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ABOUT 30 years ago, Woolsey and Walzl (67) 
conducted the first experiment designed to 
reveal whether or not there is an orderly 
representation of the cochlear basilar par- 
tition in the auditory region of the cerebral 
cortex of the cat. Their classic evoked- 
potential study revealed an apparent sys- 
tematic representation of the cochlear par- 
tition within the primary auditory field 
(AI, ref 65). Studies of auditory evoked 
potentials in strychninized cortical patches 
in the dog (54-56) and cat (26) substanti- 
ated these conclusions. The former studies 
more directly indicated that a given fre- 
quency band was represented in the pri- 
mary auditory cortex along a dorsoventral 
band crossing the auditory field. Evoked- 
potential studies in the auditory cortex in 
other species were consistent with the exis- 
tence of a systematic representation of the 
cochlea within the primary auditory field 
(4, 19, 32, 33, 57, 58, 64). 

Anatomical studies in the cat (38, 39) 
have revealed that input fibers from the 
tonotopically organized inferior colliculus 
(37, 47) terminate within restricted regions 
of the ventral division of the medial genic- 
ulate body (MGB)+ That the orderly rep- 
resentation of the cochlea is thereby pre- 
served in this projection to MGB has 
recently been confirmed by the direct physi- 
ological demonstration that the ventral di- 
vision of the nucleus in the cat is tonotop- 
ically organized (3). The classical retrograde 
degeneration studies of Rose and Woolsey 
(49) and the mapping of cortical potentials 
evoked by focal stimulation of MGB (63) 
suggest that an orderly projection from 
MGB to AI preserves the integrity of the 
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frequency representation present in pre- 
thalamic structures (2, 21, 37, 46, 47, 53). 

It is thus surprising that quite a different 
view of the organization of AI has arisen 
from microelectrode studies of the auditory 
cortex in the cat directed toward resolution 
of this very issue. In the earliest microelec- 
trode study of the auditory cortex in the 
cat by Erulkar, Rose, and Davies (14), units 
in a small cortical region having widely 
different best frequencies were described. 
Later, more extensive unit experiments by 
Hind and co-workers (27) suggested a cor- 
relation between unit best frequency and 
anterior-posterior locus in AI from data 
pooled from many animals. Subsequent 
microelectrode-mapping studies failed to 
find any strong correlation between best 
frequency and cortical position in AI when 
they analyzed data combined from many 
animals (15, 17, 18, 22). 

In order to resolve the apparent discrep- 
ancy between the microelectrode studies 
and the evoked-potential and anatomical 
studies, we have reexamined the auditory 
cortex in cat employing microelectrode 
techniques. By deriving more complete 
frequency maps than were made in earlier 
studies and by considering each cat indi- 
vidually, we have been able to show that 
there is a highly ordered representation of 
the cochlea within the primary auditory 
cortical field in the cat. Preliminary results 
of these experiments have been previously 
reported (35, 36). 

METHODS 

Preparation 

Experiments were conducted on 25 adult 
cats initially anesthetized with ketamine hydra- 
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chloride-sodium pentobarbital or with urethan. 

Animals were maintained at a surgical level of 
anesthesia with supplemental doses of ketamine 
or urethan. Experiments were 15-30 h in dura- 

tion. Results in experiments in which the two 
anesthetics were used were similar, although in 
the best experiments ketamine hydrochloride- 
sodium pentobarbital anesthesia was used. 

Following introduction of tracheal and ven- 
ous cannulas, the pinna were resected to 
facilitate coupling of a hollow ear bar into the 

external auditory meatus. A craniotomy was 
performed to expose auditory cortex. The sur- 
face of the cortex was photographed -. Me thyl. 
methacrylate was used to construct a mineral 
oil pool over the exposed cortex. 

Glass-coated platinum-iridium electrodes with 

impedances (at- 1. klflz) of 2.5-3.5 MQ were 
introduced into the cortex normal to the most 

dorsal aspect of the middle ectosylvian gyrus 
with a hydraulic microdrive (Kopf) controlled 
with a stepping motor. All penetrations within 

a given experiment were parallel to each other. 
The hvdraulic microdrive was mounted to a 
micrometer drive on the H bar of a stereotaxic 

apparatus (Baltimore Instruments). Electrode 
penetration locations were sited by cross refer- 

ence of the brain photograph (with overlying 
0.5-mm grid) and the cortical vascular pattern 
as viewed in a dissecting microscope (Zeiss 

25 X). Many electrode penetrations were 
marked by microlesions, produced by passing 
a DC current (IO kA, IO s) across the electrode 

tip at a known depth. 
At the termination of each experiment, sites 

on the brain surface were marked by introduc- 

tion of carbon black at locations recorded on 
the brain photograph. The cranium was then 

opened widely, and the brain immersed in 
formal-saline; or the cat was perfused intra- 
cardially with formol-saline. The brains of 
seven cats were embedded in cclloidin, sec- 
tioned in the plane of electrode penetrations, 
and stained with Thionine. The brains of five 

other cats (from the final experiments of the 
series) were sectioned frozen, and stained with 
cresyl fast violet. In these 12 cats, in which the 

most complete maps of AI 
electrode penetrations were 

were obtained, 

identified and 
physiologic&y defined boundaries thereby re- 
lated to cytoarchitectonic boundaries. The 
carbon black surface marks provided necessary 
reference points for production of illustrations 

and reconstruction of electrode penetrations. 
The fixed brains of all ex$erimental cats 

were 
docu 

pho 

ment 

togra .phed and a .crylic casts made to 

the relat .ion of brain sulci to audi- 

tory cortical fields in individual cats. 

