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The subthalamic
nucleus (STN) is a key structure for somatic
motor control via the basal ganglia. In the present study, we
demonstrate
that the STN of the macaque monkey has dual
sets of body part representations.
Each of the two separate
portions of the STN is characterized
with somatotopically
arranged direct cortical inputs that are derived from the primary
motor cortex (Ml) and the supplementary
motor area (SMA).
The first set of body part representations
is transformed
from
the MI to the lateral STN, whereas the second set is transformed from the SMA to the medial STN.
lntracortical
microstimulation
mapping was carried out to
guide paired injections of anterograde
tracers into somatotopitally corresponding
regions of the Ml and the SMA. We found
that direct inputs from the Ml were allocated mostly within the
lateral half of the STN. whereas those from the SMA were

distributed
predominantly
within its medial half. Of particular
interest was that the arrangement
of somatotopical
representations from the SMA to the medial STN was reversed against
the ordering
of those from the Ml to the lateral STN; the
orofacial, forelimb, and hindlimb parts were represented
from
medial to lateral within the medial STN, whereas these body
parts were represented,
in the inverse order, mediolaterally
within the lateral STN. Moreover, inputs from homotopical
Ml
and SMA regions were found to converge only partially into the
STN. The present findings could account for somatotopically
specific involuntary movements manifested in hemiballism that
is caused by destruction
of the STN.
Key words: basal ganglia; subthalamic
nucleus; primary motor cortex; supplementary
motor area: body part representation;
hemiballism

Because discrete lesions in the subthalamic nucleus (STN) result
in a violent form of dyskinesia, termed “hemiballism,”
that is
characterized
by involuntary movements occurring in the contralateral limbs (Martin, 1927; Whittier, 1947; Whittier and Mettler, 1949; Carpenter et al., 1950; Carpenter and Carpenter, 1951;
Carpenter and Mettler, 19.51; Hamada and DeLong, 1992) (see
also Crossman et al., 1980, 1984), the STN has long been recognized to play crucial roles in somatic motor control (for review,
see Kitai and Kita, 1987; Albin et al., 1989; DeLong, 1990) (see
also Bergman et al., 1990). It now seems a consensus that the STN
may occupy the central position in an indirect pathway connecting
the striatum to the output nuclei of the basal ganglia, the internal
segment of the globus pallidus (GPi) and the substantia nigra pars
reticulata (SNr), which is structurally parallel with, although functionally opposing to, a direct pathway to the GPi/SNr (Alexander
et al., 1986, 1990; Alexander and Crutcher, 1990). Activation of
striatal neurons tends to suppress the activity of neurons in the

external segment of the globus pallidus (GPe) and thereby allow
disinhibition
of STN neurons, thus exerting an excitatory drive on
GPi/SNr neurons. This, in turn, leads to increased inhibition of
the thalamus and thalamocortical
neurons.
In general, many pieces of somatic motor information from the
primary motor cortex (MI) have been considered to be conveyed
indirectly to the STN by way of the corticostriatal projections and
the subsequent intrinsic (striatum-GPe-STN)
relay of the basal
ganglia (see Alexander
and Crutcher, 1990; Alexander et al.,
1990). In addition to this indirect route, the STN is likely to
receive such information through the “hyperdirect”
link (i.e., the
direct cortico-STN
pathway). By means of the autoradiographic
tract-tracing technique, early anatomical work has shown that in
the macaque monkey the STN receives somatotopically organized
hyperdirect cortical inputs from the MI (Hartmann-von
Monakow
et al., 1978). Based on these MI inputs, somatotopical representations in the STN appeared to be arranged mediolaterally in the
order of the hindlimb, forelimb, and orofacial part (Hartmannvon Monakow et al., 1978), although body part representations
of
the MI regions examined were not identified electrophysiologitally. Despite the occurrence of somatotopically
specific ballistic
movements caused by varied extents of STN lesions, however, this
body map was apparent only to the lateral portion of the STN, but
not to its medial portion. In this context, there still exists an open
question as to the somatotopy over the entire STN that reconciles
with the somatotopical
specificity of dyskinesias manifested in
hemiballism (see DeLong et al., 1985; Wichmann et al., 1994).
In the present study, we therefore made an attempt to investi-
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1. Summary

