These observations suggest that in the cat’s Al
tonotopicity and isofrequency contours are abstractions
which bear little resemblance to the spatial representa-
tion of tonal signals. :
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Introduction

A central issue in sensory physiology concerns the way
in which stimuli are “represented” in the activity of neu-
rons at successive levels of the neuraxis. There are at
least two related levels at which one can understand a
stimulus to be represented in spike activity: in the dis-
charges of individual neurons, since spike rate or timing
may vary systematically with parametric changes in one
or more stimulus dimensions, and in pattern of spike
activity distributed across a neural population, ideally
in an individual animal. In the auditory system, experi-
ments on the cochlear nerve have shown that the spec-
tral identity of a given sound can be represented in the
timing of spike discharges across the nerve fiber array,
at least for frequencies below about 4 kHz, and that this
code is relatively level-tolerant (e.g., Kim and Molnar
1979; Kim et al. 1990; Rose et al. 1967; Sachs and
Young 1979; Young and Sachs 1979). A second code is
based on spike rates, irrespective of their timing. At
threshold levels of stimulation, the number of nerve
fibers excited by a tonal signal is small and the discharg-
ing cells are restricted to those innervating the cochlear
place most responsive to the test frequency. At only
slightly higher signal levels however, there is consider-

able longitudinal spread of excitation along the cochlear

partition, with the result that very large sectors of the
auditory nerve array are excited to comparable, high
response rates (Evans 1975; Kim and Molnar 1979;
Pfeiffer and Kim 1975). Accounts of how the population
response rate profile might indicate the test frequency
have often alluded to the “edges” of the activated fiber
arrays rather than to foci of maximal activity (cf. Kim
and Parham 1991; Kim et al. 1990; Moore 1989).

The general experimental paradigm of studying the
responses of a large population of singlé neurons in indi-
vidual animals with a small set of stimulus conditions
has not been applied to the primary auditory cortex
(AD). In Al the traditional single-unit approach has
sought to describe quantitatively the encoding of a stim-
ulus parameter in the discharges of individual Al neu-
rons, and to explore the mechanisms shaping the code
(e.z., Eggermont 1991; Imig et al. 1990; Phillips 1988,
1990, 1993a,b; Phillips and Hall 1990; Reale and Brugge
1990; Semple and Kitzes 1993a,b). The single-unit stud-
ies have revealed that while most AT neurons, like coch-

- lear nerve fibers, have a single characteristic frequency

(CF, the tone-pulse frequency to which a neuron is most
sensitive), there are other factors that determine whether
a tone at the contralateral ear will evoke spike dis-
charges. First, for many cortical neurons, the excitatory
range of tone frequency-intensity conjunctions {excita-
tory “response area”) is often flanked by inhibitory ones
(Phillips 1988; Phillips and Hall 1992; Phillips et al.
1985: Shamma and Symmes 1985; Calford et al., unpub-
lished work). These cells often have completely circum-
scribed excitatory response areas, ie., excitatory re-
sponses are elicited by tones within only a narrow win-

dow in frequency-intensity space. Unlike any cochlear
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nerve fiber, these cells have a nonmonotonic relation
between spike count and stimulus level (“response/level
function”) for CF tones. This property would be expe’
ed to constrain any spread of excitation in comparisc
with that seen in a population of neurons whose re-
sponse areas more closely resemble those of cochlear
neurons. Second, the vast majority of Al neurons are
influenced by the presence of stimuli at both ears
(Brugge et al. 1969; Imig and Adrian 1977; Kitzes et al.
1980; Phillips and Irvine 1983). Third, the temporal
code for low-tone frequencies (phase-locking to individ-
ual stimulus cycles) is not available in the cortex (see
Phillips 1993a for review). The strict single-unit ap-
proach has thus offered reasons for believing that the
factors influencing the spread of excitation across neu-
rons of adjacent CF may be very different in the cochlea
and the cortex. On the other hand, it has offered rela-
tively little insight into the spatial organization of acti¥-
ity in AL In part, this may have been because the prag-
matic constraint of the time required to characterize any
given neuron quantitatively precluded, in any individu-
al cortex, study of the scores of sites required for even a
partial map.

