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ARSTRACT '

Microelectrode recordings were used to investigate the tonotopic organization of auditory
cortex of macaque monkeys and guide the placement of injections of wheat germ agglutinin-
horse radish peroxidase (WGA-HRP) and fluorescent dyes. Anatomical and physiological

" results were later related to histological distinctions in the same brains after sections were.
tylcholinesterase (AchE), or cytochrome

processed for cytoarchitecture, myeloarchitecture, ace
oxidase (CO). The experiments produced several major findings. (1) Neurons throughout a
frequencies could be

broad expanse of cortex were highly responsive to pure tones, and best
ding sites. (2) The microelectrode recordings revealed -

determined for neurons in arrays of recor

two systematic representations of tone frequencies, the primary area (AD) and a primary-like

rostral field (R) as previously described. The representa_tion of high to low frequency tones inAl /] ONT
he order of representation ——

was largely caudorostral along the plane of the suleus. A reversal of £
gether were coextensive with a koniocellular, ﬂ(‘\

of frequencies occurred in R. (3) Al and R to ,

densely myelinated zone that expressed high Jevels of AchE and CO. These architectonic

features were somewhat less pronouneed in R than AL but a clear border between the two areas | Z
was Tiot apparent. (4) Cortéx bordering AT and R was less responsive {o tones, but when best .
frequencies for neurons could be determined, they matched those for adjoining parts of Aland EL

" R. (5) Architectonically distinet regions were apparent within some of the cortex bordering™ /&
Al and R. (6) The major ipsilateral cortical connections -of Al were with R and cortex v o

immediately lateral and medial to AL (7) Callosal connections of Al were predominately with  ~

matched locations in the opposite Al, but they also included adjoining fields. (8) Neurons in the

ventral (MGy), medial (MGy), and dorsal (MGp) nuclei of the medial geniculate complex

projected to Al and cortex lateral to AL (9) Injections in cortex responsive to high frequency

tones labeled more dorsal parts of MGv than injections in cortex responsive to low frequency

tones. o© 1993 Wiley-Liss, Ine.
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The nervous system of macaque monkeys has been have been described (for review, see Kaas and Pons, ’88). In
stiidied extensively because of the widespread and support- contrast, relatively little progress has been made in under-
. able belief that the brains of these primates more closely standing the organization of the auditory system in ma-
. resemble those of humans than do the brains of other ¢aque monkeys. While microelectrode mapping approaches
commonly available experimental’ mammals. In particular, . in combination with studies of architectonics and patterns
over the last twenty years we have greatly increased our of connections have been used repeatedly to investigate the
understanding of the organization and connections of the organization of the visual and somatosensory cortex and
thalamus, there is only a single microelectrode mapping

1 visual system in macaques, where over thirty visual areas
and hundreds of connections have been proposed (for -
review, see Felleman and Van Essen, '91). Considerable Accepted May 6, 1893
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progress has also been made in studying the somatosensory
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study of audifory cortex in macaques, and that landmark
study (Merzenich and Brugge, *73) has not been followed by
others in nearly 20 years. The several important studies of
the connections of cortex in the auditory region (e.g.,

Walker, '37; Mesulam and Pandys, *73; Burton and Jones,
176, Galaburda and Pandya, ’83) relied on relating connec-
tion and architectonic patterns, and did notuse electrophys-
iological data to define fields or locate injection sites.
However, such combined approaches have been used effec-
tively in studies of auditory cortex in New World monkeys
(FitzPatrick and Imig, 78, ’80; Aitkin et al., ’88; Luethke et
al., 89; Morel and Kaas, '99), cats (e.g., Imig and Reale, '80;
Andersen et al., '80; Imig and Morel, ’83; Clarey and Irvine,
'g0); and squirrels (Luethke et al., *88). Further studies on
macaques are needed because models of cortical organiza-
tion derived from cats may have limited usefulness in
understanding primates, and. it is uncertain how exten-
sively models of ‘organization based on New World monkeys
apply to other primaig taxa including macagues and hu-
mans. Thus, the broad goal of the present study was to start
10 investigate the organization of auditory cortex in ma-
caques using the combined methods that have been so
useful in studies of the visual and somatosensory systems,
and the auditory cortex of other mammals.

In this investigation, we reconsidered the issue of how
auditory cortex is tonotopically organized in the region of
the primary field (AI) and the primary-like rostral field (R)
(or rostrolateral, RLY) of Merzenich and Brugge (73). We
subsequently related the physiological results to cytoarchi-
tectonic and myeloarchitectonic patterns, as well as differ-

ences in expressed levels of cytochrome oxidase (CO) and’

acetylcholinesterase (AchE) in the same animals. Finally,

we determined cortical and thalamie connection patterns by

placing injections of tracers at physiologically identified
' sites along and within Al '

Our approach was designed to address several questions
about the organization and connections of auditory cortex
in macaques. First; we hoped to complement and extend the
early microelectrode mapping experiments of Merzenich
and Brugge ('73) by obtaining recordings from additional
monkeys and possibly from cortex not fully explored in
those initial studies. Second, we planned to describe more
fully the architectonic features of physiologically defined
subdivisions of auditory cortex by inctuding procedures for
revealing CO and AchE levels and myelin stains, since these
proeedures have been used to effectively reveal subdivisions
of cortex elsewhere (e.g., Bear et al, '85; Tootell et al., "85;
Luethlke et al., ’89; Wallace et al., '91; Morel and Kaas, ’92).
Third, we sought to determine the conlnections of auditory
cortex by placing injections in and just lateral to Al By
placing injections of different tracers in sites respensive to

~ different frequencies in the same monkeys, we obtained
evidence from connection patterns on the tonotopic ergani-
zation of nuelei in the medial geniculate complex of ma-
caques. Some of these results have been briefly presented
. elsewhere (Morel et ak., "91).

MATERIALS AND METHODS

The ) surgical preparation, acoustical stimulation, and
recording procedures were similar to those described previ-

"Merzenich and Brugge ('73) termed the field RL for rostralateral, but the

term R for rostral is used here because the term R was subsequently used in’

" other studies (Imig et al., *77; FitzPatrick and Imig, '80; Morel and Kaas,
'g2). :
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al, ’89; Morel and Kaas, »g99). Adult
(Macaca fascicularis) were selected by
otoscopic examination for unobstructed external auditory
meatus. Each monkey was premedicated with dexametha-
sone (1 mg/kg) and then anesthetized with ketamine
hydrochioride {20-30 mg/kg) supplemented by xylazine. @

ously (Luethke et
macaque monkeys

" mg/kg). Additional doses of anesthetic (5-10 mg/kg) were

given periodically during surgery and recordings to main-
tain a surgical level of anesthesia. Surgery was performed
under aseptic conditions. The body temperature was main-
tained around 38°C with a heating pad, and the electrocar-
diogram was &lso monitored. After retraction of the tempo-
ral muscle, a craniotomy was used to expose the superior
temporal gyrus and overlying part of the parietofrontal
cortex; the dura was. retracted, and the cortex covered with
silicone oil to prevent desiccation. Photographs of the
cortical surface were enlarged for later use in marking the
positions of electrode penetrations in relation to blood
vessels and the sulcal pattern.
Acoustical stimulation and recordings

During recording, the animal’s head was held firmly in a
stereotaxic position with a bar cemented on the occiput and.
attached to the stereotaxic frame, leaving free access to the
ears. Auditory stimulation consisted of pure tones of vary-
ing frequencies and intensities produced by a Krohn-Hite
oscillator and ‘shaped into 100-200 msec pulses with an'l
electronic switch. The intensity of the tone bursts was
preadjusted with an EXP-1 amplifier, and the stimuli
delivered to the contralateral ear via a flexible hollow ear
tube coupled to an audiometrie driver that has been previ-
ously calibrated (see Morel and Kaas, '92). Other acoustic

stimuli, such as elicks or speech sounds were also presented ¢

during recording.

