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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
Dr. Morel's present address is Laboratory for Functional Neurosurgery,

progress has also been made in studying the somatosensory

system, where the significance of the traditional architec- g;;‘;:_‘;ﬁ” Clinic, 100 Ramistrasse, University Hospital, CH-§091 Zrich,
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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.
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