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ABSTRACT  We gtimulated with microelectrodes the face representation in
precentral motor cortex in macaque monkeys. Responses were very discrete; at
threshold current levels the usual response was a small focus of movement in part
of a muscle. Facial muscles cluster together in the posterior and anterior portions of
the precentral gyrus with tongue movementsrepresented in the intervening region
and along the lateral extent. Within each cluster there are multiple represen-
tations of individual muscle movements. In long penetrations down the anterior
wall of the central sulcus we were able to advance the clectrode tangentially
through cortex. In these penetrations we encountered u series of discrete zones each
of which was related to the movement of a particular muscle or part of a muscle in
the fuce. The lowest threshold points were found in the center of each zone, and as
the microelectrode progressed toward the edye, thresholds rose until there was a
shift to a new muscle movement. Successive stimulation points separated by as
little a3 50 um could yield different responses. These zones could be either roughly
cylindrical or take the form of narrow curving bands running mediolaterally across
cortex. There is a tendency for adjacent muscles 10 oceur together, und the repre-
sentation may be roughly topographical within the limits set by the morphological
structure of the muscles themselves. The most commonly evoked muscle response
was in zygomaticus, which retracts the corners of the mouth in expressions of fear

and anger.

The research described here was undertaken
as part of a larger program to explore the
neural control of the museles of facial expres-
sion in primates. The face region of motor cor-
tex has been extensively studied using surface
stimulation. Early studies found a number of
contralateral or bilateral movements of the
face, some of which involved complex sequences
of movements (Beevor and Horsley, 1890,
1894; Vogt and Vogt, '19). Later investigators
using improved anesthesia and lower current
levels report more simple contralateral and ip-
silateral movements and a greater proportion
of movements of individual muscles rather
than sequences of movementa of several mus-
cles (Walker and Green, '38; Hines, '40; Wool-
sey et al., '50; Lauer et al., '52). Woolsey et al,
("50) concluded on the basis of extensive cortical
mapping with surface electrodes that the pri-
mary motor area should include all of Brod-
mann's (08} cytoarchitectural area 4 and the
adjacent portion of area 6. Thias single primary
motor area was considered to contain a single
basically topographic representation of the
head and body. |

There are a number of problems with surface
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stimulation. The site of electrical stimulation is
quite distant from the major efferent neurons
in layer 5. High current levels must be used to
produce an observable response in the
periphery, and there is considerable current
spread (Asanuma et al’, '76), This problem is
compounded by the considersble dendritic ar-
borization in the superficial cortical layers. In
addition much of motor cortex is buried in the
walls of the central and arcuatesulei where it is
relatively inuccessible to surface electrodes
without extensive ablation of neighboring cor-
tical regions,

Microstimulation techniques have made it
possible to study the organization of motor cor-
tex in fine detail (Asanuma and Sakata, '67;
Asanuma and Rosen, *72). Until recently most
research on motor cortex using microelectrodes
has been limited to a small portion of the fore-
limb representation {Asanuma and Rosen, '72;
Andersen et al., '75). Asanuma and col-
]aborators (Asanuma and Rosen, ’72; Asanuma
*73; Asanuma and Arnold, '75) have proposed
that motor cortex is organized in fine columns
controlling individual peripheral muscles and
suggest that the larger movements often re-
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ported with surfuce stimulation were due to
activation of several such columns. Andersen et
al. "75) argued that the basic unit was some-
what larger than Asanuma et al.’s columns but
also found small zones embedded in the large
“colonies” in which comparatively low currents
evoked movements of single muscles. Jan-
kowska et al. ('75a) microstimulated in the
hind limb representation in the motor cortex
and found that pyramidal tract neurons were
activated mainly polysynaptically ruther than
monosynaptically. In a related study Jan-
kowska et al. ('75b) stimulated the surface of
motor cortex and found when recording intra-
cettulurly from spinal cord motor neurona that
monosynaptic excitatory postsynaptic poten-
tials could be recorded from these cells when
the cortical surface was stimulated over areas
of 3 to 7 mm? typically. However the authors
point out that these results do not necessarily
rule out the presence of columns in motor cor-
tex.

The only research on the face region done
with microelectrodes involved only the jaw
muscles. Clark and lLuschei {'74) used micro-
stimulation but were concerned mainly with
determining the type of jaw movements which
could be produced with intracortical micro-
stimulation, and did not report on topographi-
cal organization. Other research on jaw
movements has involved only recording (Lus-
chei et al., "71).

In exploring the face region of motor cortex
with microelectrodes we felt two things were
particularly important. In penetrations ldown
suleal walls in which the electrode travels per-
pendicular to the radial fibers and would pre-
sumably cross columns, stimulation sites
should be closely spaced to assess accurately
how large a zone is devoted to any one response,
to determine if there is overlap of responses,
and if so, how much. In addition a large region
of cortex should be covered in each animal to
determine if the overall pattern of organization
is basically as described in studies using sur-
fuce stimulation, or if it is more complex.

