Correlation Between the Activity of Single Auditory Cortical
Neurons and Sound-Localization Behavior in the Macaque Monkey

GREGG H. RECANZONE;? DARREN C. GUARD! MIMI L. PHAN,* AND TIEN-I K. SU*
1Center for Neuroscience arfection of Neurobiology, Physiology and Behavior, University of California, Davis,
California 95616

Recanzone, Gregg H., Darren C. Guard, Mimi L. Phan, and Kuwada et al. 1997, Litovsky and Yin 1998; Yin and Chan
Tien-l K. Su. Correlation between the activity of single auditory]9g88, 1990), and in the auditory cortex (e.g., Clarey et al. 1995;
cortical neurons and sound-localization behavior in the macaqp:ﬁi”ips and Irvine 1981; Rajan et al. 1990a,b; Semple and

monkey.J. Neurophysiol83: 2723-2739, 2000. Lesion studies have, . . LT
indicated that the auditory cortex is crucial for the perception itzes 1993a,b). Although lesion studies in humans (Haeske-

acoustic space, yet it remains unclear how these neurons participate §Vick et al. 1996; Poirier et al. 1994; Sanchez-Longo and
this perception. To investigate this, we studied the responses of sing@ster 1958) and monkeys (Heffner and Heffner 1990;
neurons in the primary auditory cortex (Al) and the caudomedial fielthompson and Cortez 1983) have indicated that the auditory
(CM) of two monkeys while they performed a sound-localization taskortex is crucial for this perception in primates, it is still poorly
Regression analysis indicated that the responses86/%6 of neurons nderstood how auditory cortical neurons participate in the
in both cortical areas were significantly correlated with the azimuth B'érception of acoustic space.

elevation of the stimulus, or both, which we term “spatially sensitive. Electrophvsioloaical studies i thetized Is indi
The proportion of spatially sensitive neurons was greater for stimulus ectrophysiological studies in anesthetized mammals indi-

azimuth compared with stimulus elevation, and elevation sensitivigate that the representation of acoustic space is not topograph-
was primarily restricted to neurons that were tested using stimuli tHgglly organized in Al (e.g., Brugge et al. 1996; Imig et al.
the monkeys also could localize in elevation. Most neurons responde@90; Middlebrooks and Pettigrew 1981; Middlebrooks et al.
best to contralateral speaker locations, but we also encountered re®98; Rajan et al. 1990b) in contrast to the barn owl optic
rons that responded best to ipsilateral locations and neurons that figgtum (Knudsen and Konishi 1978; see Knudsen and Brainard
their greatest responses restricted to a circumscribed region within 1@5) and the mammalian superior colliculus (Jay and Sparks
central 60° of frontal space. Comparing the spatially sensitive neuroj§g - King and Hutchings 1987; Middlebrooks and Knudsen

with those that were not spatially sensitive indicated that these t . ;
populations could not be distinguished based on either the firing ra (?,84’ Wallace et al. 1996). It has been suggested that acoustic

the rate/level functions, or on their topographic location within apspace 1s represented by population firing rate codes (e.g.,

Direct comparisons between the responses of individual neurons &igenmann 1974) or by the temporal firing pattern of single
the behaviorally measured sound-localization ability indicated thBeUrons or populations of auditory cortical neurons (e.g.,
proportionally more neurons in CM had spatial sensitivity that wahissar et al. 1992; Furukawa et al., 2000; Gottlieb et al. 1989;

consistent with the behavioral performance compared with Al neMiddlebrooks et al. 1994, 1998; Vaadia and Abeles 1987; Xu
rons. Pooling the responses across neurons strengthene_d the relagoral. 1998, 1999). To date, however, only two studies have
ship between the neuronal and psychophysical data and indicated thgestigated how the activity of cortical neurons in the awake
the responses pooled across relatively few CM neurons contgiimate relates to sound location perception (Ahissar et al.
enough information to account for sound-localization ability. ThesPQ%Z. Benson et al. 1981), and neither of these studies inves-
data support the hypothesis that auditory space is processed in a s ! AP o . .
manner from Al to CM in the primate cerebral cortex. ﬁﬁ%ted chahzanqn |n.b.oth azimuth and .ele\./at|on or cﬁrectly
related single-unit activity to sound-localization behavior.
Recent anatomic evidence suggests that auditory informa-
tion is processed serially in the primate cerebral cortex (e.g.,
INTRODUCTION Jones et al. 1995; Morel et al. 1993; Rauschecker et al. 1997;
Psychophysical studies of sound-localization ability haJg°manski etal. 1999; see Kaas et al. 1999; Rauschecker 1998
% reviews) similar to the dorsal and ventral processing

defined several stimulus parameters that affect localizati i . : . L
performance and the binaural and spectral cues that could3g&ams Of visual information (Ungerleider and Mishkin 1982).

used to calculate acoustic stimulus location (e.g., Butler 198 Je available electrophysiological and imaging studies also

Makous and Middlebrooks 1990: Perrott and Saberi 19 pport this idea (e.g., Bushara et al. 1999; Rauschecker et al.
Recanzone et al. 1998; Stevens and Newman 1936; Wightﬁ@& Recanzone et al. 2000; Weeks et al. 1999) although there
and Kistler 1989: see’ Middlebrooks and Green 1’991). T}I?é?ls been no direct evidence linking the responses of auditory

processing of these cues has been investigated rigorouslf%ﬁ“cal neurons to the identification or localization of sound

different levels of subcortical auditory structures (e.g., Fitztmull:

patrick et al. 1997; Imig et al. 1997; Joris and Yin 1995; This study reports the activity of cortical neurons in mon-
' ’ ' ’ 5l’<eys localizing tone and noise stimuli and relates this activity

The costs of publication of this article were defrayed in part by the paymem the monkeys’ psychophysically measured auditory spatial

of page charges. The article must therefore be hereby maskhaftisemerit ~ acuity. Single-neuron responses were recorded in the primary
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ auditory cortex (Al) and the caudomedial field (CM), which
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have been hypothesized to form part of the “where” processiBgmuli and apparatus

stream in the primate auditory cortex (Rauschecker 1998).

All experiments were conducted in a double-walled acoustically

A partial report of these data has appeared in abstract fogle|qed sound booth (IAC) with inner dimensions of X43.0 X

(Guard et al. 1998).

METHODS

2.0 m (I X w X h), with echo-attenuating foam (Sonex) on all four

walls, the ceiling, and most of the floor. The monkey sat in an
acoustically transparent primate chair 1 m from the rear wall and
1.5 m from the adjacent wall and was monitored continuously in the
left profile by the experimenter via an infrared camera and closed-

All procedures conformed to the Public Health Service policy 0fq.it monitor.
the care and use of experimental animals and were approved by thgcoystic stimuli were generated using a TDT (Tucker-Davis Tech-
University of California at Davis animal care and use committegyg|ogies) system controlled by a PC. Stimuli consisted of either tones,
Two adult male rhesus monkeys (Macaca mulatta) weighing 7—band-passed noise, or broadband noise. Stimulus duration, intensity,
kg over the course of the study were used in all experimendsid spatial location was varied depending on the task requirements

(monkeys Land M).
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(see following text). Stimuli were presented from one of six different
speakers at 18 different locations. Five speakers were located on an
array (Fig. B; speakers a—e), and the sixth speaker was located at 90°
contralateral to the recording location (speaker 0). The array was
constructed from two curved aluminum arms that positioned each of
the five speakers 146 cm from the center of the interaural axis of the
monkey. One speaker (a) was located directly in front of the monkey,
two speakers were located at eccentricities of 30° (b and ¢) and two at
15° (d and e). The array was positioned at 0° as shown in Rigod
rotated 45, 90, or 135° counterclockwise with the axis of rotation at
speaker a (Fig. B). Speakers b—e therefore were positioned at four
different locations in space, and each crossed through the zero axis for
either elevation (b and c) or azimuth (d and e).