Somatotopical

Central sulcus

Figure 1. Schematic diagram showing the summary
of the present experiments. Dorsal view of the monkey
brain. Shown are the approximate
locations of ICMS mapping and tracer injection
in Monkeys
Ha, To, Su,
Ta, and Ma. See also Table 1 for details.
gate the somatotopical
hyperdirect
cortico-STN
mentary
motor
area

organization
projections

in the STN by analyzing
the
from the MI and the supple-

(SMA)-the
secondary motor cortex that is
involved in many aspects of somatic motor behavior (for review,
see Wiesendanger,
1986; Tanji, 1994)-in
the macaque monkey.
was designed
to compare
the distribution
A series of experiments
patterns

in

the

STN

of

projection

fibers

from

somatotopically

corresponding
regions of both cortical areas. To define MI and
SMA regions representing
various
body parts, intracortical
microstimulation
(ICMS)
was used in awake
monkeys.
Then doubleanterograde

axonal

tracing

was

applied

in

single

monkeys

by

injecting the distinguishable
tracers wheat germ agglutininconjugated horseradish peroxidase (WGA-HRP)
and biotinylated
dextran
amine (BDA) separately into electrophysiologically
identified homotopical regions of the MI and the SMA.
MATERIALS

AND METHODS

Five adult female Japanese monkeys
(Mucacaf~~catu)
were used for this
study. Experiments
were divided
into two groups. The first group of
experiments
was designed for clarifying
the somatotopical
arrangement
of the SMA-STN
projections
(Monkeys
Ha, To, and Su-left),
and the
second group for comparing
the SMA-STN
and MI-STN
projections
(Monkeys
Ta, Su-right,
and Ma) (see Fig. 1, Table 1). This second group
of experiments
was to achieve the primary
goal of the present study;
paired injections
of BDA and WGA-HRP
were made into somatotopitally corresponding
regions of the SMA and the MI of the same hemisphere. Under general anesthesia,
each monkey
received
surgical operation to gain easy access to electrophysiological
mapping
and subsequent
tracer injections.
All surgical
procedures
were done under
aseptic
conditions.
The monkeys were anesthetized
with ketamine
hydrochloride
(10 mg/
kg, i.m.) and sodium pentobarbital
(30 mg/kg, i.m.) and positioned
in a
stereotaxic
apparatus.
The skull was widely exposed, and small, stainless
steel screws were attached to the skull for anchor. The exposed skull and
screws were completely
covered
with transparent
acrylic resin. Two
stainless steel pipes were mounted
in parallel with each other over the
frontal and occipital lobes for head fixation. A few days after the surgery,
the monkeys were anesthetized
with ketamine
hydrochloride
(10 mgikg,
i.m.) and xylazine
hydrochloride
(l-2 mg/kg, i.m.) and sat quietly in a
primate
chair with their heads fixed in a stereotaxic
frame that was
attached to the chair. Skull portions
over the midline and/or the central
sulcus were removed.
After recovery
from the anesthesia,
each monkey
underwent
ICMS
to determine
physiologically
the boundaries
of body
part representations
in the SMA and/or the MI. Glass-insulated
Elgiloy-

Nucleus

injection0

Monkey

BDA

Ha (left)
To (left)
Su (left)
(right)
Ta (left)
Ma (left)

SMA-forelimb
SMA-forelimb

(1 ~1 X 2)
(2 ~1 X 3)

MI-hindlimb
SMA-forelimb
SMA-orofacial

(1 ~1 X 6)
(1 ~1 X 2)
(2 ~1 x 2)

See figures for further
a The injection
volume
indicated
in parentheses.

in Subthalamic

of experiments

Site of tracer
Ma

Representations

WGA-HRP

information
of each

SMA-hindlimb
SMA-orofacial
SMA-hindlimb
MI-forelimb
MI-orofacial

(0.1 ~1
(0.1 ~1
(0.1 ~1
(0.2 ~1 x
(0.1 ~1 X

about the cortical
areas injected.
tracer and the number
of needle penetrations

X 1)
X 1)
X 1)

