THE JOURNAL OF COMPARATIVE NEUROLOGY 435:291-310 (2001)

Thalamo-Cortical Connections of Areas
3a and M1 in Marmoset Monkeys

KELLY J. HUFFMAN anp LEAH KRUBITZER

Center for Neuroscience and Department of Psychology, University of California, Davis,
Davis, California 95616

ABSTRACT

The present investigation is part of a broader effort to examine cortical areas that
contribute to manual dexterity, reaching, and grasping. In this study we examine the
thalamic connections of electrophysiologically defined regions in area 3a and architectonically
defined primary motor cortex (M1). Our studies demonstrate that area 3a receives input from
nuclei associated with the somatosensory system: the superior, inferior, and lateral divisions
of the ventral posterior complex (VPs, VPi, and VPI, respectively). Surprisingly, area 3a
receives the majority of its input from thalamic nuclei associated with the motor system,
posterior division of the ventral lateral nucleus of the thalamus (VL), the mediodorsal nucleus
(MD), and intralaminar nuclei including the central lateral nucleus (CL) and the centre
median nucleus (CM). In addition, sparse but consistent projections to area 3a are from the
anterior pulvinar (Pla). Projections from the thalamus to the cortex immediately rostral to
area 3a, in the architectonically defined M1, are predominantly from VL, VA, CL, and MD.
There is a conspicuous absence of inputs from the nuclei associated with processing somatic
inputs (VP complex). Our results indicate that area 3a is much like a motor area, in part
because of its substantial connections with motor nuclei of the thalamus and motor areas of
the neocortex (Huffman et al. [2000] Soc. Neurosci. Abstr. 25:1116). The indirect input from
the cerebellum and basal ganglia via the ventral lateral nucleus of the thalamus supports its
role in proprioception. Furthermore, the presence of input from somatosensory thalamic
nuclei suggests that it plays an important role in somatosensory and motor integration. J.
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The organization and connections of anterior parietal
somatosensory cortical areas such as 3b, 1, and 2 have
been well studied in primates (Kaas et al., 1979; Nelson et
al., 1980; Sur et al., 1980; Pons et al., 1985; for review, see
Kaas and Pons, 1988; Johnson, 1990). Areas 3b and 1
receive input from low-threshold mechanoreceptors and
cutaneous receptors primarily via the ventral posterior
nucleus of the dorsal thalamus, whereas area 2 receives
inputs predominantly from muscle and joint receptors, as
well as some cutaneous receptors via the ventral posterior
superior nucleus and the anterior pulvinar nucleus of the
dorsal thalamus (Nelson and Kaas, 1981; Pons and Kaas,
1985; for review, see Kaas and Pons, 1988). Although area
3a, which is also in the anterior parietal cortex, has been
implicated in complex abilities such as sensorimotor inte-
gration and proprioception (Yumiya et al., 1974; Tanji,
1975; Guldin et al., 1992; for review, see Jones and Porter,
1980), relatively little is known about its organization and
connections in primates. Indeed, most anatomical studies
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have focused on how areas 3b, 1, and 2 are interconnected
with each other and with thalamic nuclei associated pri-
marily with somatic processing. However, the somatosen-
sory system must be tightly linked with the motor system
to generate discrete, coordinated movements necessary for
fine tactile discrimination, hand/mouth coordination, and
goal-directed reaching. Area 3a, which receives most of its
afferent input from muscle spindles (Oscarsson and
Rosen, 1966; Landgren and Silfvenious, 1969; Phillips et
al., 1971; Heath et al., 1976; Hore et al., 1976) and from
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the vestibular nuclei of the brainstem via the dorsal thal-
amus (Akbarian et al., 1992), is likely to be involved in the
sensorimotor integration necessary for these behaviors.
Although area 3a has not been systematically described in
humans, it has recently been identified in a functional
magnetic resonance imaging study as a region rostral to
area 3b in which activations are generated in response to
deep stimulation (Moore et al., 2000).

Recently, our laboratory has begun to examine area 3a
in more detail in both Old World macaque monkeys and
New World marmoset monkeys. We have found a number
of common features of organization in both primates in-
cluding a preponderance of neurons responsive to stimu-
lation of deep receptors, an ordered representation of the
body surface, and a unique architectonic appearance (Fig.
1; Huffman et al., 1999; Huffman and Krubitzer, 2001).
We have extended our studies in marmosets to include the
examination of patterns of cortico-cortical and thalamo-
cortical connections. The cortical connections of area 3a
are distinct from other somatosensory areas in that area
3areceives its densest input from cortical areas associated
with the motor system, including the primary (M1), sup-
plementary (SMA), and premotor (PM) areas. Area 3a is
also densely interconnected with areas in the posterior
parietal cortex (Huffman and Krubitzer, 2001), which is
associated with complex behaviors such as goal-directed
reaching (Ferraina and Bianchi, 1994; Snyder et al., 1997,
1998; Andersen et al., 1997; for reviews, see Mountcastle
et al., 1984; Andersen et al., 2000)

Although the thalamic connections of other anterior pari-
etal fields have been well investigated (Whitsel et al., 1978;
Jones et al., 1979; Nelson and Kaas, 1981; Jones and Fried-
man, 1982; Cusick et al., 1985; Pons and Kaas, 1985; Mayner
and Kaas, 1986; Cusick and Gould, 1990; Krubitzer and
Kaas, 1992; for reviews, see Jones, 1985; Kaas and Pons,
1988), only a few previous studies in monkeys have exam-
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ined the thalamo-cortical connections of area 3a. Further-
more, most studies define area 3a by using architectonic
criteria alone, which can be problematic (Jones and Porter,
1980). However, these problems can be circumvented when
multiple criteria, including electrophysiological recording
techniques in combination with studies of architecture, are
used to define a cortical field. Previous studies reported that
area 3a receives most of its thalamic input from the “shell
region” of the caudal division of the ventroposterior lateral
nucleus (VPLc; Friedman and Jones, 1981; Darian-Smith
and Darian-Smith, 1993), which we believe corresponds to
our VPs. However, in the Friedman and Jones (1981) study,
injections were made in the thalamus, and the full comple-
ment of thalamo-cortical connections of area 3a was not
described. In the Darian-Smith and Darian-Smith (1993)
study, the area 3a injection sites were not defined electro-
physiologically, nor were they always restricted to area 3a.
In the only study in primates in which anatomical tracers
were injected into electrophysiologically defined locations in
area 3a (Akbarian et al., 1992), retrogradely labeled tha-
lamic nuclei included both the oral (VPO or VPo) and supe-
rior division of VP (VPs, or “shell” of VPLc).