This work has been reported in an abstract
(McGuinness and Allman 771

METHODS
Chronic procedure

A chronic preparation similar to that devel-
oped by Evarts ("66) was used for two reasons.
First, since there is a certain amount of vari-
ability among animals in the location of land-
marks such as sulci, if one is studying a lurge
reglon of cortex, the fine-gruined pattern of or-

ganization can be masked by combining data
from several animals in composite figures. By
using a chronic preparation we were able to
obtain data from a large portion of the face
region of motor cortex in fine detail {rom each
animal, By comparing detailed maps from sev-
eral animals it is possible to obtain a much
better picture of the overall structure than
would otherwise be possible. Second, in addi-
tion to better data, the chronic preparation al-
lows one to obtain a large volume of data from
fewer animals than would be required using
acute procedures. The latter has become in-
creasingly important with the current scarcity
of muny species of primates,

Our experiments were done on six muacague
monkeys (four Macaca mulatta, \wo Macaca
fusicularis).

Surgery and initiad preparation

Monkeys were anesthetized for initial
surgery with 15 mg/kg ketainine hydrochloride
supplemented with 8 mp/kg ketamine every 20
minutes. A bone {lap was removed from over
the face region of precentral motor cortex
and a 20 mm inside diameter, stainless steel
chamber was attached to the skull with dental
cement (Grip). The dura was left intact. An
additional stainless steel bolt to immobilize the
head was attached to the skull posterior to the
chamber. All surgery was carried out using
aseplic procedures. Following surgery the ani-
mal was returned to its cage and allowed sev-
eral days for recovery.

We carried out experiments on each animal
two to three times per week. Typically an ex-
periment lasted {rom 10 to 12 hours. For an
experiment the animal was initially anes-
thetized with ketamine and placed in a primate
chair with its head restrained. The chamber
was opened, filled with sterile mineral oil and
fitted with a polar coordinate system for plot-
ting electrode penetrations. The chamber was
then sealed to prevent brain movement and the
electrode lowered into the brain. Either a hy-
draulic microdrive modified for use with the
chamber or a stepping motor microdrive was
used to advance the electrode. Inmost cases the
electrode was advanced in either 50 or 100 um
steps; in one case (PR-1) the electrode was
usually advanced in 500 um steps, and in a
preliminary experiment (CM-1) only 1 re-

sponse per penetration was studied. After

each advance of the microclectrode, oxcept in
early experiments CM-1 and [)-19, we waited at
least two minutes before ntimulating to allow
the brain to stabilize. We introduced this delay
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following electrode advancement because we
noted in early experiments that the response
would sometimes change after the initial stim-
ulation. We attributed these changes to small
movements of the brain relative to the elec-
trode following electrode advance. The re-
sponses were stable over time after the two-
minute delay was intreduced.

During stimulation the minimal dose of
ketamine necessary to decrease spontaneous
movement and keep the animal from resisting
responses was used. This varied but was
usually in the range of 2-4 mg/kg every 20-30
minutes. The fact that our thresholds are simi-
lar to those obtained by other investigators
studying the foretimb region in awake (Kwan
et al,, "78) or sedated (Asanuma and Rosen, "72)
animals suggests that the ketamine-anes-
thetized animal is appropriate for microstimu-
lation. At the end of each experimental session
the monkey was returned to its cage.

Microstimulation

The intracortical microstimulation tech-
nigue we used was similar to that developed by
Asanuma and Sokata ('67), We employed
glass-insulated platinum-iridium microelec-
trodes with an exposed length of less than
20 um and stimulated with a 50 msec train of
0.2 msec pulses cathodal current with an inter-
pulse interval of 3 msec (312.5 Hz). Pulse trains
were produced by a Neurolog modular system
with a constant current stimulus isolation unit
(Medical Systems Corporation). Output was
calibrated to 0.1 uA intervals and current
levels were rend off the dial of the apparatus.
Batteries were checked at the beginning and
end of each experiment and the equipment was
perindically monitored for possible fluctuation.
No fluctuation was found. '

During experiments the constant current

‘unit was attached to the chair near the

chamber. The negative output lead was con-
nected to the electrode contact and the positive
lead grounded to the chamber. When current
levels were checked a 1 kf} resistor was con-
nected in series to the ground lead and eurrent
across the resistor monitgred on an oscillo-
scope. A second lead from the stimulator
triggered an audio amplifier producing a low
buzz which signaled the onset of a pulse train.
To avoid damaging cortex current levels above
25 A were not used.

Determination of Responses

When the electrode was initially advanced in
the brain we stimulated at 20 uA until we en-

countered the first response. The current was
then turned down until the response could no
longer be seen and was slowly increased until
the response reappeared. At subsequent stimu-
lation sites in the same penetration we first
stimulated at the same current level as had
been used at the previous site. If a response was
still present we again lowered the current until
the response disappeared and then gradually
raised the current until it reappeared. If no
response occurred st a new site using the previ-
ous threshold we increased the current until a
response was encountered or until we reached
25 uA. After both observers pyreed on the mug-
cle movement e¢licited ut u site, one person
made the threshold determination while the
other controlled current levels. The person
making the threshold determination did not
know what currents were being used. Thresh-
old was considered the lowest current level at
which a response could be consistently elicited.

