
aggregates in AVCN. Whether the con- 
cept might also prove applicable to ag- 
gregates of neurons elsewhere in the 
auditory system remains undecided. We 
suggest that the technique of masking a 
central electrical stimulus with a periph- 
eral sensory stimulus is a precise and 
useful tool for the study of sensory neu- 
ral organization in the behaving animal. 
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ture of the sound stimulus. The majority 
contralateral to the recording site. 

The ability to localize sound sources in 
space is vital to the survival of many ani- 
mals and represents one of the most im- 
portant functions performed by the audi- 
tory system. Most neurophysiological 
studies on sound localization have dealt 
with the responses of auditory neurons 
to interaural time, phase, and intensity 
differences, by using a closed system in 
which sound reaches the eardrums 
through hollow ear-bars (1). Although 
this method permits the accurate control 
of dichotic stimulus parameters, it can- 
not directly reveal the attributes that 
auditory neurons might exhibit in re- 
sponse to sound sources in real space 
(2). 

We have studied directly the influence 
of sound location on the responses of 
telencephalic auditory neurons in the 
barn owl (Tyto alba), a species known 
for its sound localization abilities (3-5). 
Using a movable sound stimulus under 
free-field anechoic conditions, we have 
found auditory units with well-defined 
receptive fields (6) that were restricted 
both in elevation and in azimuth and that 
were relatively independent of the in- 
tensity and the nature of the sound stim- 
ulus. 

Five owls were used in these experi- 
ments (7). Anesthesia was induced with 
an intramuscular injection of Ketamine 
(4 mg per kilogram of body weight) and 
was maintained at a light level by repeat- 
ed injections as necessary. The experi- 
ments were carried out in an anechoic 
chamber (3 by 3 by 5 m) (8). Sound stim- 
uli, including clicks, tone bursts, fre- 
quency modulation, and band-filtered 
noise, were delivered from a 5-cm speak- 
er (9) that moved in azimuth along a 
semicircular track 2 cm wide and 2 m in 
diameter. The track could be rotated to 
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of the fields were located frontally and 

provide changes in speaker elevation. 
Azimuth and elevation were controlled 
independently by two stepping motors 
located outside the chamber. Thus the 
speaker could be moved to any point on 
a sphere of radius 1 m centered at the 
owl's head, except for a 20? sector 
blocked by a supporting post for the owl. 
The owl was positioned within the 
sphere by using retinal landmarks, so 
that the intersection of the owl's visual 
and median planes corresponded to 0? 
elevation, 0? azimuth of the speaker (Fig. 
1) (10). 

Auditory units were recorded with 
glass-insulated tungsten electrodes from 
the primary auditory projection area in 
the owl's telencephalon, field L. The 
statements made in this report are based 
on the response properties of 213 units 
out of 314; the 101 units excluded from 
this report responded only to complex 
stimuli such as finger snapping, sand- 
paper grating, or whistling. Although 
these units displayed definite and often 
quite small receptive fields, they could 
not be driven by our electronic sounds 
and therefore could not be accurately 
mapped. 

The procedure for mapping auditory 
receptive fields was as follows. After a 
single unit had been isolated, its approxi- 
mate receptive field was determined by 
the experimenter's entering the chamber 
and making sounds at various positions. 
The experimenter would then leave the 
chamber and position the movable 
speaker at the appropriate location. The 
best sound for driving the unit and the 
unit's threshold for that sound were de- 
termined. While using the best sound at 
10 db above threshold, we moved the 
speaker in elevation and azimuth to loca- 
tions where the unit failed to respond. 
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Receptive Fields of Auditory Neurons in the Owl 

Abstract. The influence of sound location on the responses of auditory neurons in 
the forebrain of the owl (Tyto alba) was studied directly by using a remotely con- 
trolled, movable sound source under free-field, anechoic conditions. Some auditory 
neurons demonstrated well-defined receptive fields that were (i) restricted both in 
elevation and in azimuth and (ii) relatively independent of the intensity and the na- 
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The coordinates of these locations de- 
fined the unit's receptive field borders 
(Fig. 1). When possible, receptive fields 
were also mapped with higher intensities 
and different sounds. Once the receptive 
field boundaries had been established, 
peristimulus-time histograms were col- 
lected of the unit's responses to stimuli 
presented at different locations within its 
receptive field. 