Although the thalamo-cortical connections of M1 have
been described, there are no studies that directly compare
the connections of area 3a and M1 in the same animals.
The major source of thalamic input to primary motor
cortex is from subdivisions of the ventral lateral nucleus
(VL or VPLo; Strick, 1975, 1976; Matelli et al., 1989;
Holsapple et al., 1991; Darian-Smith and Darian-Smith,
1993; Stepniewska et al 1994a; for reviews, see Jones,
1985, 1998).

In the current investigation we had two goals. The first
was to determine the full complement of thalamo-cortical
connections of electrophysiologically defined locations in
area 3a. The second was to compare thalamic connections
of area 3a directly with those of the motor cortex. Our
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Fig. 1. A map of area 3a and 3b in a flattened left hemisphere.
Area 3a is topographically organized with the tail represented most
medially, followed by representations of the foot, toes, hindlimb, and
trunk. More laterally located are representations of the hand, digits,
and face. Thick lines represent cortical boundaries determined from

hypothesis was that, as with cortico-cortical connections,
thalamo-cortical connections of area 3a would differ from
other anterior parietal somatosensory areas and would
have strong interactions with both somatosensory and
motor nuclei of the thalamus.

myeloarchitectonic analysis, or myeloarchitectonic and electrophysi-
ological analysis combined. Thin lines mark boundaries between body
part representations. (Reproduced with permission from Huffman et
al., 2001.) Scale bar = 1 mm.

We used the marmoset monkey in the current study for
two reasons. First, the marmoset has a nearly lissence-
phalic cortex, which allows easy access to the field for
electrophysiological mapping and injections, whereas the
location of area 3a in the macaque monkey is on the
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Fig. 2. A reconstruction of nuclear boundaries (a) drawn from
thalamic sections reacted for CO (b), myelin, and Nissl (not shown) in
case 96-11. The boundaries of the ventral posterior complex subdivi-
sions (VP1, VPm, VPs, and VPi) can be easily observed. Additionally,
the boundaries of MD, CM, and Pla can also be distinguished. By

fundus, and deep in the rostral or caudal bank of the
central sulcus (Huffman et al., 1999). The second reason is
that much is already known about the organization and
connections of the somatosensory cortex and thalamus in
the marmoset and the closely related tamarin (Carlson et
al., 1986; Krubitzer and Kaas, 1990, 1992; Huffman &
Krubitzer, 2001). Thus, the present study is part of a
larger effort to fully describe in a single primate the cor-
tical, interhemispheric, and thalamic networks that gen-
erate complex manual abilities.

MATERIALS AND METHODS

Anatomical tracing techniques were combined with ar-
chitectonic analysis to determine the thalamo-cortical con-
nections of area 3a and M1 in four adult marmoset mon-
keys (Callithrix jacchus). Retrograde, and in one case
anterograde, patterns of connections were observed by
injecting neuroanatomical tracers into electrophysiologi-
cally defined body part representations of area 3a, and
architectonically defined regions of the M1. In all cases,
cortices were removed from the brainstem and thalamus,
flattened, and cut tangential to the surface. All injection
sites were reconstructed and related to electrophysiologi-
cal recording results and cortical architecture. The thal-
ami were cut in a coronal plane, and retrogradely labeled
cell bodies and anterogradely labeled axon terminals were
located and related to architectonically distinct nuclei. All
experimental protocols were approved by the Animal Use
and Care Administrative Advisory Committee of the Uni-
versity of California, Davis, and conformed to NIH guide-
lines.

Surgery and injections

Standard sterile surgical procedures were followed in
all cases. Each animal was anesthetized with ketamine
hydrochloride (30 mg/kg) intramuscularly (IM) and xyla-
zine (2 mg/kg), IM, prior to surgery. Dexamethasone (0.2
mg/kg, IM), and atropine (0.1 mg/kg, IM) were also admin-
istered. Additional doses of ketamine hydrochloride (half
of initial dose, IM) were administered as needed to main-

combining nuclear boundaries drawn from the three types of stains,
we can accurately determine the location of labeled cell bodies relative
to nuclear boundaries. For abbreviations, see list. Dorsal is up, and
lateral is to the left. Scale bar = 1 mm.

tain a surgical level of anesthesia. Approximately 0.05—
0.1 ml of 2% lidocaine was injected subcutaneously near
the ear canals where the ear bars were inserted. Heart
rate and body temperature were monitored continuously
throughout the surgery. The skin was cut, the temporal
muscle was retracted, and a craniotomy was made over
the somatosensory and motor cortex. Multiunit recording
techniques were used to determine the receptive fields
(RF) for neurons in area 3a where injections were located.
Two injections were centered in the hindlimb representa-
tion and two in the forelimb/hand representation. M1 in-
jections were placed rostral to electrophysiologically de-
fined area 3a. A calibrated Hamilton syringe was used to
inject 0.3—0.5 pl of 7% Fluoro Ruby (FR), Fluoro Emerald
(FE), or 0.03pl of 0.05% wheat germ agglutinin conjugated
with horseradish peroxidase (WGA-HRP). Four injections
were made in area 3a, and two injections were made in
M1. After completion of the injections, a sterile contact
lens was placed under the dura, 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
and skin were sutured, and each animal was monitored
closely during the 2-day (WGA-HRP) or 1-week (FE, FR)
recovery period for transport of tracers.