~ Multi-unit activity was recorded with low impedance
(1-1.5 M ohms) microelectrodes advanced with a hydraulic

mieromanipulater. The signal from the electrode was ampli-
fied, filtered, displayed on an oscilloscope and monitored
through a loudspeaker. Small electrolytic lesions were
made along penetrations to mark physiolegically identified
Jocations to later aid in histological reconstructions of
tes. As in previous studies (Luethke

positions of recording st
et al, '89; Morel and Kaas, '992), best frequencies were

determined audiovisually by decreasing tone intensity and

thereby deereasing the range of frequencies preducing a.
noticeable response. The bes
where the lowest intensity produced a noticeable response. -
Responses to tones and best frequencies for neurons OF
clusters of neurons were recorded at 0.1-0.3 mm intervals
along each electrode pene
penetrations were oriented 10° to 30° from the horizontal
plane to be parallel to the cortex of the ventral bank of the |
lateral sulcus. Because of the irregularity of the surface of N
the cortex along the lower bank of the lateral sulcus, the
electrode angle was occasionally changed during the course
of an experiment, especially when moving from posterior to
anterior along the su
placed about 1 mm apart.
, Tracer injections

After 57 hours of recording, 1 to 3 different tracers were:
placed in locations in auditory cortex defined by recordings.
The tracers were horseradish peroxidase conjugated to
wheat germ agglutinin (WGA-HRP, 1% in saline), and
fluorescent dyes [3% fast blue (FB) or diamidino-yellow

t frequency was the frequency )

tration. Lateromedial electrode \

=

leus. Electrode penetrations were . .




Fig. 1. The locations of Al and R on the lower bank of the lateral
suicus. In this dorsai view of the right hemisphere of a macaque brain,
lateral portions of parietal and frontal cortex have been removed (cut)
to expose cortex on the fower bank of the lateral sulcus (the superior

(DY) in saline]l. The injections were made with a glass
micropipette sealed to the needle of a 1 or 5 wl Hamilton
microsyringe. The total amount injected varied between
0.05 nl (for WGA-HRP) and 1 pl (for fluorescent dyes).

Following injections, the skull opening was closed with - -

dental acrylic over the bone flap, and the skin sutured. The
animals were carefully monitored during recovery from

. ,anesthesia, and allowed to survive 3 to 15 days depending
‘on the tracer or tracers used.

Histological proeedures .

At the end of the survival period, the animals were
reoperated and auditory cortex contralateral to the injected
*. hemisphere was mapped extensively. Following the record-
ing session, alethal dose of pentobarbital was given, and the
animals were perfused through the heart with saline fol-
lowed by 4% (for HRP) or 6% (for fluorescent dyes)
paraformaldehyde in phosphate buffer and, successively,
90% and 30% sucrose solutions in the same buffer. After
perfusion, the brains were immediately removed, photo-
graphed, and separated into two blocks by a frontal section
just.caudal to the arcuate sulcus.The blocks were soaked
for a few hours in 30% sucrose in phesphate buffer, then cut
-at 40 um in the coronal plane on a freezing microtome.
Alternate series of sections were mounted for fluorescent
microscopy, processed for HRP following a low artifact

TMB procedure (Gibson et al., ’84), stained for Nissl with

cresyl violet, stained.for myelin with the Gallyas ('79)
‘method, processed for cytochrome oxidase (CO; Wong-
Riley, ’79), or processed for acetylcholinesterase (AChE;
Geneser-Jensen and Blackstad, *71). .
Data analysis
Sections containing fluorescent label were observed and
plotted under ultraviolet (UV) illumination with a Leitz
" microscope equipped with a computer-assisted X-Y plotting
system (Bioquant System, R & M Biometrics, Inc.). De-
tailed enlarged drawings of sections containing electrode
tracks, architectonic boundaries, injection sites, and labe]
 distributions were used for three-dimensional reconstruc-
tions of the auditory cortex. These were obtained by tracing
the contours of individual sections spaced approximately
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Insula.

d the insula. A and R have mirror-reverse tonotopic
(HD to low (L). Al, primary auditory cortex; R,
rior lim. S., inferior limiting sulcus.

temporal plane) af
organizations from high
the rostral auditory area; infe!

200 pm apart, on enlarged photographs of the brain
surface. Part of the upper bank of the lateral sulcus was
removed in the illustrations, and cortex was partly unfolded
to expose the surface of the supratemporal plane. ‘

RESULTS

In the present study, we investigated the tonotopic
organization, architecture, and connections of auditory
cortex in macaque monkeys. The physioclogical results are
presented first. They provide evidence for two primary-like
fields, Al and R, as previously reported by ‘Mérzenich and
Brugge ('73). Next, we describe the architectonic character-
istics of Al, R, and surrounding cortex. Finally, the cortical
and thalamic connections of Al are described.

Neuron response characteristics and
tonotopic patterns

Recordings were obtained from neurons along the supe-
rior temporal plane of macaque monkeys by angling medio-
lateral electrode penetrations in a nearly horizontal plane
from the outer ventral lip to the fundus of the lateral sulcus
or the inferior outer bank of the inferior limiting suleus. By
adjusting the angle and placement of such penetrations, we
were able to record from neurons in the middle layers of
cortex over long sequences. Typically we were able to elicit
¢lear responses to tones and other auditory stimuli at
numerous sites along the extents of the electrode penetra-
tions. Neurons in one large region responded vigorously to
narrow ranges of pure tones with short response latencies,
and threshold responses at specific frequencies couid be
determined. This large region is outlined on the surface of

the lower bank of the lateral sulcus in Figure 1 as AlplusR. .

Recordings from Al and R were obtained both during
brief sessions as a guide to loeating favorable sites for the
injection of tracers and later in the opposite hemisphere in
long sessions just before sacrifice. Results from the longer
recording sessions in four monkeys are. summarized. in
Figures 2 and 3.In each case, cortex in the region of Al and
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91-13

Fig..2. Best frequencies for neurons at recording sites in auditory
cortex of monkey 90-64 (A) and 91-13 (B). Each figure is a recon-
structed frontal-dorsolateral view of cortex of the superior temporal
plane of the lateral sulcus. Some of the lines of individual coronal brain
sections are preserved,-and aréas Al and R, as determined architectoni-
cally, are outlined (dotted lines). A dashed line marks the estimated
border of Al with R. Electrodes penetrated cortex lateromedially.
Recording sites along those penetrations are projected on to the surface
and marked with small dots. Numbers next to dots indicate the best
frequencies in kHz for neurons recorded at each site. Thus, neurons in

16.5
20.

7. 554 8. 99 11..10.

the caudal row of sites in A had best frequencies in the 16-30 ki
range, while the most rostrolateral sites in Al had best frequencies of
less than 1 kHz. At some locations, a best frequency was not deter-
mined, but a range of effective frequencies was recorded and indicated
in the figure (e.g., 5-21). Large dots mark locations of microlesions used
to help relate recordings to architectonic results. Auditory sites that
responded poorly to tones are marked with A. Al, primary auditory
cortex; R, the rostral auditory area; PL, the posterior lateral field; CM,

the caudomedial field.

EMip.




AUDITORY CORTEX IN MACAQUES
A

185 17.518:325

Fig. 3. Best frequencies for neurons at designated recording sites in cases 91-52 (A)
Other conventions as in Figure 2. In B, an arrow marks the approximate level of a transitio

R was reconstructed from serial coronal brain sections so
that the cortex of superior temporal plane could be shown
as a three-dimensional surface from a frontolateral perspec-
tive with recording sites and architectonic boundaries
projected onto the surface. Most recordings were from
clusters of neurons rather than single neurons, but neu-
rons recorded at each site had similar best frequencies, and
thus we best realized our goal of sampling many sites by not
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and 91-73 (B).
nto R.

attempting to. isolate single neurons. Best frequencies
ranged from over 30 kHj to less than 1 kH. Sometimes, the
neurons responded poorly to tones, or the tuning curve was
broad, so that a best frequency was not determined, and
only a range of effective frequencies was determined.
Neurons at other sites responded to clicks and other
auditory stimuli, but responded poorly to tones. When the
locations of recording sites were related to the types of
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responses, the unresponsive, poorly responsive, and broadly
tuned neurons tended to be outside of AT and R, or above or
below the middle layers (IV and III) of cortex.