Stimuli used for determining the spatial response properties of these
neurons consisted of 200 ms (5-ms rise/fall) tones, Gaussian noise, or
one of five different band-passed noise stimuli. Bandpassed stimuli
had cutoff frequencies of 50—-750 Hz, 750-1,500 Hz, 1.5-3.0 kHz,
3.0-6.0 kHz, and 5.0-10.0 kHz. Measurements of the frequency
response for each speaker at each location showed that there®ere
dB variations in the amplitudes of different frequency components, so
the stimulus intensity was randomly varied across presentations by
+3 dB centered at 65 dB SPL. In each session, two stimuli were
presented on randomly interleaved trials; a tone near the characteristic
frequency (CF) of the neuron and the noise stimulus that encompassed
this frequency. Each tone and noise stimulus was presentedffor
correct trials from each of the 17 frontal locations in each complete
session. Two sessions occasionally were performed in a single day.
The position of the right pinna was measured on some sessions using
the search coil technique (DNI Instruments) by placing the monkey in
a magnetic field and attaching a search coil on the most distal and

Fic. 1. Behavioral apparatus and paradigiisschematic of the speaker
array used in these experiments. For the electrophysiological experiments, 6
different speakers were used, 5 on an array (a—e) and 1 contralateral speaker
located 90° to the right (0). Speaker array was oriented as shown or rotated
counterclockwise by 45, 90, or 135°. Speakers b and ¢ were located at 30°
eccentricity, speakers d and e were located at 15° eccentricity. Speaker a was
located directly in front of the monkey at 0° azimuth and elevati®irspatial
locations tested for each neuron. Rotating the array placed speakers b—d at 4
different locations. In each array orientation, the speaker used on the next trial
was randomly determined, so the monkey could not predict the location before
each trial.C: behavioral paradigm used on most trials. A 50-ms tone burst of
varying frequency and intensity was presented from the contralateral speaker
(o) 3—7 times before a 200-ms test stimulus was presented from a frontal
location (speakers a—e). Monkey was required to depress a lever to initiate a
trial, and to release the lever when it detected the change in locddon.
no-change catch trials. To verify that the monkey was not simply cueing on the
stimulus duration to perform the task, the 200-ms stimulus was presented
occasionally from the contralateral speaker. Release of the lever to this
stimulus would result in a false-positive. Release of the lever when this
stimulus was presented from a frontal location resulted in a reiarchange
catch trials. To verify that the monkey was responding to the change in
location, a 50-ms tone burst was presented occasionally from one of the frontal
speaker locations. Monkey was required to release the lever on these trials to
obtain a reward.
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posterior portion of the pinna with cyano-acrylate. The pinna positidhl (see Pfingst and O’Connor 1980; Recanzone et al. 1997). Magnetic

was digitized at 1 kHz and stored for off-line analysis. resonance imaging (MRI) images in the frontal plane were obtained in
monkey Lbefore surgery (1.5 T magnet, 3-mm slices). Electrodes
Behavioral procedures during single-neuron recording were introduced into the brain through guide tubes inserted through a

plastic grid fastened to the recording cylinder (Crist et al. 1988).

The activity of single neurons was measured while the monk&uide tubes were inserted through the dura into the overlying parietal
performed the sound-localization task illustrated in FigCHE A  cortex ~2-5 mm above the superior temporal gyrus. Electrodes
light-emitting diode (LED) suspended in front of the array that did ndfFHC, ~1-3 MQ at 1 kHz) were advanced through the guide tube via
reflect onto the array blinked on/off until the monkey depressedaahydraulic microdrive (FHC or Narshige) until neuronal activity
lever to initiate a trial. A series of three to eight tone stimuli (50-mdriven by auditory stimuli was encountered. Unit activity was ampli-
duration, 3-ms rise/fall) were presented from the 90° speaker evéigd and displayed on an oscilloscope and audio monitor using con-
750 ms (S1 stimuli). The monkey’s task was to maintain the leveentional methods. Search stimuli consisted of tones, noise, band-
depressed during the S1 stimulus presentations and to release the lpassed noise, and clicks presented from the 90° or frontal speakers.
within 500 ms when a stimulus was presented from one of the Single-neuron activity was isolated on-line using a time-amplitude
frontal locations (S2 stimuli) to receive a fluid reward. On most trialwindow discriminator (Bak), off-line by using spike-sorting software,
the S2 stimulus was either a 200-ms duration tone or noise as deboth. Single-neuron waveforms were digitized at 50 kHz and stored
scribed in the preceding text. Catch trials were introduced randomlyfar later analysis.
ensure that the monkey was attending to the location of the stimulus
and not the stimulus duration or type. The first type (FiD) pre- ;
sented the 200-ms duration tone or noise from the speaker at 90"'.:)I(Fllta analysis
this case, the monkey was not rewarded for releasing the lever untiPoststimulus time histograms were constructed using 3-ms time
the stimulus was presented from a frontal location. The second tylpies by summing the activity over each of the trial repetitions. For all
(Fig. 1E) had a short-duration stimulus (50-ms tone) presented fropther analysis, the firing rate was measured for both 100 and 250 ms
one of the frontal locations. In this instance, the monkey was rewardgidrting at the onset of the stimulus presentation. We compared the
if it released the lever. Thus the monkey could only reliably obtainr&sults using these two response windows for all subsequent analysis,
reward if it maintained the lever depressed until a stimulus wasd although there could be minor differences in the results, they
presented from a frontal location. never reached statistical significance (paitadst; P < 0.05 in all

The short-duration (50 ms) tone stimuli presented from the conases) and therefore we will present only the results using the 250-ms
tralateral speaker were used to characterize each neuron’s frequercprding window.
and intensity response properties reported previously (Recanzone éflultiple regression analysis compared the activity as a function of
al. 2000). Sixteen stimulus intensities varied from 0 to 80 dB SPL the stimulus azimuth and elevation using either all trials for each
15 steps (5.333 dB/step), and 31 stimulus frequencies varied ovestimulus presentation (170 trials) or by taking the mean response at
2-4 octave range in 30 steps (2631 = 496 total stimuli). Each each location. Behavioral thresholds were predicted by the neuronal
stimulus was presented at least two times. These data were used inrggponse by interpolating the azimuth or elevation location that cor-
report to physiologically characterize these neurons, to physiologésponded to the meah 1 SD of the firing rate for stimuli presented
cally define the primary auditory cortex and caudomedial fields, awlirectly in front of the monkey. Comparisons between the neuronal
to define the rate/level functions of each of the cortical neurons (saed behavioral data were defined as the ratio of the threshold pre-
following text). The frequency and intensity tuning functions of thesaicted by the neuronal response divided by the behaviorally measured
neurons have been reported previously (Recanzone et al. 2000). threshold.

Intensity tuning was defined using the 50-ms duration stimuli
presented from the contralateral speaker (see Recanzone et al. 2000).
The responses to each stimulus intensity was averaged across the five

A separate set of experiments defined the sound-localization abiliggted frequencies nearest the CF of the neuron (2 higher, 2 lower, and
of these monkeys to these acoustic stimuli. All stimuli in this task at CF, 10 trials/intensity). The mean response at the highest intensity
were 200 ms in duration. The S1 stimulus was presented at 0°t@sted then was divided by the greatest response at any intensity. This
azimuth and elevation and changed to a new location (S2) using tiago varies from 0 (no response at the highest intensity tested) to 1.0
same apparatus and an additional six speakers to present stimuli akdhg highest intensity tested elicited the greatest response).
either the horizontal meridian or midsaggital plane at eccentricities ofMonte Carlo analysis was used to determine if neurons with the
+5, 10, 15, 22.5, and 30°. The monkey’s task was identical: depressne spatial response properties were nonrandomly organized within
the lever to initiate a trial and release the lever when it detectedAh A computer program randomly assigned one of the grid locations
change in the stimulus location. For each speaker location, the pand electrode depths to each of the studied neurons. The number of
formance was calculated as the hit rate (No. hits/[No. hkitdNo. instances where adjacent recording locations contained neurons that
misses]) multiplied by (1— false-positive rate) where the false-were spatially sensitive, insensitive, or mixed (se&esuLTy was
positive rate was calculated as (No. FP/total number of trials). THReasured in 10,000 iterations. These simulations then were compared
measure of performance provides a reliable measure of perceptih that observed experimentally. This analysis did not require the
ability (Phan et al. 2000; Recanzone et al. 1992, 1993, 1998; swume pattern of different response classes to match that found exper-
Recanzone et al. 1991). Thresholds were calculated as the locaifogantally (i.e., location by location), it only compared the likelihood
with a 0.5 performance by linear interpolation. The S2 locations weifeat the same distributions would be observed by chance.
interleaved randomly between trials with 25—45 trials presented at
each S2 location. Sessions were repeated using different speakergfes y| 15
each location by presenting stimuli with the array rotated 90 and 180°
counterclockwise. Psychophysical measures of sound-localization performance