Electrophysiological recordings

Recordings were obtained with low-impedance
tungsten-in-glass microelectrodes (0.95-1.5 MQ at 100
Hz). The electrode was placed perpendicular to the cortical
surface; a stepping microdrive was used to advance the
electrode to depths of layer IV, 500—700 pm from the pial
surface. Once the electrode was in place, the body surface
was stimulated, and the RF for neurons at that site was
determined and drawn on a picture of the body. Stimula-
tion consisted of displacement of hairs, light brushing of
skin surfaces, joint and limb manipulations, pressure, and
light to moderate taps. Area 3a was determined electro-
physiologically as the region where neurons responded to
taps or displacement and manipulation of the limbs. When
determining receptive fields for neurons in area 3a, body
parts were isolated where possible (such as all portions of
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Fig. 3. Lightfield digital images of an anterior-posterior series
(a—f) of sections through the thalamus of case 96-11 reacted for CO. At
anterior levels of the thalamus, VL (including Vla; a), CL, and MD can
be readily identified (a-¢). With a posterior progression (d and e),
divisions of the ventral posterior nuclear complex are distinct and

forelimb and hindlimb). Isolating separate portions of the
trunk was difficult. However, upper and lower trunk re-
gions could be isolated.

The types of stimulation required to elicit a response in
neurons in area 3a were very different than for neurons in
area 3b. Neurons in area 3b required only a very small
displacement of hairs or indentation of a small piece of
skin to elicit a response, whereas neurons in area 3a
required more intense stimulation (light taps), generally
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include VP1, VPm, VPs, and VPi. Far posteriorly (e and f), the anterior
pulvinar (Pla), and centre-median (CM) nucleus can also be readily
identified. These sections are 150 pm apart. Medial is up, and lateral
is to the left. For abbreviations, see list. Scale bar = 1 mm.

over a larger portion of the body surface. Thus, once a
portion of the body surface was isolated and joints and
limbs immobilized, a small indentation of the skin was
insufficient to elicit a neural response in area 3a. Cortical
lesions were made at the physiological boundaries of area
3a (10 pA for 10 seconds) for later identification in histo-
logically processed tissue. Also, probes (pasta) were in-
serted in the cortex at the boundaries of the somatosen-
sory cortex to aid in reconstructing electrophysiological
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Fig. 4. Lightfield digital images of an anterior-posterior series
(a—f) of sections through the thalamus of case 96-8 stained for Nissl.
At anterior levels of the thalamus, the anterior portions of the VL
(including Vla; a) can be identified, as can MD and CL (a-c). With a

and anatomical data. Physiological boundaries were de-
fined by reversals in receptive field progressions, a change
in stimulus preference from cutaneous in area 3b, to deep
in area 3a, to no response in M1, and by changes in
receptive field size (Huffman and Krubitzer, 2001). Phys-
iological results were correlated with architectonic bound-

posterior progression (d-f), divisions of the ventral posterior nuclear
complex are distinct and include VP1, VPm, VPs, and VPi. The ante-
rior pulvinar (Pla), and centre-median (CM) nucleus can also be
identified. Conventions as in previous figures.

aries, and injection sites were drawn from histologically
processed tissue (see data analysis below).

Histological processing

After a one week recovery period for the transport of
fluorescent tracers and a 2-day recovery period for the
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Fig. 5. A partial map of area 3a that depicts the center of two
injection sites and their spread in relation to electrophysiologically
defined body part representations in case 96-9. a: An injection of
Fluoro Emerald (FE) was centered in the representation of the hind-
limb but spread into the trunk and slightly into the shoulder repre-
sentations (medial injection site). An injection of Fluoro Ruby (FR)
was centered in the representation of the forearm but spread into the
wrist representation (lateral injection site). b,e: The corresponding
receptive fields (RF) for neurons in area 3a in which the FE (b) and FR

b RF for neurons
at the center of
medial FE
injection site

case 96-9

= deep
o cutaneous
no response

injection site and spread

(c) injections were centered. Solid squares represent electrode pene-
tration locations where neurons responded to the stimulation of deep
receptors, and open squares represent locations where neurons re-
sponded to the stimulation of cutaneous receptors. Thick lines mark
architectonic boundaries using both architectonic analysis and elec-
trophysiological analysis, or architectonic boundaries alone (e.g., ar-
eas PV, S2, and 1&2). Thin lines mark physiological boundaries, and
dotted lines mark estimated cortical field boundaries. Medial is up,
and rostral is to the left. Scale bar in a = 1 mm.
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Fig. 6. The location of injection sites (a,c,e) and corresponding
receptive fields (RF) for neurons at the sites injected (b,d) in area 3a.
The Fluoro Emerald (FE) injection in 96-11 (a) was centered in area
3a in a location in which neurons responded to stimulation of deep
receptors in the proximal hindlimb and adjacent trunk (b). The injec-
tion site in area 3a in case 00-16 was centered in a location in which

b 96-11LH
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d 00-16 RH

RF for 3a
WGA-HRP
injection

O cutaneous
m deep
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OFE injection
site and spread

@FR injection
site and spread
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neurons responded to stimulation of deep receptors in the distal
digits. In all cases, the injection was restricted to either area 3a or M 1.
Conventions as in previous figures. FR, Fluoro Ruby; WGA-HRP,
wheat germ agglutinin-horseradish peroxidase; LH, left hemisphere;
RH, right hemisphere. Scale bar in a = xx, xx in b, c.
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Fig. 7. Digital images of a Fluoro Emerald (FE) injection site
centered in the hindlimb representation of area 3a (a,b), and corre-
sponding retrogradely labeled cells in VPI in the thalamus resulting
from that injection (c). In a, the FE injection is related to electrophys-
iological recording and myeloarchitectonic boundaries in a single sec-
tion. The moderately myelinated area 3a contains neurons that re-
spond to stimulation of deep receptors (filled circles), whereas the
darkly myelinated area 3b contains neurons that respond to stimula-
tion of cutaneous receptors (open circles). Neurons in the darkly
myelinated M1 were unresponsive to any type of stimulation under
our recording conditions. FR, Fluoro Ruby. Arrows in a & b mark the
same blood vessels. Scale bars = 1 mm in a; 200 pm in b; 100 pm in c.
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Fig. 8.
representation in area 3a of case 00-16. b: Corresponding labeled cells
and axon terminals in the VL, VPs, and CL of the thalamus. In a,
rostral is right and medial is up, and in b lateral is right and dorsal is
up. Other conventions as in previous figures. Scale bars = 1 mm.