Stimdation and recording 

The stimuXation and recording procedures 

employed in these experiments have been de- 
scribed in earlier reports (34, 37). Sound was 
delivered via a flexible tube sealed into the 

external meatus. This tube was sealed into a 
small closed chamber over the diaphragm of 

an audiometric driver (Telex model 61470). 
Drivers were calibrated with use of a probe 
microphone (Bruhl and Kjaer, 0.25 inch) and 

waveform analyzer (General Radio model 1900) 
before and during the experimental series. The 

output of these drivers varied over about ;I 
ZO-dB range, from lowest frequencies up try 
about I5 kHz; their response fell off above 15 
kHz, and there was a dynamic range sufficient 
for accurate determination of best frequency 

up to only about 30-35 kI-Iz. Stimuli were tone 
pips with trapezoidal envelopes having rise and 
fall times of 5 ms. 

Within individual penetrations, the “best 
frequency” (the frequency at which the unit 
or cluster of units responded at lowest threshold 
for sound stimulation delivered to the contra- 
latera ear) of single units or small clusters of 

units was determined by examination of the 
stimulus-synchronized spike record on the oscil- 

loscope and by listening to the amplifier output 
fed into a loudspeaker. Audiometric driver 
calibration data were referred to in establishing 

best-frequency values. Neurons were sufficiently 
sharply tuned so that little bias was introduced 
by fluctuations in driver output. This was veri- 

fied by examining best-frequency data, with 
reference to maxima and minima in driver 
calibration curves. 

RESULTS 

General features of AI 

Entry of the recording electrode into the 
primary field was marked by: I) the appear- 
ance of a short-latency intracortical evoked 
response most effectively generated with 
stimulation across a narrow frequency- 
intensity domain; 2) the presence of sharply 
“tuned” neural elements; and 3) remark- 
ably constant best frequencies within indi- 
vidual penetrations normal to the surface, 
provided the penetrations were not near 
sulci. In penetrations normal to the cortical 
surface under the anesthetic conditions em- 
ployed in this study, neurons in the most 
superficial 400-600 pm (layers I, 2, super- 
ficial layer 3) in the primary field were not 
effectively driven by tonal stimulation. A 
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vigorous neural response to tones was first 
encountered in the deeper aspect of cortical 
layer 3; neurons were then strongly driven 
over a penetration distance of 500-800 pm* 
A large proportion of neurons studied re- 
sponded only in relation to the onset of 
tonal stimuli. 

R eiwese 
surface 

tution of freq Ul%KY 

f  jbrimal-y aud itorv 

The representation of frequency was de- 
termined over a large sector of the primary 
auditory field in 12 of the 25 cats in this 
experimental series. In each of these ani- 
mals, there was an orderly representation 
of stimulus best frequency across the pri- 
mary field, with lowest frequencies repre- 
sented caudally and highest frequencies, 
ros trally* Cortical maps illustrating this 
frequency organization in six cats are 
shown in Figs. 1-5. In these figures the 
location of each penetration is shown in 
the inset brain photograph. The drawing 
represents a magnified view of the mapped 
cortical surface. Each number in the draw- 
ing is the best frequency, in kilohertz, 
defined for neurons in a penetration at that 
site. In the experiment illustrated in Fig. 2, 
the representation of frequency was deter- 
mined over most of the primary field (as 
determined by cytoarchi tectonic and physi- 
ological criteria). In the other experiments 
the primary field was covered in varying 
degrees. In every drawing in Figs. l-5, a 
simple sequence of ascending best frequen- 
cies can be seen for any line drawn through 
penetrations across the caudal-to-rostra1 
(right-to-left) dimension of the primary 
field. This is especially evident from ex- 
amination of Figs. 1 and 2 (e.g., the pene- 
tration row indicated by the arrow in Fig. 

2) l 

It was also evident in all cats that any 
given frequency band was represented 
across a belt of cortex, aligned on a nearly 
straight mediolateral axis, and extending 
across the width of the primary field. The 
dashed lines in Fig. IA and B represent 
the approximate axes of these belts (or 
“isofrequency contours”) over the surface 
of the middle ectosylvian gyrus in two cats. 
The rerepresentation of frequency across 

the mediolateral dimension of the field can 
be readily appreciated by following rows 
of penetrations parallel to these dashed 
lines (e-g., the line marked by the dark 
arrow, Fig. IA; and see also Figs. 5 and 8). 

Best fr-equency as a funclim of cortical 
fiosition in AI 

The chang-e in best frequency as a func- 
tion of coLica location was evaluated 
quantitatively by putting data from corti- 
cal surface maps into a simple graphical 
form. Examples from five cats are shown 
in Fig. 6. The curves in A, B, IJI’, D,, and 
D, were derived from the cortical surface 
maps illustrated in Figs. 2, IB, M, 5, and 
8C, respectively. 

The graphs in Fig. 6 represent best fre- 
quency as a function of cortical place along 
an axis perpendicular to a straight-line ap- 
proximation of isofrequency contours of 
the field. For each experiment a series of 
lines were drawn across the primary field 
on an axis perpendicular to isofrequency 
contours. The best-frequency value for 
every electrode penetration within 200 pm 
of a given rustrocaudal line was plotted as 
a function of distance along the line across 
the ectosylvian gyrus. Each such function 
is represented by a given symbol in the 
composite graph. In any individual cat 
examined, these individual curves closely 
overlay one another. That is, the change 
in best frequency as a function of distance 
on an axis perpendicular to the plane of 
rerepresentation of frequency was remark- 
ablv constant across the entire width of the 
primary representation. 

