Area 3a: Topographic Organization and
Cortical Connections in Marmoset Monkeys

The functional organization of area 3a, a cortical field proposed to be
involved in somato—-motor—vestibular integration, has never been
described for any primate. In the present investigation, the topo-
graphic organization and connections of area 3a were examined in
marmosets using electrophysiological recording and anatomical
tracing techniques. Multi-unit neuronal activity was recorded at a
number of closely spaced sites; receptive fields (RFs) for neurons
were determined, and the optimal stimulus was identified. In all
cases, neurons in area 3a responded to the stimulation of deep
receptors on the contralateral body. The representation of the body
in area 3a was from the toes and foot, to the hindlimb, trunk,
forelimb, hand and face in a mediolateral progression. In all cases
electrophysiological results were related to myeloarchitecture, and
the map in area 3a was found to be coextensive with a strip of lightly
to moderately myelinated cortex just rostral to the darkly myelinated
3b. To examine the cortical connections of area 3a, injections of
anatomical tracers were made into electrophysiologically identified
body part representations. Area 3a has dense intrinsic connections
and receives substantial inputs from the primary motor cortex (M1),
the supplementary motor area (SMA), areas 1 and 2, the second
somatosensory area (S2), and areas in posterior parietal cortex (PP).
The connections of area 3a indicate that integration of cortical
representations of body parts occurs both within area 3a and
between area 3a and other somatosensory and motor areas. In
addition, there are differential patterns of interconnections between
behaviorally relevant body part representations of area 3a, such as
the forelimb, compared to other body part representations (hindlimb/
trunk), especially with ‘higher order’ cortical fields. This suggests
that 3a may be an important component in a network that generates
a common frame of reference for hand and eye coordinated reaching
tasks.

Introduction

Primates use their hands with extraordinary precision to
manipulate objects. The motor aspect of a simple manipulation
task requires the coordinated activity of the digits, wrists, and
forelimbs, usually on both sides of the body. The somatosensory
system must supply the motor cortex and other related sub-
cortical structures with relevant information regarding the
position of the limbs in space, muscle load and tension, and the
location of stimulus contact at different points across the hand.
The somatosensory system must also provide the motor cortex
with feedback regarding changes in position and stimulation pat-
terns across the hand. This input to the motor system is critical
for the initiation and continuation of the movements necessary
for object manipulation.

Area 3a, which has been implicated in this process in pri-
mates, receives input from muscle spindles, which code muscle
stretch information (Oscarsson and Rosén, 1966; Landgren and
Silfvenius, 1969; Phillips et al., 1971; Schwarz et al., 1973;
Lucier et al., 1975; Heath et al., 1976; Hore et al., 1976; Zarzecki
et al., 1978; Wiesendanger and Miles, 1982) [see Jones and
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Porter for a review (Jones and Porter, 1980)]. Although some
characteristics of single neurons in area 3a have been examined,
and partial connection patterns have been described, no study
has provided a complete somatotopic representation (map), or
described the full complement of ipsilateral and callosal cortical
connections in any primate. A complete map of area 3a has been
described in the flying fox (Krubitzer et al., 1998). However, the
flying fox has a highly derived hand (the wing) that is not used
for object manipulation.

The lack of information on the organization and connections
of area 3a in primates is due, in part, to its location. In macaque
monkeys, area 3a is difficult to access with a recording electrode;
the area lies on the fundus and deep in the rostral and/or caudal
bank of the central sulcus. Even a number of commonly used
New World monkeys such as the squirrel monkey and cebus
monkey have a central sulcus or a central dimple (owl monkeys)
in which area 3a resides. Thus, our choice of primate, the
common marmoset (Callithrix jacchus), was guided primarily
by the nearly lissencephalic nature of its cortex. In this species
area 3a lies on the cortical surface and its location is optimal for
obtaining detailed maps, and for the placement of injections
(Fig. 1a). Another advantage of using marmoset monkeys is their
position in primate evolution. Although these monkeys are
highly specialized in many ways, marmosets are considered
among the most primitive of simian primates (Beattie, 1927),
and therefore may have basic cortical field characteristics that
have been retained throughout primate evolution (Krubitzer and
Kaas, 1990a). Finally, a number of other regions of somato-
sensory (Carlson et al., 1986; Krubitzer and Kaas, 1990a, 1992),
visual (Krubitzer and Kaas, 1990b, 1993; Fritsches and Rosa,
1996; Rosa et al., 1997) and auditory cortex (Aitkin et al., 1986,
1988; Luethke et al., 1989 Aitkin and Park, 1993) have already
been described using electrophysiological, neuroanatomical and
architectonic techniques (Fig. 1a). Thus, assignation of fields
that provide input to area 3a can be done with accuracy.

In the current study, we used multi-unit electrophysiological
recording and anatomical tracing techniques to determine the
detailed topographic organization and connections of area 3a in
the marmoset monkey. Cortical maps generated from this study
were related to patterns of myeloarchitecture determined from
tangentially sectioned tissue. Both cortical organization and
myeloarchitecture were related to connections from electro-
physiologically identified locations in area 3a.

Materials and Methods

Multi-unit microelectrode recording techniques were used to identify
the location, boundaries and topographic organization of somatosensory
area 3a, or to guide injection placement in eight adult marmoset monkeys
(Callithrix jacchus). Full or partial maps were made in six animals, and
four injections were made in three animals. In all cases, cortices were
flattened, cut parallel to the surface, and stained for myelin.
Myeloarchitectonic boundaries were related to the electrophysiological
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Figure 1. (a) A reconstructed flattened left hemisphere in the marmoset monkey. The lateral sulcus has been opened, and the medial wall retracted. The boundaries of cortical fields
were drawn from an entire series of sections stained for myelin, and then collapsed onto one drawing. A map of area 3a, and neighboring cortex in the flattened left hemisphere of
cases 96-12 (b) and 96-8 (c). Area 3a is organized topographically with the tail represented most medially, followed by the representations of the foot, toes, hindlimb and trunk. More
laterally located are the representations of the hand, digits and face. All circles (black and open) and ‘X's denote electrode penetration locations. Black circles represent sites where
neurons responded to the stimulation of deep receptors on the contralateral body surface. Open circles represent sites where neurons responded to the stimulation of cutaneous
receptors. ‘X's mark locations of no clear neuronal response. Squares denote lesions made during the recording experiments. Thick lines represent cortical boundaries determined from
myeloarchitectonic analysis, or myeloarchitectonic and electrophysiological analysis combined. Thin lines mark boundaries between body part representations. See Table 1 for
abbreviations. Medial is up, and rostral is to the left, scale = 1 mm.
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Table 1
List of abbreviations