a: Digital image of an injection of WGA-HRP in the digit

transport of WGA-HRP, the animals were administered a
lethal dose (60 mg/kg) of sodium pentobarbital intraperi-
toneally (IP) and transcardially perfused with 0.9% saline,
2% paraformaldehyde in phosphate buffer (pH 7.4), and
2% paraformaldehyde in 10% sucrose phosphate buffer
(SPB). After the brain was removed from the skull, the
corpus callosum was cut, each cortical hemisphere was
disected from the brainstem and thalamus, the lateral
sulcus was opened, the medial wall was retracted, and the
cortex was manually flattened and postfixed for 2 days in
2% paraformaldehyde and 30% SPB, pH 7.4. For the
WGA-HRP injection, the brain was soaked overnight in
30% SPB. Each flattened cortex was frozen onto a mic-
rotome stage and cut tangential to the cortical surface into
40-pm sections. Alternate sections were stained for mye-
lin (Gallyas, 1979), mounted for fluorescent analysis, or
reacted for tetramethyl benzidine (TMB). In one case, the
cortex was cut parasagittally and stained for Nissl sub-
stance and myelin. The cortico-cortical connections deter-
mined from these cortical sections have been described in
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a different report (Huffman and Krubitzer, 2001). The
thalamus was cut coronally on a freezing microtome into
50-pwm sections. A one-in-four series of sections was re-
acted for the mitochondrial enzyme cytochrome oxidase
(CO; Carroll and Wong-Riley, 1984), stained for myelin
(Gallyas, 1979) or Nissl substance, mounted for fluores-
cent analysis, or reacted for TMB (Mesulam, 1978, as
modified by Gibson et al., 1984).

Data analysis

An imaging system composed of a fluorescent micro-
scope attached to a personal computer equipped with MD-
PLOT optical plotting system software (Minnesota Data-
metrics, St. Paul, MN) was used for data reconstruction.
This system was utilized to plot, in X-Y coordinates, the
cortical injection sites and spread of the injection, as well
as retrogradely labeled cell bodies in coronal thalamic
sections. The WGA-HRP injection and transported tracer
were reconstructed by using a camera lucida attached to a
light microscope. For all cases, the outline of the section,
blood vessels, tissue artifacts, lesions, and probes were
also drawn for the cortex. In all cases, the injection site
and spread was reconstructed, and the myeloarchitectonic
boundaries were drawn. Both were related to each other
and electrophysiological recording results by matching tis-
sue artifacts and lesions. In this way, the location and
spread of the injection site in relation to architectonic and
functional boundaries could be determined. For the thal-
amus, alternate sections stained for Nissl and CO were
drawn on a light microscope equipped with a camera lu-
cida. Architectonic boundaries of thalamic nuclei were
determined and drawn for every section (Fig. 2). By using
blood vessels and artifacts as guides, the labeled cell bod-
ies, and in one case labeled axon terminals, were super-
imposed onto the architectonic reconstruction of each sec-
tion. In this way, the exact location of labeled cells and
axon terminals could be determined. All sections were
drawn at the same magnification in order to facilitate the
correlation of the nuclear architecture and the labeled
cells (see Fig. 8 for examples of this co-registration). Im-
ages of sections through the cortex and thalamus were
taken with a Pixera digital camera (Pixera pro and Pixera
120ES, Los Gatos, CA) and were assembled in Adobe
PhotoShop 4.0.

Fig. 9. a-g: An anterior to posterior reconstruction of sections
through the thalamus of case 96-9 (see Fig. 5). The locations of labeled
cell bodies, relative to nuclear boundaries, resulting from two area 3a
injections are illustrated. Filled circles represent cells labeled with
Fluoro Emerald (FE), resulting from an injection into the hindlimb
representation in area 3a. Open circles represent cells labeled with
Fluoro Ruby (FR), resulting from an injection into the forelimb rep-
resentation in area 3a. Most of the labeled cells from both injections
are in the posterior portion of the ventral lateral nucleus (VL) and the
lateral division of the ventral posterior nucleus (VPI). In both the VP1
and VL, the topography of connections patterns is evident, with the
label from the hindlimb injection located lateral to the label from the
forelimb injection. Labeled cells are also observed in the VPs, VPi, Pla,
CL, and MD. Small black lines and gray lines in the cerebral peduncle
(CP) are portions of labeled axons from the FE and FR injections,
respectively. Dorsal is up, and lateral is to the left. Thin lines mark
the boundaries of nuclei as determined from Nissl- and CO-stained
tissue. These sections are 150 pm apart. The thalamus in this case
was slightly torn on the lateral edge, and the dashed line represents
the approximate lateral edge of the section. Scale bar = 1 mm.
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RESULTS

Electrophysiological recordings and cortical
architecture of area 3a

In the present investigation, densely spaced recording
sites allowed us to determine a region where most neurons
responded to the stimulation of deep receptors. This re-
gion, area 3a, contained a complete representation of the
deep receptors (Fig. 1). The mediolateral organization of
area 3a was similar to area 3b, with the tail represented
most medially, followed by the foot and hindlimb repre-
sentations lateral to the tail representation. The trunk,
forelimb, hand, and digit representations were found more
laterally, and the representations of the chin, face, and oral
structures were in the most lateral position in area 3a.

The physiological borders of area 3a were characterized
by changes in the class of receptors stimulated that pro-
duced a neural response and reversals in the location of
receptive field progression. For example, as recording sites
moved from area 3b into area 3a, neurons responded to
cutaneous stimulation, and then deep stimulation. As re-
cording sites moved from area 3a to M1, neurons re-
sponded to deep stimulation, and then were unresponsive
to any type of somatic stimulation in our preparation. In
previous evoked potential studies (for review, see Jones
and Porter, 1980) and single-unit studies (Tanji and Wise,
1981; Wise and Tanji, 1981), neurons were recorded in M1
that responded to somatic stimulation. The difference in
the present investigation and previous investigations was
probably due to differences in anesthetic and stimulus
paradigm. Reversals in receptive field progression were
observed across the 3b/3a border and were also used to
delineate area 3a from area 3b. For instance, for the
forelimb representation, the locations of receptive fields
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. At the 3a/3b
border, locations of receptive fields for neurons progressed
from the one distal digit tip, onto the proximal digit, then
onto the glabrous palm, and finally onto the forearm in a
rostral to caudal progression of recording sites in area 3b.