Al and R. 'The recording results support the conclusion
of Merzenich and Brugge (°73) that auditory cortex includes
two tonotopically organized fields, AT and R, that are both
primary-like in responsiveness to tones. Most of our record-
ings were from Al, but enough recordings were obtained
from R to provide evidence for this second field.

Our most extensive map was obtained from case 90-64
(Fig. 2A), and this map revealed the basic tonotopi¢ organi-
zation of Al and provided evidence for R. We see from this
case that high frequency tones were represented caudome-
dially and low frequency tones rostralaterally in AI. Lines.of
isofrequency were in a lateromedial plane in caudal Al, but
they tended to curve rostrally in rostromedial AI. Thus,
neurons in the most candal rncordmg sites in Al in case
90-64 were best activated by tones in the 20-30 kH; range,
and neurons across the complete width of caudal Al were
best activated by high frequencies. More rostrally, neurons
near the lateral border of AT were activated by midfre-
quency tones, but deeper recording sites revealed neurons
most responsive to high frequencies. In the most rostrolat-
eral portion of Al, neurons responded best to low frequen-
cies, including frequencies of less than 1 kH;. However,
neurons at sites deep in the sulcus, near the border of Al
with CM, were activated by higher best frequencies. While a
broad zone of even more rostral cortex responded to low
tones, the most rostral sites in this case had neurons best
activated by tones higher than 1 kHj. Thus, there was a
return to slightly higher best frequencies for the most
rostral sites in the explored region, indicating a reversal of

the tonotopic progression, and providing evidence for a-

second area, R. The mapping results were not detailed
enough to providea precise indication of the line of reversal,
but the border between AI and R is likely to be near the site
with the low best frequeney of 0.8 kHj. Most of the sites
where best frequenciés were determined were later found to
. be within the architectonie boundaries of Al and R, but
some of these sites were on or outside the border. Often,
.neurons or clusters of neurons at these sites were less
responsive to tones, and had broader tuning, but sometimes
responses were not notably different from those in Al or R.
Similar results were obtained in other cases. In case
91-13 (Fig. 2B), for example, less of Al was mapped, but the
same progression from the represertitioni of higher to
lower frequencies was apparent along the caudorostral
extent of Al. In addition, a portion of rostromedial R
responded to high frequencies of up to 20 kH;. Case 91-52
(Fig. 34) provided mapping data across most of Al, includ-
ing high, middle and low frequency portions, and case 91-73
(Fig. '3B) included recordings from the low frequency
portion of Al and probably the adjoining low frequency
portion of R. Case 90-76 (not shown) involved recordings
largely in R, where much of the explored portion of the field
was responsive to low frequencies. However, sites in the
most rostromedial part of R on the bank of the inferior
limiting sulcus responded to high frequeney tones with best
frequencies extending as high as 32 k. Thus, R appears to
represent the frequency range as extensively as Al

Cortex lateral and medial to Al and R. Our recordings
from cortex surrounding Al and R were limited to sites
lateral and medial to Al and R in penetrations passing
through Al and R. In general, neurons in these regions were
less responsive tc tones, and responses occurred over
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broader frequency ranges so that best frequencies were
more difficult to determine. Nevertheless, many neurons
medial or lateral to AT and R were responsive to tones and
other sounds, and best frequencies were sometimes deter-
mined. The results indicate that at least some of the cortex
surrounding Al and R is auditory. The results also suggest
that some or all of the surrounding fields have at least crude
tonotopic organizations that are tonotopically matched or
congruent along common borders with the representations
in Al and R. Thus, electrode penetrations lateral to Al in
case 91-13 (Fig. 2B), encountered neurons that responded
best to higher frequencies caudally and lower frequencies
rostrally in a progression that matched that in the adjommg
part of Al Similar results from this posterior lateral region,
PL, weré obtained in case 91-73 (Fig. 3B), and more limited
recordings were made in cases 90-64 (Fig. 2A) and 91-52
(Fig. 8A). In addition, a few recordings from cortex lateral
to R (case 91-73, Fig. 3B; case 91-52, Fig. 3A; case 90-64,
Fig. 2A) suggested the existence of an anterior lateral field,
AL, with a tonotopic organization in parallel with that in R.
Finally, recordings medial to AT, largely obtained in case
90-64 (Fig. 2A), revealed responsiveness to high frequency
tones near Al with a suggestion of a progression toward low
frequency tones away from AI. We réfer to this region as the
caudomedial field, CM, after Merzenich and Brugge, ("73).

Architectonic subdivisions of auditory cortex

We examined the reglons of auditory cortex explored
during recording sessions for architectonic features that
would usefully identify auditory fields. Sections from the
experimental brains were stained with cresyl violet to
reveal cell bodies, stained for myelinated fibers, or pro-
cessed for levels of CO or AchE. Architectonic features of
this region of cortex were then related to the physiological
results from the same animal. The major findings were that
AT and R resemble each other architectonically, and that
these two fields are quite distinct from surrounding cortex.
In addition, cortex surrounding AT and R can be subdivided
on the basis of architectonic differénces. In this section, we
first describe Al and R, relate some of the physiological
results that indicate that a large architectonmic field is
coextensive with Al and R, and then deseribe several
subdivisions of surroundmg cortex.

Al and R. The reglon we have electrophysiologically
defined as AI plus R is architectonically distinet from
surrounding cortex. In brain sections stained with cresyl
violet, AI is easily identified by a broad layer IV that is
densely packed with small granule cells, densely packed
cells in inner layer I1I, and a rather dark and dense layer VI
(Fig. 4c¢ and f; also see Merzenich and Brugge, '73). These
are well-known cytoarchitectonie features of primary sen-
sory fields, which are sometimes referred to as koniocortical
fields because of the small densely packed granule cells (see
von Bonin and Bailey, '47). In sections processed for CO,
layer IV and inner layer III of Al stain quite darkly, and
there is a marked reduction in the amount of CO expressed
in these layers in surrounding cortex (Fig. 4b and e). We
have also examined auditory cortex in brain sections from

monkeys used in studies of patterns of metabolic activity in

the brain with' the radiocactive 2-deoxyglucose (2-DQ)
method, and found that high levels of deoxyglucose are

- incorporated in the middle layers of Al, even during periods

of quiet. Cortex in the expected location of Al was also
densely labeled with 2-deoxyglucose in the study of somato-

" sensory cortex of the lateral sulcus by Juliano et al. ("83). AT
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Fig. 4. ~The architecture of Al and surrounding cortex. a—c are
adjacent coronal sections through the caudal third of Al; d-f are
through the rostral third of Al Sections & and d were processed for
acetylcholinesterase (AchE), b and e for cytochrome oxidase (CO), and ¢

is also quite obvious in sections stained for AchE, since the

expression of AchE in layer IV is exceedingly dense in Al

compared to surrounding areas (Fig. 4a and d). Al is also
marked by dense myelination (Fig. 6). The inner and outer
bands of Baillarger are well developed, with the inner band
being particularly dense (also see Pandya and Sanides, *73).
Area R has architectonic features that are very similar,
thotigh somewhat less pronounced, to those of Al (Fig. 5).
Thus, R has the koniocellular characteristic of a broad layer
IV that is densely packed with small cells, a higher level of
CO and AchE expression in layer IV, and dense bands of
myelin, Merzenich and Brugge ('73) also noted that R (their
RL) resembles Al in cytoarchitecture, but concluded that
"~ the'packing of small cells was Jess'dense in R. Our -coronal
plane of section did not optimize comparisons of A-I and R
at the border, and we are uncertain if the transition from
orie field to the other can be reliably detected: v
A correspondence of Al to auditory koniocortex was
demonstrated by relating physiologieal to architectonic

results by using marking microlesions to identify electrode

penetrations and recording sites in stained brain sections.
An example of this approach is shown in Figure 7, where
each of three adjacent brain sections along an electrode
tract-were processed for different architectonie features. In
each section, three microlesions are apparent. The lateral
and medial lesions_(marked Ly and Ly in the middle-panel)
were placed along one horizontal penetration and the best
frequencies for neurons at recording sites along the penetra-
tion are indicated just under the track. The first lesion was
placed where the neurons first responded vigorously to
tones and where a clear best frequency was obtained.
Neurons at subsequent recording sites were very respon-
sive to-tones (except for the sites marked A, where re-
sponses to tones were poor). The second lesion was placed at

--were processe

and f for Nissl substance. Arrows mark the borders of Al. The estimated
extent of the caudomedial area (CM) is indicated in a. Other arrows ina

arid d mark the lateral limit of PL and an area extending ventraily to the
lip of the superior temporal sulcus. Scale bar = 1 mm and applies to a—f.

the end of a sequence of four sites where neurons were

"difficult to characterize or responded to high frequencies.