Behavioral procedures during psychophysical tasks

Representative examples of psychometric functions from
monkey Ltested with different stimuli are shown in Fig. 2. In

A restraining head post and recording cylinder was implant&@Bch panel, the performance is shown as a function of the
surgically using conventional methods to allow a vertical approach stimulus eccentricity in azimuthif or elevation @) relative to

Recording procedures
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1980, 1982; Heffner and Heffner 1990; May et al. 1986) and
human subjects (see Middlebrooks and Green 1991) localiza-
tion in azimuth was best for the stimulus with the largest
bandwidth, followed by the 1-octave band-passed noise, and
finally the tone stimuli. For localization in elevatiomonkey L
was unable to reach the 0.50 performance level for any of the
tone stimuli presentedvionkey Mdid reach a 0.50 perfor-
mance level for the 1-, 2-, and 4-kHz tones, but only for the
stimuli at the greatest eccentricities. For the band-passed noise
stimuli, elevation thresholds could be measured in both mon-
keys, and they were greatest for the noise stimuli restricted to
low-frequency components, and progressively improved as the
stimulus included more high-frequency components. For
broadband noise stimuli, thresholds for localization in eleva-
tion were only slightly higher than for localization in azimuth
in monkey Mand equivalent imonkey L.

In summary, localization ability was best for broadband
noise and poorest for tone stimuli, and localization in azimuth

was better than localization in elevation. These results were
consistent with previous studies (Brown et al. 1978, 1980,

05 1 1982; Heffner and Heffner 1990; May et al. 1986).
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Histological verification of the recording locations is not yet
possible as these monkeys are still participating in experi-
ments. The data of this report are based on recording locations
that have been physiologically identified as being in Al and
CM based on the CF progression and frequency tuning band-
width (see Kosaki et al. 1997; Merzenich and Brugge 1973;
Morel et al. 1993; Rauschecker et al. 1997). Details of the
frequency and intensity tuning properties of these neurons and
the physiological criteria used to classify neurons as being
within Al and CM have been reported previously (Recanzone
et al. 2000) and are described only briefly here. Figure 3 shows
the recording locations and the region physiologically defined
as Al (heavy line) in both monkey# andB show the dorsal
view of the recording grid, with shaded circles denoting cor-
tical locations where the multiple-unit CF and threshold was
qualitatively defined, and the filled circles show recording
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FIG. 2. Representative psychometric functions franonkey L.Stimuli
were either presented at different eccentricities in azimuth at 0° elevatjon (
azimuth) or along the midsaggital plane; €levation).A, C, and E: results
from sessions using tone stimu, D, andF: results from different sessions
using noise stimuli. - - -, 0.50 performance. Thresholds were defined asu.%t% Hz 8.6 85 =30 =30

Y500 Hz

Azimuth, deg Elevation, deg

Stimulus Monkey M Monkey L Monkey M Monkey L

average of the 2 eccentricities at the 0.50 performance level for each stim 6.9 47 20.5 =30
across sessions (Table 1). ' ' '

2,000 Hz 11.8 10.8 28.5* >30
directly in front of the monkey (0° in azimuth and elevation)4’g88 :; g'; 11‘% >3c2)4'8 igg
- - - in each plot shows the performance level of 0.50. Thresis kH; 9.1 10.8 =30 =30
olds were calculated as the 0.50 performance level (see R&5-1.5 kHz 8.4 6.0 12.8 20.6
canzone et al. 1991) for changes in location to the left and ri kHz 6.0 6.0 9.0 11.2
in azimuth and up and down in elevation. There was kHz 4.3 48 7.4 /8
. . . . roadband 4.1 3.2 54 3.1
statistically significant difference in threshold between le

versus right in azimuth or up versus down in elevation (paired,sound-localization thresholds measured in degrees in both azimuth and
2-tailed t-test; P > 0.05), and thresholds were taken as thelevation from both monkeys to tone and noise stimuli used in the electro-
mean of the two measured values across sessions. Thresh@igological experiments. Thresholds were based on the average performance

. . . . . vel of 0.5 for locations both left and right (azimuth) or above and below
for the tone and noise stimuli are shown in Table 1 for aZIml_“I t‘levation) directly in front of the monkey:30, performance did not reach the

(left columns) and elevation (right columns). Consistent Withis |evel for any eccentricities tested. *, threshold was only obtained for the
previous studies in the macaque monkey (Brown et al. 191@ward direction irmonkey Mfor the 2-kHz tone.
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Fic. 3. Recording locations and reconstruction of
auditory cortical fieldsA andB: dorsal view of the grid
at the standard orientation in each monkey. Each circle
represents a grid opening in which a guide tube could be
inserted. Filled circles show recording locations where
the single neurons of this report were recorded. Shaded
circles represent locations where qualitative data were
collected but a single-neuron dataset was not completed.
C andD: characteristic frequencies (CFs) for each grid
location. Each number represents the characteristic fre-
quency rounded to the nearest kHz of either the average
of single neurons, or qualitatively determined from mul-

tiple-unit recordings. There is a progression of low-

o8 frequency CFs to high-frequency CFs in the rostral to
843 caudal direction characteristic of macaque Al. X, no
125 B 1951 1 X response to auditory stimuli; B, broadly tuned neurons.
B B 17 5 4 24 Data adapted from Recanzone et al. (2000).
) x X 234 2XKX
1419 4 B <1 X X2 211 XXX
1 23 x B 15 1 X 2 12]8 5 5«
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4 5 X X 20 1148 413 5102 7|2 3 18
B 1 X 1020 X 24 15172012 6 7 14]1 X
118 1923 15 X 9

locations where the quantitative data of this report were caach stimulus presentation and the poststimulus time histogram
lected.C and D show the CFs of neurons at these location$PSTH) shows the sum of these responses for each location,
Data also were collected after rotating the grid 30° counteasriented on the page at the relative location from the monkey’s
clockwise to investigate intermediate grid locations (data npérspective (see FigB). This neuron is representative of the
shown). For both monkeys, there was a caudal-to-rostral pegmple from Al in that there was a consistent and robust
gression of locations where neurons had high to low CFs. fdsponse across spatial locations. Most Al neurons also showed
the rostral border imonkey Mthere was a reversal of CF,a greater response for contralateral locations compared with
consistent with the rostral field. Medial to Al neurons wergpsilateral locations for noise stimuli, and less apparent spatial
more broadly tuned (B) and responded better to band-passedsitivity for tone stimuli (compar& andB). Figure 5 shows
stimuli and clicks, consistent with CM. These neurons conge responses to the same acoustic stimuli for a representative
monly were tested with stimuli containing higher frequencizm neuron. Contralateral locations elicited a greater response
stimuli (>5 kHz), as most neurons responded briskly to theggan ipsilateral locations for both tone (Figh)sand noise (Fig.
stimuli even though the CF could be defined as much lowesg) stimuli. A second feature common to CM neurons was in
Laterally, neurons showed an increase in bandwidth and atp@ clear difference in the response as a function of the stimulus
had better responses to more complex stimuli (voices, fingeffimuth but less clear modulation in elevation. This is illus-
Snapping, etc.) consistent with the lateral fields. ReCOfdilﬂ@ted by comparing the responses acrossntigidle row of
locations also were compared with MRI images of the cerebraSTHs (azimuth tuning) to theniddle columnof PSTHSs (el-
cortex inmonkey Land were consistent with the area investievation tuning).
gated as being Al and CM based on the gross morphology ofThese two representative examples show the general re-
the superior temporal gyrus (e.g., Jones et al. 1995; Merzenigdbnse features of most neurons, but there was considerable
and Brugge 1973; Morel et al. 1993). The numbers of neuroggriability between neurons in both areas. For example, some
recorded in Al and CM to each of the different stimulus typeseurons could have only onset responses with much lower
are shown in Table 2. responses (or inhibition) during the latter part of the stimulus
presentation, whereas other neurons could show offset re-
sponses. A detailed description of the differences in response
characteristics is inappropriate here; however, we have noted
Figure 4 shows the responses of a representative Al neuthat~2/3 of Al and CM neurons had phasic responses to these
as a function of the spatial location of tones (Figh)4nd stimuli, defined as responses between 100 and 200 ms after
broadband noise (Fig.B}. Each raster shows the response tstimulus onset that were at least half the magnitude as the

