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ABSTRACT
The somatotopic organization of the postcentral parietal cortex of
the Old World monkey, Macaca fascicularis, was determined with multi-unit
microelectrode recordings. The results lead to the following conclusions: 1)There
are a t least two complete and systematic representations of the contralateral body
surface in the cortex of the postcentral gyrus. One representation is contained
within Area 3b, the other within Area 1.2) While there are important differences
in the organization of the two representations, they are basically mirror-images of
each other. 3) Each representation maintains body-surface adjacency by cortical
adjacency in some mediolateral regions. In other regions, two types of discontinuities can be described: first, in which adjacent body surfaces are represented in
separate cortical loci; second, in which adjacent cortical regions represent disparate body-surface regions. The internal organization of each representation is better
described as a composite of somatotopic regions (Merzenich et al., ’78) than as a
serial array of dermatomal bands, or as a “homunculus.” 4) While architectonic
Area 2 responds to stimulation of deep body tissue, a t least parts of Area 2 also
respond t o cutaneous stimulation. The organization of the cutaneous representation of the hand in Area 2 is basically a mirror-image of the hand representation in
Area 1. 5) Area 3a is activated by deep body tissue stimulation, suggesting the
possibility of a fourth body representation within the traditional %-I” region of
somatosensory cortex in macaques. In accord with a previous study in a New World
monkey (Merzenich et al., ’781, we suggest that the cutaneous representation in
Area 3b be considered asSZproper, and that the cutaneous representation in Area 1
be termed the posterior cutaneous field. Furthermore, based on the orientation of
the representations of the body surface, as well as other factors, we suggest that the
representation in Area 3b is homologous to “SmI” (or “SI”) in non-primates.
Several groups of investigators have contributed importantly to present understandings of the somatotopic organization of the region of postcentral cortex in primates known as
“SI.”Most notably, the early landmark studies
of Woolsey et al., (’42) (also see Marshall et al.,
’37) indicate that the responsive regions include several architectonic fields and reveal an
overall order of somatotopic organization from
“tail to tongue” in a medial-to-lateral sequence
across the cortex. Later, Powell and Mountcastle (‘59b) found that inputs to the responsive
cortex from different receptor types were unequally distributed in the separate architectonic fields in a way that seemed to challenge
the concept of a single body representation.
Subsequently, Werner and Whitsel (‘68) and
Whitsel and co-workers (Whitsel et al., ’71;
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Dreyer, et al., ’74, ’75) demonstrated that a t
least some body locations were represented
more than once within the “SI” region. Finally,
Paul et al. (’72) reported two systematic and
separate representations and pointed out that
“the classical view of SI as constituting a single
whole body representation must be modified.”
In earlier papers (Merzenichet al., ’78;Kaas
et al., ’79)we reviewed the development of some
of these concepts of the organization of the postcentral cortex in primates, and presented data
and arguments for the hypothesis that each of
the architectonic fields of Brodmann (’091,
Areas 3a, 3b, 1, and 2, constitutes a separate
map of the body. Electrophysiological evidence
Send correspondence to Dr. J.H. Kaas, Department of Psychology,
134 Wesley Hall, Vanderbilt University, Nashville, Tennessee 37240.
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was presented for the owl monkey indicating
that Areas 3b and 1contain separate and complete representations of the contralateral body
surface (Merzenich et al., '78). More limited
recordings from Area 2 suggested that this
architectonic field also contains a systematic
map of the body, but of predominantly deep
receptors including those apparently signaling
joint position. In addition, recording sites in
Area 3a were activated by stimulation of deep
body tissues, raising the possibility that a
fourth body representation exists in Area 3a,
perhaps subserving muscle afferents as other
studies have suggested (Heath et al., '76; Lucier
et al., '75; Phillips et al., '71; Yumiya et al., '74;
Zarzecki et al.. '76).
Another conclusion stemming from our investigations of the organization in owl monkeys was that both Areas 3b and 1contain some
regions where the skin surface is topologically
represented. There are, however, regions in
which there are discontinuities in the cortical
representation such that adjacent skin surfaces
are represented a t non-adjacent points on the
cortex. Thus, each representation was described as a composite of somatotopically organized regions rather than as a single continuous homunculus. In addition, it was apparent
that the two representations of the skin surface
are mirror-reversals of each other a t the common border, and therefore the borders are congruent as defined elsewhere (Allman and Kaas,
'75; Kaas, '77). Finally, the study revealed that
the Area 3b and Area 1 representations, while
roughly mirror-images of each other, differ in
many details, suggesting that each representation has a distinct functional role in cutaneous
sensibility.
We consider it important to extend our investigations to other primates, including macaque
monkeys. To accomplish this goal, an extensive
series of multi-unit microelectrode mapping
experiments was undertaken. The primary
goal was to describe, in great detail, the organization of somatosensory input to cytoarchitectonic Areas 3b, 1,and 2. Such data would allow
comparisonswith similar results collected from
squirrel monkeys (Nelson et al., '781, cebus
monkeys (Felleman et al., '791, and our earlier
studies of owl monkeys (Merzenich et al., '78).
The detailed organization of each representation of the body surface in Old World monkeys,
when compared with other primate and nonprimate species, indicates that there are patterns of organization which are common to the
somatosensory cortex in mammals previously
studied, and that elaborations are present in
the cortical representation in simians.

This report is the first detailed presentation
of data supporting our earlier conclusions in a
monkey other t h a n t h e owl monkey. An
abstract of our results appears elsewhere (Sur
et al., '78b). Multiple representations of the
cutaneous input from the contralateral body
surface to cortical areas classically defined as
"SI" were found for the cynomolgus macaque.
Each was confined to a single cytoarchitectonic
area; there is one complete and systematic representation in each of Areas 3b and 1. The representations of the body surface were oriented
so as to be "mirror-images" of one another in
the rostrocaudal dimension of the cortex and
aligned in the mediolateral dimension. In addition, Area 2 was found to be much more responsive t o cutaneous stimuli than Area 2 of owl
monkeys. Because receptive fields on the skin
are easier to delimit than deep receptive fields,
it was possible to make some important observations on the organization of Area 2. However,
a complete investigation of Area 2 waits further study.
METHODS

Electrophysiological mapping experiments
were conducted on 16 adult cynomolgus
macaques (Macacafascicularis). The basic procedures were similar to those described previously (Merzenich et al., '78). These animals
were initially anesthetized with ketamine hydrochloride (33.3 mg/kg, I.M.); supplemental
doses of ketamine were given as needed to
maintain a surgical level of anesthesia. Body
temperature was monitored and maintained a t
37°C for the duration of surgical and mapping
procedures. The parietal cortex was exposed by
an extensive craniotomy. An acrylic dam was
constructed around the skull to maintain a pool
of silicone. The dura was reflected, the cortical
surface covered with silicone, and a high-resolution photograph of the brain surface was
taken. The surface vasculature was used to site
electrode penetrations and injection sites of
anatomic tracers in physiologically defined cortical regions. The results of the injection
studies will be reported elsewhere.
Glass-coated platinum-iridium microelectrodes with impedances of between 1-2.5 mR
(at 1kHz) were introduced in penetrations perpendicular to the cortex or parellel to the cortical surface within the central sulcus by means
of a hydraulic microdrive controlled by a stepping motor. The amplified electrode output was
fed to an oscilloscope, and to a loudspeaker. In
each experiment an attempt was made to map a
region of the cortical representation in detail.
Electrode penetrations were placed 250-
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350 pm apart. In depth penetrations down the
bank of the central sulcus, recording sites were
examined at 250 pm intervals until four successive recording sites were defined as not
being driven by somatosensory stimuli. At the
end of some of the depth penetrations, or a t
points on the cortical surface where physiological borders were noted, based on the response
properties of the unit clusters from which the
recordings were made, electrolytic lesions were
made by passing a DC current (10 p A , 5 sec)
across the tip of the recording electrode.
Receptive fields were defined using fine,
blunt, hand-held glass probes to carefully
stimulate the appropriate body surface, which
was stabilized to prevent movement. Minimum
receptive fields were mapped, defined as the
skin region from which very light tactile stimulation elicited a maximal response. A t each
recording site, a n attempt was made to determine if the input arose from cutaneous or
“deep” receptors according to criteria previously described (Sur et al., ’80; Paul et al., ’72;
Powell and Mountcastle, ’59a)was drawn on an
enlarged, scale line drawing of the body surface
made from actual photographs of the cynomolgus monkey. The position of each electrode
penetration was marked on the brain photographs using the vasculature as a reference.
Recording depths were carefully noted. Errors
in depth readings and positioning were avoided
by observing the advancement of the electrode
through a dissecting microscope for depression
by the electrode tip, which sometimes occurred
near the central sulcus.
At the time of sacrifice, the animals were
deeply anesthetized and perfused intra-cardially with normal saline, followed by either
lWo formal-saline or 1.5-2.5% paraformaldehyde and 0.5-1.o0/0 glutaraldehyde in 0.1M
phosphate buffer a t pH 7.4. The brains were
kept in fixative overnight (at 4”C), and then
placed in 30% sucrose in either 10%formal-saline or 0.1 M phosphate buffer. The brains were
cut either sagittally or coronally on a freezing
microtome at 25 or 50pm section thickness.
One in five sections were counterstained with
cresylecht violet. Another set of every tenth
section was stained for myelin with hematoxylin. The remaining sections through the
thalamus were processed for autoradiography
or reacted for the demonstration of horseradish
peroxidase. The remaining cortical sections
were stained for Nissl substance. In some cases
portions of the parietal cortex were embedded
in celloidin and cut at 50 pm. These cortical
sections, in which lesions had been made, were
used to investigate the normal cytoarchitecture
of somatosensory cortex. The physiological
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mapping data was later correlated with the
cytoarchitecture.

Data collection and analysis
Various portions of postcentral parietal cortex were explored with microelectrodes and
mapped in great detail in individual macaque
monkeys. Overall, recordings were obtained
from almost all of architectonic Areas 3b and 1,
as well as from limited portions of Areas 3a and
2. Because of the need for closely spaced recording sites in order to reveal the organization of
any region of cortex, and the large extent of
responsive cortex, complete maps of the entire
somatosensory. cortex were not possible in
single animals. Instead, efforts were made to
determine receptive fields for a large number of
closely spaced recording sites in parts of Areas
3b and 1which represented the same body surface-for example, the hand or the face.