Note that the lesion on the left was on the outer border of
Al, whether defined by AchE- (Fig. 7a), CO (Fig. 7b), or
cytoarchitecture (Fig. 7c). However, the deep lesion on. the
right was about 0.5 mm deeper than the border of Al. Thus,
the sequence of recording sites with neurons having best
frequencies in the low to middle frequency range covered
the full extent of Al, while three sites at the end of the
penetration with neurons with best frequencies in the high
frequency range were on the border or outside of AL

" The results of a sequence of recording sites across R are
shown in Figuré 8. As in Figure 7, three adjacent sections
sed for AchE (Fig. 8a),CO (Fig: 8b); ercytoarchi-

tecture (Fig. 8c). A microlesion placed at the end of a
horizontal microelectrode penetration is apparent in each
section and the best frequencies for neurons recorded at
sites along the penetration are indicated in Figure 8.
Because R curves ventrally on the caudal bank of the
inferior limiting sulcus, the penetration did not pass from
border to border in R. Nevertheless, it is apparent that
recording sites across most of the width of R at this level
responded best to low frequencies, and there was a ten-
dency toward higher best frequencies as sites deeper in the
penetration were encountered. Such results indicate that
sites throughout auditory koniocertex have neurons that
respond well to tones and have best frequencies that relate
to systematic patterns of frequeney shift.

Fields bordering AI and R. Cortex surrounding Al and
R did not have the general features of primary sensory
cortex in that less CO and AchE were expressed and the
middle layers of cortex were less packed with small cells.
However, this surrounding cortex was not uniform in
appearance, and we distinguished several regions as pre-




A. MOREL ET AL.

Fig. 5. The architecture

of the rostral area (R) and surrounding cortex. a—c are ¢oronal sections
rostral half of R. Sections a and d, AchE; b and e, CO; ¢

" through the caudal half of R; d—f are through the
f R, the anterior lateral field (AL), and the rostromedial

and f, Nissl. Arrows mark the estimated extents o

field (RM). Note the electrode tract and microlesion in b and c. Scale bar

= 1 mm and applies to a—f.

sumptive auditory fields by location and architectonic fea-
tures. One such area is the caudomedial field, ‘CM, first
described by Merzenich and Brugge ('73) as cortex with
deeply stained cells in layer IV and neurons responsive to
tones with best frequencies largely in the.high frequency

Fig. 6. The myeloarchitecture of Al and surrounding cortex. A coronal section through the rostral half
of AL Note the dense myelination in AL Arrows mark the borders of Al the caudomedial field (CM), and the

posterolateral field, PL (see Fig. 4). Scale bar = 0.5 mm.

range. We found cortex medial to AT in the fundus of the
lateral fissure to have deeply stained neurons in layers v

and VI, and moderate levels of CO and AchE expressed in

these same layers (Figs. 4 and 7). Thus, CM has architec-

tonic characteristics of sensory cortex, but they are not so

i
!
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Fig..7. The relation of best frequencies along a row of recording  electrode penetration. The best frequencies in kH; of neurons at each
sites to the architecture of Al. Three adjacent coronal brain sections  recording site are indicated below the electrode tract. At site A, neurons
through the midportion of AI were processed for AchE (a), CO (b), or  were auditory, but a best frequency was not determined. Arrows in c
Nissl (c). In each section, two electrolytic microlesions are apparent  mark the borders of Al and CM. A third microlesion in the middle of Al
near the lateral (L)) and medial (L.) boundaries of Al. The lesions mark  is from another electrode penetration. Scale bar = 0.5 mm and applies

the first and last recording sites along a sequence in a horizontal toa-c.
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Fig. 8. The relation of best frequencies along a row of recording
sites to the architecture of R. Three adjacent coronal sectiofis through
the midportion of R were processed for AchE (a), CO (b), or Nissl (c). A
dashed line in b marks the course of an electrode penetration ending in
a microlesion (L and circled star). The best frequencies in kHjz for

A. MOREL ET AL.

neurons at recording sites along the electrode penetration are indicated
in an expanded row below (bent arrows). Dots mark three unresponsive
sites. The large dot corresponds to the end of the penetration at the
microlesion. The microlesion is apparent in a and ¢. Arrows in ¢ mark
the architectonic extent of R. Scale bar = 0.5 mm and applies to a—¢.”
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pronounced as in A and R. We also found, as did Merzenich
and Brugge ('73), that neurons in CM responded well to
tones, and had best frequencies in the'high frequency range
(Fig. 7). Cortex with these architectonic and physiological
features was located medial to Al, extending somewhat
~ onto the upper bank of the lateral fissure. However, the

present CM does not include cortex caudal to AL, and thus it

s somewhat smaller than the CM indicated by Merzenich -

and Brugge (*73). Instead, we refer to cortex caudal to Al,
which has less differentiated layers, as the caudal area or
region C. Layers IV and VI are well developed in cortex
lateral to Al, but these layers are less pronounced in Nissl
preparations than in Al or CM. Layer IV is somewhat
darker in AchE and CO preparations than surrounding
nonprimary cortex, Merzenich and Brugge ('73) referred to
much of this region of cortex as the lateral field, but we
refer to it as the posterior lateral field, PL, to distinguish it
from more anterior cortex along the lateral border of R that
we term the anterior lateral field or region, AL. While AL
resembles PL in overall appearance, layer IV seems thicker
and denser in AL. Cortex medial to R has a less distinct
layer IV in all three preparations (Fig. 5) than R or even
CM, and we refer to this rostromedial region as RM. Cortex
immediately rostral to R had somewhat more pronounced
architectonic features with layers IV and III being well
differentiated, but less so than in R. We tentatively refer to
this region as rostrotemporal cortex, RT. Finally, cortex on
the surface of the superior temporal sulcus is distinct from
PL by having a leéss dense band of AchE and CO in layer IV

(Fig. 4).

Cortical connections of auditory cortex

Cortical connections of auditory cortex were investigated
by placing injections of WGA-HRP and fluorescent tracers
in and around Al at sites of known frequency representa-
tion. Because of our lateral approach for recording elec-
trodes, most injections were. placed in more accessible
cortex near the lateral edge of Al. However, injections in
two cases involved deeper portions of Al, and they best
reveal the connections of Al. In one of these, case 91-73
(Fig. 9), injections of WGA-HRP (Fig. 94), DY and FB were
placed at high, middle, and middle-low frequency represen-

tations.in AL The injection of WGA-HRP, in cortex largely -

devoted to frequencies in the 15-20 kHgz range, was large

and included half of the width of AI. The lateral border of AT -

was slightly involved in the injection site (Fig. 10a), but
almost all of the injection was in Al and the resulting
pattern of label can be expected to reflect the connections of
AT Regions of ipsilateral cortical label included portions of
AT around the injection site, especially rostromedially and
caudolaterally along the lines of isorepresentation, and
locations in nearby regions of cortex. One focus of dense
label was in the rostral portion of R in the inferior limiting
sulcus where higher frequencies are represented. Other foci
of label were scattered medial to R in RM, medial and
caudal to Al in CM and C, and lateral to Al in PL. A more

distant lateral focus of label was in cortex on the upper lip of-

the superior temporal sulcus. Several locations lateral to R
. and Al were sparsely labeled.