A second physiological approach used to study the
cortex utilizes the mapping strategy. Using this method,
parametric data on single units are not typically ob-
tained. Rather, the data collected are observations of

‘the responses of small clusters of units, often simply au-

diovisual inspections of the electrode signal. Such obser-
vations can be gathered quickly and have permitted
large numbers of cortical loci to be studied in sin;
animals. This approach was the first to provide com-
pelling evidence for tonotopic organization of the pri-
mary (Merzenich et al. 1975) and other (Knight 1977;
Reale and Imig 1980) cortical auditory fields. Using
tones of each neuron’s preferred ear, in these experi-
ments, the threshold CFs of neural elements are charted
across the cortical surface, and “isofrequency lines”
(lines of cells with similar CFs, after Merzenich et al.
1975) are interpolated between points on the spatial
map. The same general strategy has recently been used
to reveal gradients of frequency tuning bandwidth
(Schreiner and Cynader 1984; Schreiner and Mendelson
1990) and monotonicity (Schreiner et al. 1992) within
isofrequency lines. The mapping strategy has also re-
vealed a form of binaural organization in the primary
field (e.g., Imig and Adrian 1977; Middlebrooks et al.
1980; Reale and Kettner 1986).

Insofar as understanding stimulus representation in
Al is concerned, interpretation of the data provided by
the mapping studies have several constraints. A
methodological concern is the ambiguity of the mea-
sured responses, since there is potentially great hetero-
geneity in the physiological properties, distance from
the electrode, and pre- or postsynaptic identity among
the neural elemernts contributing to the cluster response
(Phillips and Irvine 1979, 1983). Second, what these
studies have generally “mapped” across the cortir

mantle has been a response property (e.g. C.,
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threshold, tuning curve bandwidth), which is not the
same thing as a 1esponse to the stimulus. In the case of
~ \otopic maps, the CF determination is made without
specifying absolute stimulus level, or which ear is stimu-
lated. It follows from this that knowledge of the CF map
may provide Very little information about which neu-
rons will be activated by any specified tonal signal at the
ear(s). Moreover, the kinds of observations on response
parameters provided by the mapping studies do not per-
mit statements 10 be made about absolute response
magnitudes in general, ot about their distribution with-
in.active cortical territories. ‘

1t follows from this discussion that data from neither
the traditional single-unit, nor the more recent mapping
experiments, have provided a satisfactory answer to the
apparently simple question of which AI neurons are ac-
tivated by a given signal, even a pure tone. The single-
unit observations have revealed classes of neurons dis-
tinguished by the shapes of their response areas, but
have indicated little about the distribution of these cell
types within and across isofrequency lines. On the other
hand, while the mapping experiments have provided ev-
idence on the spatial .distribution of multiple-neuron
CFs and other response. parameters, they have not pro-
vided direct information about the spatial pattern of
cortical activation evoked by any given stimulus.

The purpose of the present study was to determine
the distribution of cortical excitation evoked by tone
pulse stimulation at the contralateral ear. Our general
~vategy was to use the best features of both the single-

it and mapping studies, viz., to restrict observations
{o quantitative measures of single units identified by
their CF, threshold, rate-level function, and binaural
class, and to do sofor a large number (60-90) of cortical
sites in individual animals. Further, rather than study
each cortical neuron only with tones of its CF, we stud-
jed each cortical site with a fixed set of stimuli: this
enabled us to map out the distribution of neurons acti-
vated by a limited set of test stimuli across the cortical
mantle, and in particular, across the traditional
threshold-CF map. This design also permits a compari-
son of our cortical data with those previously presented
for the cochlear nerve. The question that characterizes
this study, then, is: “given the stimulus, who’s listen-
ing?”, rather than the converse question addressed by
both of the earlier approaches to the cortex: “given the
neuron, what is it listening to?”