Usually, additional more limited recordings
were obtained from adjoining portions of Areas
3a and 2. A typical experiment involved determining receptive fields for 300 to 750 recording
sites, which were usually spaced 0.25 to 0.35
mm apart. Recordings were obtained from
single sites in electrode penetrations perpendicular to the cortical surface and from sequences of recording sites in electrode penetrations advanced parallel to the cortical surface
down the posterior bank of the central sulcus or
the medial wall. All recording sites were projected to the cortical surface, which was reconstructed and than “unfolded’ to form a two-dimensional sheet s o t h a t the spatial arrangements of the recording sites could be appreciated and illustrated. Lines were then
drawn around all recording sites activated by
particular body regions, and architectonic and
sulcal boundaries were added as shown in Figures 1 and 2. Since individual experiments
overlapped in the region of cortex mapped, the
results from individual experiments could be
aligned. A composite was then formed, indicating the organization of most of Areas 3b and 1.
While the parts of the summary illustration in
Figure 1are from individual experiments, each
region of the cortex was mapped in several experiments, with results from the most complete
experiment forming the basis for the relevant
segment of the summary.
It would be difficult to illustrate receptive
fields for all the recording sites upon which this
summary is based. Rather, selected rows from
individual experiments which were used to
construct the summary diagram are drawn as a
means of validating certain points of organization. The selected recording sites are shown in
their actual positions as projected onto the cor-
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Fig. 1. The organization of the representations of the body surface in Areas 3b and 1 of the cynomolgus macaque. The
representations are shown on a dorso-lateral view of the brain (left)and as they appear “unfolded”from the central sulcus and
medial wall of the hemisphere (left). The heavy lines mark the borders of the two representations. Cortex activated by
designated body surfaces are outlined.The representation of individual digits of the hand and foot are outlined and numbered
(D,-Ds);shaded areas correspond to the representations of the hairy dorsum of the digits. The dotted line indicates the position
of the central sulcus. The dashed line indicates the region along themedial wall where portionsof the representation in Areas
3b and 1 are contained in the cortex on the medial wall of the hemisphere (see Fig. 2). This summary was constructed from
cortical maps obtained in several cases in which more than one region was completely mapped in both Areas 3b and 1.
Individual maps were combined, based on their overlap.
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Fig. 2. The “unfolding” of the representations of the hindlimb in Areas 3b and 1. Reconstructionsof mapping data were
first made on a three-dimensional format and then “unfolded” to form a two-dimensionalreconstruction. As in all diagrams,
shaded areas indicate the representation of the hairy dorsum of the extremities and their digits. This two-dimensionalscheme
is used in Figures 4 6 to indicate the positions of recording sites relative to the cortical surface.
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tical surface along with the boundary lines of
body parts in the representations as determined from the many other recording sites
from the same experiment. Thus, it was possible to relate the recording site locations to the
known somatotopic organization of the surrounding cortex. However, the total number of
recording sites and receptive fields revealing
the total detailed organization of the cortical
regions is not shown.
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ing the border of the representations marks the
caudal extent of the cutaneous region. Caudal
to this line, recording sites typically responded
poorly, or not a t all, t o light cutaneous stimuli,
but rather were activated by manipulation that
would activate joints and other deep-body receptors. Thus, this border was usually easy to
determine because of a sudden change in responsiveness. However, on some occasions,
cutaneous receptive fields were obtained
caudal to this border, especially in the regions
RESULTS
representing the hand and face. On these occaThe electrophysiological mapping data indi- sions, a reversal of somatotopic organization
cate t h a t postcentral parietal cortex of was clearly noted, and the points of reversal
macaques contains a t least two separate, com- were used to mark the borders. Later correplete, and systematic representations of the lations of these electrophysiological results
contralateral body s u r f a c e S 1 proper and the with cortical architecture showed that the
posterior cutaneous field. One of these fields is caudal border of the cutaneous region correlargely or completely coextensive with archi- sponded with our judgment of the Area 1border
tectonic field 3b, and the other, the posterior with Area 2. The other border of the cutaneous
cutaneous field, with Area 1.The somatotopic region is located in the depths of the central
organization of each of these representations sulcus. The line marking this border in Figure
was determined in great detail. In addition, 1 indicates the extent of the mapped region
some observations suggesting representation responsive to cutaneous stimuli. Because of the
of the body were made on the organization of difficulty in consistently obtaining appropriArea 2.
ately spaced sequences of recording sites in
The present report seeks to demonstrate the depth penetrations, the marked border may
existence of the two cutaneous representations slightly underestimate the full width of the
by illustrating that given body parts are sys- rostral cutaneous field in some positions. Thus,
tematically represented twice in two separate the border represents the extent of the mapped
architectonic fields, and to provide summary portion of the rostral cutaneous field. However,
maps that denote the organization of each rep- it was apparent that when recording-site locaresentation in detail as a guide for further re- tions were compared to cortical architecture,
search. Because recording site locations are re- the mapped region contained most of Area 3b.
lated to summary maps showing the overall The cutaneous representation did not extend
somatotopic organization of the two fields, into the cortex we judged to be Area 3a, where
recording sites were activated by deep recepthese summary maps are presented first.
tors. Because Area 3b is largely or completely
Double representation of the body surface
coextensive with the anterior cutaneous field,
The summary illustrations in Figures 1and 2 and Area 1with the posterior cutaneous field,
show the locations of two body-surface repre- these architectonic terms have been employed
sentations in the postcentral cortex, the de- throughout this paper t o refer to the cortex
tailed location of the representation of specific containing the representations.
The lines within each representation sumbody parts in Areas 3b and 1,as well as how the
cortical “sheet” was schematically unfolded, marized in Figure 1 demarcate the cortex con“exposing”the cortex in the central sulcus and taining the recording sites with a receptive
on the medial wall so that the results could be field centered on each designated body part.
presented in a two-dimensional format. A Receptive fields for recording sites in adjacent
heavy line separates the two representations in portions of the cortex were centered on a differthe illustrations, and corresponds to the point ent location of the body surface, although some
of reversal of somatotopic organization as de- receptive fields might extend into the body surtermined from receptive fields for rows of face which is represented in the adjacent porrecording sites perpendicular to this line. The tion of the cortical representation. The dashed
line also indicates our estimate of the border lines in the hand representation of Area 3b
between Areas 3b and 1,although this estimate mark part of the rostral cutaneous representamay differ in minor ways from previous desig- tion in the buried curvature of the central sulnations (see Relation of architectonic fields to cus that was not mapped in our usual penetrathe cutaneous representations). The line form- tions down the bank of the central sulcus, but
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was explored with angled electrode penetrations through motor cortex.
The summary illustration and the following
illustrations of data show that the two cutaneous representations are roughly mirror-images
of each other. From medial to lateral in cortex,
they both represent the body surface with certain disruptions, displacements, and discontinuities, from the “tail to the teeth.” In the
following sections, the representations of each
body region are considered in detail. For convenience, the terms rostral, caudal, medial, and
lateral are used to refer to cortical locations on
the unfolded cortical maps as if they were on a
cortical sheet without the central sulcus or the
medial wall. While data were primarily
selected for illustration to validate the principal point that the same body regions are represented once in Area 3b and again in Area 1, it is
important to remember that the conclusions
and summary illustrations were based on receptive fields for large numbers of closely
spaced recording sites in individual experiments (seeMethods). The manner in which data
from depth penetrations were used toconstruct
the unfolded summary is shown in Figure 3.
1) The tail, posterior leg, and gluteal region.
Mapping the medial extent of somatosensory
cortex was difficult because portions of the responsive cortex are located where the posterior
bank of the central fissure merges with the
medial wall of the cerebral hemisphere, and
because responsive cortex extends ventrally,
down the medial wall for approximately
6 7 mm (Fig. 2). While these difficulties limited the collection of data, it was obvious that
the tail, the gluteal region, and the posterior
aspect of the leg and ankle are represented
3 nun or more down the medial wall and ventral to the representation of the foot in both
Areas 3b and 1. The tail and gluteal region
were most ventral in the representations, and
receptive fields were large, with little cortex
activated by these body parts. The representations of the posterior aspect of the leg were
found slightly less ventral along the medial
wall. As shown in Figure 4, a rostral-to-caudal
row of recording sites was reconstructed from
vertical electrode penetrations to demonstrate
a progression of receptive fields up the back of
the leg in Area 3b (7-9) and then down the
posteriorsurfaceoftheleginArea 1(1&12). The
receptive fields were always confined to the
caudal margin of the leg and were large and
elongated along the length of the leg as if to join
the tail and gluteal region. This region was
represented more ventrallv. with the
ansteri
~~~_ _ _ _ - nr
__
.
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ankle and foot representation located more dorsally, on the medial wall.
Other recording sites (1-6) revealed that the
posterior ankle and adjoining outer margin of
the dorsal foot were represented just ventral to
the glabrous pads and digit 5 of the foot. This
skin surface related to a narrow band of cortex,
in which receptive fields were also quite large.
The receptive fields for the row of recording
sites 1-6 largely overlapped and no clear progression was evident.
2) The foot. In general, the foot was found to
be represented with the distal phalanges of the
glabrous digits located rostrally in Area 3b and
caudally in Area 1.The great toe, D I , was found
most laterally in the representations, while the
other toes were found successively more medial. The plantar pads occupied the border region of Areas 3b and 1. The interdigital pads
adjoined the appropriate digits in the representations. The thenar pads activated tissue located laterally next to the hallux, while the
hypothenar pad related to the most ventral portion of the foot representations. The heel and
the adjacent sole were in the middle of the representation along the 3b-1 border.