In another case, a smaller injection of WGA-HRP was
nlaced in a portion of Al deep in the fissure in a portion
levoted to higher frequencies in the 20-30 kHz range (Fig.
11A). The injection core was largely in Al, but it slightly
invaded CM. Again, dense label in cells and fine processes
was located in adjacent parts of Al, this time in a zone
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extending caudally from the injection site along presumed
lines of isofrequency. Another zone of dense label was
located rostrally in R along the bank of the inferior limiting
sulcus in cortex expected to represent high frequencies.
Small foci of label were in CM and along the caudolateral
border of AL The results from these two cases suggest that
the major connections of Al are intrinsic, largely along lines
of isofrequency, and with tonotopically matched portions of
R. Connections with medially and laterally adjoining re-
gions of cortex also seem likely, but uncertainties exist
because such connections were not revealed by the smaller
injection. Further information on the connections of Al w
obtained from other cases. First, in those cases (case 81-73,
Fig. 9B and case 91-52, not shown) with injections that
involved both portions of lateral AT and PL, labeled cortex
was found in'Al, R, RM, CM, adjacent parts of PL, AL, and
cortex of the upper bank of the superior temporal sulcus.
Thus, Al injections involving both AT and PL labeled all of
the presumptive targets of Al Second, injections in a
presumptive target of AI, PL (Fig. 11B) or PL plus some of
Al (Fig. 12), densely labeled AL From these results, it
seems reasonable to conclude that Al has (1) prominent and
broadly distributed intrinsic connections extending, in part,
along isofrequency lines, (2) dense cennections with loca-
tions in R, (3) connections with the PL-AL region along the
lateral border of Al and R, and (4) connections with CM and
RM. Connections with other regions ineluding eortex of the
upper bank of the superior temporal suleus and cortex
caudal to AI seem possible, but more evidence is needed.
The injections in cortex along the lateral border of AT
inclided cortex that responds to auditory stimuli and has
connections with AL Conneetion patterns revealed by the
injections in PL (Fig. 11B) or PL plus some AL (Fig. 12)
indicate that this cortex also has connections with R, RM,
CM, arid much of the superior temporal gyrus lateral to PL.
Thus, a large expanse of cortex around and lateral to Al and

R has auditory connections. .
Injections in Al labeled neurons and terminals in supra-

granular and infragranular layers in other adjacent parts of .

Al Both types of label were also largely in supragranular
and infragranular layers in R. Injections in PL and adjoin-

“ing cortex labeled neurons in supragranular and infragran-

ular layers in AL, R, and cortical fields around Al and R.
We also reconstructed patterns of label in contralateral

cortex after auditory cortex injections. The large injection .. ... __._. .

of WGA-HRP centered in lateral AT of the left hemisphere
(Fig. 9) produced dense label in the comparable and more
medial loeation in AI of the right hemisphere (Fig. 13).
Other zones of much less dense label were in PL, CM, and
R. The injection in medial AT (Fig. 11) labeled regions of
medial AT and the adjoining part of R in the contralateral
hemisphere, as well as part of CM (Fig. 14). Thus, the major
callosal connections of AT appear to be"with matched parts
of AT, while sparser callosal connections appear te include

other parts of Al, R, and perhaps CM and PL. Callosally
projecting neurons and terminations were largely confined

to supragranular layers (Fig. 10b). :
Injections in cortex lateral to Al and along the lateral

border of Al provided further evidence on the nature of

" interhemispheric auditory callosal connections. In case

91-73, closely spaced injections of FB and DY were placed in
lateral Al and adjoining PL in lecations activated by middle
and middle-low frequencies (Fig. 9B). The Injections pro-

duced slightly overlapping zones of label that were dis-
placed rostrocaudally in contralateral Al (Fig. 13) The
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Fig. 9. Connections of auditory cortex in case 91-73. An injection of  oval) and FB (black oval). The DY neurons (not shown) and FB neurons
) WGA-HRP was placed in Al and the fluorescent dyes diamidino yellow  overlapped extensively. The slightly unfolded reconstructions are from_
_ (DY) and fast blue (FB) were injected along the lateral border of AL The  the frontal-dorsolateral perspective of the left hemisphere. Compare_
- WGA-HRP was injected in cortex responsive to 15-20 kHz; DY, 10 KHz;  with Figure 1. LS, lateral sulcus;. C, caudal auditory area; CM,
FB, 5 KH;. A: The injection site (black) and transported label (dots) caudomedial auditory area; STG, superior temporal gyrus; STS, supe-
after the WGA-HRP injection. The larger dots represent labeled rior temporal sulcus. Dashed lined mark the estimated border between.
neurons while smaller dots indicate labeled terminals. B: Locations of Al and R, and the dorsal border of RM.
neurons labeled with FB (dots) and the injection sites of DY (dashed :
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injection site in case 81-73; aisp-see Figure 13. c: Clumps of labeled
neurons and-terminals in the».medial genicula.te compiex in case 91-7;5;
compare with Figure 16. d: Label in the medial geniculate complex in

case 90-64; compare with Figure 17. Scale bars = 0.5 mm. B

Fig. 10. Darkfield photomicrographs of an injection site of WGA-
HRP and transported label in coronal brain sections. &t An injection site
and transported label in AI of case 91-73; compare with Figure 9A. b:
Scattered clumps of labeled neurcns in Al contralateral to the AT

um
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Fig. 11. Connections of auditory cortex in case 90-64. An injection
of WGA-HRP was placed medially in Al in cortex responsive to tones in
the 20~30 kH; range and an injection of fast blue (FB) was placed
lateral to Al in cortex responsive in the 0.5-2 kH; range. A: The

zones of contralateral label after the injections that in-
volved both Al and PL included ‘Al, PL, R, RM, and CM,
perhaps as a result of involving PL in the injections or
possibly because fluorescent tracers sometimes reveal more
connections than WGA-HRP: In another case (90-64), an
injection of FB in anterior PL (Fig. 11B) labeled neurons in
contralateral auditory cortex over much of PL, parts of AT
and R, CM, and cortex lateral to PL and AL. Thus, the
callosal connections of PL include PL and other auditory

A. MOREL ET AL.

90-64L
]
2mm

transported label after the WQCA-HRP injection. B:
ansported label after the FB injection. Inf. Lim.

injection site and
The injection site and tr:
s., inferior limiting sulcus. Other conventions as in Figure 9.

fields that can be regarded as higher (lateral cortex) or
lower (AI) in a processing sequence.

The architecture and cortical connections of
the auditory thalamus
The brain sections stained for cell bodies or processed for

CO were most useful in distinguishing subdivisions of the
auditory thalamus (Fig. 15). Just medial to the lateral

BRRRT )" 4 ’
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Fig.12. Cortical connections after an injection of WGA-HRP into cortex

in Figure 8.

* Fig. 13.