The response was determined by watching
the face. Two observers were always present.
The face muscles are particularly easily visu-
alized since except for the jaw muscles they are
not involved in movement of joints. Instead
they move skin or uct against each other. The
mimetic muscles have evolved tobe readily vis-
ible; thus very small movement can be easily
seen, The observed response at threshold was
often not an entire muscle but rather a smal)
partof a muscle. Stimulating at suprathreshold
currents usually recruited the entire muscle.
Since many muscles are overlapping and some,
such as nasolabials and levator labii superioris
proprius, are also roughly parallel, it was some-
times necessary to stimulate with higher-
than-threshold current and compare the direc-
tion of the recruited response with the pattern
of muscle innervation (Huber, '33).

Each response was identified in two ways.
The name of the muscle and a written descrip-
tion of the movement was written in the pro-
tocol. In addition large photographic prints of
the monkey's face were made and the move-
ment drawn on the print with a marking pen.
When there was ambiguity about the identifi-
cation of a muscle response location was con-
firmed by dissections of the face after perfusion.

Histology and reconstruction

After experiments on an animal were com-
pleted, it was deeply anesthetized with pento-
barbital, perfused, its brain sectioned, and the
glectrode tracks reconstructed. Three animals
wera perfused with 10% formal-saline. The re-
maining thres animals wers perfused with

e e e
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1.5% glataraldehyde and 1% paraformalde-
byde in either phosphute or encodylate buffer.
All brains were frozen and cut in 40 um sec-
tions ina plane parallel tothe angle of electrode
penetrations.

During the course of experiments electrolytic
lesions at 20 A current for 20 seconds were
made through the stimulating electrode in
selected penetrations at the conclusion of the
penetration. Although individual animals
were studied for varying lengths of time rang-
ing from three weeks to five months, we prefer-
red to limit our experiments to less than three
months duration since we experienced consid-
erable difficulty in reeonstructing electrode
tracks after longer time periods.

In addition to lesions as an aid to histelegical
reconstruction, in several cases marker elec-
trodes were placed in the brain after perfusion
in rows parallel to rows of electrode penetra-
tions and the brain photographed with the
marker electrodes in place. Sinee it 1s difficult
to determine the depth in the brain of a stimu-
lating site while doing electrophysiology in o
chronic preparation, we felt it important to
know whether shrinkage occurred during pro-
cessing and to be able to calculate any alter-
ation in sulcal wall angles which occurred in
mounting sections. We thercfore photographed
the frozen brain on the microtome stage during
cutting. Every 12th section through the ¥ele-
vant region of tissue was photographed in this
manner. We consider carelul reconstruction of
electrode penetrations and stimulation sites
particularly important sinee it was sometimes
possible to elicit responses {rom microstimu-
lation in the white matter with current levels of
less than 10 uA.

RESULTS

We have studied 2022 responsive sites in six
muacague monkeys, Table 1 gives o breakdown
of number of penetrations and sites by animal.
The majority of the data itlustrated comes from

¥-4, PR-1, and Here, since for these animals we
bave the most complete maps with histological
localization of penetration sites.

Musele responses

Responses were extremely discrete. The
usual response we obtained was a discrete focus
of movement in part of u muscle. A slight in-
crease in current would usually cause recruit-
ment of a larger region of the same muscle or
the entire muscle. Particulurly in the case of
the most superficial musecles, we would observe
a small twitch in the muscle with threshold-
level current. A slight increase in current re-
sulted in a directional pull in muscle fibers.
Because it is difficult to visunlize the muscle
activation from a drawing showing only the
small twitch, in illustrating results we usually
drew in the larger response and the dirvection of
movement. We seldom saw movement of more
than one muscle when stiroulating ut thresh-
old-level currents. In all we saw seven mixed
responses which were elicited at 48 stimulation
sites. On one oceusion we encountered the same
two responses from 16 stimulation sites over a
distance of 800 um.

Figure | shows the facial musculature of the
muacaque monkey. The degree of overlap of the
muscles themselves ensures that the face re-
gion of motor cortex will not contain a straight-
forward topographic representation. We ob-
tained responses of 12 different fucial muscles
in addition to these involved in jaw and tongue
maovements, which we did not attempt to iden-
tify aceording to the specific muscles involved.
The facial muscles seen are as follows:
zygomaticus, orbicularis oris, buccinator,
platysma, orbicularis oculi, levator labii supe-
rioris proprius, mentalis, triangularis, depres-
sor supercilii, caninus, nasolabialis, and auri-
cularis anterior and superior. We also obtained
shoulder and forearm movements, to demar-
cate the medial boundary of the face. We did not
see any forehead movements; frontulis and cor-

TARLE L. Description of experimental ansmals ared number of response sites

Number of Number of responsive

Animnl Hpecia, Sox, Age punutrutions stimulution sites
M- funiculuris, malo, juvanile 17 17