Cortical areas and regions

Al primary auditory area

Cing cingulate cortex

DM dorsal medial area

FST fundal superior temporal area
M1 primary motor area

MST medial superior temporal area
MT middle temporal area

PM premotor area

PP posterior parietal cortex

PV parietal ventral area

R rostral auditory area

S1 primary somatosensory area
S2 second somatosensory area
SMA supplementary motor area
V1 primary visual area

V2 second visual area

VPP ventral posterior parietal area
Body parts

ank ankle

ch chin

d digit

fa forearm

fl forelimb

ft foot

el elbow

ha hand

hi hindlimb

glab glabrous

I lower lip

nb nail bed

nk neck

sh shoulder

t toes

ton tongue

tr trunk

ul upper lip

wr wrist

vb vibrissae

Direction terms

di distal

dor dorsal

pr proximal

lat lateral

low lower

up upper

M medial

R rostral

ven ventral

recording results and areal patterns of connections. All experimental
protocols were approved by the Animal Use and Care Administrative
Advisory Committee of the University of California, Davis, and conformed
to NIH guidelines.

Surgery and Injections
In all cases in which anatomical connections were studied, sterile surgical
procedures were followed. Prior to surgery, each animal was anesthetized
with ketamine hydrochloride (30 mg/kg, i.m.) and xylazine (2 mg/kg,
i.m.). Dexamethasone (0.2 mg/kg, i.m.), and atropine (0.1 mg/kg, i.m.)
were also administered to prevent edema and increase heart rate,
respectively. Additional doses of ketamine hydrochloride (half of initial
dose) were administered as needed to maintain a surgical level of
anesthesia. Lidocaine (0.05-0.1 ml of 2%) was injected subcutaneously
near the ear canals where the ear bars were inserted. During surgery,
heart rate, respiration rate and body temperature were monitored.

Once anesthetized, the skin was cut, the temporal muscle retracted,
and a craniotomy was performed over somatosensory cortex. For the

cases in which extensive electrophysiological recordings were made, an
acrylic well was placed around the opening and filled with silicone fluid
to help maintain cortical temperature and prevent desiccation. A
photograph of the exposed cortical surface was taken to relate electrode
penetration sites, lesions, and probes to blood vessel patterns. Multi-unit
recording techniques were used to determine the location of area 3a, and
the receptive fields (RFs) for neurons where injections were centered.
Calibrated Hamilton syringes were used to inject 0.3-0.5 pl of 7% fluoro-
ruby (FR; Molecular Probes, Eugene, OR), 0.3-0.5 pl of 7% fluoroemerald
(FE; Molecular Probes) or 0.05 pl of a 0.1% wheat-germ agglutinin
conjugated to horseradish peroxidase solution (WGA-HRP; Sigma, St
Louis, MO). All tracers were diluted in water. After completion of the
injections, a sterile contact lens was placed over the exposed cortex, the
cut dural flaps were placed over the lens, and the skull opening was
covered by a skull cap made of dental acrylic. The cranial muscles were
sutured, the skin was sutured, and each animal was monitored closely
during the 6-7 day recovery period for transport of tracers.

Electrophysiological Recordings

Multi-unit neuronal recordings were obtained at depths of 500-700 pm
from the pial surface, approximately in layer IV, with low-impedance
tungsten-in-glass microelectrodes (0.95-1.5 MQ at 100 Hz). The electrode
entered the cortex perpendicular to the cortical surface and a stepping
microdrive was used to advance the electrode. Once the electrode was in
place, the entire body surface was stimulated and the RF for neurons at
that site was determined and drawn on a picture of the body. Stimulation
consisted of displacement of hairs, light brushing of skin surfaces, joint
and limb manipulation, pressure, and light to moderate taps. In three
cases (96-12, 96-8, 00-16), a complete representation of the contralateral
body surface was identified; in four additional cases (00-17, 00-18, 00-19,
96-9; not shown), partial topographic maps were defined. Electrolytic
lesions (10 pA for 10 s) were made at the judged physiological boundaries
of area 3a for later identification in histologically processed tissue.
Additionally, small probes (pasta) were inserted into the cortex at the
boundaries of somatosensory cortex and marked on the photograph of
the exposed neocortex to further aid in reconstructing electro-
physiological data and anatomical results.

Histological Processing

Following a 1-week recovery period, marmosets in which an anatomical
tracer was injected were administered a lethal dose of sodium
pentobarbital (IP). It was perfused transcardially with 0.9% saline in 0.1 M
phosphate buffer, followed by 2% paraformaldehyde in phosphate buffer
(pH 7.4), and then 2% paraformaldehyde in 10% sucrose phosphate
buffer. This procedure was also implemented immediately following the
electrophysiological recording in the acute cases, and the two cases
where maps were obtained in addition to the injections of tracers. After
the brain was removed from the skull, the corpus callosum was
transected, each cortical hemisphere was peeled from the brainstem and
thalamus, the lateral sulcus was opened, the medial wall was retracted,
and the cortex was manually flattened with a glass slide in a large Petri
dish filled with 2% paraformaldehyde in 30% sucrose phosphate buffer.
All cortices except case 00-16 (WGA-HRP) were post-fixed for 2 days,
then each flattened cortex was frozen onto a microtome stage, and cut
parallel to the cortical surface into 40 pm sections. Alternate sections
were mounted for fluorescent analysis, and stained for myelin (Gallyas,
1979). For case 00-16 where WGA-HRP was injected into area 3a, a series
of sections was reacted for tetramethylbenzidine (TMB) (Mesulam, 1978).