________opposite Al labeled neurons and.terminals (small dots)-in
AJ-PL border resulted in a somewhat more extensive dis
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lateral to Al and R at the PL-AL junction. Case 90-26. Conventions as

91-73R
2mm

HRP

F8 [

Callosal connections of auditory cortex in case 91-73. An injection of WGA-HRP into the

_AL,_PL, and CM,-while an injection of FB at the
tribution of labeled neurons {large dots). Left

hemisphere. See Figure 9 for injection sites and conventions. -

geniculate nucleus and the inférior pulvinar, a large ventral
nucleus (MG,) of the medial geniculate complex was identi-
fied as a region with densely packed, small neurons and
high levels of CO activity. The ventral nucleus was largest

.and most conspicuous rostrally (Fig. 15C and F), where it

soventrally across the medial geniculate com-
sal nucleus MGp) of the
complex was apparent as a dorsolateral region with larger,
more scattered neurons and lower levels of CO activity (Fig.
15A and D). The transition from the densely packed

extended dor

plex. More caudally, the dor
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R

Fig. 14. Callosal connections of auditory corte
mediorostral portion of contralateral Al labeled termi

Al and in adjoining parts of R and CM. An injection of :
ee Figure 11 for injection sites. Conventions as in previo

PL and other regions. 5

neurons of the ventral nucleus to the more scattered
neurons of the dorsal nucleus was not always abrupt, and it
was typically difficult to determine an exact border. Per-
haps because of this diffieulty, our ventral nucleus is larger
than the ventral nucleus depicted for macaques by Jones
(’85) and our dorsal nucléus is smaller and more confined to
the caudal part of the complex. Just medial to the ventral
nucleus, the medial or magnocellular hucleus MGy was
apparent as a region of large, scattered cells that were
associated with high but uneven levels of CO activity. The
-suprageniculate nucleus consists of a group of large, darkly
stained neurons just dorsemedial to the medial geniculate
- complex. A small region of scattered neurons just dorsal to
the rostral part of the complex and ventrolateral to the
ventroposterior nucleus is generally considered part of the
posterior “nucleus’ or complex (Jones, ’85). Both these
portions of the posterior nucleus, Po, and the supragenicu-
late nucleiis have been associated with the auditory system
by connections with auditory cortex (see Jones, '85).

" Thalamocortical connections. The results indicate that
AT receives input from all three nuclei of the medial
geniculate complex. All injections involving Al densely
labeled the ventral nucleus, but labeled cells were also
found in the medial and dorsal nuclei. Perhaps the clearest
results were from case 91-73 (Fig. 16) where an injection of
WGA-HRP was nearly completely confined to AL Labeled
neurons .and fine processes judged to be terminals were
conspicuous in dorsomedial MGy throughout the rostroeau-
dal extent of the nucleus. Other labeled neurons and
terminals were in MGy and a few of the most caudally
‘labeled neurons in the complex appeared to be in MGp. A
few labeled nevrons were scattered in the posterior nucleus,
Po, and in the medial pulvinar. Results after an injection of
WGA-HRP in the rostromedial portion of Al (Fig. 17) were

N

.
s oo
o e 5°
.

50-64R
e |
2 mm

HRP
ra [%]

in case 90-64. An injection of WGA-HRP in the

nals and neurons (smaller dots) mediolaterally across
FB in contralateral PL labeled neurons (large dots) in

us figures.

similar in that medial parts of MGv and lateral parts of
MGy were densely labeled, while some dorsally located label
appeared to be in MGp. A few labeled neurons were in Po.
These results, together with those from other injections
involvirig Al, support the conclusions that the major tha-
lamic connections of Al are with MGy, but substantial
connections also exist with "MGu. MGp appears to be
sparsely connected with Al and a few neurons in Po, the
suprageniculate nucleus, and the medial pulvinar appear to

project to Al
The present cases
geniculate complex projec

also provide evidence that the medial
ts to cortex just lateral to Al In

case 90-64, for example, a large injection of FB was placed
in PL just.outside the rostrolateral border of Al. Labeled
neurons were evident in all three divisions of the medial
geniculate complex (Fig. 17). While the distribution of label
in the medial geniculate complex resembles that of Al
injections, the suprageniculate nucleus and Po were more
densely labeled than after Al injections. Our WGA-HRP
injection in cortex just lateral to R at the PL-AL junction

also labeled MGy, MGy, MGo, SG, and Po (not shown).
Thus, the medial geniculate complex appears to project to
both Al and cortex along the lateral margin of ATand R.

Sinee our injections were placed at sites where the best
frequencies of neurons were determined, the resulting
patterns of thalamic connections provide information on
the presumptive tonotopic orgatiization of the nuclei of the
medial geniculate complex. In case 91-73, injections of three
different tracers were centered in cortex responsive to

higher (15-20 kH;), middle (10 kHgz) and lower (5 kHy) -

frequencies, and thalamic label resulting from. the injec-

rtex responsive to the higher and the lower

tions in the cortex
frequencies is shown in Figure 16. In MGy, neurons

projecting to cortex activated by higher frequencies were
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Fig. 15. The architecture of the medial geniculate complex. Coronal’
sections in A—C are stained for Nissl substance and they are matched
for level below with sections B—F processed for CO. Sections A and D
are 0.75 mm from the caudal pole of the cormnplex; sections B and E are
0.5 mm more rostral, and section C and F are 0.75 mm more rostral and

dorsal to those projecting to cortex related to the lower
frequencies. Neurons_projecting to-the middle_frequency
zone (not shown) were centered between these two popula-
tions, but the pepulations overlapped considerably. Similar
results were obtained from case 90-64, where an injection of
WGA-HRP was placed in cortex activatéd by higher tones
(20-30 kHj7) and fast blue was injected in cortex activated
by lower tones {.5-2.0 kH,). Again the neurons labeled by
the injections in cortex responsive to higher frequencies
labeled more dorsomedial portions of the MG,

neax-' the rostral pole of the complex. Dorsal (D), ventral (V), and medial - -

(M) nuclei of the medial geniculate complex are indicated. Supragenicu-
late nucleus, SG; posterior nucleus, PO. Scale bar = 0.5 mm and applies

to A-F.

DISCUSSION

The present results indicate that there is a distinctive

koniocortieal zone of auditory cortex on the lower bank of
the lateral sulcus of macaque monkeys that can be divided
on the basis of tenotopic patterns into a primary area, Al,
and a rostral area, R, as previously proposed by Merzenich
and Brugge (’73). Most or all of the corfex immediately
surrounding AT and R appears to be auditery, judging from
limited recording and connections with AI, and we have
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Fig. 16. Thalamic label after injections in auditory cortex in case
91-73. The figure on the upper left shows the positions of a WGA-HRP
injection in a portion of Al that was activated by tones in the range of
15-20 kH; and a fast blue (Fb) injection near the AL-PL border in
cortex responsive to 5 kHz (see Figure 9 for details). Drawings of a
caudorostral series of 50 pm coronal brain sections through the medial

proposed several tentative subdivisions of this cortex based
on architectonic distinctions, connections with Al, tono-

topic patterns, and evidence from previous studies .on .

A. MOREL ET AL,

0.5mm

ex are below. Neurons labeled by WGA-HRP, trian-
ts. Dorsal (D), ventral (V), and medial
te complex are indicated. LGN, lateral
pulvinar; Pul, lateral pulvinar; PuM,
" suprageniculate nucleus.

geniculate compl
gles; neurons labeled by FB, do
(M) nuclei of the medial genicula
geniculate nucleus; Pul, inferior
medial pulvinar; Po, posterior nucleus; SG, sup
Brain sections are nimbered in sequence.

macaques (Merzenich a
(e.g., Morel and Kaas, "9 :
lateral to Al have tonotopically organi

9). Both Al and cortex immedially
zed connections with

nd Brugge, '73) and other moﬁkeys )
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Fig. 17. Thalamic label after injections in auditory cortex in case 90-64. The WGA-HRP injection was in
- cortex responsive to 20-30 KH, tones while the FB injection was in cortex responsive to 0.5-2.0 KHz. See
Figure 11 for other details of injection sites. Lim., limitans. Other conventions as in Figure 16.

the ventral micleus of the medial geniculate complex. Major
conclusions are discussed below.
The organization of auditory cortex
In macaques
Our present conclusions on how auditory cortex is subdi-
vided and tonotopically organized are summarized in Fig-

ure 18A. A broad zone of cortex on the lower bank of the
lateral suleus and extending rostrally along and into the

inferior limiting sulcus is characterized by architectonic

features that are associated with primary sensory represen-
tations. Thus, this cortex has a well developed granule cell
layer that is densely packed with small neurons and tends
to merge with layer III. The region is densely myelinated,
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Burion and Jones 1976