D-ig mulaitn, female, adult 37 506

F-5 mulatta, male, adult 5 134

Here fusiculnris, mule, juvenile 12 448

¥4 mulatte, male, adult M 788

PR-1 mulattn, mule, juvenile 26 141

Total B macugques 131 2022
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rugator supercilii were not encountered in any
animal we studied.
Fine organzation

The fine orguanization of motor cortex was
best visualized in penetrations down the wall of
the central, und in one animal (Herc), the ar-

cuate sulcus where the electrode traversed cor-
tex perpendicular to the radial fibers. In such
penetrations we encountered small zones of
cortex, usually 300-800 um across, in which
microstimulation produced one muscle move-
ment. Advancing the electrode in 50-um inter-
vals we would obtain the same response at a

M OABITO ~ANCULARIS
4 AMRICILARIS ANT £T SUR

M TRIANGULARIS-.

~UPPIR PORTION

OReC.
oo M. DEPRESSOR  SUPERCLI
- M. CORRUGATOR  SUMCRCA. P

N1 .. M. LEVATOR LAB SUP PROPAISS
"J

M CANINUS

; ¥
PLATYSMA S ek, .M ORMICLLARS ORIS
K i
* - e
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LR
Sobf i M MENTALS
BUCCAL POUCH WITH MUSCLE COAT” ! ZYCOMATICO-ORGITA, ™ BUCCRNATOR
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CROSSED BUNDLES OF PLATYSMA

Fig. 1. Thafucial muscles of Macaca mulatta from Huber (°33), The intict superficial fucinl musclos are shown in drawings
A upd C. In B some of the surfuce mu&'c!u have been cut away to show underlying muscles. The unlabeled thin sheet of muacle
which sxtends over the nose and medial face in A |8 nasolabialis. The under! ying levator lnbii superioris proprius is partially

shown in B; the inferior portion of this muscle, which is not includ

ed, attaches in the upper lip. Figure reproduced from Huber

1"33) “The Facial Musculature and its Innervation,” in Anatomy of the Rhesus Monkey tHartman, C.G., and Strauss, W.L.,

Eds.), Courtesy of Williams and Wilkins.
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number of sites. After encountering a move-
ment we saw a drop in threshold as we ad-
vanced toward the center of each zone; thresh-
old then began to climb, peuking at the point
where the response changed. Typically thresh-
old was lowest at the center of the zone and
highest at the edges. Figures 2, 3,4, and 5 show
two such penetrations from one animal, one
from the central suleus and one from the ar-
cuate. We observed this same pattern even
when the response chanyed from one portion of
# muscle to another movement of the spme
muscle. We have a total of 37 penetrations from
which two or more different responses were
elicited with more than 10 responsive sites 50
um or 100 um apart.'. In these penetrations
87% of the changes from one response to an-
other coincided with a threshold peak, and 75%
of the peaks were at a point where the response
changed. The calculations are bused on 214
peaks and 186 response changes. The two coin-
cided 161 times.

In penetrations ronghly parallel to the radial
fibers, thresholds were highest in the superfi-
cial lamina and became lower in the deeper
luyers until they began to rise in layer 6 as we
approached the white matter. Figures 6 and 7
illustrate such a penetration. Although we at-
tempted to have our electrode parallel to the
radial fibery, in practice there was always a
slight angle causing the changes in respénses
shown in Figure 6. In this penetration there
was a progression of three responses across the
eyelid beginning at the lateral corner and end-
ing in the medial corner. Responses A and C
were both small muscle twitches at threshold.
Microstimulation at B caused a downward
flicker of the upper eyelid. Current levels
slightly above threshold at sites for all three
responses resulted in closure of the eyelid.

Macro-organization

The fine organization of the narrow colum-
nar zones is embedded in a larger macro-
organization. Figure 8 shows data from the two
animals from which we huve the most complete
maps. The mimetic muscles cluster in the pos-
terior and anterior portions of the face region
with tongue movements represented in the cen-
tral portion and along the lateral extent. Eyelid
movements are represented at the medial edge
of the face region adjoining the shoulder and
neck muscles. Within each cluster, individual
muscles or parts of muscles are often repre-
sented several times. The clusters cannot be
characterized as distinct topographical repre-
sentations of the entire face on the basis of the

data we have now. There is o tendency for adja-
cent muscles to occur together, and the repre-
sentation may be roughly topographical within
the limits set by the morphological structure of
the muscles themselves. The region we are call-
ing tongue is comprised of a number of fine
movements of individual muscles in the
tongue. Such movements can also be seen in-
terspersed with the mimetic responses, particu-
larly at the lateral extent of the central sulcus
penetrations. Topographieal detail can best be
seen in the wull of the eentral suleus where
electrade penetrations were tangential to the
radial fibers. By stimulating every 50 or 100
um, one could cover a region of eortex in much
finer details than was possible in separate
penetrations across the surface of the gyrus.
Figure 9 shows a series of sections taken at
approximately 1 mm intervals which illustrate
a series of penetrations down the anterior wall
of the central sulcus in one monkey, F-4, The
penetrations shown in Figure 9 correspond to
the eight most posterior penetrations in ¥.4
shown in Figure 8.