Data Analysis

To determine the somatotopy of area 3a, neuronal RFs and the type of
stimulus that best drove the neurons at all recording sites were related to
the photographs of the brain in which sites were plotted. Although some
characteristics of the neural response such as rapidly adapting or slowly
adapting properties were observed and documented, no clear pattern in
their distribution emerged and were excluded from the maps. Receptive
field progressions, reversals and changes in the optimal stimulus defined
physiological boundaries of area 3a. The recording sites, corresponding
RFs, and optimal stimulus for each recording site were transposed onto
a single somatotopic map of area 3a for each case. Reconstructions of
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the sections stained for myelin were related to the physiological maps
by matching blood vessel patterns, lesions and probes. In all cases, we
determined cortical area boundaries by combining electrophysiological
recordings results with myeloarchitectonic distinctions. The entire series
of sections stained for myelin was used to determine cortical field
boundaries. Using a camera lucida attached to a light microscope, the
boundaries of cortical areas were drawn based on subtle to extreme
variations in myelination. Many of these areas that are defined using the
technique described above have been previously correlated with
electrophysiologically identified areas (Aitkin et al., 1986; Carlson et al.,
1986; Krubitzer and Kaas, 1990a; Fritsches and Rosa, 1996; Rosa et al.,
1997; Luethke et al., 1989). To determine cortical fields boundaries with
accuracy, multiple criteria should be used (Kaas, 1982). In our study, we
used a combination of electrophysiological recording techniques, cortical
myeloarchitecture, and neuroanatomical tracing of connections.

For the analysis of the brains injected with fluorescent tracers, a fluor-
escent microscope, attached to a personal computer equipped with
MDPLOT optical plotting system software (Minnesota Datametrics
Corporation, St Paul, MN) was used to plot injection sites and retrogradely
labeled cell bodies in the cortex (Fig. 11d-f). For the analysis of the brain
injected with WGA-HRP, a light microscope equipped with polarizing
filters and a camera lucida was used to plot the locations of labeled cell
bodies and axon terminals. The outline of each section, the blood vessels,
lesions, probes and labeled cells were individually drawn and related to
one another. These reconstructions were co-registered with the cortical
myeloarchitecture (from the myelin sections) using blood vessel patterns
and artifacts produced from lesions and probes as guides. All sections
were drawn at the same magnification in order to facilitate the correlation
of the anatomical and physiological data.

Results

Internal Organization of Area 3a

In the present investigation, densely spaced recording sites in
the anterior parietal cortex of marmoset monkeys allowed us to
delineate a region where neurons responded to the stimulation
of deep receptors. This region, area 3a, was [12-14 mm in its
medio-lateral extent, 1-2.5 mm in its rostrocaudal extent, and
contained a complete representation of the sensory receptors
(Figs 1 and 2). The mediolateral organization of area 3a was
similar to area 3b with the tail represented most medially,
followed by the foot and hindlimb representations. The trunk,
forelimb, hand and digit representations were found more
laterally, followed by the representations of the chin, face and
oral structures.

Although we did not quantify our data, there were several
features of the neural response that could be readily docu-
mented. First, under our anesthetic conditions, neurons in area
3a responded well to stimulation of deep receptors and were
non-habituating. While we observed both rapidly adapting (RA)
and slowing adapting (SA) responses of neurons in area 3a, often
for neurons at the same recording site, it was not possible
to tease out individual neuronal adapting properties. Further,
unlike area 3b, there was no clear pattern of RA and SA bands in
area 3a. Similarly, neurons responded well to very light taps of
different body parts as well as muscle stretch, but it was difficult
to separate the two under our recording conditions, and there
appeared to be no clear pattern of response preference of
neurons across area 3a. To address these issues, single unit
recordings in area 3a are required.

Three detailed maps (Figs 1b,c and 3) and four partial maps
(Fig. 6a; others not shown) were obtained. In all cases, the
electrophysiological results were combined with myeloarchi-
tectonic boundaries (see below). Within the tail representation,
the distal tail was located medial to the proximal tail. In
cases 96-12 and 96-8, the foot representation abutted the
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representation of the tail, although in one case, a small hindlimb
representation also adjoined the tail representation (Fig. 1). The
representation of the toes was in one case lateral (Fig. 1), in one
case caudal (Fig. 1¢), and in two cases medial (Fig. 2; other case
not shown) to the representation of the foot. In an additional
case, the representation of the toes was both medial and lateral
to the representations of the foot (not shown). In all cases the
glabrous distal toes were represented at the caudal boundary of
area 3a, and adjoined the distal toe representation in area 3b
(Figs 1 and 2). Neurons in the rostral portion of the toe
representation of area 3a had RFs on the dorsal surface, while
neurons in the caudal portion of the toe representation had RFs
on the glabrous surface. Just lateral to the representations of the
foot and toes was the representation of the hindlimb, and lateral
to this was the trunk representation.

The forelimb representation in area 3a, which included the
representations of the proximal forelimb, elbow, shoulder, wrist
and hand occupied approximately one-third of the entire field.
Within the forelimb representation, the proximal forelimb was
represented just lateral to the trunk and hindlimb in two cases
(Figs 1b and 2). In another case, the forelimb, elbow and wrist
were represented rostral and caudal to the trunk representation
and lateral to the hindlimb representation (Fig. 1¢). The hand
representation, which included the digits, dorsal hand and the
glabrous palm, was located lateral to the forelimb, and the digit
representation was located lateral to the hand and forelimb rep-
resentations in all cases (Figs 1 and 2). Within the representation
of the digits, the ulnar digits were located medial to the radial
digits. As in the representation of the toes, the distal digits were
represented at the caudal boundary of area 3a and adjoined the
representation of the distal digit tips in area 3b. In one case (Fig.
1b), the shoulder was represented rostro-lateral to the digits.

Lateral to the representation of the digits was the representa-
tion of the face and oral structures. Within the representation of
the face, the chin was located most medially, and adjoined the
representation of the digits of the hand. Lateral to the chin were
the representations of the lips and teeth, and in one case (00-16)
the tongue (Figs 1 and 2). In case 96-12, the snout was
represented rostral to the representation of the chin (Fig. 1b).