The hairy dorsum was represented differently in Areas 3b and 1.In Area 3b, the hairy
dorsum of digit 1 was split off laterally while
that for digits 2, 3, and 5 was ventrally in the
posterior bank of the central sulcus adjacent to
the digit tips. Thus the dorsum ofdigit 5 and the
dorsum of digit 1 are a t opposite ends of the
unfolded foot representation (Fig. 5).
The dorsum of digit 4 was not found in Area
3b. However, given the pattern that was revealed, it is reasonable to assume that it is
buried deep within the central sulcus adjacent
to the tip of digit 4.
Within Area 1, the dorsal surfaces of the
digits activated a narrow band of tissue beginning on the medial surface and extending down
the medial wall so as to divide the representations of the glabrous digits between the distal
phalanx and the proximal and middle phalanges.
Receptive field progressions demonstrating
some aspects of the organization of the foot representations are shown in Figure 5 . The receptive fields for points 1-9, in the lateral row,
progress from the tip of D, and onto the thenar
pad in Area 3b and then back from the thenar
pad to the tip of digit 1. Similar reversals of
receptive field progressions are shown for digits
3 and 5 in two other rows of recording sites.
Thus, the rows clearly demonstrate the double
and roughly mirror-image representations of

SOMATOSENSORY CORTEX IN MACAQUES

the glabrous foot in Areas 3b and 1.Each row of
recording sites also demonstrates the striking
difference in how the dorsal surfaces of the digits are represented in the two areas.
3) The anterior ankle, leg, and thigh. Most of
the ankle, leg, and thigh were found lateral to
the foot on the cortical surface. This lateral
representation included not only the anterior,
but the lateral and medial surfaces of the hindlimb. The posterior leg, as stated above, was
represented on the medial side of the foot. Cortex lateral to the foot region represented these
leg surfaces once in Area 3b and again in Area 1
in a roughly mirror-image orientation. Thus, in
the leg and thigh regions, anterior recording
sites in Area 3b and caudal recording sites in
Area 1were activated by stimuli on the lateral
leg surface. Sites a t the 3b-1 border were activated by stimuli on the medial leg and thigh.
Figure 6 shows some of the data supporting this
conclusion. Receptive fields 8 and 13, for example, were similarly positioned on the lateral leg
even though the recording sites were approximately 4 mm apart a t rostral and caudal locations in Areas 3b and l , respectively. Receptive
fields on the ankle did not change much in
position, and were found on the inner and anterior ankle.
4 ) The trunk. The dorsal trunk was found to
be represented rostrally in Area 3b and caudally in Area 1,with the ventral trunk represented a t the 3b-1 border. This conclusion is
supported by the row of recording sites shown
in Figure 7. Receptive fields of cortical sites a t
the edge of Area 3b, deep within the posterior
bank of the central sulcus, were located on the
dorsal midline of the trunk. Successively more
superficial recording sites in Area 3b related to
receptive fields, in order, on the dorsolateral,
lateral, ventrolateral, and ventral midline of
the trunk. At the 3b-1 border, the direction of
the receptive field progression reversed with
successively more dorsal and then caudal
recording sites so that a sequence from ventral
midline to dorsal midline was retraced.
Within the trunk region of cortex, the caudal
trunk was medial where it merged with the
thigh representation. Since both the back and
the outer thigh were represented in Area 3b in
the depths of the central sulcus, and the abdomen and the inner thigh were represented SUperfkially at the 3b-1 border, a continuous somatotopic map of the thigh and trunk was
found. In a reverse manner, the thigh and
trunk representations were continuous in Area
1. Likewise, more laterally in the cortex, the
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ventral chest representations were found to
merge with the ventral neck a t the 3b-1 border,
while the dorsal trunk representations were
joined with the dorsal neck and occiput a t the
rostral border of Area 3b and the caudal border
of Area 1.
5) Occiput, neck, and shoulder. The representation of the upper shoulder, neck, and caudal
head were found immediately lateral to the
trunk in Areas 3b and 1. The rostral margin of
Area 3b, in the depths of the central sulcus, was
activated by stimulation of the occiput and dorsal shoulder while the ventral neck was represented a t the common border of Area 3b and 1,
just lateral to the representation of the ventral
trunk (Fig. 8).A mirror-image of the organization in Area 3b was observed in Area 1. In both
cortical areas, receptive fields for medial
recording sites were located on the most cranial
extreme of the occiput and on the ventral extreme of the neck. Receptive fields for lateral
recording sites were on the shoulder and extended slightly into the arm.

6) The arm, forearm, and wrist. Figure 8 also
illustrates receptive field locations for the arm,
which was represented immediately lateral to
the representation of the occiput, neck, and
shoulder in each area. Rostra1 Area 3b was
found to represent the dorso-ulnar arm while
progressively caudal recording sites had receptive fields coursing from the dorsal, dorsoradial, ventroradial, ventral, and finally to ventro-ulnar surface of the arm. The opposite progression of receptive fields for rostral-to-caudal
cortical traverse of recording sites was noted
for Area 1, thereby illustrating, once again, the
mirror-image relationship of the representational pattern of the two cortical areas. The
rostral border of Area 1 represented the ventro-ulnar aspect of the arm, while the caudal
border represented the dorso-ulnar aspect.
Intermediate recording sites were activated by
input from receptive fields which progressed
from the ventro-ulnar to the dorso-ulnar arm
by way of the radial surface as recording sites
moved in a rostro-caudal direction. Conceptually, it is as if the arm was split a t the ulnar
margin, and the receptor surface unfolded onto
the cortical representations in opposite directions for Areas 3b and 1.
The representations of the forearm and
wrists in Areas 3b and 1were similar to that of
the upper arm (Fig. 9). For both the forearm
and the wrist, progressions of recording sites
across Area 3b from the Area 3b-to-the-Area-1
border produced sequences of receptive fields
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Fig. 3. Relation of mapping data to two-dimensionalreconstructions of the cortical maps. Top left: the density of map in the
postcentral cortex. Each dot represents a recording site on a twodimensional reconstruction ofthe cortex representing the hand.
Top right: a two-dimensional reconstruction of the face regions. Center: a line-drawing of a parasagittal section through the
representations of the face, at the position shown by the line in the upper right panel. The position of electrode tracts are shown
along with the response type of each sight. Bottom panels: the general area on the body surface in which receptive fields were
centered for recording sites at positions indicated in the center panel.
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Fig. 4. Receptive fields for recording sites in the representationsof the posterior hindlimb. Recording sites are located on a
two-dimensional summary diagram of the organization of Areas 3b and 1 as “unfolded” in Figure 2.
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Dorsum

Fig. 5. Receptive fields for recording sites in the representations of the glabrous and hairy surfaces of the foot. Shaded
areas indicate the hairy dorsum of the foot and the digits.
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Fig. 6. Receptive fields for recording sites in the representations of the ankle, leg, and thigh. These regions represent the
lateral, anterior, and medial aspects of the hindlimb. The representation of the posterior aspect is shown in Figure 3.
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Fig. 7. Receptive fields for recording sites in the representations of the trunk in Areas 3b and 1.A single penetration down
the bank of the central sulcus (points 1-91 illustrates the progression of receptive fields as a function of depth, as well as the
reversal of receptive field progression at the 3b- 1border. Superficialrecording sites in Area 1(points 10,9)receive input from
receptive fields on the dorsal midline and the dorsolateral surfacesof the trunk. With increasing depth, there is a progression
of receptive fields from the dorsal to the ventral trunk in Area 1(points 10,9-6).This progression reverses at the 3 b l border,
and subsequent receptive fields are located on the ventral, ventrolateral, lateral, dorsolateral, and dorsal surfaces of the trunk
for Area 3b (points 5-1, respectively).

starting on the outer or ulnar forelimb, proceeding over the dorsal surface to the inner
radial forelimb, and continuing over the ventral skin back to the outer forelimb. The opposite or mirror-image sequence of receptive
fields was found for recording sites crossing
Area 1from the Area 3b-1 to the Area 1-2 border.
The “unfolding” of the body surface in Areas
3b and 1,as seen for the representations of the
arm, extends, as an organizational feature, into

the representations of the wrist and forearm
(Fig. 9). As described above, rostral Area 3b and
caudal Area 1receive input from the dorso-ulnar body surface; the 3b-1border represents the
ventro-ulnar receptor surface. Cortical sites
progressively distal from this common border
(i.e., rostral progressions of sites in Area 3b,
caudal progressions in Area l), represent receptive fields of the ventral, ventroradial, dorsoradial, and dorsal surfaces of the forearm and
wrist, in that order. Thus, except for the gla-

626

R. NELSON, M. SUR, D. FELLEMAN, AND J. KAAS

Area 1

Fig. 8. Receptive fields for recording sites in the representations of the occiput, neck, shoulder, and arm,

Fig. 9. Receptive fields for recording sites in the representations of the forearm and wrist. The representations of the
forearm and wrist are similar in orientation to that for the representations of the arm. The dorso-ulnar aspect is represented
rostrally in Area 3b and caudally in Area 1. The Area 3b-1 border represents the ventro-ulnar margin of the wrist and
forearm.
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brous and hairy surfaces of the hand, the dorsoulnar surface of the forelimb is consistently
represented a t the opposite extremes of Areas
3b and 1,and the common border represents the
ventro-ulnar aspect.
7) Representations of the glabrous and hairy
surfaces of the hand. The glabrous and hairy
surfaces of the hand are systematically and
completely represented in Areas 3b and 1.The
tips of the glabrous digits are represented rostrally in Area 3b and caudally in Area 1,with
the more proximal digit surfaces represented
centrally and the volar pads located either medial or lateral to the representations of the digits. The radially located volar pads are represented laterally, adjacent tothe representation
of digits 1-2. The ulnar pads are represented
medial to the representation of digit 5. In Area
3b, the representation of the dorsum of the digits is split, such that the dorsum of digits 1-2 is
represented anterior to the representation of
the glabrous digits. The dorsum of digits 4-5 is
located medially, adjacent to the representation of the glabrous proximal and middle
phalanges. The dorsum of digit 3 in the Area 3b
hand representation was not found, but it is
believed to be located anterior to the glabrous
representation of digit 3. In a similar manner to
the organization of the dorsum of the digits in
the foot region of Area 1,the representation of
the dorsum of digits 2c4 of the hand is interposed between the glabrous representation of
the proximal and middle phalanges, and that of
the distal phalanx. The dorsum representation
of digit 5 is located medial to the digit 5 representation, and the dorsum of digit 1 is represented lateral to the glabrous digit 1representation.