Muscles are either represented in a number
of non-contiguous zones or form continuous
bands running mediolaterally across moter
cortex. The evidence for bands rather than
non-contiguous representations is best seen in
the series of penetrations shown in Figure 9.
For example zygomaticus {(F2 and F3J in the
figure) first appeared near the fundus of the
central sulcus in the most lateral section, 96,
and subsequently was found slightly higher up
the sulcal wall in sections 134 and 151. Its most
medial extent was the posterior penetration in
section 167, where zygomaticus was elicited
concurrently with two branches of levator labii
superioris proprius (F@ and F10 in Fig. 3} ina
mixed response, This response occurred at four
stimulation sites 100 um apart, all with
thresholds of 18 uA or higher, which suggests
the electrode was moving between columns in
this region. In the most medial section, 200,
zygomaticus had dropped out but the two
branches of levator labii were still seen adja-
cent to protrusion of the corner of the mouth
{orbicularis oris, F8 in Fig. ). Such a pattern
could result from the intersection of narrow
bands at different points or from stimulation of
repeated small non-contiguous zones devoted to
the same muscle.

“This anidysis is bused on dota from F-5, Here, sud ¥4, Only one
response pef penetration wus elicited in the prefisunary experiment
CM-1. Another early experiment (D- 1% was excluded since we stimu-
Tuted i diutely following electrode ad t. which may give
erronecus Tenults since the hrain may nol huve stabilized (aee

Methods:. In PR-) we ndvanced in 500 un steps
|
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Fig. 2. The histolagical reconstruction of a central sulcus penetration from Here, The line ucross precentral motor cortex
shows the !ocmipn frum which the section was taken, the star indicates the site of the electrode penetration. Letters on the left
of the penetration in the line drawing of a brain section correspond to responses shown in Figure 3. The L's on the right

indicate the locations of lesions which can also be seen in the photomicrograph of the same section in the upper right hund
cormer, .

a2 AN B,



s

548 E. MCGUINNESS, L. SIVERTSEN, AND 4. ALLMAN

\ :
1,
Omm |mm L

+ : . s

2mm 3mm

Fig. 3. A response by depth curve for the penetration shown in Figure 2. Kach filled circle indicates &
responsive site, The ubscissa is current threshold in microsmperes. The letlered responses drawn on the face

correspond W the letters above the |
rasponse changed

There was a diagonal band of juw responses
which began at the lateral extent of the central
suléus penetrations and cut across the surface
of the gyrus in the anterior medial direction.
This is best seen in the map for F-4 in Figure 8.
Again the pattern could result from either long
narrow bands or non-contiguous sites.

Threshold by muscles

Figure 10 shows the thresholds for responses
of the three major muscle groups in the face.
The number of responses by thresholds of indi-
vidual mimetic tuscles are shown in Figure
11, There are considernble differences in fre-
quency with which different muscles were en-
conntered. 'wo musclos, zypgomatious and or-
biculuris oris, accounted fur more than half of
the mimetic responses and comprised 2%% of all

ine 1n the graph. Hitched lines were used to indicats the peint at which the

responses reported in these tables. Although
threshold distributions varied for the different
mimetic muscles, in only one case, caninus,
were more than half of the responses over
10 1A E

Motor cortex bounduaries

The motor-somatosensory boundary was
readily defined physiologically in several ani-
mals, In both F-5 and Herc in penetrations
down the anterior wall of the central suleus, we
reached a point beyond which microstimu-
lation at current levels under 25 uA would no
longer elicit an ebservable movement of the
face. In two vuch penetrations in each animal
leslons were made at this point, and wo were
able te verify histologicully that the electrodes
were still in the gray matter. One of these
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Fig.4. The histological representhtion of i i

b ' t gn arcuate sulcus penetrution from Herc. The line acrosy precentral motor corte
:hr:;:: the location from which the gection wae taken; the star indicuies the site of the electrode penetration. Letters on the !ef;
o pe&elmuoq in the line drawing of & brain section correspund to responses shown in Figure 5. The L's on the right
inmc:;ce e locations of leslons which can also be seen In the photomicrograph of the sume section in the upper right hand
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Fig. 8. A response-by-depth curve for the penetration shown in Figure 4. Each filled circle indicates a responsive site. The

ahscissu is current threshold in microamperes. The lettered responses drawn on the face correspond Lo the letiers above the
line in the graph. Response (i ot illustrated) was on the tip of the tongue, Hetched lines were used Lo indicate Lhe point at 10pa
which the response changed.
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Fig. 7. A response-by-depth curve for the penetration shown in Figure 6. Kuch filled circle indicutes a respunsive site. The
ahscissa is current threshold in microamperes. The lettered responses druwn on the face correspond to Lthe letters ubove the
line in the graph. Hatched lines were used to indicate the point at which the response changed. The star on the brain drawing
to the right indicates the point at which the electrode entered the brain. The hatched line on the brain drawing indicates the
location from which the brain section shown in Figure § was taken.