Although the internal organization of area 3a consistently
mirrored that of 3b, the details of the internal organization
described above were variable among animals. For example, in
two cases the forelimb representation was large and contiguous
(Figs 2a and 3); in another case, it was broken into two islands,
one rostral and one caudal to the trunk representation (Fig. 1¢).
Likewise the representations of the digits were variable in all
cases, although the relative location with respect to the rest of
the body part representations was consistent across cases (e.g.
compare the digit representations in Figs 1b, 1c¢ and 2). Because
our sampling density was high, we believe that the variation
observed for the two fields was not a result of experimental
error or paucity of data, but reflected true variability in the maps
of area 3a in the two animals described.

Electrophysiological recordings were also made rostral and
caudal to area 3a. In cortex rostral to area 3a, in M1, most
neurons were unresponsive to any type of somatic stimulation.
However, in two cases (Figs 16 and 2), neurons responded to
stimulation of deep receptors at a few recording sites. The lack of
response of neurons to somatic stimulation in M1 is counter to
previous reports in awake monkeys in which neurons in M1 did
respond to somatic stimulation (Tanji and Wise, 1981; Wise and
Tanji, 1981). However, this difference is likely due to our
anesthetized preparation.
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Figure 2. A map of area 3a, and neighboring cortex in the flattened left hemisphere of case 00-16. Although the general topographic organization of area 3a in this case is similar to
that shown in other cases (Fig. 1), the physiological boundaries between body part representations are in different relative locations. All conventions are as in the previous figure.

Caudal to area 3a, neurons responded well to stimulation of although this was not systematically studied. When matched to
cutaneous receptors (Figs 1 and 2). Neurons at these recording cortical myeloarchitecture, these neurons were found to be in
sites tended to have smaller RFs than neurons in area 3a, area 3b. Finally, neurons caudal to area 3b were recorded in areas
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1 and 2. Some neurons in this region responded to cutaneous
stimulation, but most responded to stimulation of deep receptors
(e.g. Fig. 2; other cases not shown).

Receptive Fields for Neurons in Anterior Parietal Cortex

The physiological borders of area 3a were characterized by a
lack of neural responsiveness, or changes in the class of
receptors stimulated which produced a neural response, and
reversals in the location of RF progression. For example, for the
forelimb representation in case 96-12 LH (Fig. 3), the locations of
RFs for neurons changed from the elbow, onto the glabrous
hand, digits and then digit tips in a rostral to caudal progression
of recording sites in area 3a (Fig. 3, RF 1-4). At the 3a/3b border,
locations of RFs for neurons progressed from the distal digit tips,
back onto all of the digits, then onto the glabrous palm, and
finally onto the forearm in a rostral to caudal progression of
recording sites in area 3b (Fig. 3, RF 5-8).

Similar types of reversals and changes in the type of receptor

Progression 1 -2

represented were observed for the map of the face. As recording
sites moved from rostral to caudal in area 3a, the location of RFs
for neurons at those sites moved from the lateral face and cheek
onto the lips and chin (Fig. 4, RF 1-3). At the 3a/3b border, the
location of RFs for neurons were on the chin, and then moved
back onto the side of the face (Fig. 4, RF 4-6). Although clear
reversals were not observed for the representation of the toes,
the location of RFs for neurons in area 3a progressed from the
foot, onto the distal glabrous toes from rostral to caudal. At the
3a/3b boundary, the location of RFs for neurons remained on the
distal glabrous toes, and then moved back onto the hairy foot as
recording sites progressed from rostral to caudal (Fig. 3, RF a-h).

For all examples described above, as recording sites crossed
the 3a/3b border, a change in the optimal stimulus was
observed. Area 3a neurons responded to stimuli that activated
deep receptors such as muscle spindles and deep skin receptors,
and 3b neurons responded to stimuli that activated cutaneous
skin receptors. Also, as recording sites progressed across the

Progression a - h

© cutaneous

96-12 LH

Figure 3. Receptive field progression and reversal in the forelimb representation in the left hemisphere of case 96-12. Recording sites in 3a and 3b are numbered from 1 to 8 on the
cortical map (middle). The corresponding RFs for neurons at those sites are drawn on the contralateral body surface (left). Black circles denote locations where neurons responded to
the stimulation of deep receptors, and gray circles denote locations where neurons responded to the stimulation of cutaneous receptors. As recording sites move from area 3a into
3b, locations of RFs progress from the elbow, to the glabrous palm, to the digits, to the distal digits (sites 1-4). At the 3a/3b border, the locations of RFs reverse and progress from
the distal digits, to the digits, onto the glabrous palm, and then onto the ventral forelimb (5-8). Receptive field progression and reversal in the representation of the toes are shown
for recording sites a-h (middle), and corresponding RFs for neurons at those sites are shown on the right. As recording sites move from area 3a into 3b, RFs progress from the foot,
to the glabrous distal toes (a—d). As recording sites cross the 3a/3b border, the RFs progress from the distal glabrous toes, back onto the dorsal toes (e-h). Conventions as in previous

figures.
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Figure 4. Receptive field progression and reversal in the face representation in the left hemisphere of case 96-8. Recording sites in areas 3a and 3b are shown on the left, and the
corresponding RFs on the face for neurons at these sites are on the right. As recording sites move from area 3a into 3b, locations of RFs progress from the lateral face, or cheek, to
the lips and chin (1-43). As recording sites cross the 3a/3b border, locations of RFs reverse and move from the chin, onto the cheek, or lateral face, and onto the lateral face (4-6).

Conventions as in previous figures.

border, the location of RFs for neurons at those sites reversed,
and a re-representation of RFs for the different classes of
receptors (deep and cutaneous) was observed at different
locations in the cortex. This re-representation could be readily
observed when similar RF locations were directly compared for
areas 3a and 3b (Fig. 5). For instance, similar RF locations on the
hindlimb could be observed for neurons at recording sites
separated by over 2.5 mm (Fig. 5, compare RFs 1 and A). This
was true for all body parts. There was a tendency for the RF of
neurons to be larger in area 3a than in 3b (e.g. Fig. 3, compare
RFs b and ¢ with RFs e and f; Fig. 5 compare RF D with RF 4), but
this was not systematically studied.