Single-neuron responses
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TABLE 2. Single-neuron sample for each stimulus type

No. of Neurons

Monkey M Monkey L Total
Stimulus Type Frequency Al CM Al CM Al CM

Low Tone 50-1,500 Hz 46 5 53 7 99 12
Low Noise 50-750 Hz; 750-1,500 Hz

Mid Tone 1.5-5 kHz 13 4 48 11 61 15
Mid Noise 1.5-3.0 kHz; 3.0-6.0 kHz

High Tone 5-10 kHz 39 14 87 15 126 29
High Noise 5-10 kHz

Very High Tone 10-25 kHz 67 62 67 62
Broadband Gaussian

Total 98 23 255 95 353 118

Numbers of neurons recorded using different stimulus conditions. In all cases, both a tone and noise stimulus were presented on interleadetidrials, a
numbers of neurons recorded were the same for the tone and noise stimuli.

response during the first 100 ms after stimulus onset (Recavere sensitive to the elevation location were those with fre-
zone, unpublished observations). As noted in the precediggencies>15 kHz, although the slopes generated from the
text, we saw no significant differences in the following resultegression analysis of these neurons was relatively low (see
depending on whether responses were measured over the infaibwing text). Again, there was a difference in the proportion
(100 ms) or throughout (250 ms) the response period relativeabneurons sensitive to the elevation of noise stimuli compared
the onset of the stimulus, and therefore only data based on #ith tone stimuli P < 0.05) but not between Al and CM
responses 250 ms are reported in the following text. neurons P > 0.05).

Multiple regression analysis was used to determine if the These data are summarized in Fi@., Where the percentage
response was significantly correlated with the stimulus locaf neurons that were sensitive to the azimuth and elevation
tion. The results of this analysis are shown for the same tiacations were pooled regardless of the direction of the slope of
neurons in Fig. 6. Azimuth and elevation components atiee regression line. Approximately half of the Al neurons and
illustrated separately. Consistent with the visual inspection af greater percentage of CM neurons were sensitive to the
the PSTHSs, this quantitative analysis showed that for the Arimuth location of the stimulus. This analysis also demon-
neuron there was no significant correlation between the grated that relatively few neurons were sensitive to the eleva-
sponse and the location of the tone stimuli (FigA&ndB) or tion of the tonal stimuli). It should be noted that we repeated
the elevation of the noise stimuli (FigD§, but there was a the regression analysis using only the mean response for each
significant correlation with the azimuth location of the noisstimulus location and found the equivalent result. The main
stimuli (Fig. 6C). Similarly, for the CM neuron there was adifferences between the two analysis procedures was in neu-
significant correlation between the response and the stimutoss with relatively low firing rates that hae values in the
azimuth (Fig. 6 E andG) but not elevation (Fig. 6 andH) range of 0.040—-0.065, but the overall pattern of the results was
for both tone and noise stimuli. This analysis was conducted anchanged.
all neurons, and those that were significantly correlated withOne question raised by this analysis is whether neurons that
either the azimuth or elevation of either the tone or noisgere sensitive to the location of noise stimuli were also sen-
stimulus are termed “spatially sensitive.” sitive to the location of tone stimuli. For both tone and noise

The percentages of spatially sensitive neurons as a functeiimuli, there was a slightly greater percentage of CM neurons
of the stimulus type are shown in Fig. 7. There were greatrat were sensitive to the stimulus location compared with Al
percentages of All¢ft) and CM ¢ight) neurons with higher neurons (Fig. 8). This trend was reversed when the proportion
firing rates for contralateramj than ipsilateral ) locations of neurons that were sensitive to either tone, or noise, or both
(Fig. 7A). For CM neurons, only those tested with stimulstimuli were compared with-80% of neurons in both cortical
containing high-frequency components are shown, as the nuameas being defined as spatially sensitive to at least one stim-
bers of neurons tested with other stimuli was too small to maké&is. The main difference between Al and CM neurons was
valid comparisons (12 neurons tested with stimali.5 kHz that proportionally more CM neurons were sensitive to the
and 15 neurons tested with stimuli between 1.5 and 6 kHz; sgmatial location of both tone and noise stimuli (Fig. f&r
Table 2) but all statistical tests incorporated all studied netight). In CM, 92% of the neurons sensitive to the azimuth of
rons. Across both Al and CM neurons, the proportion dhe tone stimulus were also sensitive to the azimuth of the noise
neurons sensitive to the azimuth of noise stimuli was greatimmulus, whereas this only occurred in 4% of Al neurons. Not
than the proportion of the same neurons that were sensitivestown in Fig. 8 is that the spatial sensitivity was consistent
the azimuth location of tone stimuli (pairédest;P < 0.05). between the tone and noise stimuli, where one CM and two Al
There was no difference in the proportion of neurons sensitimeurons had greater responses to contralateral tone stimuli and
to the azimuth location of either stimulus type between Al arigsilateral noise stimuli, and two CM neurons and two Al
CM neurons P > 0.05). The proportion of neurons sensitive tmeurons had greater responses to downward tone stimuli and
the stimulus elevation is shown in FigB7The only tone upward noise stimuli. In all other cases, the response prefer-
stimuli that showed a substantial percentage of neurons tleate was consistent between the tone and noise stimuli.
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frequency distributions of the slopes for Al and CM neurons
tested with broadband noise anell5-kHz tone stimuli are
shown for monkey Lin Fig. 9. This case was chosen for
illustration as there was the greatest number of both Al and CM
neurons tested with these stimuli (Table 2). The modulation of
the response as a function of stimulus location was greater for
neurons in CM compared with Al for these stimuli as well as
across all recorded neurons for each stimulus tested (ANOVA,;

P < 0.05).

In summary,~80% of the Al and CM neurons tested were
modulated by the spatial location of the stimulus. Neurons that
were spatially sensitive to the stimulus elevation most com-

A CM neuron: Tone
P

b
X

-

B CM neuron: Noise

FIG. 4. Responses from a single primary auditory cortex (Al) neuron from
monkey Las a function of frontal space. Each rastep) and poststimulus time § l
histogram (PSTHbotton) is presented in its relative spatial location, with the 1
outermost PSTHs showing the responses for stimuli at 30° eccentricity, the h
PSTHSs nearer the center corresponding to locations at 15° eccentricity, and the ﬂJ_H_

center PSTH corresponding to 0° in azimuth and elevation. Each tic mark on i
the raster shows a single action potential, each row shows a single trial. PSTH k\
binwidth is 3 ms.Bottom right PSTHshows the scales for theaxis (peak 12

spikes/bin) andk axis (total duration: 300 ms; ——: 200-ms stimulus dura-
tion). A: responses to 20-kHz tone stimuli.responses to broadband noise

stimulus.

ga

The degree of the response modulation as a function of the
stimulus location was defined by the normalized slope of the
regression line. The response on each trial was normalized to

the averaged response to the center stimulus, using the greater .
of the responses between tone and noise stimuli. Slopes &ﬁﬁ)ntajs

expressed in units of percentage change in activity/degree. Taaventions as in Fig. 4.
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Responses of a single caudomedial field (CM) neuron as a function
paceA: responses to 15-kHz tonB: responses to broadband noise.
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FIG. 6. Regression analysis between the response and the location of the

stimulus in azimuth or elevatio: regression analysis of the response of th
single Al neurons shown in Fig. 4 as a function of the azimuth location of to

stimuli. o, response 250 ms from the onset of the stimulus on a single trial (170
points/plot). —, regression lind: regression analysis of the same neuron as
a function of stimulus elevatiorC andD: regression analysis from the same

neuron to noise stimuliE and F: regression analysis from the single CM
neuron shown in Fig. 5 to tone stimule and H: regression analysis for the

same CM neuron to noise stimuli. In cases where the response was correlated

significantly with the spatial location, the equation for the best fit regressi
line and the correlation coefficient is provided in tinset

monly were found using noise stimuli and rarely encounter
using tone stimuli. Al neurons were rarely spatially sensitive
both tone and noise stimuli, whereas approximately half of t

sensitive Al neurons could account for the responses of at least
some CM neurons.