Electrophysiological recordings were related to cortical
architecture in tangentially sectioned cortex stained for
myelin. To obtain myeloarchitectonic boundaries, the en-
tire series of sections through the flattened cortex was
reconstructed and matched with electrophysiological re-
cording results. Area 3b was darkly myelinated and was
co-extensive with a complete map of the cutaneous recep-
tors of the body surface. Area 3a was a thin, lightly to
moderately myelinated strip of cortex that resided be-
tween the more densely myelinated M1 rostrally, and area
3b caudally.

In one case, the cytoarchitecture of area 3a was also
examined in parasagittally sectioned cortex stained for
Nissl substance. Although no electrophysiological record-
ings were made in this case, Nissl-stained sections were
related to myeloarchitecture so that the cytoarchitectonic
boundaries could be indirectly related to physiological re-
sults. In Nissl-stained tissue, 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, granular layer is present and layer V
is attenuated. The boundary between area 3a and M1 was
also apparent. At this boundary, layer IV tapered off into
agranular cortex, and layer V contained very large pyra-
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midal cells. The electrophysiological results combined
with cortical architecture and connections have been de-
scribed in detail for the marmoset elsewhere (Huffman
and Krubitzer 2001).

Architectonic subdivisions of the
dorsal thalamus

The ventral posterior nuclear complex and ventral lat-
eral nucleus have been subdivided into different subnuclei
by using a variety of methods (Dykes et al., 1981; Jones
and Friedman, 1982; Kaas et al., 1984; Jones et al., 1986;
Hirai and Jones, 1989; Rausell and Jones, 1991;
Stepniewska et al., 1994b; for reviews, see Jones, 1985,
1998). Investigators have subdivided thalamic nuclei dif-
ferently and/or have used different nomenclature to delin-
eate the same nucleus (see below). In the current study in
marmosets, we follow the divisions and nomenclature de-
scribed in a previous study in marmosets that utilized
multiple histochemical staining techniques and patterns
of connections to define the subdivisions of VP (Krubitzer
and Kaas, 1992). The three divisions of the ventral poste-
rior complex (VPm + VPI, VPi, and VPs; Fig. 2) have
distinct cytoarchitectonic appearances, stain differently
for the mitochondrial enzyme cytochrome oxidase (CO),
and have unique patterns of projections to different areas
in the somatosensory cortex. All these nuclear subdivi-
sions, except VPs, conform to those described by Jones
(1985, 1998).

In the present investigation, in sections reacted for CO
(Figs. 2, 3d-f), the superior (VPs), lateral (VP1), medial
(VPm), and inferior (VPi) divisions of VP were clearly
distinguished. VPI and VPm, together referred to as VP
proper, reacted darkly for CO, whereas VPs reacted mod-
erately and VPi very lightly. Portions of this CO-light VPi
interdigitated between different body part representa-
tions in VP proper, as described previously by Krubitzer
and Kaas (1992). Although not as clear as in the CO-
reacted sections, the divisions of VP were observed in
sections stained for Nissl (Fig. 4d—f). In these sections, VP
proper contained densely packed and darkly stained cells;
however, VPi was cell sparse, and cells in VPs were less
densely packed and lightly to moderately stained com-
pared with VP.

The ventral anterior nucleus (VA) and the ventral lat-
eral nucleus (VL), which are also a part of the ventral
thalamic nuclear group, were distinct in both prepara-
tions. VA is located rostral to VL and has been subdivided
previously in monkeys (Jones 1985). However, we did not
attempt to draw the separate subdivisions. VA reacted
moderately for CO (Fig. 3a) and contained large, moder-
ately packed cells that stained darkly for Nissl (Fig. 4a).
VL was located posterior to VA and anterior to VP, and the
boundary between the VL and VP, and VL and VA was
often difficult to distinguish in our coronally sectioned
tissue because the boundary between these nuclei lies in a
coronal plane (i.e., is parallel to the plane of section). VL
has two main divisions, anterior and posterior. While most
of VL reacted darkly for CO, in most cases we were able to
distinguish the anterior part of VL (Vla; not labeled) by its
densely packed small cells, and the posterior portion of VL
(VLp) by its larger, less densely packed cells (Fig. 4a,b).

The medial dorsal nucleus (MD), located dorsal to CM
and medial to CL, reacted darkly for CO (Figs. 2, 3). MD
was a large nucleus that contained fairly evenly spaced,
small to medium-sized cells, as appreciated in the sections
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stained for Nissl (Fig. 4). Although different subdivisions
have been described for MD in other primates (Jones,
1985, 1998; Hirai and Jones, 1989), we did not describe
these divisions in the marmoset.

Nuclei in the intralaminar group, including the central
lateral (CL) and centre median (CM) nuclei, were identi-
fied in all cases. CL, which is in the rostral group of the
intralaminar nuclei, reacted darkly for CO and contained
larger, moderately to darkly stained cells (Figs. 3, 4). CM,
which is in the caudal group of the intralaminar nuclei,
reacted moderately to darkly for CO and contained tightly
packed, small cells (Figs. 2—4). The anterior pulvinar nu-
cleus (Pla) is located between the pulvinar, VP, and CM.
Pla reacted lightly to moderately to CO (Figs. 2, 3) and
contained small cells that were lightly stained for Nissl
(Fig. 4).

Thalamic connections of area 3a

Four injections were placed into area 3a in the left or
right hemispheres of three animals. In case 96-9, an FE
injection was centered in the representation of the distal
hindlimb (Fig. 5a, medial injection site, and 5b) but spread
into the neighboring trunk and shoulder representations.
In this same case, an FR injection was centered in the
representation of the forearm, with some spread into the
neighboring hand and wrist representations (Fig. 5a, lat-
eral injection site, and 5¢). An injection of FE in case 96-11
was centered in the representation of the hindlimb, with
some spread into the trunk representation (Figs. 6a,b, 7a).
In the right hemisphere of case 00-16, an injection of
WGA-HRP was centered in the representation of the dis-
tal glabrous digits (Figs. 6¢,d, 8a) and spread into the
adjacent representation in which neurons had receptive
fields on the entire hand (Fig. 6c¢).