3)
3)

are

alloy microelectrodes,
the impedance
of which measured
0.9-1.4 Ma at
500 Hz, were used for electrical
stimulation
as well as for recording
of
extracellular
unit activity. Regions corresponding
to the SMA and/or the
MI were stimulated,
via the electrode
penetrated
perpendicular
to the
cortical surface at 1000-1500
pm intervals,
by currents ranging between
5 and 50 PA (22 or 12 cathodal pulses, respectively,
for the SMA or the
MI, 200 psec duration
at 333 Hz through
a constant-current
stimulator),
and evoked movements
of various body parts were observed. To verify the
exact locations
of the stimulation
sites, electrolytic
microlcsions
(anodal
direct current
of lo-15 PA, 20-30 set) were placed at selected points
before withdrawal
of the electrode.
After
ICMS
mapping
of the SMA and/or the MI, a single site or
multiple
sites were selected
in each cortical
area for injecting
BDA
(Molecular
Probes, Eugene,
OR; M, 3000 kDa)
(Fritzsch,
1993) or
WGA-HRP
(Toyobo;
RZ 2 3.0) into one of the orofacial,
forelimb,
and
hindlimb
regions. Six different
types of tracer injections
were made as
shown in Table 1. When paired deposits of BDA and WGA-HRP
were
placed in single monkeys
(Monkeys
To, Ta, Su-right,
and Ma), the BDA
injection
was, in fact, carried out lo-18 d before the WGA-HRP
injection. A total volume of 2-6 ~1 of a 20% solution of BDA dissolved in 0.01
M phosphate
buffer,
pH 7.3, was injected
through
a 10 ~1 Hamilton
microsyringe
that was attached to the same manipulator
as the electrode,
while a total volume of 0.1-0.6 ~1 of a 4% solution of WGA-HRP
in 0.1
M Tris-HCl
buffer, pH 7.0, was injected through
a 1 ~1 Hamilton
microsyringe in the same manner as used for BDA injection.
After a survival period of 14-21 d for BDA and 3-4 d for WGA-HRP,
the monkeys
were anesthetized
deeply with an overdose
of sodium
pentobarbital
(60 mg/kg, i.p.) and perfused transcardially
with 0.1 M PBS,
pH 7.3, followed
by 8% formalin
dissolved in 0.1 M PBS, pH 7.3 and,
finally, the same fresh PBS containing
10% and then 30% sucrose. The
brains were removed
immediately,
saturated
with 30% sucrose in 0.1 M
PBS, pH 7.3, at 4°C and then cut serially
into 60-pm-thick
coronal
sections on a freezing microtome.
Every six sections were histochemically
stained for BDA, and their adjacent ones for WGA-HRP.
For visualizing
injected
and transported
BDA, the sections were incubated
in 0.05 M
PBS, pH 7.3, containing
0.5% Triton X-100 overnight,
followed
by the
same fresh PBS containing
avidin-biotin-peroxidase
complex
(ABC
Elite, Vector Laboratories,
Burlingame,
CA, 1:50 dilution)
for 2 hr. This
ABC incubation
procedure
was done after treatment
of the sections with
1% H,02
to eliminate
cross-reaction
with WGA-HRP
and to inhibit
endogenous
peroxidases.
The sections were then reacted for lo-20 min in
0.05 M Tris-HCl
buffer,
pH 7.6, containing
0.04% diaminobenzidine
tetrahydrochloride,
0.04% NiCI, (Hancock,
1982) and 0.003% H202. For
visualizing
injected
and transported
WGA-HRP,
the sections were reacted according
to the tetramethylbenzidine
(TMB)
method (Mesulam,
1978) and incubated
for 15 min in a 3% aqueous solution of ammonium
molybdate
to stabilize the reaction product (Fujii and Kusama, 1984). All
sections were mounted
onto gelatin-coated
glass slides, counterstained
with 1% Neutral
Red, and then coverslipped.
Injection
sites were charted in the coronal sections with the aid of a
profile projector
and reconstructed
on the electrophysiological
map as
viewed from the cortical surface. Patterns of anterograde
labeling in the
STN were analyzed with the aid of both a profile projector
and a camera
lucida attached
to a light microscope;
adjacent
sections were carefully
aligned taking into account the greater
shrinkage
of the TMB-reacted
sections. Parts of data concerning
anterograde
labeling
in other brain
structures
than the STN were reported
separately
(Tokuno
et al.,
1995a,b).
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2. Top, ICMS mapping of
the SMA in Monkey Ha and the sites
of BDA injection in its forelimb region. Each letter represents the site
of electrode penetration, stimulation
of which elicited movement predominantly from one of the following
body parts: lip (Li), digit (D), shoulder (S), trunk (Tr), and hip (H). -,
No movement elicited. Broken circles
indicate the approximate extents of
tracer deposits. Bottom, Pattern of
distribution of anterogradely labeled
axon terminals (dots) and fibers of
passage (dotted lines) in the STN and
its surroundings. Five equidistant
coronal sections through the STN
are arranged rostrocaudally in u-e.
R, Thalamic reticular nucleus; SN,
substantia nigra; Th, thalamus; ZZ,
zona incerta.
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Figure 3. Patterns of distribution
of
anterogradely
labeled axon terminals
(dots) and fibers of passage (dotted
lines) in the STN and its surroundings
in Monkey
To. For BDA
labeling
from the SMA forelimb
region, five
equidistant
coronal sections through
the STN are arranged
rostrocaudally
in u-e, and for WGA-HRP
labeling
from the SMA hindlimb
region, their
adjacent sections (60 pm apart) are
arranged rostrocaudally
in al-e’. SN,
Substantia
nigra; T/z, thalamus;
ZI,
zona incerta.