Intrinsic Connections of Area 3a and Ipsilateral
Connections with Somatosensory Cortical Areas
The connections of area 3a were determined by injecting

fluorescent tracers or WGA-HRP into electrophysiologically
defined locations (Figs 6-9, 11e,). In one case (96-9 LH), more
extensive electrophysiological recordings were made so that
the projections from different body part representations to a
given site in area 3a could be determined (Fig. 6a). In this case,
fluoroemerald was injected into the hindlimb representation
(specifically, a cluster of neurons with a RF on the dorsal distal
hindlimb), with some spread into the trunk and shoulder
representations (Fig. 6a, medial injection site). Fluororuby was
injected into the forearm representation, and the injection
spread into the wrist and hand representations (Fig. 6a, lateral
injection site, see Fig. 17f for digital image of FR injection site).
The hindlimb/trunk representation in 3a received dense input
from portions of the hindlimb, trunk and shoulder representa-
tions in 3a (Fig. 6b, also see Fig. 8). Connections between similar
body part representations such as the hand and hand or hand and
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Figure 5. Receptive field re-representation in areas 3a and 3b in the left hemisphere of case 96-8. Recording sites in areas 3a and 3b (middle) are shown with the corresponding
RFs for neurons at those sites on the contralateral body in area 3a (left) and 3b (right). Clusters of neurons at distantly located recording sites have similar RFs, but respond to the
stimulation of different types of receptors (cutaneous vs deep). For example, recording sites 2 and B are over 2 mm apart, and neurons at these sites have RFs on a similar location
on the trunk. Comparison of RFs for neurons at the other recording sites demonstrates a similar re-representation. Conventions as in previous figures.

forelimb we term ‘matched’. The hindlimb/trunk representa-
tions in area 3a also received moderate input from the hand,
and digit representations, and very sparse input from the face
representation in 3a (Fig. 6b). Connections such as this, between
very different body part representations (e.g. hand and hind-
limb) we term ‘mismatched’. A number of retrogradely labeled
cells were also observed in a caudal location, in areas 1 and 2.
These cells were in the expected location of the hindlimb and
trunk representations, and thus were matched. A few labeled
cells were observed in a lateral location in area 1 and 2, in the
expected location of the face and digit representations. Area 3b
contained labeled neurons at its rostral and caudal border in
matched representations. Finally, a few labeled cells were

856 Area 3a Topography and Connections + Huffman and Krubitzer

observed in the parietal ventral area (PV) and S2. In case 96-11,
in which an injection of fluoroemerald was placed in the repre-
sentation of the trunk/hindlimb in area 3a, similar patterns of
intrinsic and extrinsic connections to those described above
were observed (see Fig. 11e for a digital image of this FE injec-
tion site). Label in areas 3b, 1 and 2 was mostly matched (Fig. 8).
In this case, there was very dense labeling in S2, and only sparse
labeling in PV.

Results were similar for the injection of fluororuby in case
96-9 (Fig. Gc, see Fig. 114 for a digital image of a FR-labeled cell).
The forearm, wrist and hand representations in 3a received
matched input from these same representations in 3a, as well as
dense input from the digits and shoulder representations, and
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Figure 6. A partial map of area 3a that depicts the center of two injections sites and their spread (a) in relation to body part representations, and the intrinsic connections resulting
from those two injections (b and ¢) in case 96-9. In (a) an injection of fluoroemerald (FE) was centered in the representation of the hindlimb but spread into the trunk and slightly into
the shoulder representations (medial injection site). An injection of fluororuby (FR) was centered in the representation of the forearm but spread into the hand and wrist representations
(lateral injection site). In (b), the most dense connections of the trunk/hindlimb representation in area 3a are with closely related representations (such as the rest of the hindlimb and
trunk), and with mismatched representations in area 3a (such as the hand, forearm and face). Label is also observed in the expected location of the trunk, hindlimb and forelimb
representation in areas 1 and 2. In (c), a similar pattern of matched and mismatched connections was observed for the representation of the forearm in area 3a. However, the extent
of mismatched label appeared to be greater for the injection in the representation of the forearm when compared with the injection in the representation of the hindlimb. Solid circles
represent retrogradely labeled cell bodies from each of the two injections (b and ¢). Solid squares represent electrode penetration locations where neurons responded to the
stimulation of deep receptors, and open squares represent locations where neurons responded to the stimulation of cutaneous receptors (a). Thick lines mark architectonic boundaries,
or boundaries determined using both architectonic analysis and electrophysiological analysis. Other conventions as in previous figures.
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Figure 7. Complete reconstructions of the two injections described in Figure 8 in case 96-9. In (a), an injection of FE centered in the representation of the hindlimb resulted in densely
labeled cell bodies in areas 1 and 2, PP SMA and M1. Sparse to moderate label was observed in 3b, PM, cingulate cortex, M, PV and S2. In (b), an injection of FR that was centered
in the forearm representation resulted in dense labeling in areas 1 and 2, M1, PP and SMA. Moderate to sparse label was observed in 3b, M, VPP, cingulate cortex, PM, Sl and PV. In
this case, a few labeled cell bodies were observed just rostral to FST. Conventions are as in previous figures.

moderate inputs from the hindlimb, trunk and face representa- both S2 and PV was much more dense than for the hindlimb
tions in 3a. Input from areas 3b, 1 and 2 was diffuse and spread representation injections (Fig. 6¢).
across most body part representations in these fields. Input from In case 00-16, in which WGA-HRP was injected into area 3a,
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Figure 8. A reconstruction of an injection in case 96-11. An injection of FE was placed in the representations of the trunk/hindlimb of area 3a. The patterns of label were similar to

those described for the case illustrated in Figure 9. Conventions as in previous figures.

patterns of both anterograde and retrograde connections were
determined. The hand representation in area 3a projected to
matched and mismatched regions of area 3a (compare Fig. 9
with Figs 6¢ and 7b). There were sparse projections to the
matched representation in area 3b, and to the presumptive face
representation in 3b. Areas 1 and 2 received matched input from
the hand representation in area 3a.