Fig. 6. Photomicrograph of a punetration in the center of the precentral gyrus of F-4, parallel to the rudial fibers. L's are )
loeated next o the lesions in the penetration for which responses are shown in Figure 7. The stur indicating the point at which
the electrode entered the brain vorresponds to the star on the broin drawing in Figure 7.
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penetrations is illustrated in Figures 2 and 3
Cytoarchitecturally the motor-somatosensory
boundary is difficult to define exactly (Jones et
al,,"78). In other animals the motor-somatosen-
sory boundary appeurs to be somewhat lower on
the sulcal wall, presumably in the region of the
fundus of the central suicus, In penetrations in
these animals we encountered the white matter
before running out of motor cortex. The ante-
rior boundary was more difficult to define. We
have fewer penetrations anterior, and since
area 6 is also readily excitable (Woolsey et al.,
'50; Kwan et al., '78), we could not confirm the
border physiologically,

DISCUSSION

QOur major finding is the additional evidence
for efferent zones less than 1 mm across in
motor cortex. By moving the electrode in steps
of 50 or 100 pm in sulcal penetrations we weré
able to plot threshold by depth curves across the
cortical zone devoted to a given muscle re-
sponse. In such cases near the center of a zone
where thresholds were lowest one was presum-
ably exciting the maximal number of neurons
projecting to a motor neuron pool in the facial
nucleus activating that musele. As the elec-
trode approaches the edge of a zone one is able
to activate a smaller proportion of the neurons
projecting to a given pool of motor neurons and
threshold increases.

The region from which one activates equal
numbers of neurons projecting to two different
mator neuron pools is presumably guite small
since we were seldom able to activate two re-
sponses with threshold current levels, even
moving in 50 um steps. We were unable to test
for inhibitory effects with the preparation we
used.

The discreteness of responses and the lack of
overlap supports the view that current spread
from microstimulation is quite limited. Cer-
tainly at current levels under 5 uA we are con-
fident that we were exciting a very limited re-
gion of cortex. Particuluarly at the low currents,
thresholds were quite sharply defined. Often an
increase in current of 0.1 uA was sufficient to

change from a state in which there was no ob-
servable response to a state in which there was
a response elicited by each stimulus train. Re-
sponses were so sharply defined that we would
have had considerable difficalty finding a point
at which a responge occurred 50% of the time
had we attempted to use that definition of
threshold. Low threshold responses appeared to
be all-or-nothing events.

Our data suggest the basic organization of
motor cortex to be narrow efferent zones de-
voted to individual muscles which are grouped
together, possibly within larger movement pat-
terns. Wedo not think such movement patterns
could represent complete facial expressions.
The data are compatible with the idea that
small groups of muscles which act together to
form one component of such patterned
movements are represented together in cortex.
There are two possible arrangements of effer-
ent zones. They could be either more or less
cylindrical, or narrow mediolaterally oriented
bands that the electrode intersected at different
points in cortex. Such bands could also be mul-
tiply represented in cortex and could be of vary-
ing lengths. At this point the data are compati-
ble with either hypothesis and we eannot reject
either on the basis of microstimulation data.

We consider the predominant organization of
motor cortex to be columnar, but we do not
mean to imply that all efferent neurons in a
given zone of cortex project only to neurons in
the facial nucleus activating the muscle which
moves when the zone is stimulated. The ques-
tion of columns is not easily answered by micro-
stimulation alone. Our data strongly suggest a
mosaic of discrete efferent zones, The vertical
compenent of cortical organization is less clear
since our electrodes never traversed cortex
exactly parallel with the radial fibers. It is a
fundamental limitation of the technique that
when stimulating st threshold currents one
observes only the dominant effect. It has been
suggested that by stimulating at higher
currents one could obtain a clearer picture by
also aetivating minority pepulations of neurons
{Andersen et ul., '75). Stimulating with such

T T "
Fig. 8. Penctrations from the two monkeys for which we have the most complete maps are plotted on the

surface of brain photograpbs. The outlined shaded region on the drawing of u complete hrain shows the location
from which the enlarged ingets were taken. On the brain maps F indicutes responses were mimetic muscies in the
lower (ace; E, evelid: T, tongue; J, jaw; and 8, shoulder. Multiple letters ure used when more than one type of
response was seen in u single penetration. In these ceses & capital letter indicates a response elicited from more
than helf of the siimulation sites in the penetration, and lower case ietters are used for response types elicited
from Jess than haif of the sites. Sters Indicste marker electrode penetrations und open circles indicate no response
penetrations. The brain section on the left shows a row of responses from monkeys F-4 in greater detail. The

mimetic le resp are dusignated F-1, F-2, slc.
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currents as low threshold points tends even-
tually to activate adjacent musclés if one uses a
high enough current. Since adjacent museleson
the face tend to be represented in adjacent re-
gions of motor cortex it is difficult to ascertain
whether additional movements are being elic-
ited by activation of a minority population of
neurons in the same zone which activates the
initial muscle movement or whether recruit-
ment of a second muscle is due to current spread
to adjacent regions of cortex. Given that the
zones we have found stimulating with thresh-
old currents are extremely narrow (usually
much less than o millimeter), it is difficult to
see how one could stimulate with higher
currents without activating adjacent zones. In
addition one has the problem that excessively
high currents tover 40 uA) cause damage in
motor cortex tAsanuma and Arnold, '75). It
muy be possible using other techniques to give
a more complete picture of which museles are
related to neurons in g given region of cortex.
Results from microstimulation cannot exclude
the possibility that there are neuronsrelated to
muscles other than the observed response
intermingled within an efferent zone.