If, for example, the receptive fields for digit 3
are examined, as illustrated in Figure 10, i t is
apparent that the representations of the digits
of the hand in Areas 3b and 1are essentially in
mirror-image relation to each other. Points 1-3
have receptive fields which course from the tip
to the proximal phalanx of digit 3. Points 4-8
move in location from the proximal to the tip of
the distal phalanx, with point 5 located on the
dorsum ofdigit 3. In this experiment, we did not
record from the extreme rostral edge of Area 3b
as defined architectonically. However, from
other experiments, we know that the most rostral 1-1.5 mm of Area 3b in the hand region
contain the remainder of the representation of
the digit tips and the nail beds of the digits.

8)Representations of the face. The representations of the face were found immediately lateral to the representation of the radial extreme
of the hand. In general, regions innervated by

the ophthalmic branch of the trigeminal nerve,
including the skin surrounding the orbit, and
the lateral face, were represented medially.
Lateral to these representations are those of
the rhinarium, mystacial vibrissae, and the
glabrous upper lip, innervated by the maxillary
component of the trigeminal nerve. Adjacent,
laterally, are the representations of the lower
lip, followed by the representations of intraoral structures, including the teeth, tongue,
and inner surfaces of the mouth and cheeks.
The double representation of facial surfaces
was easily seen in comparisons of the regions in
each area receiving input from the glabrous lip.
As shown in Figure 11,both rostral Area 3b and
caudal Area 1 receive input from receptors a t
the corner of the mouth, favoring the upper lip
(point 1 in Area 3b and point 10 in Area 1).
Receptive fields for sites successively more lateral and caudal in Area 3b and lateral and
rostral in Area 1 were located successively
more medial on the upper lip. At the 3b-1 border, adjacent fields (point 5 in Area 3b and point
6 in Area 1)were located at the midline. For the
lower lip, sites a t the Area 3b-1 border represented the midline of the mouth (see point 15 in
Area 3b and point 16 in Area I), while subsequent recording sites successively more rostral and medial in Area 3b and caudal and
lateral in Area 1received input from the corner
of the mouth (i.e., points 11and 12 in Area 3b
and points 19 and 20 in Area 1).
While not illustrated in Figure 11, the results indicate that the lateral aspect of the chin
is represented adjacent to the representation of
the lateral upper lip in both Areas 3b and 1.
Rows of recording sites rostral to this region
showed receptive-field progressions from the
lateral to the medial chin, located at the rostral
border of Area 3b. The medial chin was represented at the caudo-medial portion of the chin
representation in Area 1.
Overall, the face representations maintained
a precise somatotopic organization in the representation of extra-oral skin surfaces. As seen
from the description above, the lateral aspects
of the lower lip, upper lip, and chin are adjacent
in the body representation found in Area 3b.
While the lateral aspect of the chin in Area 1is
represented adjacent to the lateral upper lip
but not the lateral lower lip, it is evident that a t
least the adjacency of the lateral surfaces of the
lips is maintained in the cortical representation.

9) Discontinuities in the cortical maps i n
Areas 3b and 1. There appear t o be two types of
discontinuities in the cortical representations
of the body surface. First, in some regions of the

SOMATOSENSORY CORTEX IN MACAQUES

629

Fig. 10. Receptive fields for the representations of the glabrous and hairy surfaces of the hand in Areas 3b and 1. The
shaded areas represent the dorsum of the digits. The solid lines in the Areas 3b digit representations indicate the maximum
depth a t which effective recordings were obtained in this experiment. The solid line to the left indicates the Area 3b-3a border
as defined architectonically in this case. Other experiments indicate that the most rostra1 portion of Area 3b contains the
representation of the digit tips and of the nailbeds.

cortical representation, body-surface adjacency
is not maintained, in that adjacent body regions
are represented in the cortex some distance
from one another. For example, the representation of the posterior and anterior aspects of the
leg were separated in the cortex by the representation of the foot. Thus, recording sites
8-10 mm apart in the cortex have adjacent receptive fields (Figure 12A). The anterior, lateral, and medial aspects of the leg, as well as
the thigh and ankle, are innervated by compo-

nents of the lumbar spinal segments, while the
posterior surfaces of these body parts are innervated by the sacral spinal cord. This particular type of discontinuity has been used to
argue for a dermatomal influence on the cortical organization (see Discussion).
In other regions of the cortical representation, adjacent cortical sites have receptive
fields which are some distance apart on the
body surface. As an example of this type of
discontinuity, Figure 12B illustrates cortical
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Area 3b

LID

I

Fig. 11. Receptive fields for the recording site in the representations of the face, lips, and intra-oral regions in Areas 3h and
1.External, non-labial surfaces are represented medial to the representations of the lips in both areas. Intra-oral structures
are represented lateral to the representations of the lips. (M.Vih.

=

mystacial vihrissae; C.Vib

=

chin vibrissae).
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A.

Body Adjacency - Cortical Sepomtion

1 mm

Cortical Adjacency - Body Surface Separation

Fig. 12. Examples of two types of discontinuities found in the cortical representationsof the body surfaces. A. This upper part
of the figure illustrates the cortical location of the representation of adjacent body surfaces of the hindlimb. In this instance,
body-surface adjacency for the hindlimb does not correspond to adjacent points in the cortical representation. However, the
neighboring region of the body surface for each (the foot in both cases) is represented adjacent to each of these regions on the
cortical surface. B. This lower panel illustrates an instance in which adjacent cortical sites represent body regions separated by
some distance on the body surface. Body surface to cortical adjacency is, however, maintained for the representation of the hand
and wrist, and for the face and chin with respect to the upper lip. Although this figure illustrates examples only for Area 3b,
similar instances were found for the representation of these regions in Area 1.
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sites receiving input from the radial aspect of
the hand in close apposition to those receiving
input from the face. In this instance, adjacent
cortical sites not only represented greatly separated body-surface fields, but also received
input from different components of the ascending somatosensory system (i.e., the spinal and
trigeminal components, respectively). Similarly, receptive fields for cortical sites at the
rostra1 border of Area 3b and the caudal border
of Area 1within the trunk representation were
on the dorsal trunk near the shoulder. Cortical
sites immediately lateral to these points represented the dorsal occiput. The posterior neck,
which is interposed on the body surface between these sub-regions was represented lateral to the occiput and adjacent to the arm in
both cortical areas. Hence, there are major discontinuities in the cortical representations of
adjacent body parts also in this region of the
cortex.
10) Features of organization of Areas 2 and
3a. Mapping Areas 2 and 3a was not the goal of
the present study. Rows of recording sites
across Areas 3b and 1 typically extended into
Area 3a and 2. Areas 3a and 2 were both responsive to the stimulation of deep body tissues. Recording sites in Area 3a seemed to be
best activated by the manipulation of muscles,
while joint movements were effective stimuli
for cells in Area 2 . We did not attempt to determine, in detail, the tissue containing the activated receptors. However, all observations are
consistent with the conclusion that Areas 3a
and 2 contain separate representations of deep
body tissues, as these representations are organized at least roughly in parallel with the
representations in Areas 3b and 1. Our most
extensive observations were for the organization of Area 2. In a t least the region of the hand
and face, Area 2 was responsive to cutaneous,
as well as deep, stimulation. Since the location
of the cutaneous receptive fields could be accurately determined with relative ease, these regions were partially mapped. Closely spaced
recording sites in the hand region of Area 2
produced a cortical map which was essentially
a mirror-image of the representation in Area 1,
and a serial re-representation of the Area 3b
map. Previously, we have illustrated receptive
fields for recording sites in Area 1and 2, which
show that the tips of the digits are represented
caudally in Area 1 and rostrally in Area 2,
while the proximal phalanges and the volar
pads of the hand are represented caudally in
Area 2 (Figure 2B, Kaas et al., '79). The reversal of receptive field locations occurred in the

Area 1-2 border. In the face region of Area 2,
some recording sites were found to have bilateral receptive fields located on the glabrous
face about the rhinarium and lips, and crossing
the midline, as described earlier by Schwarz
and Fredrickson ('71) for the rhesus macaque.

1I) Relation of architectonic fields to the
cutaneous representations. During our electrophysiological mapping experiments, it was obvious that the two cutaneous representations,
SI proper and the posterior cutaneous field, corresponded, a t least to a large extent, with the
two regions of the cortex designated as Area 3b
and Area 1 by previous investigators. Later,
the electrophysiological results were related to
the cytoarchitecture by noting the positions of
electrode penetrations and recording depths in
these penetrations in brain sections from the
experimental animals. Correlations of the
mapping results with the cortical architecture
were also aided by electrolytic lesions made at
recording sites a t the borders of the cutaneous
fields and other points of interest.
The cytoarchitectonic features of Areas 3a,
3b, 1, and 2 of macaques have been characterized by several investigators, including the
more recent observations of Jones et al. ('78)
and earlier descriptions of Powell and Mountcastle ('59 a,b) and of Sanides ('68). Distinguishing features of these architectonic fields
are shown in the photomicrograph of a parasagittal brain section through the postcentral
gyrus (Fig. 13, upper panel) and in higher magnification of portions of this section (Fig. 13,
lower panels).
Area 3b is identified most easily by the
densely packed and highly granular outer layers 11-IV, which are contrasted by a sparsely
packed layer V and a densely packed layer VI.