Because the relationship between best 
frequency and distance across the cortical 
surface was virtuallv the same al1 across 
the primary field, a given frequency band 
must be represented across a belt of cortex 
that crosses it in the mcdiolateral dimen- 
sion; these cortical belts must run along a 
nearly straight axis across the field; cortical 
belts representing any given frequency 
band must be of relatively constant width 
across the entire field; and the proportion- 
ality in the representation of different fre- 
quencies must be maintained across AI. 
The slopes of the curves indicate that 
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FIG. 1. A: surface map showing the distribution of best frequencies determined within 66 parallel elec- 
trode penetrations into auditory cortex. Sites of these elLctrode penetrations are represented by dots in 
the brain photograph in the inset. Each number in the drawing is the best frequency (in kilohertz) of 
neurons encountered within a penetration at that site. Dashed lines are approximately parallel to isofre- 
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FIG. 2. Surface map showing the distribution of best frequencies determined within 61 parallel pene- 
trations into auditory cortex including four penetrations that passed down the anterior bank of the 
posterior ectosylvian sulcus (PES). Penetration sites are indicated by dots in the brain photograph. Num- 
bers represent best frequencies (in kilohertz) of neurons encountered within penetrations at indicated 
sites. In the reconstruction of penetrations A-D, heavy bars represent millimeter divisions along the elec- 
trode track. Thin horizontal bars represent sites at which best-frequency values were determined for iso- 
lated neurons or small clusters of neurons. The approximate boundaries of the primary field are indicated 
by the dashed lines. AES, anterior ectosylvian sulcus; SS, suprasylvian sulcus. 

there is a somewhat greater proportional rerepresentation of frequencies within the 
cortical representation of the highest- banks of the posterior ectosylvian sulcus. 
frequency octaves. It would be of interest These data also allow us to compare the 
to extend these curves down through the representation of the cochlea within AI in 
lowest octaves; however, it has been im- different cats. To facilitate this comparison, 
possible to derive such data because of best-fit curves from Fig. 6 have been plotted 
difficulties in determining the planes of in Fig. 7A. It is evident that the functions 

quency contours. Stars represent electrode penetrations in which auditory responses were encountered, 
but in which no best-frequency determination could be made. AES, anterior ectosylvian sulcus; PES, 
posterior ectosylvian sulcus. B: surface map showing the distribution of best frequencies determined in 
57 electrode penetrations into auditory cortex. Dashed lines approximately parallel isofrequency contours. 
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FIG. 3. Best frequency of neurons (in kilohertz) encountered within 26 penetrations into the primary 
field, including 7 penetrations that passed within the middle and deep cortical layers down the rostra1 
bank of the posterior ectosylvian sulcus (PES). In the reconstruction of penetrations A-H, heavy bars 
represent millimeter divisions along electrode tracks. Thin horizontal bars represent sites at which best 
frequencies (adjacent numbers) were determined for isolated neurons or small clusters of neurons. AES, 
anterior ectosylvian sulcus. 

derived for experiments represented in 
curves A, B, and C are virtually identical. 
The change in best frequency as a function 
of distance across the cortical surface ap- 
pears to be somewhat different in the cat 
represented by curve Dr. 

“Cochleotopic” organization of primary 
auditory cortex 

A question of basic interest is how the 
cochlea projects onto the primary cortical 

field. The cochleotopic organization was 
determined by converting best-frequency 
values to corresponding cochlear place 
values using the function of Greenwood 
(24, 25). 

This conversion was made for data from 
the maps in Fig. 1 (also represented in 
curves B and C in Fig. 6) and is shown in 
Fig. 7l3. Frequency is an almost perfectly 
logarithmic function of cochlear place 
across the basal two-thirds of the basilar 
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FIG. 4. Best frequencies (in kilohertz) encountered within 42 parallel penetrations into auditory cortex, 
including 12 penetrations (A-L) in which electrodes passed down the rostra1 and caudal banks of the 
posterior ectosylvian sulcus. In the reconstruction of penetrations A-L, heavy bars represent milli- 
meter divisions along electrode tracks. Thin horizontal bars represent sites at which best frequencies 
(adjacent numbers) were determined for isolated neurons or small clusters of neurons. Stars represent 
electrode penetrations in which auditory responses were encountered but in which no best frequency 
could be defined. 

partition, and therefore the forms of the mary field; that the cortical belt represent- 
curves are similar to those seen in Fig. 6B ing a given sector of the cochlear partition 
and C. is of relatively constant width across the 

It is evident from these curves that a field; and that cortical belts representing 
sector of the basilar partition of given the most basal equal-length sectors of the 
length is represented across a nearly cochlear partition are somewhat wider than 
straight belt of cortex that crosses the pri- those representing more apical sectors, (A 
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FIG. 5. Surface map showing the distribution of best frequencies (in kilohertz) defined within 60 
parallel penetrations into auditory cortex. The 17 most rostra1 (leftmost) penetrations were directed into 
the rostra1 auditory field. The best frequency for the penetration marked by the asterisk wa3 obtained 
at the bottom of the anterior ectosylvian sulcus. The approximate border of the primary and rostra1 
auditory fields (see text) is indicated by the dashed line. 

schematic illustration of the “tonotopic” 
and cochleotopic organization of AI is 
shown in Fig. 10.) 