Correlation of responses with psychophysical performance

A major goal of these experiments was to compare the
spatial responses of single neurons to the ability of these
monkeys to localize the same acoustic stimuli. More neurons
were spatially sensitive to noise than tone stimuli, consistent
with the behavioral results. There was also relatively few, or
no, neurons that were sensitive to the elevation of the stimulus
for tone or noise stimuli containing only low frequencies, again

A Percentage of Neurons Tuned in Azimuth
Al neurons CM Neurons
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FIG. 7. Percentage of spatially sensitive neurons as a function of stimulus
&gpe-A: percent of neurons the responses of which were significantly correlated
with the azimuth of the stimulus. Percentages are grouped into the frequency
%%\nd of the stimulus (see Table 1 a@)l Left Al neurons;right: data from
ke, spatially sensitive neurons with greater responses to contralateral

CM neurons were spatially sensitive to both stimulus typesimuli. o: spatially sensitive neurons with greater responses to ipsilateral
and most neurons classified as spatially sensitive to tone stiitouli. B: similar analysis for neurons correlated with the elevation of the

uli were also spatially sensitive to noise stimuli. These da}

indicate that there is a transformation of spatial sensitivity

stimuli. O: greater responses to downward stim@i.percentage of spatially

Q

émulus. = spatially sensitive neurons with greater response to upward

nsitive neurons in azimut  and elevationt(). Neurons with positive and

neurons and suggest that the input integrated from spatiailbgative slopes of the regression lines were combined.
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consistent with the poor localization in elevation of these
stimuli. These relationships indicate that the general spatial
sensitivity of auditory cortical neurons is consistent with the
sound-localization performance.

To directly correlate the neuronal and behavioral data, the
mean and SD of the activity of each single neuron was
measured to each of the locations also tested in the psycho-
physical paradigm (0 and-10 and 30° in azimuth and
elevation). The spatial location that corresponded to a dif-
ference of 1 SD of the mean response to the center location
then was computed by linear interpolation. Examples of this
analysis from the same Al and CM neurons shown in Figs.
4 and 5 are shown in Fig. 20 This analysis is similar to
signal detection theory analysis (Green and Swets 1966), in
that the variance in the neuronal measure is used to predict
the behavioral data. For each neuron, the predicted thresh-
olds were taken as the average of the contralateral and
ipsilateral estimates in azimuth and upward and downward
estimates in elevation. These neuronal predictions were
compared with the behavioral data as the ratio of the pre-
dicted threshold divided by the measured threshold. Perfect
correspondence of these two measures gives a ratio of 1.0.
The frequency distribution of this ratio across all Al and CM
neurons is shown in Fig. 1B-D. To prevent the spatially

A Al Neurons: Tone Stimuli

mm p <0.05
Azimuth R Elevation =3 p>0.05
30 T 30 T
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s
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N

o
—

T
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o
1
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: 20 4+

10 +

0 0
2 0 2 4

2 0 2 4 8
C CM Neurons: Tone Stimuli

insensitive neurons from driving the population mean to Azimuth Elevation 470,
infinity, the maximum ratio was arbitrarily set at 60, which soT T
was the highest ratio encountered for all spatially sensitive :
neurons. The population of CM neurons had significantly %’20 T 20t
smaller ratios than the population of Al neurons for azimuth 3 i
localization of noise stimuli (meart SD: 8.7 = 10.7 vs. €10 T 10+
2.3+ 1.2 for Al and CM, respectively? < 0.05), elevation <
localization of noise stimuli (7.4- 13.3 vs. 6.0+ 6.0;P < 0 0-
0.05), and azimuth localization of tone stimuli (849.3 vs. 2 0 2 4 2 02
6.2 + 5.3; P < 0.01). We were unable to perform the same D cM Neurons: Noise Stimuli .
analysis for tone stimuli tested in elevation due to the Azimuth Elevation :
inability of these monkeys to accurately localize these stim- 0T 0T
uli (see preceding text and Table 1).
These large means are the result of many spatially insensi- % 20 4+ 20 +
tive neurons. Restricting the analysis to neurons with ratios of 3
=2.0 indicated that for azimuth localization of noise stimuli 5104 -
31.3% of Al neurons and 39.1% of CM neurons could predict °
the behavioral threshold to within a factor of 2 or better. o
2 0 2 4 6 2 0 2 4
100 T % change / deg % change / deg
80 + 0 A FiIG. 9. Distribution of slopgs across neurons to high-freq_uenc_y tone
B cv (10-25 kHz) or broadband noise stimuli. Slope of the regression line was
® normalized to the response at the center locat®n.neurons that were
S 60 T significantly correlated with the spatial location; neurons that were not
§ significantly correlate_d. S-e separated neurons with _posi_tive and n_egative
c 40 1 slopesA: frequency distribution of Al neurons to tone stimuli as a function of
® ’—I“ stimulus azimuthléft) or elevation fight). Positive slopes in azimuth indicate
20 1 greater responses to contralateral locations, negative slopes indicate greater
responses to ipsilateral locations. Positive slopes in elevation indicate greater
0 - } } } responses for upward locations, negative slopes indicate greater responses for
Noise Tone Tone Tone downward locationsB: frequency distribution of Al neurons to noise stimuli.
and/or and C andD: frequency distributions of tone and noise stimuli of CM neurons.
Noise Noise

Fic. 8. Percentage of spatially sensitive neurons in Al and CM. Each b§ir_nilarly, 24.9% Of.Al neurons gnd 27.-9%_ Qf CM neurons had
represents the percentage of all neurons that were spatially sensitive tor&tios <2 for localization of noise stimuli in elevation, and
azimuth and/or elevation of stimuli in frontal space. Noise: neurons spatiahy5 794 of Al and 32.0% of CM neurons had ratie® for

sensitive to band-passed or broadband noise. Tone: neurons spatially senf#l'yﬁnuth localization of tone stimuli. Finally, there was a sub-
tantial number of neurons in both Al and CM that predicted

to tone stimuli. Tone and/or Noise: neurons spatially sensitive to tone stim
noise stimuli, or both. Tone and Noise: neurons spatially sensitive to both #
tone and noise stimulus testead. Al neurons.= : CM neurons.

behavioral thresholds that were better than the monkeys. For
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CM neuron

-30-15 0 15 30

Azimuth Location (deg)

B Azimuth: Noise Stimuli
8 = Al neurons 41%

8T CM neurons 89%

This analysis shows that individual neurons could predict
thresholds better than, at, and worse than those measured
behaviorally. Similar distributions of the ability of single neu-
rons to predict behavioral thresholds have been described for
visual motion processing areas of the cerebral cortex (e.g., see
Britten et al. 1992; Celebrini and Newsome 1994). We there-
fore considered the possibility that populations of neurons
could more effectively predict the behavior than single neu-
rons. For this analysis, the responses were pooled between
either all neurons studied or only the spatially sensitive neu-
rons. Neurons were pooled based on the stimulus used in
defining their response (e.g., low-frequency tones and band-
passed stimuli) and correlated with the behavioral thresholds

26 6 for those same stimuli. The response on each trial was normal-

34 . ized to the peak activity for each individual neuron before

e pooling to normalize across firing rates, and then the same
2 2 analysis as described in the preceding text (Figd)1@as

0

0 1 2 3 45>4

C Elevation: Noise Stimuli

o]

) 0 1 2 3 44
predicted threshold / measured threshold

conducted. Figure 4 shows the results for both monkeys
comparing the prediction from pooling all neuromnsakis) or
only the spatially tuned neurongdxis) for the azimuth thresh-
olds for both tone and noise stimuli, and the elevation thresh-

8 4% g 51% olds for noise stimuli (21 comparisons total). Pooling only the
. Al neurons . CM neurons spatially sensitive neurons resulted in a closer correspondence
5 between the predicted and measured threshold (most points fall
34 4 below the diagonal line of Fig. ) compared with pooling all
2, 5 A

0 0

0 1 2 38 4>4 0 1 2 3 44 0 (11.09, 3.23)
predicted threshold / measured threshold 0 (13.38, 2.53)

D Azimuth: Tone Stimuli
8 1 Alneurons 84%

|
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8 T CM neurons *2%
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predicted threshold / measured threshold

Significant Neurons
predicted / measured

All Neurons
predicted / measured

Fic. 10. Comparison between neural and behavioral threshaidsngle-
neuron examples of the mean and SD of the response as a function of azimuth
location for an Al (eft) and CM ¢ight) neuron. These data were taken from the
5 azimuth locations at 0° elevation. Horizontal dashed lines show the response
at the meant 1 SD of the response at the location directly in front of the
monkey (solid square). Dashed arrows show the predicted threshold for that
neuronB-D: frequency distributions of the predicted/measured threshold ratio
for all Al neurons [eft) and CM neuronsright). Neurons with ratios>4.0
were pooled into the right most bin (percentages givemsetsat the top of 1 2 B R
this bin).B andC: ratios from testing neurons with noise stimuli and predicting
azimuth and elevation localization, respectivéyratios from testing neurons 0
with tone stimuli predicting azimuth localization. Al Sens. Al Sens.