Area 3a is much less granular, but has a clearly
defined layer IV as well as a scattering of
pyramidal cells in layer V. The transition from
Area 3b to Area 3a is largely in the narrowed
cortex in the floor of the central fissure, where
laminar features are distorted and more difficult to judge. Jones et al. ('78) note the difficulties in defining the boundaries of Area 3a
and the lack of agreement in the literature as to
the structure and extent of this field. The
caudal transition from Area 3b to Area 1 is
characterized by a less granular appearance of
the outer cortical layers and a more clearly
separate layer IV. Most importantly, from our
point of view, layer VI becomes less dense. The
border of Area 1with Area 2 is more difficult to
distinguish than the border between Areas 3b
and 1. The most notable feature is a somewhat

Fig. 13. The cytoarchitectoniccharacteristics of Areas 3b, 1,and 2. The upper panel shows a parasagittal section through
somatosensory cortex. Borders of the cortical areas are indicated by the arrows. A lesion was placed at the caudal border ofthe
electrophysiologically defined posterior cutaneous representation and corresponds to the Area 1-2 border. The three lower
panels illustrate the characteristics of Areas 3b, 1, and 2, respectively from left to right. (see text for description of these
characteristics).
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more distinct laminar pattern in Area 2 as a
result of layers IV and VI becoming more dense.
In Figure 13, arrows mark the borders of the
two cutaneous fields, which, in our judgment,
also correspond t o the borders of Areas 3b and 1.
The border of Area 3b with Area 1 is slightly
deeper in the sulcus than portrayed by some
investigators, but our recordings indicate that
the reversal of somatotopic organization occurs
where layer IV becomes less dense. The border
of SI proper with cortex situated anterior to it in
the depth of the central sulcus was not always
determined, and was usually judged from
recording sites in adjacent electrode penetrations rather than along a single penetration.
Therefore, the location of the electrophysiological change was less precisely determined.
However, the location of the ventral arrow in
Figure 13 marks the change in cytoarchitecture that closely corresponds with our estimate
of the deep border of SI proper and the 3a field.
Finally, the posterior border of the posterior
cutaneous field is marked in Figure 13 with an
electrolytic lesion that can be seen over the
arrow a t the border of Area 1with Area 2. This
transition, as stated earlier, is most easily
characterized by a n increase in the cell packing
in layers IV and VI.
DISCUSSION

1,Organization of postcentral somatic
cortex in macaques
The major conclusion of the present study is
that the traditional SI region of somatic cortex
consists of a t least two, and probably four, systematic representations. Two representations
of the body surface have been almost completely defined and have been related to architectonic fields 3b and 1.A third representation
of the body in Area 2 was principally explored
in the region of the hand representation. Limited recordings from Area 3a suggest a fourth
representation of deep body tissue in this architectonic strip.
Our concept of how different regions are represented in Areas 3b and 1 is summarized in
Figure 1. This illustration shows the location
and extent of cortex activated by stimulation of
identical body parts, such as the upper lip, or
the glabrous surface of the third digit of the
hand, but does not indicate the orientation of
the topological representation of these body
parts. A simplified summary of our conclusions
illustrating both the representations of body
parts and the topographic orientations of those
parts is shown in Figure 16. Other such orientations are indicated in the text and the illustrations of data. The simplified summary emphasizes the basic mirror-image organization

of the two representations, but it is also important to note that the two representations are
not identical. They differ in many details, some
of which are apparent from Figure 1.Because of
the small amount of cortex involved, and difficulties in recording from cortex to the medial
wall, the orientations of the representations of
the posterior leg, the gluteal region, and the
tail were least clear. However, the available
data suggest that the organization indicated in
Figure 16 is correct. The glabrous digits of the
two representations are oriented with the distal phalanges pointing away from the 3b-1 border. The arm and the major portion of the hindlimb are represented from the inner-to-outer
caudal surfaces from the 3b-1 border. The
trunk, including the shoulder, neck, and the
occiput, are represented from ventral-to-dorsal
surfaces from the 3b-1 border. The face representations lateral to the hand are somewhat
complicated, but midline regions are largely
represented a t the 3b-1 border, while lateral
skin surfaces are represented rostrally in Area
3b and caudally in Area 1.
Our recordings from Area 2 indicate that a t
least the hand representation in this area is a
mirror-image of that in Area 1. If the principle
of a mirror-reversal holds for the rest of Area 2,
Figure 16 can serve as a useful indicator of the
orientation of the remainder of the representation of the body in Area 2.
2. Comparisons with other mammals
In addition to macaque monkeys, we have
determined the organizations of Areas 3b and 1
in three species of New World monkeys, (Nelson et al., '78, squirrel monkey; Felleman et al.,
'79, cebus monkey; Merzenich et al., '78, owl
monkey), and the organization of the somatic
koniocortex in the prosimian galago (Sur et al.,
'80) as well as for the tree shrew (Weller et al.,
'79) and the grey squirrel (Sur et al., '78a). In all
of the monkeys examined, the distal-to-proxima1 orientations of the glabrous digits were in a
rostro-caudal direction in Area 3b, or "SIproper." The representatives of the glabrous
digits were similarly oriented in somatic koniocortex (primary somatic cortex or SI) in
galagos, tree shrews, and grey squirrels. From
this and other constant features of cortical organization for SI of prosimians and non-primates and the Area 3b representation of monkeys, we concluded that the Area 3b and SI
fields are homologous and suggest the term
SI-proper for the Area 3b field to both indicate
the-homology and to distinguish this use o f t h e
term SI for monkeys from the traditional use
(Merzenichet al., '78; Kaas et al., '79; Sur et al.,
'80).
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Although there are consistencies in the organization of SI and SI proper, there are also
marked differences. We found the back represented rostrally in all species except in SIproper of squirrel monkey (Nelson et al., '78)
and cebus monkey (Felleman et al., '79). More
species of mammals will need to be considered,
but it does appear that a generalized feature of
the SI, SI-proper map, is that the rostra1 representation of the back and the caudal representation of the abdomen, are reversed in some
New World monkeys. This reversal of organization in the squirrel monkey not only includes
the trunk, but also the representations of the
hairy leg and arm.
The reversal of a major portion of the SIproper map in squirrel monkeys shows that
segments of the representation can independently change in orientation. Interestingly, the
two cutaneous representations, SI-proper
(Area 3b), and the posterior cutaneous field
(Area l),do not seem to be independent from
each other in organization. The reversals of
trunk and limb orientation found in Area 3b
were also found in Area 1,so that the two representations remained overall mirror-images of
each other.

3. Multiple representations hypothesis and
previous mapping studies of the postcentral
somatic cortex in macaque monkeys
While the organization of the postcentral
parietal cortex of macaque monkeys has been
roughly indicated by a number of experimental
procedures,rangingfromearly strychninization
studies of De Barenne ('24) to recent investigations of cortical connections (Jones et al., '78;
Shanks et al., '75; Vogt and Pandya, '78), detailed data are available only from the electrophysiological mapping experiments of three
previous groups of investigators. These include
early landmark evoked potential studies of
Woolsey,Marshall, and Bard, first published in
1937 (Marshall et al., '37) and then more completely studied in 1942 (Woolseyet al., '42);the
single unit studies initiated by Werner and
Whitsel ('68) and continued by Whitsel and
co-workers (Whitsel et al., '71; Dreyer et al.,
'75); and finally, the exploration of the hand
representations with multi-unit microelectrodes by Paul et al., ('72). Each of these groups
of investigators extensively related receptivefield locations to cortical recording-site locations, and came to quite different conclusions
concerning the cortical organization. More importantly, there were also many points of
agreement.
Woolsey et al., ('42) pioneered the use of surface elec&-odesto record slow waves evoked by
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body taps and other sudden somatic stimuli,
and they extensively explored the organization
of postcentral somatic cortex in macaque monkeys. Among the important conclusions stemming from these early studies were: l), the tactile sensory cortex includes Areas 3,1, and 2 of
Brodmann; 21, the medial-to-lateral cortical
sequence of the sensory representation follows
a body sequence from tail to tongue, with several notable discontinuities such as the face
being separated from the occiput, and the posterior aspect of the hindlimb from the anterior
aspect; 3), skin surfaces with the most sensitivity have the largest cortical projection areas;
and 41, the projection to the somatic cortex is
almost completely from the contralateral half
of the body. These conclusions remain supported today. In fact, the interested reader
might review the medial-to-lateral sequence
described by Woolsey et a]. ('42)and compare it
to that in either Area 3b or 1 (since they are
both quite similar) in Figure 1 of this report.
The agreement in observations is remarkable
in view of the very large receptive fields for
cortical surface recordings and the difficulties
of the early recording methods in exploring cortical regions hidden in fissures. However, these
limitations apparently did obscure the existence of separate parallel maps in Areas 3b and
1. The possibility that the postcentral responsive region might contain more than one representation was not considered.' Later, Woolsey
('52; '58) summarized the organization of the
postcentral parietal cortex of macaques as a
distorted "homunculus" with the feet represented rostrally, the back caudally, the tail medially, and the head laterally, in a manner similar to the portrayal of SI organization in other
mammals.
The investigations of the organization of
postcentral somatic cortex by Werner and
Whitsel, and by Whitsel and co-workers were
published in a series of three papers. The first
paper was based on both squirrel monkeys and
macaque monkeys, and explored the cortex activated by stimulation of the hindlimb (Werner
and Whitsel, '68). The second paper involved
cortex related to the body (Whitsel et al., '711,
and the final report in this sequence dealt with
observations on the head representations
(Dreyer et al., '75) in macaque monkeys. The
basic premise of these studies was presented in
'Wwlsey et al. ('42) did note separate representations of the thumb,
oneapparentlyinArea3bandanotherInArea 1.Giventhatthesizesof
the receptive fields in these early experiments included whole digits or
more, it is interesting that our results show that only the representations of the thumb are separated by tissue activated by other parts of
the hand (Fin. 1).Therefore, of the dieits. only the dual representations
of the thumb could be reasonably detected by these early methods
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the first paper. The authors revised a suggestion from the work of Woolsey et al. (’42),that
the postcentral somatosensory cortex might be
organized so as to reflect the sequence of spinal
dermatomes (see discussion below). Thus
Werner and Whitsel (’68) proposed that the
body region subserved by each dermatome is
represented in a narrow rostro-caudal band
across the full extent of SI (Areas 3a, 3b, 1, and
2 in subsequent publications). The dermatomal
representations were said to overlap somewhat
and occur in serial order from medial to lateral
in the cortex. The cortical projection of the body
was viewed as basically similar to the single
distorted image of the body portrayed by
Woolsey (’58; ’52). However, the dermatomal
sequence indicated “some differences in local
neighborhood relations of certain body regions
in the cortical map” (Werner and Whitsel, ’68).