Variation of best frequency as a 
function of cortical depth in AI 

The variation of best frequency in depth 
for penetrations not near sulci was evalu- 
ated by determining best frequency at each 
of two to seven depths through the 500- 
800 pm of active cortical zone. Results 
from 163 such penetrations directed into 
AI on an axis normal to the surface are 
summarized in Table 1. Best-frequency de- 
terminations were made at points along the 
penetration separated by at least 100 ym 
to insure that different neurons were being 
studied at each penetration depth. As 
shown in Table 1, the fractional bandwidth 

((Highest - Lvest) /Lvest) representing the 
total range of best frequencies encountered 
within these 163 penetrations was less than 
0.1 in about 90% of all cases; it never ex- 
ceeded 0.3. It should be noted that in all 
of these 163 penetrations, the mean best 
frequency was 1.3 kHz or higher, as the 
lowest frequencies in most cats are repre- 
sented within the cortical region on the 
banks of, or immediately adjacent to, the 
posterior ectosylvian sulcus. 

Penetrations down the rostra1 bank of 
the posterior ectosylvian sulcus passed 
through the active cortical layers for com- 
paratively long distances (up to 4 mm). In 
every such penetration (Figs. 2, 3, 4, 8B) 
a regular descending best-frequency se- 
quence was observed. The best-frequency 
values of the most superficial neurons were 
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FIG. 6. Best frequency as a function of distance across the cortical surface on an axis perpendicular to 
cortical isofrequency contours, derived from five cortical maps (A, 23, C, D,, D,; see text). For a given ex- 
perimcnt, the graph is a composite of individual curves, represented by different symbols. For each datum 
point in a given cat, the measured distance (ordinal value) is from a single line caudal to the mapped 
cortical surface and parallel with a straight-line approximation of isofrequency contours within the 
mapped region. All distance measurements were made from photographs of the brain (with sited elec- 
trode penetrations) in situ. The graph in A was derived from reconstruction of the best frequency as a 
function of cortical place along six parallel lines spanning the entire mapped sector of AI in A; five 
parallel lines in I3 and in C; and four paralIe1 lines in D, and D,. 

always consistent with values derived for 
adjacent surface points. In most cats the 
best frequency along the rim of the sulcus 
was lower in the medial as compared with 
the lateral aspect of the field. 

Very distinct stepwise changes in best 
frequency were encountered in a number 
of penetrations directed down the rostra1 
bank of the posterior ectosylvian sulcus. At 
any given location within such penetra- 
tions, all neurons (foreground and back- 
ground) responded with the same best fre- 
quency. With advance of the electrode, a 

second lower-frequency focus of activity 
appeared in the background; with further 
electrode advance, all units in the fore- 
ground began to respond at this lower best 
frequency. All units in the foreground and 
background then responded at this same 
best frequency over a significant penetra- 
tion distance, before another stepwise 
change in best frequency was encountered 
-and so forth. The step changes in best 
frequency were usually a significant part 
of an octave. In many penetrations these 
stepwise changes in best frequency were 
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FIG. 7. k best-fit curves from data points of five experiments shown in Fig. 6. Individual. curves have 
been shifted on the ordinate to facilitate comparison. Note the near identity of functions derived for cats 
A-C. B: data points and curves from two cortical maps (Fig. 6B and C) replotted after conversion of each 
best-frequency value to its corresponding cochlear place employing the appropriate function of Greenwood 
(24, 25). These useful functions define the relationship between best frequency and cochlcar place for the 
cat and other species, and fit all empirically derived data. 

encountered across distances of less than 
100 pm; in such penetrations they were 
difficult to define without use of a relatively 
low-impedance electrode (with which sev- 
eral neurons can be simultaneously ob- 
served). In a few penetrations neurons 
having the same best frequency were seen 
across penetration distances of 300-400 pm. 

Refwesmtation of frequencies 
below I,500 Hz 

The representation of frequencies below 
about 1,500 Hz was difFrcult to study in 
detail, since the representational surface 
for the lowest frequencies lay almost en- 
tirely within the posterior ectosylvian suX- 
cus in most cats. One penetration (H) in 

Expt 

73-l 1 
73-12 
74-14 
73-a 
73-l 8 
73-72 
Others 

Total 

Range of Best Frequencies, 
Fractional Bandwidth* 

No. of Pen- 
etrations o-0.1 0.1-0.2 0.2 

28 26 2 0 
19 15 4 0 
18 15 3 0 
29 29 0 0 
19 19 0 0 
26 23 3 0 
24 20 2 2 

163 141 14 2 

@*2%) (8%) W%) 

the experiment illustrated in Fig. 3 and 
six penetrations (G-K) in the experiment 
illustrated in Fig. 4 passed down the caudal 
bank of the posterior ectosylvian sulcus, 
probably within AI. I3est frequency often 
changed little throughout such penetra- 
tions, indicating that the axis of rerepre- 
sentation of frequency might shift within 
the sulcus. 

Secondary audzhy fields 

Responses to tonal stimuli were seen for 
neurons in penetrations within auditory 
fields rostral, ventral, and caudal to the 
primary field. The cortical region across 
the dorsal border of AI (the suprasylvian 
field of Rose (45) deep within the supra- 
sylvian sulcus) was never explored. 

In the small number of penetrations 
across the dorsacaudal boundary of AI, the 
intracortical evoked potential was weak 
and neurons were poorly driven, or not 
driven, by tonal stimuli. Thresholds to 
tonal stimuli were elevated. The cortex 
u~as relatively silent throughout its entire 
depth. Thresholds were lower and the 
cortex more active in the few penetrations 
directed into the cortical field caudal to 
AI. 