Fig. 18. Present and previous concepts of the locations of subdivi-
sions of auditory cortex illustrated on a standard dorsolateral surface
view of the superior temporal plane for ease of comparison. A: Our
results Support the earlier conclusion of Merzenich and Brugge ('73)
that a large primary-like region consists of two fields, Al or the
traditional primary field and a rostral field (R) which corresponds to
their rostrolateral field (RL). Al and R each represent tones from high
(H) to low (L) as indicated. Bordering cortex, includes caudal (C),

caudomedial (CM), posterior lateral (PL), anterior lateral (AL), rostro-
medial (RM) and rostrotemporal (RT) fields: See text for further details.
B: Merzenich and Brugge ('73) defined Al the rostrolateral field (RL),
the caudomedial field (CM), the lateral field (L), and fields “a’* and “b.”
C: Burton and Jones ('76) studied thalamocortical connections and
cortical architecture and subdivided auditory and surrounding cortex
into an Al and RL (after Merzenich and Brugge, *78), first, second, and

third temporal fields (T1, T2, and T3), postauditory field (Pa), a

its middle layers express CO and AchE, and resting levelsof
glucose use, measured with 2 deoxyglucose, are higher than
in surrounding cortex. This architectonic zone can be
subdivided into a caudal field, primary auditory cortex or

Mesulom and Mufson 1985

arainsular auditory field (P1), 2 retroinsular field (RD), and granular
), and agranular (Ia) insular fields. D: Galaburda
ified an early description of Pandya
auditory koniocortical area Ka,

p
(Ig), dysgranular (Id
and Pandya ('83) modified and simpl

and Sanides ('73) and designated a large:
which they considered to be Al, proisoauditory cortex (ProA) is medial

to Al and was considered to be the second auditory area, A-IL Auditory
parakoniocortical areas are caudal (PaAc), lateral (PaAlt), and rostral
(PaAr) to AL Tpt is the temporoparietal area. Relt, retroinsular. E:
Pandya and Yeterian ('85) illustrated Al (Ka) and A-II (pro A) as larger
and more caudal fields than ‘did Galaburda and Pandya ('83). F:
Mesulam and Mufson ('85) divided the auditory region in primary (AD
and secondary (A-IT) fields. Other subdivisions included granular (Ig)
and dysgranular (1dg) insular fields, a retroinsular field (RD), a superior
temporal granular field (STPg), a temporopolar dysgranular field
(TPdy), and a postauditory field (PA). Lat. S., lateral sulcus; Int. lim.s.,

inferior limiting sulcus.

Al and a rostral field R largely on the basis of different
patterns of tonotopic .organization. High frequency tones .
are represented caudomedially in AT and rostromedially in.
R, while low frequency tones are represented rostrolater-
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ally in Al and caudolaterally in R. Thus, the tonotopic
progressions in each field are almost in opposite directions,
and the two fields are roughly mirror-image reversals of
each other in this respect. However, another possible
interpretation of the physiological and architectonic results
is that Al is a larger but partially split field, much as is V-II
of monkeys (e.g., Allman and Kaas, '74). According to this
possibility, a single central region, including parts of Al and
R of Figure 184, represents low tones, with successive
semicircles of cortex, extending caudally, medially, and
rostrally, representing successively higher tones. For the
highest tones, the semicircles are discontinuous or split so
that separate rostral and caudal zones are devoted to the
highest tones. _ o

We have previously considered the interpretation of Al
and R together as a larger “AT”’ for owl monkeys (Morel and
" Kaas, '92), while concluding that the bulk of the evidence,

including topographic connections between Al and R and.

slight architectonic differences, support the interpretation

of two fields in these primates, as previously proposed by
Imig et al. "77). Nevertheless, we remain impressed with
the architectonic similarities between AI and R, and we
noted no clear architectonic border between the two fields
in our coronal brain sections. In addition, although Al and
R were interconnected, there was no marked difference in
density and laminar pattern in these connections and those
judged to be intrinsic in Al. Thus, it may be worthwhile to
continue to evaluate the alternative hypothesis of a larger
" “split” AT containing both of the presently proposed pri-
mary-like fields, Al and R.

. The most relevant previous observations on the identifi-
ation of Al and R in macaques are those of Merzenich and
Brugge (’73). These investigators (Fig. 18B) demonstrated
the responsiveness of neurons in the two fields to tones, the
mirror-image progressions of tonotopic order in the two
fields, and the coextensiveness of the responsive region with
koniocortex. They concluded that AT and R (their RL) were
“very much alike cytoarchitectonically”” but noted slight
differences in that the upper layers of R were not as densely
packed with cells and Jayer V was not as sparse.

In most respects, our observations are highly consistent
with those of Merzenich and Brugge ('73). We extend R
further rostrally and more into the inferior limiting sulcus
than did Merzenich and Brugge ('73), but they mapped only
the portion of R responsive to lower tones (up to about 7
kHj), while we found more rostral koniocortex responsive
to high tones (up to about 32 kHy). In addition, our Al is
larger and extends further caudally to occupy more of the
lower bank of the lateral sulcus. In part, this could reflect
more complete mapping of the ¢audal part of Al represent-
ing higher frequencies. In addition, the inclusion of brain
sections processed for CO and especially for AchE greatly
facilitated our architectonic analysis.

Other definitions of Al and R in macaques have been
based on architectonic distinctions. We have depicted sev-
eral of the most relevant previous descriptions in Figure 18

on 2 standard.view for ease.of comparison,-though at the -

risk of not being completely accurate in.our transposition
(also see Walker, ’37). Nevertheless, the figure indicates
that Al, or auditory koniocortex, -has been depicted as
arying in location from largely caudal to largely rostral to
e-caudal end of the iniferior limiting sulcus, and varying in
size from a few square millimeters to four or five times that
size. By position, it appears that previous investigators
included much of R in AI and included much of Al in other
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areas. A problem for studies depending on an architectonic
definifion is the great similarity in appearance of ATland R,
and, of course, the validity of this distinction can be
questioned. But, the conclusions from previous studies also
suggest that parts of R appear to some investigators to be
more koniocortical in appearance than parts of Al. This
problem of identification by architectonic criteria may be
alleviated somewhat by the use of multiple histological and
histochemical procedures, and stains for AchE seem espe-
cially useful. Curiously, auditory cortex in macaques has
not been described as particularly expressive of AchE (e.g.,
Mesulam et al., ’84), but Al is easily identified by dense
AchE in cats (Wallace et al,, ’91) and immature rodents
(Robertson, ’87; Robertson et al., '91). Other procedures
may be nearly as useful. For example, Al (and probably R)
stains darkly when processed for parvalbumin immunoreac-
tivity (Hashikawa et al., '91; Morino-Wannier et al., ’92).

A review of early (e.g., Brodmann, ’09; von Bonin and
Bailey, ’47) or. more recent (see Fig. 18) architectonic
studies of the auditory region of macaques reveals a diver-
sity of opinion on how cortex surrounding the primary field
is subdivided. Such diversity suggests that the distinguish-
ing architectonic features of adjoining fields are not marked,
and that without further experimental study, perhaps
using microelectrode mapping, tracing of connections, and
immunchistochemiéal approaches in combination, a fur-
ther understanding and ¢onsensus is unlikely to emerge.
We have tentatively labeled regions of cortex surrounding
Al and R by locations as possible auditory areas as a guide
for further study. The scheme is consistent with experimen-
tal observations from the present study and those of
Merzenich and Brugge ('73), and follows our proposal for
the organization of auditory cortex in New World monkeys
which was based on connectional, electrophysiological, and
architectonic evidence (Morel and Kaas, '92). A guiding
assumption, supported by data from a limited number of
recording sites in cortex surrounding Al and R in the
present study and that of Merzenich and Brugge ('73), is
that fields immediately surrounding Al and R have some
degree of tonotopic organization, and that borders of adjoin-
ing auditory areas with Aland R have tonotopically matched
or congruent borders. This assumption is consistent with
known relations between adjoining auditory areas in other
monkeys (Imig et al., ’77; FitzPatrick and Imig, '80; Aitkin
et al., ’88; Luethke et al., '89; Morel and Kaas, '92) and
mammals in general (see Luethke et al., '88), as well as
between visual and somatosensory areas (see Kaas, '87).
First, we propose that different auditory areas exist along
the medial and lateral boundaries of Al and R with matched
tonotopic progressions, and that these areas do not cap the
caudal end of Al and the rostral end of R, but other auditory
‘areas exist in these regions (Fig. 184). Second, while the
widths of these areas are uncertain, connection patterns of
Al in the present study and of Al and R in previous studies
in New World monkeys (FitzPatrick and Imig, *80; Aitkin et
al,, '88; Luethke et al., "89; Morel and Kaas, '92) suggest

_that adjoining projection fields are about the width depicted
in Figure 184. Third, while the cortex surrounding Al and
R is difficult to subdivide in traditional architectonic prepa-
rations, this cortex is not homogeneous in appearance. In
particular, the region designated as CM is distinctive in
myeloarchitecture (Fig. 6), as well as in the expression of
AchE (Figs. 4 and 7).