Materials and methods
Animal preparation

This report describes in detail studies of four adult cats shown by
preliminary otoscopic examination to be free from outer and mid-
dle ear disease. Surgical anesthesia was induced by intraperitoneal
administration of pentobarbital sodium (30 mg/kg), and was
mair}taincd by supplemental doses administered intravenously
‘bital vein, as required to maintain a state of areflexia: approx-
‘ately 1-2 mg/kg per hour). Each cat was given doses of atropine

sulfate (0.03 mg/ks im) and dexamethasone sodium phosphate
(0.12 mg/kg im.), at the beginning of the experiment and at 24-h
intervals subsequently, as prophylactics against respiratory secre-

tions and cerebral edema, respectively. The animal was placed op
an intravenous drip of 594 dextrose in lactated Ringers solution
for the duration of the recording session. The animal’s core tem-

rature was maintained at 37.5°C using a thermostatically con-
trolled heating pad.

Following induction of anesthesia, the cat’s trachea was can-
nulated, and the dorsal skull was cleared. A head-holder was
cemented to the skull in a fashion that left the ears unobstructed.
The pinnae were resected, and the external auditory meatuses
were transected to permit insertion of the stimulus delivery sys-
tems (see below). A craniotomy was performed over the left mid-
dle ectosylvian gyrus; the dura mater was cut and reflected, and
the cortex was bathed in a shallow well of warmed (37.5°C)
dimethylpolysiloxane oil. The cortical surface was digitalty im-
aged, and electrode penetration sites were marked in relation to

cerebrovascular landmarks.

Stimulating and recording systems

Tonal stimuli were generated and shaped digitally by a custom
system incorporating modified Hewlett-Packard (8904A) digital
synthesizers (Semple and Kitzes 1993a). Tone pulses were 40 ms in
duration, including 2.5-ms (cat 02L.001) or 5.0-ms (all other exper-
iments) rise-decay times. Interstimulus intervals were 700 ms.
Stimuli were transduced by Stax earphones in shielded housings,
that were connected directly to acoustic couplers whose speculae
were, in turmn, inserted into the transected ear canals. The acoustic
couplers incorporated calibrated probe-microphone assemblies
for in situ measurement of stimulus sound pressure levels (SPL:
decibels te 20 pPa) close to the tympanic membranes. Prior to the
recording session, each ear was calibrated from 100 Hz to 40 kHz;
the maximum outputs were stored as a look-up table for on-line
adjustment of stimulus levels to experimenter-set SPLs.

The responses of single neurons were recorded with platinum-
and gold-plated, Parylene—insulated tungsten microelectrodes.
The electrode signal was filtered, amplified, monitored on an au-
dio amplifier, and displayed on a digital oscilloscope whose sweep
was triggered at stimulus onset. A second oscilloscope was used
for continuous monitoring of spike waveform and for providing
trigger pulses to & custom-built unit event timer (1 ps resolution).
Unit activity was continuously displayed as both peri-stimulus
time histograms (PSTHs) and dot rasters.

Data collection protocol

Search stimuli were tone pulses whose frequency, amplitude and
binaural configuration were systematically varied. When a single
unit was isolated, its CF and CF threshold were determined using
the optimal binaural stimulus configuration (usually contralateral
stimulation alone, ipsilateral stimulation alone, or simultaneous,
equally intense stimulation of the two ears). Response thresholds
were determined by the activity indicated in the on-line dot
rasters. Using CF tones of the cell’s optimal binaural configura-
tion, the shape of the cell’s response/level function was determined
by comparing response rates for tones 10-20 dB and 50-60dB
above CF threshold (after Phillips et al. 1985; Phillips and Hall
1992). If spike counts evoked at the higher stimulus level were less
than 50% of those evoked at the lower stimulus level, then the
neuron was classified as nonmonotonic. All other cells were classi-
fied as monotonic. The binaural classification of neurons is not
considered for this report and will be described in detail in a later
paper. -

The foregoing procedures were used to characterize every neu-
ron in our sample. Occasionally, complete response area data
were also collected. This entailed accumulating responses to 40
repetitions of tone pulses whose frequency-amplitude conjunc-