Neurons in the field ventral to the pri- 
mary field on the middle ectosylvian g&s 
(AII, ref 65) were strongly driven by t&al 
stimuli, and thresholds to sound stimuli 
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FIG. 8. A: best frequencies (in kilohertz) determined for neurons within 33 penetrations in the primary 
auditory field. Each number is the average best frequency for neurons encountered within a penetration 
at the site indicated by the adjacent dot. The actual sites of penetration are indicated by dots on the brain 
photographs. B: best frequencies (in kilohertz) encountered within 11 parallel penetrations into AI, in- 
cluding two that passed down the rostra1 bank of the posterior ectosylvian sulcus. C: best frequencies 
(in kilohertz) within 21 penetrations into AI. D: best frequency (in kilohertz) for 21 penetrations into 
auditory cortex. The rostralmost (leftmost) 10 penetrations were directed into the rostra1 auditory field. 
AES, anterior ectosylvian sulcus; PES, posterior ectosylvian sulcus. 

were very low. In some penetrations within quency was relatively constant across corti- 
this field, most neurons could be seen to cal depth in this field. A very characteristic 
respond with approximately the same best intracortical evoked potential generated 
frequency as in the primary field, but by sound stimulation across a very wide- 
neurons with exceptional best frequencies frequency range distinguished recordings 
were encountered. Within many other in- in this rostra1 field from those in AI and 
dividual penetrations into AII, best fre- provided a sharp indicator of the boundary 
quencies could not be defined for neurons, location. 
as their tuning curves were characteristi- The most extensive map of the rostra1 
tally flat and broad. Such neurons could field derived in this series is shown in Fig. 
often be driven across a frequency range 5. Although the field has not been com- 
of several octaves with little difference in pletely explored in any individual cat, it 
stimulus level. was evident from this and from other ex- 

Neurons in the middle cortical layers periments (see also Fig. IA; Fig. SD) that: 
in the field rostra1 to the primary auditory 1) There is an orderly representation of 
field were sharply tuned, and best fre- the cochlea within the field; the entire 
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cochlea is probably represented within it. 
2) Lowest frequencies are represented in 
the rostroventral aspect of the field; best- 
frequency increases in penetration rows 
extending dorsally and caudally. 3) There 
is a reversal in the best-frequency sequence 
across the border with AI, with highest 
frequencies represented across it (Fig. 5). 

Location of primary field in relation to 
cortical surface landmarks 

A significant variation in the location of 
the primary auditory field as defined by 
cortical surface landmarks was observed in 
these experiments. Surface landmarks in 
the auditory region appeared to be unique 
to each cat. Thus, the cortical gyral pattern 
can only serve as a loose reference for the 
actual location of AI in any given cat. 

The individual variation in brain sulci 
in the auditory cortical region is evident 
with examination of the brain insets in 
Figs. l-5 and 8 and in Fig. 9, in which the 
lateral surface views of eight cat brains are 
shown. In 26 cats examined, the following 
differences in surface landmarks were 
found. 1) The width of the middle of the 
anterior ectosylvian gyrus was highly vari- 
able (1.2-5.0 mm); in some cats it joined 
the suprasylvian sulcus directly, or via a 
connecting sulcus (Fig. 9E); in other cats, 
it was never nearer than 4-5 mm to the 
suprasylvian sulcus (Fig. SC). In one cat, 
there was no anterior ectosylvian sulcus, 
and hence no anterior ectosylvian gyrus. 
2) The width of the dorsal aspect of the 
middle ectosylvian gyrus varied from 4.5 
to 8.8 mm (e.g., compare insets in Fig. 8B 
and C). 3) The top of the posterior ectosyl- 
vian sulcus turned caudalward, or rostral- 
ward (Fig. 9D), at a variable distance from 
the suprasylvian sulcus (3.8-5.8 mm). It 
often split into two, three, or four shallow 
(9C) or deep (9E, F, G) branches. In two 
cats, the top of the sulcus was roughly C 
shaped (Fig. 80, inset). 

The gyral pattern in the cortex of the 
cat shown in Fig. 9G is very different from 
that of other cats in this series, and mea- 
surements from this cat were not included 
in the above descriptions. Similar very ex- 
ceptional gyral patterns have been observed 
by other investigators (31; C. Woolsey and 
W. Welker, personal communications). 

FIG. 9. Lateral views of the cerebral cortex of 
eight cats from this experimental series. In B: AS, 
ansate sulcus; CS, coronal sulcus; ALS, anterior 
lateral sulcus; SS, suprasylvian sulcus; AES, an- 
terior ectosylvian sulcus; PES, posterior ectosylvian 
sulcus; and PS, pseudosylvian sulcus. 

It is not surprising, then, that the physi- 
ologically defined location of the primary 
field varies in relation to anatomical land- 
marks. For example, the rostra1 boundary 
of AI was found to lie in the middle of the 
middle ectosylvian gyrus, within the an- 
terior ectosylvian sulcus, or even rostra1 to 
the anterior ectosylvian sulcus in different 
cats. Similarly, the 5-kHz line of repre- 
sentation lay in the middle of the middle 
ectosylvian gyrus in some cats (Fig. 8C), 
near the crest or within the rostra1 bank 
of the posterior ectosylvian sulcus in other 
cats (Fig. 8A, B), and along the caudal 
bank of the posterior ectosylvian sulcus in 
yet other animals (Fig. 8C). Best frequen- 
cies varying from 1 to 12 kHz were en- 
countered in corresponding locations at 
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the top of the posterior ectosylvian gyrus 
in different cats (see Fig. 8C, D). Thus, for 
example, the area within or caudal to the 
posterior ectosylvian sulcus may contain 
only a very small sector of AI (Fig* 8B, C), 
about one-third of AI (Figs. 2, 3, 5, 84 
8B) or almost half of AI (Fig. SD). 