In regard to the specific fields, the present CM occupies
much of the CM as described from Nissl preparations by
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Merzenich and Brugge ('73), with the modification that the
present Al extends more caudally to include some of the
region previously designated as CM (Fig. 18A and B), This
CM is similar in location and proportion to CM of owl
monkeys as identified by Imig et al. (77) and adepted by
Morel and Kaas (°92). Fields PL and AT also correspond to
fields proposed by Imig et al. ('77) for owl monkeys. PL
includes most of the lateral field, I, of Merzenich and
Brugge (°78), and AL overlaps much of their field b, since we
have extended R rostrally to include cortex devoted to high
frequency tones. Much of the present RM, corresponding to
RM of owl monkeys (Morel and Kaas, *92), overlaps field a
of Merzenich and Brugge, (*73). The capping fields C and
RT are from owl monkeys (Morel and Kaas, ’92), and no
specific boundaries are yet proposed for these fields in
macaques. Thus, the present proposal incorporates the
. architectonic and physiclogical evidence for fields CM, L, b,

and a of Merzenich and Brugge ('73) by renaming ﬁelds and
adjusting boundaries to develop a scheme that is compatible
with previous and present evidence for bordering fields in
macaques, the present evidence for a caudal extension of AT
and a rostral extension of R, and the evidence for these
fields in New World monkeys. Nevertheless, there is consid-
erable uncertainty and urgent need for further experimen-
tal studies in macaques to evaluate this proposal.

Cortical and thalamic connections of auditory
cortex in macaques

The present results indicate that the ipsilateral cortical
connections of auditory cortex include Al connections with
other parts of AI, R, CM, RM, PL, and probably AL and C.

Thus, ipsilateral connections are limited to subdivisions of
the surrounding belt. Callosal connections are largely with
frequency-matched portions of Al, and with parts of the
surrounding belt. Locations in the PL "and AL regions
connect broadly with AI, R, other subdivisions of the
auditory belt, and more lateral parabelt cortex on the
superior temporal gyrus and on the upper bank of the
superior temporal eortex. Thus, auditory cortex in ma-
caques seems to include three levels of processing: (1) a pair
of primary or primary-like areas, Al and R, in the core, (2) a
narrow belt of associated areas with less secure auditory
driving and responsiveness to tones, and direct inputs from
Alor ATand R, and (3) a lateral parabelt region with inputs
from PL and AL of the belt. Both Al and the PL region
receive inputs from all three subdivisions of the medial
geniculate complex, but PL also has more conneetions with
other associated regions of the auditory thalamus, the
suprageniculate nucleus and Po. Thus, both Al and PL
receive several thalamic inputs, and the belt receives some

" of the same thalamic inputs as the primary core.

The above anatomical scheme of processing for auditory
cortex for macaques has only rather limited support from
previous studies in macaque monkeys, in part because
there have been rather few studies of auditory cortex in
macaques, and in part because of variations and uncertain-
ties in identifying even the primary subdivision of auditory
cortex (Fig. 18). Yet, the proposal is completely consistent
with the evidence in New World monkeys that Al connects
with R, CM, RM, AL, PL, and C, that PL and AL receive
inputs from AI and R-and project to the parabelt, and that

all three subdivisions of the medial geniculate complex

project to Al, R, and PL (see Morel and Kaas, ’92).
Early degeneration studies of thalamocortical relations

' in macaques established that the medial geniculate complex
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projects to cortex in the region of Al on the lower bank of
the lateral fissure but uncertainties remained because the
cortical lesions were large, and the lesions of course ham-
pered direct architectonic evaluations of the locations of the
lesions (e.g., Walker, ’37). Results from subsequent studies
where lesions or tracers were placed into the auditory
thalamus supported the conclusion that MGy (the principal
nucleus) projects to Al or koniocortex (Mesulam and Pan-
dya, *73; Burton and Jones, ’76), but injections were few in
number, involved more than one nucleus, and produced
label both in. and around auditory koniocortex.. While
Burton and Jones ("76) suggested that MGy projects only to
AT, and MGy, projects only to cortex lateral to Al, there was
no strong evidence to support this view, and it now conflicts
with present results and evidence from studies in New
World monkeys (Luethke et al., ’89; Morel and Kaas, ’92)
and cats (see Imig and Morel, ’83). More recently, injections
of fluorescent dyes in presumptive Al, identified by parval-
bumin reactivity, labeled neurons in all three subdivisions
of the medial geniculate complex (Hashikawa et al., '91), as
did injections in Al in the present study.

There are few earlier studles of the cortical connectlons
of auditory cortex in macaques. In an important more

‘general study (Galaburda and Pandya, *83), an injection in

auditory. koniocortex (judged to be AI) revealed dense
projections to cortex immediately lateral and medial to
koniocortex, as well as more distant locations. While the
injection may have involved R (see Fig. 18D), these results,
if from Al, are consistent with the present evidence that AT
has connections with CM and PL. Furthermore, even a

_slight involvement of PL i an Al injection could label an

array of more distant cortical sites (e.g., Fig. 9B). In an
earlier study of connections based on degenerating fibers
after lesions of cortex (Pandya et al., ’69), a lesion limited to
auditory koniocortex produced degenerating ipsilateral pro-
jections only in regions of immediately adjoining cortex.
Results from this case also revealed callosal connections in
cortex closely matching the injection site. Thus, as for the
present results, callosal connections seem to be concen-
trated in the matched auditory region.

The organization of the auditory thalamus

In the present study; we recognized the three traditional
architectonic subdivisions of the medial geniculate complex
(see Jones, '85), although there was some uncertainty

"about the exact border between MGy and MGp in the Nissl

and histochemical preparations. Recent preliminary stud-
ies on the distribution of parvalbumin and calbindin in the
complex (Hashikawa et al., 91) suggest that immunostain-
ing for these calcium binding proteins may help to better
define boundaries. Nevertheless, it was clear that all three
nuclei were labeled after injections in Al or the PL region.
Furthermore, since injections were placed in areas of cortex
where recordings identified the best frequencies of neurons,
the locations of neurons projecting to populations of neu-
rons of differing best frequencies were determined. The
results provide evidence about the tonotopic organization of
auditory nuclei in macaque monkeys. The connection pat-

“terns suggest that high tones are represented dorsal and

rostral to low tones in MGy. Similar conclusions were
obtained from studies of thalamocortical connections in owl
monkeys (Morel and Kaas, *92). More significantly, degener-
ation patterns in cortex after lesions including different
parts of MGy in macaque monkeys led Mesulam and
Pandya ("73) to conclude that rostral MGy projects caudally
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in koniocortex, while caudal MGy projects more rostrally.
This would indicate that rostral MGy represents high tones,
a conclusion similar to the present conclusion that dorsoros-
tral MGy represents high tones. In cats, the organization in
MGy is slightly rotated, with high tones represented medial
te low tones (Imig and Morel, '85).
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