) . . ) . ) Al o]
azimuth localization of nOISe_ Stlmu_“’ there were 14.2 and Fic. 11. Predictions of behavioral performance by populations of neurons.
23.2% of neurons that had ratiesl.0 in Al and CM, respec- A ratios of predicted/measured threshold for neurons in Al (open circles) and
tively. There was no difference for the elevation localization @M (closed squares) after pooling across all neuronsxs) or only the

noise stimuli (8.5% of both Al and CM neurons), but a |Oweipatially sensitive neurony éxis). Each data point corresponds to the ratio for
. ' monkey in azimuth for tone and noise stimuli and in elevation for the noise

percentage of Al ”‘?UVO”S that. pre_dlcted threShgldS_better tll@ﬁlluli (21 comparisons for Al and CM; see Table 1). Pooling of spatially
the monkey for azimuth localization of tone stimuli (4.1 VSsensitive neurons strengthened the predictions, as indicated by most points
8.7% for Al and CM, respectively). These analyses indicataling below the line of unity slope (solid line). Dashed lines: ratios of 1.0.
that neurons in CM were better able to predict the behaviordyo comparisons from Al neurons were beyond the scale shown and the

. . lues for those points are given parenthetically (far rigtymeans and SD
thresholds compared with neurons in Al, although neuronsi the data shown i\. Dashed line: ratio of 1.0. Pooling spatially sensitive

both cortical areas could accurately predict the behaviok@lirons in cM predicted thresholds that were not significantly different from
performance. 1.0 P < 0.05).

predicted / measured
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neurons. This was particularly true for CM neurons, whete the recording location (alf values<0.05). The spontaneous
pooling the responses of spatially sensitive neurons consagtivity was also not different between spatially sensitive and
tently resulted in a predicted/measured ratio near 1.0 (dashesensitive neuronsP( > 0.05). The intensity tuning of the
horizontal line of Fig. 1A). neurons also was defined (seerHops). Previous studies have
These results are summarized in FigBlWhere the mean indicated that there was no significant differences in the inten-
and SD of the data from Fig. Alare shown for Al (open bars) sity tuning of neurons in Al and CM (Recanzone et al. 2000).
and CM (closed bars) when all neurons (All) or only th€omparison of the intensity tuning between the neurons that
spatially sensitive neurons (Sens) were pooled. For both Al awgre defined as spatially sensitive and those that were not
CM, pooling neurons strengthened the correlation between stewed no significant difference (Kolmogorov-Smirnév;>
neuronal prediction and the behaviorally measured threshald05). We also compared the populations of neurons that were
In Al, the ratio of the population of spatially sensitive neuronelassified as having sustained responses (response during 100—
was 2.00, which was significantly different from a populatio200 ms at least half the response during 0—100 ms from
with a mean of 1.0tftest;P > 0.05). In CM, the ratio from the stimulus onset) or phasic responses (nonsustained) and again
population of spatially sensitive neurons was 1.38, which waaw no differences between spatially sensitive and spatially
different from Al (P < 0.05) but not different from a popula- insensitive neuronsP(> 0.05).
tion with a mean of 1.0R > 0.05). These data indicate that the It had been previously noted in the cat that the best location
pooled responses of spatially sensitive neurons in CM retainadazimuth of cortical neurons tended to cluster within a given
sufficient information to account for the behaviorally measuraégion, (e.g., Clarey et al. 1994; Imig et al. 1990; Middlebrooks
performance across stimulus types in these two monkeys. et al. 1998; Rajan et al. 1990b). Although the recording loca-
One issue of concern is that pooling the neurons gave betiiens were generally separated by 1 mm, in many instances two
predictions than averaging the individual neurons, which is doe three neurons were recorded simultaneously from the same
in large part to the normalization. It may be that this normagélectrode, so it was possible to determine if spatially sensitive
ization procedure is inappropriate, as neurons with higheeurons were clustered together. The percentages of pairs of
firing rates could be providing a larger signal than neurons witteurons (39 pairs) and triplets of neurons (28 triplets) that had
low firing rates. This seems unlikely as the overall activity haithe same spatial sensitivity (either all sensitive or all insensi-
little effect on the spatial sensitivity of the neurons (see fotive) was significantly greater than that expected by chagte (
lowing text). To further address this question, the neuronl < 0.05). The analysis of CM neuron pairs (13 pairs) and
responses were pooled without normalization and subjectedtriplets (8 triplets) showed a similar result, again with more
the same regression analysis as was done for the single-neureighboring neurons sharing the same spatial selectivity than
responses (i.e., Fig. 6). This analysis revealed that the slopesxjpected by chancexf, P < 0.05). It should be noted that
the regression lines and the correlation coefficients were sajthough these differences were statistically significant, there
nificantly greater for the population of spatially sensitive newvas still a significant percentage of neuron pairs and triplets in
rons compared with the population of all neurons in both Akhich both spatially sensitive and insensitive neurons were
and CM (¢-test; P < 0.05). The slopes of the regression linesncountered (30—-40% for both Al and CM neurons). Thus
and the correlation coefficients were also greater in CM thangpatially sensitive neurons were locally clustered together, but
Al across all comparisons of azimuth and elevation localizatidhis clustering was not complete.
(P < 0.05). This analysis shows that the normalization proce- Although the sampling density of recording locations was

dure did not qualitatively affect the main findings. relatively sparse, it was still possible to determine if there was
a nonrandom distribution of spatially sensitive neurons in Al
Relationship between spatially sensitive and spatially using a Monte Carlo analysis (seet+ops). The number of

one, two, and three adjacent recording locations that had the
same spatial response type (sensitive, insensitive, or mixed),

The next level of analysis was designed to determine if themegardless of their spatial position, was compared with that
were any response characteristics that would reveal the spapected by chance. The results showed that the number of
tially sensitive neurons as a distinct subpopulation, or if addjacent recording locations that shared the same response type
neurons form a continuum from no spatial sensitivity to higlvas not significantly different from chance for either tone or
spatial sensitivity. The distributions of regression line slopemwise stimuli. Thus although spatially sensitive and insensitive
shown in Fig. 9 indicate that the spatial sensitivity forms aeurons have a tendency to be clustered together locally, there
unimodal distribution. The same was true if the data wermeas no systematic organization of these neurons across Al.
pooled across stimulus types and monkeys (data not shown).

The first possibility considered was that spatially Sens'“‘@paﬂally tuned neurons
neurons comprised those with relatively high or low firing
rates. Comparison of the average activity across all Iocatlonsin addition to the spatially sensitive neurons, we also en-
tested showed no statistically significant difference betweenuntered neurons that we have termed spatially “tuned,” as
monkeys or the stimuli used (ANOVAP > 0.05 for all they had a response af75% of the maximum response for
comparisons), and the data therefore were pooled. The firioge to three adjacent spatial locations and firing rates below
rates between the spatially sensitive and insensitive neurdhis level for all other locations. These neurons were not
were not statistically significantly different from each otheclassified as spatially sensitive because the regression analysis
(P > 0.05). A similar result was noted when the activity wadid not reach statistical significance due to the few locations
normalized to either the frontal location that gave the greatesith high activity surrounded by locations with lower activity.
activity, the center location, or the speaker at 90° contralatefidiis classification was restricted to neurons that were com-

insensitive neurons
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pletely bounded within the central 60° of acoustic space, as A Monkey M High-Frequency Noise
neurons responsive to only the edges of the tested region may
have been classified as spatially sensitive if greater eccentric-
ities had been tested. There were 21/353 Al neurons tested with
tone stimuli (5.6%) and 31/353 neurons tested with noise
stimuli (5.9%) that were classified as spatially tuned, but no
neurons in CM for either tone or noise stimuli. It should be
noted that these Al neurons still responded to most stimulus
locations, but not above the 75% criterion. The same analysis
based on 50% of the maximum response resulted in only five
neurons that could be defined as spatially tuned.