The location of secondary auditory cor- 
tical fields also cannot be accurately refer- 
enced by cortical surface landmarks. For 
example, the best frequency encountered 
within the rostra1 field at the top of the 
anterior ectosylvian sulcus was about 900 
HZ in the cat shown in Fig. 8D. At the 
corresponding location in the cat shown in 
Fig. 5, the best frequency was about 20 
kHz. 

Relution of physiologically defined 
cortical fields to cytoarchitecture 

The relation of physiologically defined 
auditory representations to cytoarchitec- 
tonics shall be the subject of a later report 
from this laboratory. Examination of the 
cortex in the 12 most completely studied 
cats in this series has revealed: 1) The field 
defined as primary auditory cortex on 
physiological bases corresponds with audi- 
tory koniocortex, as defined in the classical 
cytoarchitectonic study of Rose (45). This 
field is marked by a relatively dense popu- 
lation of small cells in layers II-IV, by a 
broad sparsely populated layer V, and by 
a broad well-defined layer VI. The field is 
very similar in appearance to AI in the 
rhesus monkey (34). 2) Cortical fields ros- 
tral and caudal to AI are cytoarchitectoni- 
tally distinctive. However, their boundaries 
with AI are usually obscure, as they com- 
monly fall within sulci; cortical cytoarchi- 
tecture is usually distorted in appearance 
within both ectosylvian sulci. 3) The boun- 
dary between AI and the field dorsal to it 
is sharp. As noted by Rose, it lies partially 
within the suprasylvian sulcus in at least 
some cats. 4) Although AI1 is cytoarchitec- 
turally distinguishable from AI, the boun- 
dary is not sharp, as noted by Rose (45). 

Examination of these cats has indicated 
that examination of cortical cytoarchitec- 
ture can provide a reliable determination 
of the location of the central aspect of AI. 
However, it cannot provide a very reliable 
identification of the actual boundaries of 

the representation. Frontal sections are 
most useful, as the dorsal and ventral 
borders of AI are most readily defined. 

DISCUSSLON 

Representation of cochlea within primary 
auditwy cortex in cut 

From this presented data, it is clear that 
there is an orderly representation of sound 
frequency within the primary auditory 
cortical field in the cat. This tonotopic 
organization of auditory koniocortex is 
illustrated diagrammatically in Fig. IO (left). 
In this illustration, the rostra1 aspect of 
AI is to the left; divisions on the axes are 
millimeters. The line of representation of 
any given frequency runs on a straight axis 
across the field. Any given frequency band 
(octave bands are illustrated) is represented 
across a straight cortical belt of nearly con- 
stant width across AI. The higher in fre- 
quency the represented octave, the greater 
the surface area of representation. Again, 
it has not been possible to determine the 
pattern of representation of the lowest five 
octaves (occupyin g the most apical quarter 
of the basilar partition). 

The cochleotopic organization of cat AI 

,. TONOTOPIC 
ORGAN RATION ‘* 

OF CAT A-l mm 
‘*lb 

29 
- : 

, . COW LEOTOPIC 
rn.m ORGANIZATION 

OF CAT A-l : l .  

I  
T 1 1 1 ,  ,  1 t  

FIG. 10. Left: tonotopic organization of cat AI, 
Isofrequency contours for frequencies one octave 
apart are indicated by thin vertical lines, Areas of 
the field bounded by dotted lines have not been 
mapped in detail. There are about five octaves 
represented within the region caudal to the I-kHz 
isofrequency contour. Scale divisions are millimeters. 
These drawings are representative for all cats 
studied except one (shown in Fig. 7, D1). In that 
cat, the disproportionate representation as a func- 
tion of frequency was less marked than in other 
studied animals. Right: cochlea topic organization 
of cat AI. Lines of representation of cochlear loci 
2 mm apart are indicated by thin vertical lines. 
Numbers represent millimeters along the basilar 
partition from the cochlear apex, See text for 
details, 
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is also illustrated schematically in Fig. 10 
(right), A given sector of the cochlear parti- 
tion (Z-mm sectors are shown) is repre- 
sented within a straight cortical belt of 
constant width across AI. Cortical belts, 
representing successively more basal equal- 
length sectors of the cochlea, are successively 
wider and longer. This disproportionately 
large representation of the basal cochlea 
constitutes a modest exception to the 
“rule” applied to the visual (28, 51) and 
somatosensory (48, 59, 66) systems that cor- 
tical surface area of representation is a 
simple function of peripheral innervation 
density. More neural machinery is neces- 
sary in the prima 
sent, or e ncode, 

rv au 
OX- 

relevant to primary 
highest frequencies. 

ditory 
extrac 

field to repre- 
t information 

cortical function at 

The pattern of representation of fre- 
quency (and of the cochlea) within Al: is 
similar in many respects with that recently 
described across the three dimensions of 
the central nucleus of the inferior collicu- 
lus of the cat (37). In the colliculus, a given 
frequency band (or sector of the cochlear 
partition) is represented across a rela tiveIy 
flat layer of cells of nearly constant thick- 
ness all across the central nucleus. Cell 
layers representing highest-frequency oc- 
taves (more basal cochlear partition) are 
thicker and greater in area than those 
representing Iower-frequency octaves. While 
no similar studv has been conducted in the 
ventral division of the medial geniculate 
body, both anatomical (38, 39) and physio- 
Iogical (3) studies suggest that there, too, 
frequency is organized in three dimensions, 
with a given frequency band represented 
across a sheet of cells. Since the frequency 
representation within the auditory cortex 
is two dimensional, there must be some 
kind of spatial integration across the 
thalamocortical projection. Anatomical 
studies now underway in this laboratory 
suggest that there is indeed a spatially 
ordered convergent projection from the 
medial geniculate body “Iaminae” to AI 
“strips” in the cat. 