Ipsilateral Connections with Motor, Posterior Parietal
and Cingulate Cortex

Area 3a did not only receive input from somatosensory areas, it
also received substantial input from cortical regions associated
with processing motor outputs such as the primary motor cortex
(M1), the supplementary motor area (SMA), and the premotor
cortex (PM) (Figs 7-9). While M1 and SMA were myeloarchitec-
tonically distinct (see below), in our preparation the cortex

rostral to M1 was not. However, cortex immediately rostral to
M1 has been described as PM in other New World monkeys
(Stepniewska et al., 1993; Preuss et al., 1996). Therefore, this
region was termed PM, although it is likely that it contains
additional subdivisions, such as the frontal eye fields. Injections
into medial portions of area 3a in the representation of the
hindlimb and trunk resulted in dense label in more medial
portions of M1, and sparse label in lateral portions of M1 (Figs 7a
and 8). Injections into the forelimb representation in area 3a
resulted in broadly distributed label in M1 and SMA (Figs 7b
and 9). Label in PM that resulted from injections into different
body part representations into area 3a was sparsely distributed
throughout the field (Figs 7 and 8).

Posterior parietal cortex (PP) also provided dense input to
area 3a. Labeled cells in PP were found throughout its extent, but
were concentrated at a mediolateral location similar to that
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Figure 9. A reconstruction of an injection of WGA-HRP and labeled cells and terminals in case 00-16. The injection was centered in the representation of the hand in area 3a. The
hand representation of area 3a was interconnected with matched and mismatched representations in area 3a, M1 and PP,and to predominantly matched locations in areas 3b, 1 and
2. Small dots represent axon terminals (anterograde label) and large dots represent cell bodies (retrograde label). The open squares denote electrode recording locations where
neurons responded to the stimulation of deep receptors. The solid squares denote locations where neurons responded to the stimulation of cutaneous receptors. All conventions as

in previous figures.

injected in area 3a; this suggested that PP may have some type
of topographic organization. Thus, injections into the medial
portion (in the hindlimb/trunk representation) of area 3a
resulted in densely labeled cell bodies in a medial location in
posterior parietal cortex, although there was sparse label in
lateral portions of PP (Figs 7a and 8). Injections into the laterally
located forelimb representation resulted in dense label through-
out the extent of PP (Figs 7b and 9). An area generally associated
with visual processing (Krubitzer and Kaas, 1993; Beck and
Kaas, 1998) was located caudal to PP and termed the ventral
posterior parietal area (VPP). For three injections, sparse label
was observed in VPP (Figs 7b, 8 and 9). Finally, in most cases, the
cingulate cortex, which was located on the medial wall just
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dorsal to the corpus callosum, contained a light scattering of
labeled cell bodies (Figs 7a,b and 8).

Contralateral Input to Area 3a

In all cases, the majority of contralateral input to area 3a
was from a location that corresponded to that injected in the
other hemisphere. In case 00-16, we mapped the extent of
area 3a in the hemisphere opposite to the injection in the hand
representation in area 3a (Fig. 10a). The hand representation in
area 3a was interconnected predominantly with 3a hand rep-
resentation in the contralateral hemisphere, the various digit
representations and the trunk representation. Finally, area 3a
was interconnected with M1 and SMA contralaterally. In the
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Figure 10. Reconstruction of retrogradely labeled cells (large dots) and axon terminals (small dots) relative to electrophysiologically defined body part representations (thin lines) and
myeloarchitectonic boundaries (thick lines) in the contralateral flattened left hemisphere of case 00-16 (a). The injection in this case was placed in the hand representation, which
is densely interconnected with the hand representation in 3a of the opposite hemisphere (shown here). Also, clusters of terminals were observed in different digit representations,
the forelimb representation and the trunk representation in 3a. The hand representation in area 3a is also interconnected with SMA and M1 of the opposite hemisphere. The
reconstructions of labeled cell bodies resulting from injections in the opposite area 3a from cases 96-11 (b) and 96-9 (c and d) are also illustrated. The hindlimb representation in the
opposite hemisphere was injected in (b) and (d), and the forelimb representation was injection in (c). As with case 00-16 (a), labeled cell bodies were most dense in the homotopic
representation in area 3a. Labeled cell bodies were also observed in M1 and SMA. Light label was observed in areas 3b, 1 and 2, and areas S2 and PV were labeled inconsistently.
Conventions as in previous figures.
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other case in which the forelimb representation was injected
in area 3a, similar patterns of contralateral connections were
observed. However, additional label was also observed in 3b and
PV, and a few labeled cells were observed in areas 1, 2, PP and S2
(Fig. 10a).

The input to the hindlimb/trunk representations in area 3a
was from the expected location of the hindlimb and trunk
representations in area 3a in the contralateral hemisphere (Fig.
10b,¢). As with the injection in the forelimb and hand rep-
resentations in area 3a, contralateral connections were also
observed with M1 and SMA. A few labeled cells were also
observed in areas 1, 2, 3b, PP and S2.

Cortical Architecture

The cortical myeloarchitecture was examined in tangentially
sectioned cortex stained for myelin (Fig. 11a,b). The entire
series of sections through the flattened cortex was recon-
structed and matched with electrophysiological recording
results and areal patterns of connections (see Materials and
Methods). Many cortical areas were distinctly visible in a
flattened section stained for myelin (Fig. 11a). For example,
darkly myelinated area 3b, and extrastriate visual area MT
(middle temporal area), and primary auditory cortex (A1) could
be easily observed in this preparation. Some areas could be seen
due to their distinct lack of myelination, such as area 3a (Fig.
11a,b). Area 3a was a thin, lightly to moderately myelinated strip
of cortex that resided between the more densely myelinated M1
rostrally, and area 3b caudally (Fig. 11b). These myeloarchitec-
tonic boundaries closely correlated with the electrophysiologic-
ally determined boundaries described above.

The cytoarchitecture was also examined in parasagittally
sectioned cortex stained for Nissl. In Nissl stained tissue
(Fig. 11¢), area 3a contained a thin granular layer (layer IV), and
a prominent layer V with pronounced pyramidal cells. This
differed from area 3b in which a very dense, thick granular layer
is present, and layer V is attenuated. The boundary between area
3a and M1 was also apparent. At this boundary, and progressing
into M1, layer IV tapered off into agranular cortex, and the
thickness and packing density of pyramidal cells in layer V
increased.