For each area 3a injection, axon terminals and/or cells
were plotted and related to architectonically defined nu-
clei of the dorsal thalamus. In all cases, most of the labeled
cells (and axon terminals in 00-16) were located in the
ventral lateral nucleus at the border with the rostral por-
tion of VPL. Indeed, the density of labeled cells and axon
terminals in VL, particularly in VLp, far exceeds that
found in other thalamic nuclei (Figs. 9—11).The neurons in
VL that project to the hand and foot representations in
area 3a were topographically organized with those project-
ing to the foot representation lateral to those projecting to
the hand representation.

Labeled cells, and in one case terminals, were also con-
sistently observed in CL. However, in all cases, label was
much less dense than in VL (Fig. 10). Labeled cells were
also identified in MD. However, the density and consis-
tency of label in this nucleus were low. In one case (00-16),
no labeled cells or terminals were identified in MD (Fig.
10), and in two cases (three injections; 96-9 FE and FR;
99-11 FE) only a few cells were observed (Figs. 9, 11).

Labeled cells were observed in several somatosensory
nuclei including VPi, VPs, and VPL. In two cases (96-9 FR
and 96-11 FE), the labeled cells in VP1 were moderately
packed (Figs. 9, 11). For two of the injections in area 3a,
the number of labeled cells in VPl was much less. For
instance, for the FE injection in 96-9, the number of la-
beled cells in VP1 was low, as was the density for case
00-16 (Figs. 9, 10) . Labeled cells and axon terminals were
also consistently observed in VPs; in some cases (00-16
and 96-11 FE), the label was dense, whereas in other cases
it was moderate (96-9 FR) or sparse (96-9 FE). For three
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a

Fig. 10. a-f: An anterior to posterior reconstruction of sections
through the thalamus of case 00-16 (see Fig. 6¢,d) and the locations of
labeled cell bodies (large dots) and axon terminals (small dots), rela-
tive to nuclear boundaries, resulting from a WGA-HRP injection in
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. case 00-16

the digit representation in area 3a. Most of the labeled cell bodies and
axon terminals are located in the ventral lateral nucleus and the
rostral portion of VPL. Label is also observed in VPs, Pla, CL, and CM.
Conventions as in previous figure. Scale bar = 1 mm.
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Fig. 11. a-g: An anterior to posterior reconstruction of sections
through the thalamus of case 96-11 (see Figs. 6a,b, and 7) and the
locations of labeled cell bodies, relative to nuclear boundaries, result-
ing from a Fluoro Emerald (FE) injection in the representation of the
hindlimb in area 3a (filled circles), and an injection placed at a similar

case 96-11 -

O FR (M1 injection)
® FE (hl 3a injection)

mediolateral location in M1 (open circles). The densest label resulting
from the area 3a injection is in the VL and VPI, with sparse label in
VPs, VPi, Pla, CL, and MD. The labeled cell bodies resulting from an
injection in M1 are predominantly in VL, VA, CL, and MD. FR, Fluoro
Ruby. Conventions as in previous figures. Scale bar = 1 mm.
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injections (Figs. 9, 11), a few labeled cells were observed in
VPi, and in one case (Fig. 10), no label was observed in
VPi. However, the lack of label in the three cases may be
due to the rather large spacing between sections recon-
structed for cell borders and the relatively small size of
VPi. In the cases in which the forelimb representation was
injected, label tended to be located in the medial aspect of
VPI (Figs. 9 [FR], 10), and in cases in which the hindlimb
representation was injected, label tended to be in the
lateral aspect of VPI1 (Figs. 9-11).

In three cases, labeled cells and axon terminals were
identified in the anterior pulvinar, but in two cases, the
density of cells in this nucleus was low (Figs. 9-11). A few
cells were identified in one case in the lateral posterior
nucleus and lateral dorsal nucleus.

Thalamic connections of M1

Two injections placed in M1 revealed highly consistent
patterns of labeled cells in the thalamus. The majority of
cells were in VL and VA (Figs. 11 [FR], 12). The other
nuclei that were consistently labeled and contained a rel-
atively large number of labeled cells included CL and MD
(Figs. 11 [FR], 12). Only a few labeled cells were inconsis-
tently identified in other thalamic nuclei such as CM, Pla,
parafascicular nucleus (PF), and anteroventral nucleus
(AV). No labeled cells were observed in any of the divisions
of the ventral posterior complex after injections in M1.

DISCUSSION

In the present study, neuroanatomical tracers were
placed into electrophysiologically defined body part repre-
sentations of area 3a and architectonically defined loca-
tions of M1 to determine the thalamic input to these
regions. There were two major findings. First, the major-
ity of thalamic input to area 3a was from a constellation of
nuclei classically associated with the motor system,
whereas many fewer projections arose from somatosen-
sory nuclei of the ventral posterior complex. Second, M1
had connections with VL, VA, CL, and CM but did not
receive input from the ventroposterior nuclear complex
(Fig. 13). Although a number of studies have examined
thalamo-cortical connections of somatosensory cortex in
other species such as cats and some rodents, we have
limited our discussion to studies in primates because the
morphological structure of the hand and features of orga-
nization regarding sensorimotor integration necessary for
fine manual discrimination and coordination are likely to
be found predominantly in the primate lineage.

Thalamo-cortical connections of area 3a

Reports of thalamo-cortical connections of area 3a in
primates vary considerably. Previous anatomical studies
in Old World macaque monkeys demonstrated that area
3a had connections predominantly from the shell region of
VPlc (Jones et al., 1979; Darian-Smith and Darian-Smith,
1993), which we believe corresponds to our VPs. In addi-
tion, one of these studies (Darian-Smith and Darian-
Smith, 1993) also described connections with CM, VPLo
(our VL), and Pulo (our Pla). Unlike the present investi-
gation in marmosets, these studies do not report connec-
tions with any of the divisions of the ventral posterior
complex other than the shell of VPLc (VPs). Studies in
New World monkeys (such as squirrel monkeys) in which
the border zone of area 3a/3b was injected demonstrated
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connections with VPl, VPs, and Pla, as in the present
investigation (Cusick et al., 1985). No connections be-
tween area 3a and the motor nuclei of the thalamus were
described. Investigations of thalamo-cortical connections
of area 3a in squirrel monkeys, which most closely corre-
spond to our study in both methods and results, were
those of Akbarian et al. (1992). In these studies, electro-
physiologically identified head and neck representations
of area 3a were injected, and thalamic connections were
observed predominantly with VPO. We do not designate a
VPO in the marmoset, but the location and preponderance
of retrogradely labeled cells in VPO following 3a injections
suggests that it corresponds to our posterior VL. These
investigators also describe consistent connections with
CL, CM, and PUo (which corresponds to our Pla). Finally,
connections were observed with divisions of the ventral
posterior complex including VP proper, VPs, and VPi.
Overall, despite some differences in nomenclature, the
patterns of thalamic label in the Akbarian et al. (1992)
study are similar to those reported in the present investi-
gation.