The stepwise changes in frequency ob- 
served in Iong penetrations down the banks 
of the posterior 
sistent with the 

ectosvlvian sulcus are con- 
existence of a vertical unit 

of organization in primary auditory cortex, 
akin to cortical “columns” defined in 
somatosensory (40, 44) and visual (29, 30) 
cortex. As the distances across which neu- 
rons were driven at the same frequency 
were greatly variable, vertical units of 
organization must be irregular in shape or 
asymmetrical. Existence of stepwise changes 
in frequency along lines crossing the corti- 
cal surface also suggests that there might 
be significant fine details of organization 
in the frequency domain that have not 
been defined in tl iese experiments. 

The existence of an orderly representa- 
tion of sound frequency within AI reopens 
the question of the role of AI in the encod- 
ing of pitch. Woolsey and Walzl (67) orig- 
inally viewed AI as possibly providing a 
spatial cortical construct of the pitch do- 
main. The role of the cortex in the pro- 
cessing of information reXevant to the 
encoding of pitch has since been disputed, 
principally on the basis of ablation studies 
in cats (9, 52). However, there is old (43) 
and recent new evidence (13) that a cIear 
tonal sensation characteristic for stimulus 
site is evoked by punctate surface cortical 
stimulation within AI in man. 

Any functional role ascribed to AI must 
be consistent with the spatial constraints 
of its frequency organization. For example, 
different frequency components of complex 
sounds (e.g., vocalizations) must be inde- 
pendently represented in different regions 
of the field. This would not necessarily be 
the case within secondarv cortical fields. 

Relation to earlier studies 

The present results confirm the existence 
of an orderly representation of the cochlea 
in RI first demonstrated in evoked poten- 
tial studies of Woolsey and Walzl (67) in 
the cat and Tunturi (54-56) in the dog, 
and described more recentlv in microelec- 
trode experiments in the rhesus monkey 
(34). Tunturi defined isofrequency con- 
tours in his strychnine spike studies of 
dog auditory cortex. His depiction of the 
representation of the cochlea in AI and 
the rostra1 field (his AIIII, ref 54, 55) is 
verv similar to that seen in these experi- 
men ts, al though the described proporti on- 
ality in surface area of representation as 
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a function of frequency in the dog (56) 
was somewhat different from that seen in 
these experiments. 

Qn the other hand, the basic results 
described in the presen t study are not in 
agreement with several microelectrode 
studies of auditory cortex specifically de- 
signed to determine details of the frequency 
organization within cat AI (17, 18, 22). The 
basic conclusion of these studies was that 
while there may be a rough frequency 
gradient along the rostrocaudal dimension 
of the field, there was no highly ordered 
representation of the basilar partition 
within it. On the basis of these and other 
experiments, the frequency representation 
has been described as being degraded to 
a greater and greater extent at successiveIy 
higher levels in the central auditory system 
(10, 15, 16, 18, 60). 

There are several experimental differ- 
ences that might account for these very 
different results: I) The present results 
indicate that the location of AI in relation 
to cortical surface landmarks is not con- 
stant, In earlier studies, best-frequency data 
from different animals were combined by 
referencing data to cortical surface Iand- 
marks (17, 22, 27), a procedure that would 
obscure the representational pattern; when 
best frequencies were referenced to a single 
cortical surface landmark (15, 17, 60), the 
organization would be further obscured to 
the degree that the planes of rerepresenta- 
tion of frequency were not parallel to that 
single cortical feature. 2) In some earlier 
studies, the boundaries of the primary field 
were defined bv reference to surface land- 
marks only and not on cytoarchi tectonic 
or physiologica bases (17, 27). The present 
data show that points well wit1 lin AI in 
one animal may, when refere riced to surface 
landmarks, lie within a secondary auditory 
field in another cat, The variability in the 
location of the boundarv between AI and 
the rostra1 field is especially confusing, as 
neurons in both regions are very powerfully 
driven by tonal stimuli with about the 
same latencies. 3) The present maps apply 
to the representation of the cochlea across 
only the ‘middle and deep cortical layers 
of AI in an anesthetized cat. Some earlier 
stu dies were conducted with unanesthetized 

cats (17, 18, 22) in which the superficial 
cortex was presumably more active. Given 
the more indirect input pathways into the 
superficial layers (11, IZ), it is probable 
that the frequency-response characteristics 
of these neurons are somewhat different 
from those in the deeper cortical layers. 
In recent studies in the auditory cortex of 
the rhesus monkey, however, no striking 
difference in frequency organization was 
apparent in the unanesthetized prepara- 
tion (7, 8). 4) Best frequencies were defined 
at threshold in the present study; supra- 
threshold stimulation was employed for 
best-frequency determination in one earlier 
study (22). 

In most studies of auditory cortex in the 
cat, best frequency has been observed to 
be relatively constant across the depths of 
cortex (1, 20, 27, 42). At the same time, 
several investigators have described neu- 
rons with exceptional best frequencies 
within penetrations into auditory cortex 
in both anesthetized and unanesthetized 
cats (1, 5, 17, 18). Not one clear instance 
of a neuron with an exceptional best fre- 
quency has been encountered in nearly 600 
penetrations into AI in these experiments. 
This remarkable constancy in best fre- 
quency as a function of depth is especially 
evident with simultaneous recording from 
clusters of two or more distinguishable 
neurons. With such cluster recordings 
(employed in these experiments along with 
the study of isolated units) neurons with 
exceptional best frequencies would be strik- 
ing. They were constantly sought, and 
never seen. Neurons with exceptional best 
frequencies were encountered within pene- 
trations in to secondary cortical fields. 