The next paper extended the concept of a
serial cortical arrangement of dermatomes to
the rest of the body with the exception of the
face, and schematically specified the rostrocaudal organization of SI (Whitsel et al., ’71).
The responsive region, SI, was considered to
include Areas 3a, 3b, 1, and 2. As shown in
Figure 11 of Whitsel et al. (’711, hypothetical
rostro-caudal rows of recording sites across
most of SI would trace single continuous rows of
receptive fields across the body. Thus, for the
most part, postcentral somatosensory cortex
was viewed as a single, unfolded representation
of the body, extending across four architectonic
zones. However, a very significant departure
from the single representation point of view
was made by Whitsel et al., ’71. They illustrated a mirror-image representation of the
trunk, which was represented continuously,
once rostrally from the 3b-1 border across both
Areas 3b and 3a, and again caudally from the
3b-1across both Areas 1and 2 (see Fig. 9 and 10
of Whitsel et al., ’71). Although the portrayed
organizations of the two representations are
the opposite from our conclusions for macaques
(they described the dorsum of the trunk at the
3b-1border, where we have found the representation of the abdomen), they agree with our
finding for the squirrel monkey (Nelson et al.,
’78).These authors recognized that some parts
of the body surface are represented twice in the
SI region in Area 1.
In the third paper in the series, which dealt
with the regions of the postcentral somatic cortex of macaques which are activated from the
head and face, a mirror-image representation,
reversing a t the 3b-1 border, is fully recognized
(Dreyer et al., ’75; see Fig. 11). Except for the

fact that the two representations of the face are
shown as continuing without interruption or
reversal across both Areas 1and 2 (the caudal
representation), and similarly across both
Areas 3b and 3a (the rostral representation),
the organizational scheme proposed for the face
is conceptually similar to the basic double
mirror-image representations we have proposed for Areas 3b and 1.However, we may be
even more in agreement than is suggested by
the summary diagrams ofDreyer et al. (’751,for
the authors state that “all cytoarchitectonic
subdivisions contribute t o the representation of
any given region of the head and face.”
The final relevant mapping study is that of
Paul et al. (’72). These investigators explored
only the postcentral parietal cortex of macaques that was responsive to stimulation of
the hand. This study is extremely important in
that they concluded that the hand is somatotopically represented “in its entirety” twice,
once in Area 1and again in Area 3b. While they
did not know whether the remainder of Areas
3b and 1 contained separate representations of
the body surface, they directly questioned the
view that SI of primates constitutes a single
body representation. They suggested that
Areas 3b and 1 be “regarded as functional entities,” thus implying a t least two completerepresentations of this body surface in somatosensory cortex of macaques.
4. Consistencies and conflicts i n cortical maps

Besides the basic differences in viewpoint,
each theory of cortical organization, stemming
from the three previous and the present set of
mapping studies, makes specific statements
about where certain body parts are represented
in the cortical representations. For some regions of the cortex, similar details of representation are postulated by two or more theories.
For other regions, quite different predictions
are made. For example, the homunculus of
Woolsey (’48, ’52, ’581, the unfolded hand of
Whitsel et al. (’71),the Area 3b map of Paul et
al. (’72),and the present summary map ( Fig. 1)
all portray the distal phalanges of the hand
digits as being represented at the rostral margin of Area 3b. Because of this agreement in
this detail, an investigator desiring to record
from neurons activated by stimulation of the
finger tips can reasonably assume that the electrodes should be placed a t a prescribed location
on the rostral border of Area 3b. For a number
of other regions of cortex, the summary maps of
the different investigators make predictions
that are in conflict with each other, and it is in
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these regions that future investigators should
make careful observations. A few examples of
specific conflicts are given below.
One conflict in opinion concerns the representation of the dorsal hairy and ventral glabrous surfaces of the hand. The early evoked
potential mapping studies (Marshall et al., '37,
Woolsey et al., '42) did not differentiate these
surfaces in cortex activated by the hand. Paul
et al. ('72) concluded that much of the dorsum of
the hand is represented medial to the glabrous
representations, while "the dorsal surfaces of
each of the fingers appear to be intermingled
with those from the glabrous surfaces within
their respective projection areas." Whitsel et al.
('71) illustrated the dorsal hand as completely
rostral to the glabrous hand. We conclude that
the dorsum of the hand is represented separately in several locations and differently in
each of Areas 3b and 1(Fig. 1).In addition, we
find that the exact location of the various surfaces of the dorsal hand is a variable feature of
the cortical maps.
A more puzzling difference in conclusions
concerns the somatotopy of the glabrous hand
region of the cortex. According to the homuncular concept of cortical organization, a single
continuous representation from proximal to
distal hand proceeds rostrally across Areas 2,1,
and 3. A similar view is presented by Whitsel et
al. ('71). We argue that a t least three separate
and distinct representations of the hand exist,
and that they are mirror-images of each other,
with the digit tips located rostrally in Area 3b,
caudally in Area 1, and again rostrally in Area
2. The proximal phalangeal representations
are found caudally in Area 3b, rostrally in Area
1, and caudally in Area 2. The representation of
the volar pads in Areas 3b and 1 are split off
medially and laterally for the digits in the representations, near the proximal digits. Paul et
al. ('72) agree with the concept of separate representations in Areas 3b and 1, but conclude
that the rostro-caudal orientation of the hand
representation in Area 1is the opposite of that
we present. Thus, distal digits in Area 3 were
found rostrally, similar to the present report,
but also rostrally in Area 1(Paul et al., '72; Fig.
12).They concluded that the representations of
the digits are serial rather than mirror-images.
Since the study of Paul et al. ('72) and the
present investigation used similar mapping
procedures, and presumably generated similar
sets of results, i t is difficult to reconcile this
difference in interpretation. One possibility is
that there actually were basically different results because the experiments were conducted
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on two different species of macaques. It seems
unlikely that such marked differences in the
orientation of the hand representation in Area
1 occur in closely related species because the
basic organization found in the present study is
in agreement with that found in the owl monkey (Merzenichet al., '78), the squirrel monkey
(Nelson et al., '78), and the cebus monkey (Felleman e t al., '79). Another possibility is
suggested by the map of the hand we found in
Area 2. The hand representation in Area 2 is a
mirror-image of the representation in Area 1,
and therefore it is a serial, or matched representation of that in Area 3b. Perhaps organizational features determined for Area 2 were
mistakenly attributed to Area 1. In any case,
future studies should easily resolve this issue.
Another puzzle concerns the cortex devoted
to the representation of the trunk. The traditional homunculus places the back caudally
and the abdomen rostrally in responsive cortex.
We find that the abdomen is represented a t the
3b-1 border and that the back is represented at
both rostral border of Area 3b and the caudal
border of Area 1 (Fig. 7). However, Whitsel et
al. ('71) conclude that the back is represented a t
the 3b-1 border and that progressively more
ventral skin surfaces are represented in progressively rostral and caudal cortical locations
from this border. Thus, two opposite patterns of
dual, mirror-image organization for the trunk
representations are proposed. To add to this
puzzle, Whitsel et al. ('71) seem to illustrate
data that are both consistent and inconsistent
with their conclusion. In one case, two adjoining
electrode penetrations are shown, with receptive fields for recording sites proceeding from
the region of the 3b-1 border to the region of the
3b-3a border (Whitsel et al., '71: Fig. 4; architectonic borders were not indicated). The receptive fields progress from the back to the abdomen for one penetration and from the abdomen
to the back for another. In a second case, a
single penetration produced a back-to-abdomen progression (Whitsel et al., '71: Fig. 3).As
a final perplexity, we find both patterns of
mirror-image representations of the trunk in
different species of New World monkeys. In the
owl monkey (Merzenich et al., '781, the abdomen is represented a t the 3b-1 border, as we
find in the macaque, while in the squirrel monkey (Nelson et al., '78) and the cebus monkey
(Felleman et al., '791, the back is found at the
3b-1 border. We are forced to conclude that remarkable species differences in the orientation
of the trunk representation in Areas 3b and 1
can and do occur. However, we are reluctant to
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suggest that such differences exist between
closely related species of macacques.
5. Implications of the multiple
representation hypothesis
If postcentral somatosensory cortex consists
of a number (at least two, almost certainly
three, and probably four) of parallel mirror-image body representations that constitute the
basic functionally distinct processing entities,
as proposed here and elsewhere (Merzenich et
al., '78; Kaas et al., '791, then certain sets of
observations on cortical architecture, patterns
of connections, overall properties of neurons,
and behavioral effects of restricted lesions are
expected. First, we expect different architectonic zones or fields to be co-extensivewith each
representation, and the architectonic boundaries between representations to be sharp. The
argument for sharp, as compared to gradual,
structural changes across cortical areas is an
old one, and a clear consensus for a sharp
boundary exists perhaps only for the margin of
striate cortex. The architectonic changes across
cortical Areas 3a, 3b, 1, and 2 have been described both a s gradual (e.g., Powell and
Mountcastle, '59a) and as sharp (e.g., Sanides
'68). Here and elsewhere (Merzenichet al., '78;
Sur et al., '80),we have tried to show that these
boundaries are sharp. However, such judgments are difficult to make, principally, we believe, because gradual architectonic changes do
occur within functionally distinct fields, and
architectonic differences between fields are
often subtle.