Discussion

In this study, we combined multi-unit electrophysiological
recording and anatomical tracing techniques with myeloarchi-
tectonic analyses to determine the topographic organization
and connections of cortical area 3a in marmoset monkeys. Our
results are the first demonstration in any primate of a complete
representation of deep sensory receptors in area 3a. In the
following discussion, we describe previous electrophysiological
studies of area 3a in primates. We then consider the variability
of maps generated for area 3a and speculate on the role of area
3a in somatosensory and motor processing. Finally, we describe
previous studies of connections of area 3a. Although area 3a has
been examined in cats (Zarzecki et al., 1978; Avendano and
Verdu, 1992; Avendano et al., 1992; Porter, 1991, 1992) we have
restricted this discussion to the details of electrophysiological
and neuroanatomical studies in primates, since the behaviors
that are of interest are particularly well developed in these
mammals. Cats have a highly derived forepaw that is not used
in tactile exploration, reaching and grasping, as is the hand of
primates. Thus, while area 3a in cats and primates may be
homologous, it is unlikely to be analogous.
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Electrophysiological Recording Studies In Area 3a of
Monkeys

Electrophysiological studies have demonstrated that the primate
somatosensory cortex includes at least nine distinct cortical
areas [for reviews, see (Kaas and Pons, 1988; Krubitzer, 1996;
Darian Smith et al., 1996)]. Some of these areas, such as 3b, 1
and 2 are well understood, while others, such as area 3a, have
been less well investigated. Area 3a is particularly interesting
since both single unit electrophysiological recording studies and
examination of connections have indicated that area 3a plays a
role in the somatosensory-motor integration network, and the
vestibular cortical system. Previous studies have shown that area
3a ultimately receives input from group Ia muscle spindle affer-
ents, and contains neurons that respond to the stimulation of
these and other deep receptors in the skin [possibly RAII and
SAII afferents - pacinian and ruffini, respectively (Phillips et al.,
1971; Schwarz et al., 1973; Lucier et al., 1975; Heath et al.,
1976; Hore et al., 1976); for reviews see (Jones and Porter, 1980;
Tanji and Wise, 1981)].

Single unit studies in macaque monkeys have demonstrated
that area 3a neurons are involved in coding muscle stretch,
movement velocity, and in postural control (Yumiya et al., 1974;
Tanji, 1975; Wise and Tanji, 1981). Electrophysiological and
neuroanatomical studies have also shown that area 3a is involved
in processing vestibular information, specifically information
about head-in-space movement (Guldin et al., 1992; Akbarian et
al., 1992, 1993). In squirrel monkeys the head and neck repre-
sentation in area 3a has now been termed 3aV, for vestibular
cortex, because neurons in 3aV have been found to respond
vigorously to stimulation of the semi-circular canal receptors
(Guldin et al., 1992). Finally, in a combined optical imaging
electrophysiological recording study in squirrel monkeys
(Tommerdahl et al., 1996) neurons in area 3a were responsive to
skin heating stimuli.

A few multi-unit electrophysiological recording studies in
primates have demonstrated that neurons in area 3a responded
to high intensity stimulation, and the gross mediolateral organ-
ization of area 3a appeared to mirror that of 3b (Krubitzer and
Kaas, 1990a, Recanzone et al., 1992a,c¢). The current study
supports and substantially extends these previous observations
by describing for the first time in any primate, the detailed
organization of area 3a, and the specific patterns of connections
of physiologically identified body part representations in area 3a
with ipsilateral and contralateral cortical fields.

Taken together, the data indicate that area 3a has a general
mediolateral organization from toes to tongue, that neurons
respond to stimulation of deep receptors in the skin, muscles
and joints [see Jones and Porter for a review (Jones and Porter,
1980)]. Additionally, the data suggest that area 3a plays a role in
proprioception, vestibulo-somato integration, and possibly noci-
ception, and receives input from posterior parietal cortex (see
below), subdivisions of which are involved in the generation
of body and head centered coordinates for hand and eye
coordinated reaching tasks [(Ferraina and Bianchi, 1994; Snyder
etal., 1997, 1998); see Andersen et al. for reviews (Andersen et
al., 1997, 2000)].

Variability in Cortical Maps

We know from previous studies that areas 3b and 1 possess
precise, contiguous topographic maps of the body, save for the
border between the face and the hand. On the other hand,
microstimulation studies of motor cortex demonstrate that
motor maps are often fractured, and single movements are



Figure 11. (a) A digital image of a flattened section of a left hemisphere, stained for myelin from case 96-11 (see Fig. 12). The lateral sulcus (LS) has been opened, and the medial
wall retracted. Primary fields, such as areas 3b, M1, V1 and A1 can be distinguished in the section, and are labeled on the image. Other fields, such as areas 3a and MT can also be
seen easily. Scale bar = 1 mm. Medial is up and rostral is to the left. (b) A high magnification digital image of (a) depicting M1, area 3a and area 3b, in a flattened section stained for
myelin. M1 is the darkly myelinated area on the left, area 3b is the darkly myelinated area on the right, and area 3a is the light-moderately myelinated region in between. Scale bar =
1 mm. Medial is up and rostral is to the left. (c) A digital image of a parasagittal section, showing area 3a and surrounding cortex, stained for Nissl. Area 3a is the region where
the granular layer IV overlaps the prominent pyramidal cells in layer V. Medial is up, rostral is to the right, scale = 1 mm. (d) A digital image of a cell labeled with FR, resulting from
an injection into the forelimb representation of area 3a. This cell was located in areas 1 and 2 of the left hemisphere of case 96-9. Scale bar = 50 um. (e) A digital image of an area
3a FE injection site in the left hemisphere of case 96-11. Scale bar = 200 pum. (f) A digital image of an area 3a FR injection site in the left hemisphere of case 96-9. Scale bar =
200 pm.
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represented multiple times within an area (McGuinness et al.,
1980; Strick and Preston, 1982; Gould et al., 1986; Nudo et al.,
1990; Huntley and Jones, 1991; Donoghue et al., 1992; Pruess
et al., 1996). The current work and previous studies (Recanzone
et al., 1992¢) demonstrate that the topographic organization of
area 3a is less orderly than other somatosensory areas, and some
representations in area 3a, such as the hand, are split or fractured
like maps of motor cortex (see Figs 1 and 2). Further, the topo-
graphic organization of area 3a appears to be more variable
between animals (Figs 1 and 2).