Nambu

et al. . Dual

Somatotopical

Representations

in Subthalamic

Nucleus

dorsal
medial -I

Monkey To
WGA-HRP
injection
into SMA hindlimb region
2mm

Nambu

et al. . Dual

Somatotopical

Representations

in Subthalamic

J. Neurosci.,

Nucleus

April

15, 1996,

76(8):2671-2683

2675

a

Figure 4. Pattern of distribution
of anterogradely
labeled axon terminals
(dots) and fibers of passage
Monkey
Su. On this left, WGA-HRP
was injected into the orofacial region of the SMA. Five equidistant
rostrocaudally
in a-e. SN, Substantia
nigra; Th, thalamus;
ZI, zona incerta

RESULTS
Throughout the experiments, results from ICMS mapping of the
SMA and the MI were in accordance with the previously reported
pattern of body part representations in each cortical area (Sessle
and Wiesendanger, 1982; Mitz and Wise, 1987; Luppino et al.,
1991); the orofacial, forelimb, and hindlimb regions of the SMA
were arranged from rostra1 to caudal along the medial wall of the
hemisphere, and those of the MI were arranged from lateral to
medial along the anterior bank of the central sulcus (Figs. 2, 5)
(Tokuno et al., 1995a,b). Histological reconstruction of serial
coronal sections through the frontal cortex confirmed that the
injection sites of BDA and WGA-HRP were almost successfully
localized to the electrophysiologically identified orofacial, forelimb, and hindlimb regions of the SMA and the MI. In Monkey
To, which was injected with WGA-HRP into the SMA hindlimb
region, and in Monkey Su-right, which was injected with WGAHRP and BDA into the SMA and MI hindlimb region, respectively, the boundary between the SMA (Brodmann’s area 6) and
the MI (Brodmann’s area 4) was roughly determined based on the
following previously described cytoarchitectonic and physiological
criteria
(Wise and Tanji, 1981; Mitz and Wise, 1987; Luppino et
al., 1991; Matelli et al., 1991): (1) changes in density and distribution of giant layer V pyramidal cells, (2) changes in cellularity
and organization of layer III, and (3) changes in movement

(dotted lines) in the STN and its surroundings
in
coronal sections through the STN are arranged

thresholds and characteristics. In these monkeys, no diffusion of
either tracer was detected at all beyond the boundary.
Somatotopical
arrangement
of SMA inputs in the STN
In the first group of experiments, we examined the somatotopical
arrangement of SMA inputs in the STN. In Monkey Ha, BDA
deposits were placed in the SMA forelimb region (Figs. 2, 9). In
Monkey To, paired deposits of BDA and WGA-HRP were placed
in the SMA forelimb and hindlimb region of the same hemisphere, respectively. In Monkey Su-left, WGA-HRP deposits
were placed in the SMA orofacial region. In these experiments,
when a cluster of randomly oriented fine varicose axons was
observed, it was considered to be an indication of terminal
labeling.
In all three monkeys, substantial numbers of fibers and terminals anterogradely labeled with BDA and WGA-HRP were seen
in the STN (Figs. 2-4). The anterograde labeling in the STN
occurred on the side ipsilateral to each injection. Accumulations
of terminal label were found predominantly within the medial half
of the STN and additionally within its lateral half. Within the
medial STN, the distribution areas of axon terminals labeled from
the orofacial, forelimb, and hindlimb regions of the SMA were, in
this order, arranged from medial to lateral (Figs. 2-4). The
medial-most zone of the medial STN contained axon terminals
labeled from the orofacial region (Monkey Su-left; Fig. 4),
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anterior