A second implication of the multiple representation hypothesis is that in some way or
ways the overall neural properties of each representation will be different. Furthermore, the
changes in neural properties will be a t the borders and will be sharp. The evidence that the
four fields, 3a, 3b, 1, and 2 all differ in neural
response properties is impressive and quite
convincing, although the differences need to be
further specified and detailed (see Merzenich et
al., '78, for review). The fact that the changes in
overall neural properties occur sharply a t
boundaries is less obvious, and such changes
have been characterized as gradual (Powelland
Mountcastle, '59b; Dreyer et al., '74). We believe, however, that a major factor contributing
to the assumption that response properties
gradually change across borders is the misassignment of neurons to the wrong architectonic or representational field. This possibility
is strongly suggested by the recent single unit
study of Dykes and co-workers (Rasmusson et
al., '79; Dykes et al., '79). These investigators

characterized the response properties of sequences of neurons in surface-parallel electrode penetrations across the 3a-3b border in
cats. As others have found, neurons in Area 3
responded t o receptors in deep body tissues and
neurons in 3b responded to cutaneous receptors. In each electrode penetration the change
was "abrupt and complete." However, when
they summarized the data for a number of
penetrations, the combined results wrongly
suggested a region of gradual change a t the
border. This appearance of gradual change was
attributed to difficulties and errors in precisely
identifying the boundary and summarizing of
the data, since the change in every electrode
penetration was abrupt and complete.
The multiple representation hypothesis, as
detailed here in Figure 1 and in the text, very
precisely specifies the expected locations of
homotopical connections between Areas 3b and
1.For example, the rostra1 part of Area 3b representing the tip of the third finger would be
expected to be connected with the caudal part of
Area 1that represents the same digit tip. To the
extent that Areas 3a and 2 prove to be parallel
and mirror-image representations, the expected cortico-cortical connections of these
Areas with Areas 3b and 1are also specified by
the present summary maps.
To a large extent, the conclusions of recent
studies of cortico-cortical connections of Areas
3a, 3b, 1,and 2 are consistent with the expectations of the present study (see Vogt and Pandya, '78; Shanks et al., '75; and Jones et al., '78).
It is fairly obvious that the described patterns
of interconnections between the areas are those
which would be expected between parallel representations, although there is more spread of
apparent terminations than would be compatible between strictly homotopic connections,
especially in the medial to lateral cortical direction. However, the exact number and internal organization of the representations is not so
obvious from anatomical studies. Jones et al.
('78) are the most specific in their conclusions,
and state that "separate representations are
. . . implied in Area 3b, in Areas 1 and 2 (to.gether), in Areas 3a and 4 (together) and in
Area 5; with, in each case the representation of
the digits pointed a t the central sulcus." Yet
they note that the possibilities of separate representations in Area 3a and Area 2 could not be
excluded since the narrowness of the architectonic fields and the variability of the anatomical results made it difficult to come to firm
conclusions.
Finally, the multiple representations hypothesis implies that the inactivation or re-
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moval of any of the separate representations
will result in a unique change in perceptual
abilities. The validity of this assumption is
strongly supported by the results of a n ablation-behavior study by Randolph and Semmes
(’74).These investigators found that removal of
the hand representation in Area 1of macaques
was followed by an impairment in the ability to
make discriminations of “texture;” ablations of
the adjoining Area 2 produced a deficit in the
discrimination of forms, while lesions in Area
3b adversely affected both tasks.

6.Somatotopic composites, homunculi, or
dermatomal maps
We not only disagree with previous descriptions of the postcentral central somatosensory
cortex as a single representation, but we also do
not believe that previous descriptions best
summarize the organization of any of the individual representations. The representations of
the body surface have been previously summarized as a distorted body image, the “homunculus,” or as a sequence of narrow cortical
bands, each corresponding to a spinal dermatome. In our view, the Area 3b and the Area
1representations, where organization is shown
in detail, are better characterized as composites
of somatotopic regions (Merzenich et al., ’78;
Kaas et al., ’79). The body surface map is not
topologically continuous. Instead, the map is
divided into a number of sectors that internally
represent some limited body region topologically, but are sometimes discontinuous with
adjoining sectors. The most marked example of
this conclusion is that the hand representation
is discontinuous with the face representation in
both Areas 3b and 1 (Fig. 12). As another
example, various parts of the dorsal surface of
the hand and digits are completely separated
from each other in the hand representation.
Other discontinuities are incomplete. Most
notably, the posterior hindlimb is represented
medial to the foot while the lateral, anterior
and medial surfaces of the hindlimb are represented lateral to the representation of the foot.
A point of continuity can be found a t the level of
the representation of the foot, where the surfaces of the ankle adjoin the representation of
the volar pads on both the lateral and medial
extremes of the foot representation. It is obvious that a description of the representation as a
homunculus ignores these disruptions in the
map.
A second problem for the homunculus concept is that it incorrectly portrays some of the
orientations of body parts in the map. In the
homunculus, the digit tips of the hand and foot
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adjoin the representation of the abdomen. We
find that the back is represented along the
same border as the digit tips. As another example, the upper lip is represented medial to the
lower lip, rather than the reverse, as portrayed
by the homunculus.
The organization of SI has also been described as a serial progression of dermatomal
representations. This viewpoint has been made
most explicit by Werner and Whitsel(’68). The
cortical map was thought to consist of a sequence of spinal dermatomes, represented in
narrow antero-posterior bands of cortex, crossing the representation and arranged in order
from medial to lateral. The expected topological
and orientational arrangement of each dermatome in the cortical strip was not clearly stated,
but presumably would be topological from dorsal to ventral, or proximal to distal on the body
surface, for each posterior-to-anterior cortical
strip, since it was hypothesized that “homuncular” and “dermatomal” descriptions would
“concur for most practical purposes” (Werner
and Whitsel, ’68).
The concept of sequentially arranged dermatomes clearly subsumes some observations
better than the homuncular concept. The classical observations of the separation of the posterior and anterior portions of the hindlimb by
the representation of the foot (Woolsey et al.,
’42; Whitsel et al., ’71),and the postulated separation of the pre-axial arm and post-axial arm
(Whitsel et al., ’71;see Pubols and Pubols ’72for
review), also seem to be more consistent with a
serial arrangement of dennatomes than with a
homunculus. However, in our view, a detailed
map has never been illustrated with the dermatomal sequence, in order to examine how
congruent the sequence is with the cortical
map. We have done this for the maps of Areas
3b and 1in Figures 14 and 15. The skin surface
of the macaque subserved by each dorsal root of
the spinal cord is shown in Figure 14. This
figure is based on the experiments of Sherrington (’39), and is a n over-simplification in
that the extensive overlap of adjacent dermatomes is not shown. The considerable variation from animal to animal in the dermatomal
arrangement (Dykes and Terzis, in press) is
also not considered. In Figure 15, we have tried
to show how the skin surfaces identified with
dennatomes in Figure 14 would be represented
in the two cutaneous representations in Areas
3b and 1.
Figure 15 shows that dermatomes are serially represented as rostro-caudal bands only
in the region of the trunk. In all other regions of
the map, individual dennatomes are repre-
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II
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Vlll
TII-XII
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Dermatomes

Fig. 14. The distribution of dermatomal segments of the body surface of the macaque, as re-drawn from the work of
Sherrington (‘39). Numerals for the upper extremities represent the cervical segments and the first thoracic segment.
Numerals on the lower extremitiesand trunk refer to the “post-thoracic”segments in order from rostral to caudal in the spinal
cord. [Terminology according to Sherrington (‘39).1

sented with other orientations, discontin- the digit representation in Area 3b and caudal
uously, andlor out of order. A major disruption to the representation of the digits in Area 1.
is the displacement of the cervical segments 2, These are the regions, in both areas, in which
3, and 4, representing the occiput, to the region we found the representations of the digit tips.
We conclude that the overall organization of
of the trunk representation with input from
spinal cord segments T,-L,. Similar findings for the representations of the contralateral body
surface in somatic neocortex is poorly described
the displacement of the cervical segments have
been consistently reported since the early ob- as a homunculus or a s a sequence of derservations of Woolsey et al., on the monkey (’42) matomal bands; rather it is best described as a
and the chimpanzee (’43).Figure 15 also illus- composite of somatotopic regions. Strict sotrates the reversal of cervical cord segments matotopy is not preserved throughout the comC&, in the region of the representation of the plete medio-lateral extent of the represenocciput, neck, and shoulder, with the projection tations, nor is the dermatomal input sequence
maintained. We find that each regional repreof segment CI in direct apposition to that for T,.
The dermatomal sequence is also disrupted in sentation is internally somatotopic.By describthe representations of the forelimb. Projection ing the cortical organization as a composite,
areas for C, and C,, are adjacent. However, the somatotopic discontinuities between regions
arm and forearm representations also include are recognized but not explained.
This regional somatotopic composite can furinput from skin fields subserved by the first
thoracic segment, whereas laterally, the repre- ther be described by grouping together regions
sentations of the hand in Areas 3b and 1 do not. which maintain similar orientations in their
This arrangement of the cervical dermatomes representation of the body surface. Concentratdoes not preclude the fact that expansion of the ing first on the glabrous representations of the
hand representation in either area may have hand and foot, i t can be seen in Figure 16 that
caused the separation of the representation of the distal digits are represented rostrally in
the occiput, neck, and shoulder from the repre- Area 3b and caudally in Area 1. The represensentation of the head as suggested by Woolsey tations of the hairy surfaces are aligned such
(‘52).We found no connections between the oc- that the dorsal surfaces of the trunk, the dorciput and the face. According to our maps, these so-ulnar aspect of the forelimb, and the lateral
connectionswould be expected to be anterior to surfaces of the hindlimb are oriented “in regis-
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Dermatomal Distribution

64 1

Regions

Fig. 15. The relationship of dermatomes to the cortical maps. The cortical representations of the dermatomes (left) are
compared with the representations of body regions (right). The cortical maps do not correspond to serial progressions of
rostro-caudal bands.

ter” with the distal glabrous surfaces. Thus
there is a precise alignment of the hairy surfaces representations, and the glabrous surfaces maintain overall body surface adjacency
in the cortical areas.