There are two explanations to account for these two features.
The first is that there are more errors in defining the RFs for
neurons in area 3a than in area 3b. Although it is more difficult
to accurately define the receptive field borders for neurons
representing deep receptors, the most variable representation in
area 3a appeared to be the hand. In our preparation, RFs on the
hand for neurons in area 3a were quite small and readily
determined compared to neurons with larger RFs on the trunk.
The second explanation is that there is true biological variability.
We propose that the features of map organization and variability
described above reflect functionally significant properties of the
neurons in area 3a.

Plasticity studies in somatosensory (Merzenich et al., 1983,
1984; Wall et al., 1986; Calford and Tweedale, 1990), visual
(Kaas et al., 1990; Kaas, 2000); Darian-Smith and Gilbert, 1995;
Calford et al., 1999), auditory (Rajan et al., 1993, Recanzone
et al., 1993) and motor cortex (Donoghue et al., 1990, Nudo et
al., 1990; Sanes et al., 1990; Donoghue et al., 1992; Nudo et al.,
1996) demonstrate that changes in map organization reflect
physical changes in the sensory epithelium, or alterations in
the use of a particular portion of the sensory epithelium
[(Recanzone et al., 1992a,b,c; Elbert et al., 1995; Nudo et
al., 1996; Kleim et al., 1998); see Recanzone for a review
(Recanzone 2000)]. The changes in cortical maps usually take
the form of contraction or expansion of different represen-
tations of the sensory epithelium. Although extreme peripheral
changes have been used to study this phenomenon, it is likely
that map reconfigurations are constantly occurring normally
within the life of an individual, based on use of the receptors, or
changes in the use of different muscle groups in the learning of
new sensory and motor tasks.

If the generation and maintenance of maps is, to a large
extent, use dependent, then one might expect the greatest
variability in map organization in higher order fields in which
learning plays a role in their organization. For example, this
study as well as other studies demonstrate that area 3a is
intimately associated with motor areas involved in planning and
initiation of coordinated movements [(Tanji and Kurata, 1982;
Dao-fen et al., 1991; Mitz et al., 1991); for reviews see (Picard
and Strick, 1996; Rizzolatti et al., 2000)], and with posterior
parietal areas involved in generating a body-centered coordinate
system, hand-eye coordination and perception of extra-personal
space [(Mountcastle et al., 1984; Guldin et al., 1992; Ferraina
and Bianchi, 1994; Snyder et al., 1997, 1998); see Andersen et al.
for reviews (Andersen et al., 1997, 2000)]. Finally, area 3a is also
strongly connected to cingulate cortex, which is involved in
learning and emotion (Lane et al., 1998; Ono and Nishijo, 2000).
The types of behaviors generated by these networks have a large
learning component, and these behaviors are likely to change
dramatically throughout life. Thus, it is not surprising that areas
such as 3a, which is a key component of this network, contain
more variable maps of the peripheral receptor than areas 3b and
1 (Merzenich et al., 1987).
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Connections of Area 3a in Primates

There are only a small number of studies in primates that
have directly investigated the connections of area 3a. Much like
the present investigation, area 3a in macaque monkeys has dense
intrinsic input, and ipsilateral input from areas 3b (Burton and
Fabri, 1995), 4 [M1 (Huerta and Pons, 1990; Stepniewska et al.,
1993)], SMA, 2, PP (area 5), cingulate cortex and insular cortex
in the vicinity of PV and S2 (Jones et al., 1978; Darian-Smith
et al., 1993). In the squirrel monkey, Guldin et al. (1992) found
that area 3a had intrinsic connections and received input from
areas 3b, 4 (M1), PM, 1, 2, PP (area 5), cingulate cortex, and the
anterior division of area 7 (7b). An observation in the present
study is the relative paucity of labeled cells in 3b after injections
into electrophysiologically defined locations in 3a. This finding
is supported by a previous study in macaque monkeys which also
demonstrates a lack of connections with area 3b (Jones et al.,
1978).
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Figure 12. Schematic summary of connections. (a) The intrinsic connections of area
3a. Blue arrows on the left show input to the forelimb region, and red arrows on the right
demonstrate input to the hindlimb region. Intrinsic input to the forelimb region is more
widespread and from closely related and distantly related representations than input to
the hindlimb region. (b) The ipsilateral input from other cortical areas to area 3a. The
input to the forelimb region from other cortical areas is more widespread than the input
to the hindlimb region. Solid arrows indicate dense connections and dashed arrows
indicate less dense connections.



Our results expand previous studies by demonstrating that
area 3a has intrinsic connections with representations that are
closely related to the injection site, and with mismatched repre-
sentations as well (Fig. 12). Further, intrinsic input to the hand/
forearm representation in 3a appears to be more widespread
than the intrinsic input to the hindlimb/trunk representation.
Likewise, the labeled cells and terminals in PP, M1 and PM result-
ing from an injection centered in the forearm representation in
area 3a appear to be more widely distributed in comparison with
cells labeled from the hindlimb/trunk/shoulder injections.

Taken together, connection results indicate that a given repre-
sentation within area 3a may be integrating information both
within and between different body part representations, and
that integration is not uniform for all body parts, but is more
pronounced for behaviorally significant body part representa-
tions such as the hand and forelimb (Fig. 12). Results from
the present study as well as previous studies demonstrate that
area 3a plays an important role in the somatosensory-motor-
vestibular integrative process (Mountcastle et al., 1984; Kaas
and Pons, 1988; Guldin et al., 1992; Andersen et al., 1997), and
may contribute to the generation of an internal body-centered
coordinate system, and provide information necessary for
functionally relevant behaviors such as directed reaching, and
hand-mouth coordination.
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