Auditory units in field L could be seg- 
regated into three categories on the basis 
of the effect of sound location on their 
responses: (i) space-independent units, 
(ii) space-preferring units, and (iii) space- 
dependent units. Space-independent 
units (33 percent) responded to sound 
stimuli regardless of location; most of 
these units responded best to low-fre- 
quency tonal stimuli (< 3 khz). Space- 
preferring units (52 percent) responded 
best to sounds located in a particular 
area of space (preferred area), but the 
borders of their receptive fields were 
poorly defined and they varied consid- 
erably with sound intensity; the azi- 
muths of their receptive fields expanded 
by at least 25? following a 20-db increase 
in sound intensity. Space-dependent 
units (15 percent) responded only when a 
sound was located within a well-defined 
receptive field, the borders of which 
were distinct and expanded by 200 or less 
to a 20-db increase in sound intensity. 

The receptive fields of both space-pre- 
ferring and space-dependent units were 
vertically elongate and ellipsoidal, and 
ranged in size from a minimum of 12? azi- 
muth by 40? elevation, to a maximum of 
2600 azimuth by 3000 elevation. The re- 
sponsiveness of these units to stimuli de- 
livered at different locations across their 
fields was not uniform: each field com- 
prised an area of reliable responsiveness 
surrounded by a zone of sporadic re- 
sponsiveness (Fig. 1). For units with 
small receptive fields, the area for a max- 
imum response was geometrically cen- 
tered in the receptive field. This was not 
the case for many large-field units, which 
responded best to stimuli located eccen- 
trically in their fields. 

Besides demonstrating a spatial re- 
sponse requirement, most of these units 
also preferred a particular type of sound. 
Thus, to excite most space-preferring 
and space-dependent units, both the spa- 
tial and the spectral properties of the 
sound had to be adequate. 

The receptive fields of space-depen- 
dent units tended to be small, ranging in 
size from 120 to 420 (mean, 26?) in azi- 
muth, and from 40? to 200? (mean, 800) in 
elevation (Fig. 1). The receptive field 
borders of such units were sharp and 
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could be reproducibly mapped to an ac- 
curacy of ? 10. At high sound intensities 
the borders were still sharp, although the 
fields tended to increase slightly in size; 
following a 20-db increase in stimulus in- 
tensity the increase in field size among 
these units ranged from 00 to 200 in azi- 
muth and from 3? to 450 in elevation. 
Stimuli delivered outside a unit's field 
could not excite the unit even at high in- 
tensities. None of these units responded 

A A . L A A 
30? 200 10? 0? 10? 

Sound azimuth (0?) 

to tonal stimuli below 3 khz; 22 respond- 
ed best to band-filtered noise, four to 
clicks, and seven to tones between 3 and 
9 khz. 

Several observations can be made 
concerning the distribution of receptive 
fields of space-dependent units. (i) The 
majority (82 percent) of the fields were 
frontal, centered in azimuth within ?300 
of the median plane and less than 200 su- 
perior to 300 inferior to the visual plane 

+40? 

hK -. +200 

0 

_20? 
o 

') 

- -_40? 

Right?crI - Left 

0? azimuth 

Fig. 1. The receptive field of an auditory neuron depicted from the observer's point of view. The 
owl is shown facing out from the center of the stimulus sphere (dashed globe), and the unit's 
receptive field (250 in azimuth by 62? in elevation) is projected onto the sphere (diagonally lined 
area). The unit was located in the owl's left hemisphere; its field dimensions were independent 
of stimulus intensity. Below and to the right are shown peristimulus-time histograms of the 
unit's responses to a sound stimulus presented at different locations within its receptive field. 
The stimulus was a 200-msec noise burst, 20 db above threshold, delivered once per second. 
Each histogram is a 500-msec sample and represents 16 stimulus repetitions. Notice the increas- 
ing response vigor as the sound source approaches the center of the unit's receptive field. The 
owl head in the lower right corner illustrates the alignment of the owl in the stimulus sphere and 
defines the nomenclature used for describing auditory space. 
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Fig. 2. The distribution of receptive fields of space-dependent units. The histograms represent 
the number of units (plotted as the percentage of the total) with receptive fields that include the 
designated azimuth (A) or elevation (B). Units recorded from the left and right hemispheres are 
shown separately. 
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(Fig. 2). Only three units had receptive 
fields that extended beyond ?50? in azi- 
muth. In elevation, the centering ap- 
peared less restricted largely because of 
the elongate shapes of the receptive 
fields. Still, there was an unequivocal in- 
crease in the representation of auditory 
space around and just inferior to the in- 
tersection of the median and visual 
planes. (ii) The receptive fields of space- 
dependent units in each hemisphere 
demonstrated a strong contralateral bias 
with the greatest representation given to 
0? to 20? contralateral (Fig. 2). Few fields 
extended farther than 15? ipsilateral. 
Thus the area of redundant representa- 
tion in the left and right hemispheres was 
limited to ? 15?, with the median plane 
receiving the greatest representation. 
(iii) Although there was a discernible 
tendency for space-dependent units from 
a single electrode track to have over- 
lapping receptive fields, the trend was 
not strong enough to confirm a system- 
atic representation of auditory space in 
field L. 