The present description of cortical organization recognizes the many discontinuities in the
cortical maps in Areas 3b and 1, but does not
rule out either of the causative factors in the
formation of the maps that are implied by the
homuncular and dermatomal theories. The
homuncular concept implies that body-surface
adjacency is the most important organizing factor of the cortical map. Obviously, some splits

or discontinuities must occur when projecting a
three-dimensional surface onto a two-dimensional cortical plane. The concept of the
homunculus does not predict where these splits
will occur, but only requires that they be minimal. Since regional somatotopy prevails in the
cortical maps, body adjacency must somehow
be a n important factor in the formation of the
cortical map. However, a n explanation of the
discontinuities is needed. The dermatomal description of the cortical maps suggests that the
relative positions of the spinal root axons in the
spinal cord ultimately accounts for the organization of the cortical map. Thus some principle
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Pbst.Thigh,Knee,Leg 2

3

Area

3b

1

Fig. 16. A schematic comparison of the orientation of specific body regions with the cortical representations for Areas 3b
and 1 of the cynomolgus macaque. Shaded areas indicate the largely glabrous surfaces of the hand and foot.

of mechanical guidance and sorting of ascending fibers is suggested is a causative factor in
the formation of the cortical organization.
While the dermatomal sequence does relate to
some notable discontinuities in the cortical
maps, it so poorly describes the cortical organization that the relative positions of the ascendingfirst order fibers in the spinal cord can be, a t
best, only a minor factor in determining the
ultimate organizations of the cortical representations. For now, it must be admitted that there
is no clear understanding of why the disruptions and discontinuities in the cortical
maps occur where they do.
ACKNOWLEDGMENTS

We thank Rhonda Walstrom for preparing
histological materials and Rosalyn Weller for
assisting in several mapping experiments.
Helpful comments on the manuscript were provided by R.W. Dykes, M.M. Merzenich, and J.
Wall. This work was supported by NSF Grant

BNS-81824 and NIH Neuroscience Training
Grant 5T32 MH 15452-02.
LITERATURE CITED
Allman, J.M., and J.H. Kaas (1975)The dorsomedial cortical
visual area: A third tier area in the occipital lobe of the owl
monkey (Aotus triuirgatus). Brain Res. 100:473-487.
Brodmann, K. (1909) Vergleichende Lokalisationslehre der
Grosshirnride. Barth, Leipzig.
De Barenne, J.G.D. (1924)Experimental research on sensory
localization i n t h e cerebral cortex of t h e monkey
(Maeacus). Proc. Royal Soc., B, 96.272-291.
Dreyer, D.A., P.R. h e , C.B. Metz, and B.L. Whitsel(1975)
Representation of head and face in postcentral gyrus of the
macaque. J. Neurophysiol. 38:714733.
Dreyer, D.A., R.J. Schneider, C.B. Metz, and B.L. Whitsel
(1974) Differential contributions of spinal pathways to
body representation in postcentral gyrus of Macaca
mulattn. J. Neurophyswl. 37:11%145.
Dykes, R.W., and J.K. Terzis (1980) Spinal nerve distribution in the upper limb. Part I. Organization of the dermatome. Proc. Royal Soc. London. (submitted).
Dykes, R.W., D.D. Rasmusson, and P.B. Hoeltzell (1980)
Organization of primary somatosensory cortex in the cat.
J. Neurophysiol. (submitted).
Felleman, D.J., R.J. Nelson, M. Sur, and J.H. Kaas (1979)
Organization of the somatosensory cortex in cebus mon-

SOMATOSENSORY CORTEX IN MACAQUES
keys. Neuroscience Abst.
Heath, C.J., J. Hore, andC.G. Phillips(1976)Inputsfrom low
threshold muscle afFerents of hand and forearm to areas 3a
and 3b of baboon’s cerebral cortex. J. Physiol. (London)
257: 19%227.
_.
_..
Jones, E.G., J.D. Coulter, and S.H. Hendry (1978) Intracortical connectivity of architectonic fields in the somatic
sensory, motor, and parietal cortex of monkeys. J. Comp.
Neurol. 181(2):291-348.
Kaas, J.H. (1977) Sensory representations in mammals. In:
Function and Formation of Neural Systems. G.S. Stent,
ed. Dahlem Konferenzen, Berlin, pp. 65-80.
Kaas, J.H., R.J. Nelson, M. Sur, C . 3 Lin, and M.M. Merzenich (1979) Multiple representations of the body within
primary somatosensory cortex of primates. Science
204:521-523.
Lucier, G.E., D.C. Ruegg, and M. Wiesendanger (1975) Responses of neurons in motor cortex and in area 3a to controlled stretches of forelimb muscles in Cebus monkeys. J.
Physiol. (London) 251:833-853.
Marshall, W.H., C.N. Woolsey, and P. Bard (1937) Cortical
representation oftactile sensibility as indicated by cortical
potentials. Science 85:388-390.
Menenich, M.M., J.H. Kaas, M. Sur, and C.S. Lin (1978)
Double representation of the body surface within cytoarchitectonic areas 3b and 1 in “SI” in the owl monkey
(Aotus triuirgatus). J. Comp. Neur. 181(1):41-74.
Nelson, R.J., M. Sur, and J.H. Kaas (1978) Multiple representations of the body surface in postcentral cortex C3I’)
of the squirrel monkey. Neuroscience Abst. 41556 (Abstract).
Paul, R.L. M.M. Merzenich, and H. Goodman (1972) Representation of slowly and rapidly adapting cutaneous
mechanoreceptors of the hand in Brodmann’s areas 3 and 1
of Macaca mulatta. Brain Res. 36:229-249.
Phillips, C.G., T.P.S. Powell, and M. Wiesendanger (1971)
Projection from low-threshold muscle afFerents of the hand
and forearm to area 3a of the baboon’s cortex. J. Physiol.
21 7t419-446.
Powell, T.P.S., and V.B. Mountcastle (1959a) The cytoarchitecture of the postcentral gyrus of the monkey Macaca
mulatta. Bull. Johns Hopkins Hosp. 105:108-131.
Powell, T.P.S., and V.B. Mountcastle (1959b)Some aspects of
the functional organization of the cortex of the postcentral
gyrus of the monkey. A correlation offindings obtained in
a single unit analysis with cytoarchitecture. Bull. Johns
Hopkins Hosp. 105: 133-162.
Pubols, B.H., and L.M. Pubols (1972) Neural organization of
somatic sensory representation in the spider monkey.
Brain, Behav. Evol. 5t342-366.
Randolph, M., and J. Semmes (1974) Behavioral consequences of selective subtotal ablations in the postcentral
gyrus of Macaca mulatta. Brain Res. 70:55-70.
Rasmusson, D.D., R.W. Dykes, and P.B. Hoeltzell (1979)
Segregation of modality and submodality information in
SI cortex of the cat. Brain Res. 166t409-412.
Sanides, F. (1968)The architecture of the cortical taste nerve
areas in squirrel monkey (Saimiri sciureus) and their relationships to insular, sensorimotor and prefrontal re~~

643

s o n s . Brain Res. 8t97-124.
Schwan, D.W.F., and J.M. Fredrickson (1971) Tactile sensitivity of area 2 oral neurons in the rhesus monkey cortex.
Brain Res. 27:397-401.
Shanks, M.F., A.J. Rockel, and T.P.S. Powell (1975) The
commissural connections of the primary somatic sensory
cortex. Brain Res. 98:16&171.
Sherrington, C. (1939) On the distribution of the sensory
nerve-roots. In: Selected Writings of Sir Charles Sherrington. D. Denny-Brown, ed. Hamish Hamilton Medical
Books, London. pp. 31-93.
Sur, M., R.J. Nelson, and J.H. Kaas (1978a) The representation of the body surface in somatosensory area I of the grey
squirrel. J. Comp. Neurol. I79:425-450.
Sur, M., R.J. Nelson, and J.H. Kaas (1978b) Postcentral
somatosensory cortex in macaque monkeys. Multiple representations and neuron properties. Neuroscience Abst.
4:559 (Abstract).
Sur, M., R.J. Nelson, and J.H. Kaas (1980) Representation of
the body surface in somatic koniocortex in the prosimian
Galago. J. Comp. Neur. 381-402.
Vogt, B.A., and D.N. Pandya (1978) Cortico-cortical connections of somatic sensory cortex (Areas 3, 1, and 2) in the
rhesus monkey. J. Comp. Neurol. 172(2): 179-192.
Weller, R.E., M. Sur, and J.H. Kaas (1979)Representation of
the body surface in SI of tree shrew. Anat. Rec. 193(3):716.
Werner, G., and B.L. Whitsel (1968) Topology of the body
representation in somatosensory area I in primates. J.
Neurophysiol. 31t85C869.
Whitsel, B.L., D.A. Dreyer, and J.R. Roppolo (1971) Determinants of body representation in postcentral gyrus of
macaques. J. Neurophysiol. 34: 101%1034.
Woolsey, C.N. (1952) Patterns of localization in sensory and
motor areas of the cerebral cortex. In: The Biology of Mental Health and Disease. Milbank Memorial Fund, Hoeber,
New York.
Woolsey, C.N. (1958) Organization of somatic sensory and
motor areas of the cerebral cortex. In: Biological and
Biochemical Bases of Behavior. H.F. Harlow and C.N.
Woolsey, eds. Univ. of Wisconsin Press, Madison. pp.
6%31.
Woolsey, C.N., W.H. Marshall, and P. Bard (1942) Representation of cutaneous tactile sensibility in the cerebral cortex
of monkeys a s indicated by evoked potentials. Bull. Johns
Hopkins Hosp. 70:399-441.
Woolsey, C.N., W.H. Marshall, and P. Bard (1943) Note on
organization of tactile sensory area of cerebral cortex of
chimpanzee. J. Neurophysiol6:287-291.
Woolsey, C.N., R. Tasker, C. Welt, R. Ladpli, G. Campos,
H.D. Potter, R. Emmers, and H. Schwassmann (1960) Organization of pre- and postcentral leg area in chimpanzee
and gibbon. Trans. Amer. Neurol. Assoc. 85:14&146.
Yumiya, H., K. Kubota, and H. Asanuma (1974)Activities of
neurons in area 3a of the cerebral cortex during voluntary
movements in the monkey. Brain Res. 78.169177.
Zarzecki, P., Y. Shimada, and H. Asanuma (1976)The projections of group I afFerents to motor cortex in area 3a. Neuroscience Abst. 2t958.