The fine organization of the narrow efferent
zones is embedded in a larger macro-organiza-
tion. In the face region the mimetic muscles fall
into an anterior und a posterior cluater sepa-
rated mainly by the tongue. The mimetic mus-
cles may be continuous at the medial extent of
the region. There is a suggestion of a narrow
strip of continuous mimetic muscles across the
medial edge of the face region where the eyelid
movements are represented. Our results might
best be characterized as two representations of
the facia! muscles which are roughly mirror
symmetrical around the tongue and possibly
the eyelid. Given the narrowness of efferent
zones devoted to any given muscle, sampling
problems make it difficult to be certain of the
precise progression with penetrations 1 mm
apart.

Several recent studies on the forelimb repre-
sentation in macaque and squirrel monkey
have some bearing on the issue of multiple rep-
resentation of muscles. Kwan et al. ('78) have
found in macagues multiple represantation of
individual muscles in the forelimb region. They
describe the macro-organization to be one of
nesting around joints with digit within wrist

" within shoulder. This clearly cannot be true of

the face, where there is only one jcoim1 and mus-

cles, other than those of mastication, act prin-
cipally against each other and to move skin.
One does not see a single map of either the face
or forelimb, but rather clusterings of adjacent
muscles. In the face region we find the mimetic
muscles separated into two clusters by tongue,
whereas Kwan et al. report the joints form
loosely concentric rings in the forelimb region.

Strick and Presten ("78) have found a slightly
different form of multiple representation in the
squirrel monkey motor cortex. They see a pre-
gression from wrist to digit, back to wrist, and
again Lo digit, when moving across cortex in
posterior Lo anterior rows, This is somewhat
different from rnacaque, where the individual
muscles are represented at a number of points
inmotor cortex in a more scattered fashion. The
basic principle is similar to our clusters, al-
though the dual representation in the squirrel
monkey huand and wrist region alternates,
whereas in the macaque face region the repre-
sentations appear to reverse at the midline,

It is difficult to accept that the basic pattern
of organization in macaque motor cortex would
differ radically for the forelimb and the face. It
is quite possible that there is a dual cluster
pattern in the forelimb region which is some-
what masked by the nesting reported by Kwan
et al. The nested organization they describe
could easily oceur within two clusters. The ac-
tual data shown by Kwan are not incompatible
with this. Zant and Strick '78) have presented
anatomical evidence for mucaque showing that
thedigits at least are found in two separate loci.
Should this be confirmed physiologically it
would bring the macaque forelimb into accord
with both macaque face and squirrel monkey
hand.

Somatosensory-—Motor comparisons

Somatoesensory cortex has been shown to con-
tain a number of complete somatotopic repre-
sentations in a number of species of primates
{Paul et al., '72; Merzenich et al., '78; Kaas et
al.,’79). The region spanning cytoarchitectural
areas 3a, 3b, 2, and 1 traditionally called S1
contains at least three complete represen-
tations and possibly a fourth, although the or-
ganization of 3a is still somewhat ambiguous
{Kaas et al., '79). Each complete map of the
body corresponds to one cytoarchitectural area.
Although there are discontinuities, the organi-
zation within each area is basically topographi-
cal. For mucague there is some discrepancy as

Fig. 9. A series of suctions in medic-lateral sequence showing penetrations down the anterior wall of the
central sulcus in monkey F-4. Numbers on the brain correspond to section numbers and indicute the locations from
which sections were Loken. F indicates a mimetic response, and the number following it corresponds to the
rosponse shown on the drawing of the monkey’s face. The number ufter each response indicates the ranges of

thresholds found for that responsa in microamperes.
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Fig. 10 Bar graphs showing the number of responses by threshold cureents in microumperen for categaries of
muscle responses,

It muy be appropriate to eonsider cortical rep-
resentation of the face asorganized by groups of
neurons projecting to a facial nucleus motor
neuron pool innervating a specific branch of the
facial nerve rather than a specific muscle. Or-
bicularis oris, zygomaticus, and orbicularis
oculi are all instances of morphologic muscles
that act as several muscles both in terms of
innervation patterns and discrete responses.
We think that the amount of cortex devoted
to a given muscle may reflect frequency and
intensity of the use of a muscle in normal be-
havior. The large representation of zygomati-
cus is particularly impressive since it is a
purely mimetic muscle, unlike orbicularis oris
and the jaw muscles, which are used in eating
and drinking as well as emotion. The major
function of zygomaticus is retraction of the cor-
ners of the mouth and side of face. This is a
striking feature in both fear and anger expres-
sions with intensity of the muscle contraction
related to the intensity of the emotion.