E
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posterior
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Figure 5. Top,
Bottom, ICMS
letter represents
lip (Li), mouth
circles indicate

lmm

ICMS mapping of the ,944 and the MI in Monkey
Ta, and the sites of paired injections
of BDA and WGA-HRP
in their forelimb
regions.
mapping of the SMA and the MI in Monkey
Ma, and the sites of paired injections of BDA and WGA-HRP
in their orofacial regions. Each
the site of electrode penetration,
stimulation
of which elicited movement
predominantly
from one of the following
body parts: face (F),
(M), nose (N), tongue (T), arm (A), digit (D), wrist (W’), elbow (E), shoulder (S), trunk (Tr), and hip (H). -, No movement
elicited. Broken
the approximate
extents of tracer deposits.

whereasthe lateral-mostzone of the medial STN contained those
from the hindlimb region (Monkey To; Fig. 3). The terminal
labelingfrom the forelimb region was located in between(Monkeys Ha and To; Figs. 2, 3). The areasof distribution of labeled
axon terminalswithin the lateral STN were also found separate
mediolaterallyfrom caseto case.However, their arrangementwas
totally oppositeto that obtained for the medial STN; accumulations of terminal label from the orofacial, forelimb, and hindlimb

regions of the SMA were, in this order, shifted from lateral to
medial within the lateral STN (Figs. 2-4).
As far as the terminal labeling from the SMA hindlimb and
forelimb regions was concerned, no extensive overlap was observedbetweenthe distribution areaof each(Monkey To; Fig. 3).
Similarly, the distribution areasof axon terminals labeled from
the SMA forelimb and orofacial regionsappearedto overlap to a
minimal extent (compare Monkeys Ha/To and Su-left in Figs.
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a
medial -!

Monkey Ta
BDA injection
into SMA forelimb region
2mm

a’
dorsal

6. Patterns of distribution of
anterogradely labeled axon terminals
(dots) and fibers of passage (dotted
lines) in the STN and its surroundings
in Monkey Ta. For BDA labeling from
the SMA forelimb region, five equidistant coronal
sections through the STN
are arranged rostrocaudally in a-e, and
for WGA-HRP labeling from the MI
forelimb region, their adjacent sections
(60 wrn apart) are arranged rostrocaudally in al-e’. SN, Substantia nigra.

Figure

2-4). No clear rostrocaudal topography in terminal
observed in the STN throughout the experiments.

labeling

was

Differential somatotopical arrangement of SMA versus
MI inputs in the STN
In the second group of experiments, we compared the distribution
patterns of homotopical
SMA and MI inputs in the STN. One

tracer was injected into an SMA region representing one of the
orofacial, forelimb, and hindlimb parts, and the other was injected
into an MI region on the ipsilateral side that displays the corresponding body part representation.
In Monkey Ta, paired deposits
of BDA and WGA-HRP
were placed in the SMA and MI forelimb region, respectively (Fig. 5). In Monkey Su-right, paired
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a

a’
dorsal
lateral -I

Monkey Su
BDA injection
into MI hindlimb region
2mm
Figure 7. Patterns of distribution of anterogradely labeled axon terminals (dots) and fibers of passage (dotted lines) in the STN and its surroundings in
Monkey Su. On this right, paired injections of WGA-HRP and BDA were made into the hindlimb regions of the SMA and the MI. For WGA-HRP
labeling from the SMA hindlimb region, five equidistant coronal sections through the STN are arranged rostrocaudally in u-e, and for BDA labeling from
the MI hindlimb region, their adjacent sections (60 brn apart) are arranged rostrocaudally in a’-e’. R, Thalamic reticular nucleus; SN, substantia nigra;
T/z, thalamus; ZZ, zona incerta.
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BDA injection
into SMA orofacial region
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Figure 8. Patterns of distribution
of anterogradely
labeled axon terminals
(dots) and fibers of passage (dotted lines) in the STN and its surroundings
in
Monkey
Ma. For BDA labeling from the SMA orofacial
region, five equidistant
coronal sections through
the STN are arranged
rostrocaudally
in a-e,
and for WGA-HRP
labeling from the MI orofacial region, their adjacent sections (60 pm apart) are arranged rostrocaudally
in al-e’. SN, Substantia nigra;
Th, thalamus; ZI, zona incerta.
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Figure 9. Examples of tracer injection sites in the SMA and the MI. a, Site of BDA injection in the SMA forelimb region in Monkey Ha. h, Site of
WGA-HRP injection in the SMA hindlimb region in Monkey Su. c, Site of BDA injection in the MI hindlimb region in Monkey Su. Scalebar, 5 mm.