The spatial receptive fields of these Al neurons are shown in
Fig. 12. These receptive fields were defined as the region with
=75% of the peak response by interpolating between measured
points using an inverse-square algorithm that weighted re- B Monkey M Recording Locations
sponses from=12° from the measured location but did not
alter the measured values. Each panel represents the receptive
fields defined for bottmonkeys L(thin lines) andM (thick

Tone Noise
A <1500Hz
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FiG. 13. Lack of topography of spatially tuned neurofisteproductions of
the spatial receptive fields from Fig. €2Receptive fields are labeled from a
to e. These examples were chosen as they showed the most obvious progres-
sion of receptive field locations moving from low (a) to high (B).recon-
struction of the corresponding recording locations. Letters a—e show the
recording locations of the receptive fields shownAinlf a topographic map
existed, the letters corresponding to the receptive fields should be adjacent and
in alphabetical order. *, locations where the same acoustic stimuli were tested
but no spatially tuned neurons were encounteretbcations tested with other
stimuli where there were no spatially tuned neuroms.locations where
spatially tuned neurons were encountered using different stimuli. —, Al
boundary as in Fig. 3.

lines) for each of the eight stimulus types. These neurons
tended to represent contralateral space and there were several
examples of spatial receptive fields that crossed the midline,
but few neurons had receptive fields restricted to ipsilateral
space (1/353 and 5/353 for tone and noise stimuli, respec-
tively).

Because these neurons had receptive fields localized near the
midline, if this class of neurons were topographically orga-
nized in Al, they should be observed in discrete regions. Figure
13 shows the spatial receptive fields of neurons freamkey M
tested with 5-10 kHz band-passed noise (Figd)18nd their
corresponding recording locations (Fig.B)3 Although spa-
tially tuned neurons were recorded at adjacent locations, they
commonly had large differences in their receptive field loca-
tions (e.g., a and e), and overlapping receptive fields were
recorded several millimeters apart in cortex (e.g., b and c).
Similar results were noted for the other stimulus types inves-
tigated, and the recording location of all other spatially tuned
Fic. 12. Receptive fields of spatially tuned neurons. Response contourrpéurons are shown in Fig, B3as®. These results indicate that

all neurons that showeg75% response to only 1-3 adjacent locations an%1 re is n raphi raanization of th iall n
bounded by the central 60° of frontal space are shown as a function of { ee € Is no topographic organization of the spatially tu ed

stimulus type presentednsets number of neurons frormonkeys Mthick ~'eurons, similar to the lack of topography noted for the spa-
lines) andL (thin lines) for each plot. tially sensitive neurons.

0 +30
Azimuth (deg)
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conclude that the spatial selectivity of these neurons that we

observed was based on the spatial location of the stimuli and

The experiments described in the preceding text were Qi sonsitivity to the characteristics of a particular speaker.
ducted using five different speakers (Fig. 1), and thereforeIt is also possible that pinna movements made by the mon-
there is a remote possibility that either the single-neuron Ry could affect the neuronal activity. Because the monkey had
sponses or the behavioral thresholds were influenced by Sp%’?gyknowledge of the location of the ﬁext stimulus, it could not
er-specific characteristics. Measurements of the acoustic st opt a unique pinna orientation for any spec'ific location
uli showed that the intensity at each frequency was within 3 owever, some of the neuronal variability we measured could
across all five speakers, and the intensity of the stimuli wg 8

- . X 2cur if the monkeys adopted a wide range of pinna orienta-
randomly varied between trials by this amount, aIthoughbti@ns throughout a session, for example, for neurons that were

To verify that these phase differences were not an issue,daLﬂongly modulated over the same intensity range that the

Control experiments

erent pinna orientations produced. For example, if the mon-
made more pinna movements in sessions using a certain
ulus type, that could have increased the variability in the

uronal response and thereby altered the predictive power of

ANOVA analysis was conducted to determine if the neuron
response was affected by the speaker identity and not
location. The results showed that only seven neurons in Al aﬁq

one neuron in CM had responses that could be attributed to Pasholds described in the preceding text. Representative

speaker identity out of the 942 comparisons (353118 . " A .

: o pinna positions measured in different sessions are shown for
neurons, 2 stlmulu§ _cond|t|on$? = 9'05)' Ea_ch of _these bqoth monkeys in Fig. 14. Regardless of the stimuli used the
neurons had low activity levels (range: 0.5-3 Sp'keS/St'mUIustﬂ%tributions of pinna positions were very similar, where the

B e, e, . 1 were oreted wilin  10-15° range on 80 o e s
y 9ICaiher within a session or between sessions. We conclude that

response to the specific speaker character|§§|cs. In add'.t' g unlikely that the pinna orientation could have substantially
only one of these neurons also was classified as spati

sensitive, and none was classified as spatially tuned. Thus we

A Pinna Position Monkey L

# Trials

180 y-position
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0

m— proadband
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h

0 10 20 30 40 50

Relative Right Pinna Position (deg)

B Pinna Position Monkey A

ected our present results.

DISCUSSION

These experiments are the first in a series of studies from this
laboratory to determine the neural correlates of sound-local-
ization in the awake primate auditory cortex. The responses of
single neurons in primary auditory cortex and the caudomedial
field were recorded while monkeys localized sounds of differ-
ent frequencies and bandwidths. Approximately 80% of the
neurons in both Al and CM were modulated by the spatial
location of either a tone or noise stimulus (or both) within this
region of frontal space with the majority having greater re-
sponses to contralateral stimuli. Spatially sensitive neurons
could not be distinguished by their activity levels or rate/level
functions and were not topographically organized. Neurons in
both cortical areas had responses that were consistent with the
behavioral performance, and pooling the responses of the spa-
tially sensitive neurons improved the correlation between the
neuronal response and the behavioral performance in both

160 — . cortical areas. The pooling also showed that relatively small
y-position . .
140 1 populations of CM neurons were better able to predict behav-
ioral performance than Al neurons. We first will discuss the
120 + similarities of these results to those described in previous
, 100+ studies and then relate how these results support the hypothesis
S gl that acoustic space is serially processed from Al to CM.
= -
* o X-position
40 Relationship to previous studies
20 Previous studies in auditory cortical fields in both the cat and
monkey have reported neurons that were modulated by the

0 10 20 30 40 50
Relative Right Pinna Position (deg)

spatial location of the stimulus (e.g., monkey: Ahissar et al.
1992; Benson et al. 1981 cat: Barone et al. 1996; Brugge et al.
1996; Imig et al. 1990; Middlebrooks and Pettigrew 1981,

Fic. 14. Pinna orientations across trials. results from three sessions in Middlebrooks et al. 1998; Rajan et al. 1990a). Our results are
monkey L. Bresults from 2 session imonkey MHeavy line: broadband and cgnsistent with those findings even though we tested a much