Because the receptive fields of space- 
preferring units were poorly defined and 
expanded with increasing sound in- 
tensity, specific statements regarding 
their size and distribution are somewhat 
arbitrary. Nevertheless some generaliza- 
tions can be made. Receptive field sizes 
of space-preferring units, measured at 10 
db above threshold, tended to be large 
(typically greater than 40? in azimuth 
and 100? in elevation) although their 
preferred areas were often small (usually 
less than 30? in azimuth and 60? in ele- 
vation). The distribution of these re- 
ceptive fields was similar to that of space- 
dependent receptive fields: primarily 
frontal with a strong contralateral bias. 

The emphasis given by the owl's audi- 
tory system to the frontal area (+30? azi- 
muth and +20? to -30? elevation) is not 
unlike that given by the visual system to 
the center of gaze: the number of units 
with receptive fields in this area is dis- 
proportionately large, and their fields 
tend to be small. Although the mecha- 
nism by which this "expansion of repre- 
sentation" is derived is necessarily dif- 
ferent in these two sensory systems, the 
functional consequences may again be 
improved acuity and more detailed anal- 
ysis of the stimulus. If so, then one 
would expect that the owl's spatial acu- 
ity for auditory stimuli would be maxi- 
mal within the frontal area and would 
drop off rapidly as the sound source is 
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improved acuity and more detailed anal- 
ysis of the stimulus. If so, then one 
would expect that the owl's spatial acu- 
ity for auditory stimuli would be maxi- 
mal within the frontal area and would 
drop off rapidly as the sound source is 
located more peripherally, especially 
beyond +50? in azimuth or elevation, 
where only units with large receptive 
fields are responsive. 

Behavioral measurements have esti- 
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mated the barn owl's auditory spatial 
acuity at less than 5? in both elevation 
and azimuth (3-5). Thus it is not surpris- 
ing to find units with receptive fields that 
are restricted in elevation as well as in 
azimuth. However, the mechanism by 
which elevation tuning is achieved is less 
obvious than the binaural intensity or 
time cues that are likely to determine 
azimuthal tuning. Elevation sensitivity in 
mammals (particularly in man) is thought 
to be based on the elevation-dependent 
filter properties of the external ear (11). 
To be effective, such a mechanism de- 
mands both a wide-band noise stimulus 
and a broad range of frequency sensitivi- 
ty. The owl, on the other hand, attains 
maximal spatial acuity when a target 
sound includes frequencies of only 5 to 9 
khz and is quite accurate at localizing 
even a 7-khz pure tone (4, 5). Further- 
more, although most of the units with 
small receptive fields were sensitive to 
noise bands, some were sensitive to 
tones and demonstrated marked eleva- 
tion tuning when mapped with a tone 
burst stimulus. Clearly some other 
mechanism must be involved. 

Elevation tuning in the barn owl might 
be achieved by comparing relative sound 
intensity at the two ears in the manner 
conceived for determining sound azi- 
muth. Elevation-dependent intensity dis- 
parities result from a vertical asymmetry 
in the location of the owl's ears [the left 
ear is higher than the right ear (Fig. 1) (3- 
5)], the direction of maximum sensitivity 
for the right ear being 10? to 15? higher 
than that of the left ear (12). Thus, a bin- 
aural elevation cue is available to the 
owl. It remains to be shown, however, 
that this mechanism is the one respon- 
sible for the elevation tuning of single 
units. 
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Rose and Harshbarger (1) reported 
that tiger salamanders living in a sewage 
sedimentation lagoon had a high in- 
cidence of neoplastic skin lesions (in- 
cluding cancer) and suggested a chemical 
etiology for these neoplasms. In a search 
for a chemical agent, they reported 300 
parts per million of perylene and a trace 
of benzopyrene (isomer not given) in this 
lagoon's sediment. They suggested that 
the source of perylene was related to jet 
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aircraft activity on a nearby runway. We 
believe that this is not the correct source 
of perylene in this lagoon. 

The presence of a single polycyclic 
aromatic hydrocarbon (PAH), rather 
than a complex mixture, usually in- 
dicates a natural source rather than an- 

thropogenic input (2). In fact, high con- 
centrations of perylene (and the absence 
of other PAH) have been reported for a 
number of sediments: Saanich Inlet, 
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