to the precise organization. Paul et al, (72)
found an alternating pattern in 3b and 1 with
the distal hand in area 1 adjoining the proximal
hand in 3b, while a more recent study (Kaas et
al., '79 found a mirror reversal at thg 3b-1
border. In owi monkey Merzenich et al. 78)
report a4 mirror image representation with a
reversal at the 3b-1 border; part of the face
representation was explored and a reversal is
reported at the midline of the upper lip. The
overall progression we see in the face region of
motor cortex, going from mimetic muscles to
tongue back to mimetic muscles, appears to be
somewhat similar.

Some caution must be used in comparing
motor cortex to somatosensory cortex. In the
motor system the muscles themselves are dis-
continuous; thus topographical order in motor
cortex must be affected by the necessity of rep-
resenting discontinuous and in the face region
extensively overlapping muscles on a basically
two-dimensional surface. This difficulty also
occurs in area 3a of somutosensory cortex
where the afferents from the muscles are repre-
sented (Kaas et al., "79).

Fadial muacles

Examination of the patterns of innervation
illustrated in Huber {'33) suggests that when a
single muscle is innervated at several points
the cortex treats each branch nau discrete unit,
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The Primate Cochlear Nuclei:

as a Phylogenetic Process

Loss of Lamination

JEAN KAVANAGH MOORE
Department of Anatomical Sciences, State iwversity of New York at Siony Brook, Stony

B@k, New York 11794

ABSTRACT

0‘ > .
In primates from prosimians to hominoids (lorisoid prosimians,

nfarmoset and ceboid monkeys, cercopithecoid monkeys, and gibbon), there are
d!ﬂerfzncca in the location, depth, and extent of the granular luyer of the cochlear
nuclei. In the prosimians, the deep granular layer of the DUN is similar to that
of other mammals, but there is, in addition, a superficial or subependymal layer
of gra‘nple cells in the DCN. In ceboid snd cercopithecoid monkeys, only a
superficial or external granular layer is present in the DCN, and the granular
!aye‘r over the VCN is much reduced. In the gibbon, there is no granular layer
in either of the cochlear muclei. In conjunction with the progressive reduction of
the cochlear granular laygr in primates, fusiform cells lose their position as o
radially oriented peripheral cell layer in the DCN and become located in the
centrgl region of the nucleus. These changes in primates are interpreted as
resulting from failure of inward migration and increasing cell death in the
onh)gepy Qf the cochlear external granular layer, with concomitant changes
occurring in the position and orientation of their target neurons, the fusiform

cells. .

The structure of the outer portion of the
cochlear nuclei in most mammals is that of a
modified laminar cortex, most closely resem-
bling that of the cerebellar cortex. The dorsal
cochlear nucleus (DCN) is covered by a molec-
ular layer, deep to which is a cellular layer of
radially oriented fusiform neurons lying in a
dense band of granule cells. The granular
layer continues anteriorly to form a superficial
granular layer over the ventral ¢ochlear nu-
cleus (VCN), though it lacks both a molecular
layer and associated macroneurons in this
nucleus (Webster et al., '88; Qsen, '69; Brawer
et al., "74). Granule cell axons from both the
dorsal and ventiral nuclei run as unmyelinated
parallel fibers Lo contact the apical dendrites
of fusiform cells within the molecular layer of
the DCN (Lorente de No, *33; Mugnaini et al.
"19a,b). | ’

In the human cochlear nuclei, there is a
complete and selective loss of these peripheral
layers of the nuclei—that is, of the molecular
and fusiform-granule cell layers of the DCN
and of the granular layer of the VCN—while
deeper partd of the nuclei remain comparable
in t.heir cytoarchitecture to the corresponding
regions in other mammaln, (Dublin, '78; Moore
and Owsen, "79a,b). In the present study, ex-

GO21-886T/80/1 903-0609501.80 & 1680 ALAN R. LISS, INC.

arpination of the brains of a number of adult
primates reveals that there exist, in the var-
ious groups of primates, transitional stages
between the full development of a cochlear
granule cell system and a laminar eytoarchi-
tecture, as is seen in nonprimate mammals,
and the complete absence of this cell group
and lamination, as is the case in man.

MATERIALS AND METHODS

The cytoarchitecture and myeloarchitecture
of the cochlear nuclei was studied in normal
braing of the primate species listed in Table 1.
In each case, the animal was perfused tran-
geardially with 0.9% saline, followed by 10%
formalin solution. The brain was removed the
following day and stored several days in fix-
ative before dehydration and embedding in
celloidin. Two adjacent series of 30 pum sec-
tions, every third to tenth section depending
on the size of the brain, were stained with
cresyl viclet und Woelcke's hematoxylin, re-
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