Studies in which electrophysiologically defined locations
in the thalamus were injected lend support to the studies
described above. In an early study in which injections
were placed into electrophysiologically defined locations in
the shell region of VPLc (our VPs), dense projections to
area 3a were demonstrated (Friedman and Jones, 1981);
however, injections into VPLo (our posterior VL) did not
result in label in area 3a as in the present investigation.
Investigations by Jones and Friedman (1982), in which
injections were placed into the ventral posterior nucleus
proper (core), demonstrated sparse connections with area
3a. In contrast to the Friedman and Jones (1981) study, a
more recent investigation in which VPLo was injected (our
VLp) describes projections to the anterior bank of the
central sulcus, in the location of area 3a (Nakano et al.,
1992).

Taken together, most of the data support the notion that
the largest input to area 3a is from motor nuclei of the
thalamus including VL, CL, and CM. Only the current
study and two previous studies (Jones and Friedman,
1982; Akbarian et al., 1992) demonstrate that divisions of
the ventral posterior nucleus, other than the shell region
of VPLc (our VPs), project to area 3a as well.

Thalamo-cortical connections of M1

The primate motor thalamus consists of nuclei that
receive input from deep cerebellar nuclei and the basal
ganglia and project to regions of the premotor and motor
cortex (see below). These nuclei include VL, VA, MD, and
nuclei of the intralaminar group. In the present study in
which injections of retrograde fluorescent tracers were
placed into M1, the thalamic nuclei VA, VL, CL, and MD
provided the majority of thalamic input to M1, and nuclei
such as CM, and Pla had sparse and inconsistent projec-
tions to M1.

Early anatomical studies of the thalamo-cortical connec-
tions of area 4 (Strick, 1975, 1976; Kiinzle, 1976; Kievet
and Kuypers, 1977; Jones et al., 1979) demonstrate that
M1 receives its densest input from VPLo (VLp) and CL. In
more recent anatomical studies, VLo, VLe, VPLo, and
VLm are reported to provide input to M1 (Matelli et al.,
1989; Darian-Smith et al., 1990). Studies in owl monkeys
by Stepniewska et al. (1994a), in which different move-
ment representations within M1 were injected with fluo-



[ARYAYS:
VAN
.
CARORTRY
0
4

S
g -

case 96-10
O FR (M1 injection)

Fig. 12. a-g: An anterior to posterior reconstruction of sections through the thalamus of case 96-10
(see Fig. 6e) and the locations of labeled cell bodies (open circles) relative to nuclear boundaries, resulting
from an injection in M 1. As in the previous case, most of the labeled cells are in VL, VA, CL, and MD. FR,
Fluoro Ruby. Conventions as in previous figures. Scale bar = 1 mm.
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da

Fig. 13. A summary of the major thalamo-cortical connections of
anterior parietal fields in primates (a) and our own results for area 3a
and M1 (b). Whereas somatosensory areas 3b 1, 2, S2, and PV receive
their inputs predominantly from nuclei associated with somatosen-
sory processing, area 3a receives most of its input from VL. The
thalamic inputs of M1 and area 3a are overlapping to a large extent,
with one major difference. Area 3a also receives input from somato-
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sensory nuclei of the thalamus. Thalamo-cortical patterns of connec-
tions for area 3b are from Cusick and Gould, 1990, and Krubitzer and
Kaas, 1992; those for S2 and PV are from Krubitzer and Kaas, 1992;
and those for areas 1 and 2 are from Nelson and Kaas, 1981, and Pons
and Kaas, 1985; see also Kaas and Pons, 1988. Conventions as in

previous figures.
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rescent tracers or WGA-HRP, reported that the strongest
projections to M1 were from subdivisions of VL, particu-
larly VLp, and the intralaminar nuclei CL, Pc, and CM.
Sparse projections were described from Pla, and a few
retrogradely labeled cells were found just inside the lat-
eral border of MD as well. Studies in macaque monkeys in
which different movement representations in M1 were
injected with neuroanatomical tracers yielded similar re-
sults in that the major source of thalamic input to M1 was
from VLo and VPLo (Holsapple et al., 1991; Rouiller et al.,
1998), which correspond to VLa and VLp, respectively
(Jones, 1998).

Studies in which injections were placed in different
motor nuclei of the thalamus lend support to the studies
described above. For instance, injections in VPLo (our VL)
and VA result in dense projections to M1 (Nakano et al.,
1992). All studies are consistent with the notion that VLp
(VPLo) and CL provide the major source of thalamic input
to M1. Unlike area 3a, M1 does not receive cutaneous
inputs from any nuclei of the thalamus in either New or
Old World monkeys.

Sources of variability across studies

Although we have tried to distill across data sets the
major sources of input to area 3a, a good deal of variability
exists in the description of thalamo-cortical connections of
area 3a. This variability stems from several possible
sources. First, access to area 3a is different in different
primates. In some primates in which the brain is gyren-
cephalic, such as macaque monkeys, area 3a lies on the
fundus of the central sulcus, or deep in the rostral or
caudal bank of the central sulcus. Thus, the placement of
injections by using sulcal patterns alone can be highly
problematic because the position of electrophysiologically
identified area 3a can vary dramatically (Huffman et al.,
1999). For example, in a recent investigation in which
injections of area 3a were placed relative to sulci and later
identified architectonically, only four of 36 injections were
restricted to area 3a (Darian-Smith and Darian-Smith,
1993).