15-kHz tone stimuli; thin line: 5- to 10-kHz band-passed noise and 7.5-k
tone; dotted line: 3- to 6-kHz band-passed noise and 4.5-kHz tone stim

lore restricted region of acoustic space (60° compared with

Pinna orientations showed little variation throughout the session, particula#t0—360°). This was not unexpected as the majority of neurons
with respect to orientation in elevationightmost peak

reported to date had responses that were strongly modulated
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near the midline and therefore would be expected to be mrocesses information in two serial and parallel processing
vealed even when restricting the area of investigation to teeams (e.g., Kaas et al. 1999; Rauschecker 1998), similar to
frontal region. It may be the case that significantly morthe ventral “what” and dorsal “where” processing streams in
spatially sensitive neurons would have been encountered, ghe visual cortex (Ungerleider and Mishkin 1982). There is
ticularly in CM, if a wider range of spatial locations had beegood anatomic evidence in favor of this hypothesis, particu-
tested. larly in the projection patterns between the thalamus and the
Analysis of the cortical location of spatially sensitive neucore” (Al and R), “belt” (CM and lateral fields), and “para-
rons was similar to that described previously in the cat, in thb&lt” areas of auditory cortex as well as by the intracortical
there was some local clustering (e.g., Clarey et al. 1994; Imignnections between these and different cortical areas (e.g.,
et al. 1990; Middlebrooks et al. 1988; Rajan et al. 1990bHackett et al. 1998a,b; Jones et al. 1995; Kosaki et al. 1997,
However, this clustering was not complete as there were maviplinari et al. 1995; Morel et al. 1993; Rauschecker et al.
instances in which spatially sensitive and spatially insensitid®97; Romanski et al. 1999). The limited available electro-
neurons were recorded at the same electrode. physiological evidence is also in favor of this hypothesis as
Although there were many similarities between the neurona¢urons in the lateral fields respond better to complex stimuli
responses in the behaving monkey compared with those in theh as band-passed noise and vocalizations (Rauschecker et
anesthetized cat, there were also several differences. In #e1995), and CM neurons depend on inputs from Al for
monkey we found many neurons in both Al and CM with firingesponses to tone but not noise stimuli (Rauschecker et al.
rates higher than those normally seen in the cat. It was typid#l97). The broad frequency tuning of neurons in CM com-
in our sample to have neurons with firing rates of 200 spikegiared with Al (Merzenich and Brugge 1973; Recanzone et al.
after the onset of the stimulus, and most of our neurons had00) appears to make these neurons ideally suited for spatial
firing rates of 10 spikes/stimulus, which is consistent withrocessing, and it was suggested that CM form part of the
previous reports from the awake monkey (Ahissar et al. 199@yhere” processing stream in auditory cortex (Rauschecker
Benson et al. 1981; Pfingst and O’Connor 1981). The diffet998).
ence in firing rates may reflect differences between species, th&here were several key observations from this study that
stimuli used, or between the anesthetized and unanesthetigepport the hypothesis that auditory spatial information is
states. Most previous studies in cat have employed broadbaedially processed between Al and CM. First, there were rela-
noise stimuli and studied neurons with relatively high charatively few Al neurons that were spatially sensitive to both tone
teristic frequencies, whereas we also used band-passed amd noise stimuli, whereas nearly all of the CM neurons that
tone stimuli. In our experience, few neurons with characteristicere sensitive to the azimuth location of tones were also
frequencies<10 kHz were well driven by noise stimuli. Pre-spatially sensitive to noise. Al neurons may process the differ-
vious studies also have indicated that the activity of auditognt spatial clues independently, for example, the interaural
cortical neurons can be strongly modulated by the attentidéference cues would give rise to spatial sensitivity to tone
and/or behavioral state of the animal (e.g., Benson et al. 1981imuli, whereas spectral cues would give rise to spatial sen-
Hubel et al. 1959; Miller et al. 1972, 1980). These factorsitivity to noise stimuli. CM neurons then could combine the
combined would likely account for most of the differences wimputs from these different Al neurons to give rise to spatial
have observed in this experiment compared with previossnsitivity to both tones and noise.
studies in the anesthetized cat. A second observation was the lack of topography of spatially
A second difference was that the rate/level functions cousénsitive neurons in Al. This is consistent with anatomic evi-
not distinguish between the spatially sensitive and insensitidence indicating that CM neurons receive input from many
neurons in contrast to previous studies in the cat where thgarsely located neurons across Al (e.g., Jones et al. 1995;
most directional neurons also had the most nonmonotomitorel et al. 1993; Rauschecker et al. 1997) and therefore could
rate/level functions (Clarey et al. 1994; Imig et al. 1990ntegrate information from spatially sensitive neurons distrib-
Samson et al. 1993a,b). In the cat studies, a greater rangeited across Al. This is supported further by the greater per-
acoustic space was tested in azimuth, and the classificatiorcefitage of neuron pairs and triplets that were both or all
the spatial responses was very different from ours. It is thergpatially sensitive in CM compared with Al.
fore possible that the high- and low-directionality units classi- The third observation was that the spatial response proper-
fied by Imig and colleagues would be classified as spatialligs of CM neurons, either individually or pooled, predicted the
sensitive by restricting the range of acoustic space to the fronp@havioral performance more accurately than Al neurons. If

region. CM neurons integrate the outputs of the spatially sensitive Al
neurons, then the predictions of threshold from the population
Spatial processing by the primate auditory cortex of CM neurons should be close to those of the spatially

sensitive Al neurons, which we observed. When the spatially
Across the population, the spatial sensitivity of Al and CMensitive neurons in CM were pooled, the ability of these
neurons was consistent with the sound-localization ability imeurons to predict the behavioral threshold was enhanced and
the macaque (Brown et al. 1978, 1980, 1982; Heffner amehs not significantly different from a 1:1 correspondence.
Heffner 1990; May et al. 1986) as well as humans (see MiddIseurons integrating the output of the spatially sensitive neu-
brooks and Green 1991). The neuronal responses showed bmis in CM therefore would have sufficient information to
ter spatial selectivity for noise than tone stimuli in azimuttgaccount for the behavioral performance. Thus the anatomical
intermediate spatial selectivity for noise stimuli in elevatiorand electrophysiological data support the hypothesis that spa-
and very poor spatial selectivity to tone stimuli in elevatiortial information is processed in Al (as well as nonspatial
Recently it has been suggested that the primate auditory cortgformation necessary for stimulus identification, or “what”),
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which then is integrated by CM neurons to form a betteelated potential recordings in behaving monkeys (Phan and
representation of acoustic space. Recanzone 2000). Intensity invariance also has been seen with
Direct comparison between the neuronal and behavioral daggpect to the temporal firing pattern of neurons in nonprimary
indicated that~5-20% of the neurons predicted thresholdguditory cortex of the cat (Furukawa et al. 2000; Middlebrooks
lower than those observed experimentally. It is not uncomme# al. 1998) and likely also would hold true in the awake
to observe neuronal responses that are superior to the bekaynkey.
ioral performance based on ideal observer models (e.g., BritterRegardless of how the auditory cortex processes spatial
et al. 1992; Celebrini and Newsome 1994). Better agreemeiformation, this report describes the first evidence that the
between neuronal and behavioral data can be achieved B¥nonses of CM neurons are consistent with the behaviorally
pooling small populations of weakly correlated neurons th easured ability to localize tone and noise stimuli in both
are not optimally tuned to the stimulus being discriminate imuth and elevation. The results of this study lead us to

(e.g., Shadlen and Newsome 1998; Shadlen et al. 1996). Bgjieye that CM plays an integral role in auditory spatial

cause all neurons were tested using the same stimulus | Fb’cessing in the primate and supports the hypothesis that
tions, we presumably recorded from neurons that may h

; . fditory spatial information is processed serially in the primate
been better tuned to other regions of acoustic space. POO'Héerrgl CF())I'tEX P y P

the responses of all such neurons resulted in good predictions
of the behavioral data, consistent with recent results showing _ _
better predictions of sound-localization behavior based onrhe authors thank K. H. Britten, L. A. Krubitzer, K. O. O’Connor, and M. L.

spike pattern information from A2 neurons in the cat (FLEut_ter f_or helpful comments on previous versions of this report, and the
alifornia Regional Primate Research Center for expert veterinary care.

rukawa et al. 2000). This work was funded by National Institute on Deafness and Other Com-
Although these data are consistent with a serial processignication Disorders Grant DC-02371, The Klingenstein Fund, and the Sloan

between Al and CM, it is not conclusive and key issues remdiaundation (all to G. H. Recanzone). .

to be resolved. For example, Al lesions strongly affect th Address for reprint requests: G. H. Recanzone, Center for Neuroscience,

. . . 1544 Newton Ct., Davis, CA 95616.

responses of CM neurons to tone but not noise stimuli (Raus-

checker et al. 1997). This indicates that CM receives auditoR¥ceived 13 December 1999; accepted in final form 2 February 2000.
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