SEcondary corlical fdds 

On the basis of response 
and cytoarchi tecture, there would appear 
to be at least five secondarv audi torv fields 
bordering AI. None of these fields has been 
studied in detail. Strong low-threshold 
auditory responses were encountered in 
fields caudal, ventral, and rostra1 to AI. 
High-threshold responses to tonal stimuli 
were encountered in the field dorsocaudal 
to AI. The field immediately dorsal to AI 
was not explored, but evoked potential 

characteristics 
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studies (61-63) suggest that it is an audi- 
tow field. 

Response properties of neurons in AII 
were similar-to those seen within an area 
medial to AI in the rhesus monkey (area 
CM) (34). It was difficult to define best 
frequencies within many penetrations in 
this field, primarily because of the broad, 
flat tuning curves of its neurons. No clear 
evidence of a rostrocaudal high-to-low fre- 
quency sequence (61-63) could be seen in 
AII in these experiments. 

Neurons within the field rostra1 to AI 
are sharply tuned in the anesthetized cat. 
This rostra1 field is a portion of the “supra- 
sylvian fringe” of Woolsey (61-63), and 
presumab1y coincides with the rostra1 field 
of Hind (26) and AI11 of Tunturi (54, 55). 
Woolsey defined a low-frequency focus in 
this region, and believed higher frequencies 
of the representation to lie within the 
suprasylvian sulcus medial to AI and across 
the cortical surface dorsocaudal to AI. The 
present experiments reveal that there is a 
reversal of the frequency progression across 
the boundary between the rostral field and 
AI, with highest frequencies represented 
along their border. The entire cochlea is 
therefore resresented in the cortical field 
immediately rostra1 to AI. There is appar- 
entlv another 
suprasylvian su 

audi 
lcus, 

tow field 
encompas 

within the 
sing the re- 

mainder of the “suprasylvian fringe,” and 
occupying the cytoarchi tecturally defined 
suprasylvian field of Rose (45). 

Variation in location of 
AI; im@ications 

The variability in the location of AI and 
undoubtedly the location of other sensory 
and motor cortical representations re brain 
surface landmarks is obviously of great 
importance in interpretation of all physi- 
ological, anatomical, and ablation studies 
conducted in the cat cortex. In his classic 
cytoarchitectonic study of auditory cortex, 
Rose (45) noted that the koniocortex was 
variable in location when referenced to 
brain surface landmarks; he also described 
the inconstancy of the sulcal pattern in 
the auditory region. The variability in 
location of AI re brain surface landmarks 
was evident in the evoked potential study 
of Woolsey and Walzl (67), who illustrated 

different cortical response locations for 
stimulation at the same cochlear sites in 
different cats. Kawamura (31) has recently 
described great variation in cortical sur- 
face landmarks in the cat cortex, certainly 
not limited to the auditory region (as can 
be readily appreciated from examination 
of Fig. 9) 

Cytoarchitectural and physiological cri- 
teria must be employed to determine the 
location of field boundaries in any cat em- 
ployed in such experiments; behavioral, 
anatomical, and physiological studies in the 
cat conducted without such controls should 
be interpreted with this variable location 
of cortical fields in mind. Unfortunately, 
the boundaries of the primary auditory 
field are often difficult to define on the 
basis of cytoarchitecture alone, as they 
commonlv fall within sulci. 

Similar variation in the location of AI 
has been observed in the rhesus monkey 
(34) and gray squirrel (unpublished obser- 
vations). 

These studies constitute an imDortant 
initial step in our understanding ‘of the 
spatial organization of auditory cortex, 
and in our understanding of what is being 
achieved across the auditory thalamocorti- 
cal projection. At the same time, the re- 
sponses of cortical neurons to positionally 
static tones delivered to one ear encompass 
only one aspect of their response beha;ior. 
These experiments are thus viewed as pre- 
liminary to studies in which the spatial 
distribution of neurons with different 
binaural response properties are investi- 
gated. Most, if not all, neurons of the 
primary field derive input from both ears, 
and their response properties in this and 
other respects can be complex (1, 5-8, 18, 
23, 27, 50). While the orderly representa- 
tion of the cochlea within AI is the most 
obvious spatial organization feature of the 
field, there are undoubtedly others. 

SUMMARY 

The representation of sound frequency 
(and of the cochlear partition) within pri- 
mary auditory cortex has been investigated 
with use of microelectrode-mapping tech- 
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niques in a series of 25 anesthetized cats. 
Among the results were the following: 
1) Within vertical penetrations into AI, 
best frequency was remarkably constant 
for successively studi ed neurons across the 
active middle and deep cortical lavers. 
2) There is an orderly ;epresentatioh of 
frequency (and of represented cochlear 
place) within AI. Frequency is rerepre- 
sented across the mediolateral dimension 
of the field, On an axis perpendicular to 
this plane of rerepresentation, best-fre- 
quency (represented cochlear place) changes 
as a simple function of cortical location. 
3) Any given frequency band (or sector of 
the cochlear partition) is represented across 
a be It of cortex of nearly constant width 
that runs on a nearly straight axis across 
AI. 4) There is a disproportionately large 
cortical surface representation of the high- 
est-frequency octaves (basal cochlea) within 
AI. z> The primary and secondary field lo- 
cations were somewhat variable, when ref- 
erenced to cortical surf ace landmarks. 
6) Data from long penetrations passing 
down the rostra1 bank of the posterior 
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