A second and related source of variability is in the
description or determination of area 3a by different inves-
tigators. Jones and Porter (1980) thoroughly outline the
difficulties in defining area 3a, as well as the varying
descriptions of area 3a in early investigations. They con-
clude that area 3a in macaque monkeys can be defined as
the region immediately rostral to area 3b that has a
thinned internal granule cell layer. They felt that the
presence or absence of giant pyramidal cells was not a
reliable indicator of area 3a. Because of this uncertainty,
it would seem that the best way in which to define area 3a
is to utilize electrophysiological recording techniques. In
both the marmoset (Huffman and Krubitzer, 2001) and
macaque monkey (Huffman et al., 1999), in which electro-
physiological recording techniques were used, the region
of the cortex with an attenuated layer IV (on which a
prominent layer V was overlapping) was coextensive with
cortex in which neurons were responsive to stimulation of
deep somatosensory receptors, such as muscle spindles. In
two studies in New World monkeys in which electrophys-
iological recordings were used to define area 3a, very sim-
ilar patterns of thalamo-cortical connections were ob-
served (present investigation and Akbarian et al., 1992).

In addition to the differences in the definition of area 3a
by different investigators, there are also differences in
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how the thalamus is subdivided. Classic definitions of the
ventral posterior complex and surrounding nuclei rely
almost exclusively on cytoarchitectonic distinctions. The
ventral posterior nuclear complex is traditionally divided
into a central cutaneous core region (VP proper, which is
comprised of VPl and VPm), and a shell region (VPLc
shell) in which neurons respond to stimulation of deep
receptors (Mountcastle and Henneman, 1952; Loe et al.,
1977; Jones and Friedman, 1982; Kaas et al., 1984, see
Kaas and Pons, 1988 for review). However, electrophysi-
ological recording studies combined with architectonic
analysis and/or connections in both New (Kaas et al.,
1984, Krubitzer and Kaas, 1992) and Old World monkeys
(Krubitzer et al., 1995) demonstrate that the shell region
should be considered as a separate nucleus, VPs, which
receives input from deep receptors, such as muscle spin-
dles (Krubitzer et al., 1995). Furthermore, VPi, which lies
immediately ventral to VPm and VP, also contains an
additional map of deep receptors and should also be con-
sidered as a separate nucleus. Thus, the “shell” region of
early studies corresponds to two separate nuclei, VPs and
VPi, that surround the cutaneous ventral posterior nu-
cleus. Finally, the location and boundaries of VPLo, VPO,
the anterior portion of VPL¢, and VLp have sometimes
been used interchangeably and at other times have been
designated as separate nuclei of the thalamus in the same
animal. All of these nuclei reside in a similar location in
the thalamus, have a similar, although not particularly
distinct architectonic appearance, and have been consid-
ered to provide the major input to area 3a. Because of
these similarities, we believe that these nuclei should be
considered as one single nucleus (VLp), until more conclu-
sive data are gathered to suggest otherwise.

The final source of variability of connections of area 3a
may be that there is true species variability. However,
because of the other sources of variability described above,
species differences are extremely difficult to ascertain.

What does area 3a do?

The connections and response properties of neurons in
different nuclei in the thalamus that project to area 3a fit
well with its suggested role in somato-motor integration,
proprioception, and reaching. Neurons that comprise the
ventral posterior nuclear complex respond to stimulation
of both cutaneous and deep receptors in the skin, muscle,
and joints. Specifically, neurons in VP proper respond to
cutaneous and low-threshold mechanosensory stimulation
(Mountcastle and Henneman, 1952; Loe et al., 1977; Jones
and Friedman, 1982; Kaas et al., 1984; Krubitzer and
Kaas, 1995; for review, see Kaas and Pons, 1988). Neurons
in VPs or the dorsal “shell” of VP respond to stimulation of
deep receptors (Jones et al., 1982; Krubitzer et al., 1995),
as does the rostral portion of the ventral posterior nucleus
(Loe et al., 1977) and the lateral portion of VPLc at the
VPLo/VPLc border (Jones et al., 1982). VPs, or a nucleus
in the location of VPs also receives inputs from the semi-
circular canals via the medial vestibular nucleus (Lang et
al., 1979). VPi contains neurons that respond to stimula-
tion of Pacinian receptors (Dykes et al., 1981) and deep
receptors (Krubitzer et al., 1995). The sources of input to
these thalamic nuclei have been well studied and include
inputs from the dorsal column nuclei, the main sensory
trigeminal nuclei, the lateral cervical nucleus, and the
spinothalamic tract (for review, see Kaas and Pons, 1988).
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Area 3a also receives input from nuclei of the thalamus
classically associated with the motor system (VL, CL CM,
and MD). Pallidal connections have been observed with
CM (Kuo and Carpenter, 1973; Kim et al., 1976), and the
deep cerebellar nuclei project to CL (Asanuma et al.,
1983), which in turn projects to area 3a. CL may also be
providing nociceptive inputs to area 3a. This is supported
by a study in squirrel monkeys, which demonstrates a
neural response in area 3a to heat stimulation (Tommer-
dahl et al., 1996). The types of inputs to VL are varied. For
instance, VL receives substantial input from a number of
motor structures including the primary motor cortex
(Jones et al., 1979), the globus pallidus (Kuo and Carpen-
ter, 1973; Kim et al., 1976; Devito and Anderson, 1982;
Parent and DeBellefeuille, 1982; for review, see Mink,
1999), and the cerebellar nuclei (Asanuma et al., 1983; for
review, see Bastian et al., 1999). The cerebellum receives
proprioceptive inputs from the dorsal and ventral spino-
cerebellar tract and the external arcuate nucleus, as well
as inputs from the vestibular nuclei (for review, see Thach
et al., 1992; Bastian et al., 1999). These inputs may be
relayed to area 3a via the dentate nucleus of the
cerebellum/VL pathway. The dentate nucleus, when le-
sioned, produces deficits in reaching and pinching (Thach
et al., 1992), which fits well with the notion that area 3a is
involved in goal-directed reaching.

Thus, area 3a has access to somatic inputs, particularly
from muscle spindles via VPs, VLp, and CL of the thala-
mus, and vestibular inputs via VPs and VLp. In addition,
area 3a is part of a motor network that includes the
cerebellum, globus pallidus, and motor cortex via its con-
nections with VLp, CM, and CL. Our data clearly suggest
that area 3a is not only a somatosensory cortical area,
receiving its input from the somatosensory thalamus, but
may also be an important cortical component of a network
involved in generating a sense of the position of the limbs
in space, rotation of the head and neck, and the fine motor
movements necessary for reaching and grasping.
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