deposits of BDA and WGA-HRP were placed in the MI and SMA
hindlimb region, respectively (Fig. 9). In Monkey Ma, paired
deposits of BDA and WGA-HRP were placed in the SMA and MI
orofacial region, respectively (Fig. 5).
In these monkeys, the distribution patterns in the STN of axon
terminals labeled from SMA regions were essentially the same as
described above. The terminal labeling occurred ipsilaterally and
was more marked within the medial half than within the lateral
half of the STN (Figs. 6-8). The areas of distribution of axon
terminals labeled from the orofacial, forelimb, and hindlimb regions were arranged from medial to lateral within the medial STN
(Fig. lo), whereas they were arranged in the inverse direction
within the lateral STN. After injecting BDA or WGA-HRP into
MI regions, anterogradely labeled fibers and terminals in the STN
were also found on the side ipsilateral to each injection, although
denser than those seen after injecting BDA or WGA-HRP into
SMA regions (Figs. 6-8). Like the SMA-injection cases, accumulations of terminal label were observed simultaneously in two
mediolaterally separate zones of the STN. In contrast to the
SMA-injection cases, however, the dense accumulations were
located within the lateral half of the STN (Fig. lo), whereas the
sparse ones were located within its medial half. Within the lateral
SIN, the terminal labeling from the orofacial, forelimb, and
hindlimb regions of the MI was evident in its lateral-most, central,
or medial-most zone, respectively (Figs. 6-8). On the other hand,
the arrangement of terminal label within the medial STN was
totally opposite to that obtained for the lateral STN (Figs. 6-8).
Again, no clear rostrocaudal topography in terminal labeling from
either the SMA or the MI was detected in the STN throughout the
experiments.
In each case of paired injections, careful alignment of serial
series of adjacent sections (60 hrn apart) stained for BDA and
WGA-HRP revealed that the distribution areas of terminal label
by the two independent tracers were in close register within both
the medial and lateral STN (see Figs. 6-8). Throughout the

experiments, virtually devoid of terminal labeling was the ventral
portion of the STN, particularly in its mediolateral central zone.
DISCUSSION
The present findings have defined an anatomical substrate that
dual sets of body part representations underlie the somatotopical
organization in the primate STN (Fig. 11). Each of the two
mediolaterally separate portions of the STN is characterized with
somatotopically arranged hyperdirect cortical inputs from the MI
and the SMA. The first set of body part representations is transformed mainly from the MI to the lateral STN, whereas the
second set is transformed primarily from the SMA to the medial
STN. In addition to these spatially segregated body map transformations, we have demonstrated a reversal of the ordered body
part representations within the STN that are transformed through
the hyperdirect MI and SMA projections. As also previously
described (Hartmann-von Monakow et al., 1978) (see also DeLong et al., 1985; Wichmann et al., 1994), somatotopical representations in the lateral STN (“MI domain”) are arranged from
medial to lateral in the order of the hindlimb, forelimb, and
orofacial part. By contrast, these body parts in the medial STN
(“SMA domain”) are represented mediolaterally in the inverse
order, as if they were reflecting a “mirror image” against the
somatotopical arrangement in the MI domain (Fig. 11). Such a
reversed image of dual sets of body part representations in the
STN may be compatible with the reported distribution of STN
neurons responding to active movements and passive manipulations of individual body parts, as well as to somatosensory stimuli
on them; clusters of STN neurons responsible for the hindlimb
part, which lie centrally in the mediolateral dimension of the
nucleus, tend to be sandwiched in between those responsible for
the other body parts, including the forelimb and orofacial parts
(DeLong et al., 1985; Wichmann et al., 1994). It has also been
shown in the present study that virtually no inputs from either the
MI or the SMA terminate in the ventral aspect of the STN,
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Figure 10. Examples of anterograde labeling in the STN. a, Anterograde labeling in the medial STN after BDA injection into the SMA forelimb region
in Monkey Ta. b, Anterograde labeling in the lateral STN after WGA-HRP injection into the MI forelimb region in Monkey Ta. c, Anterograde labeling
in the medial STN after BDA injection into the SMA orofacial region in Monkey Ma. d, Anterograde labeling in the lateral STN after WGA-HRP
injection into the MI orofacial region in Monkey Ma. Scale bar, 40-m.

particularly in its mediolateralcentral zone. This STN area has
beenreported to receiveinputs from the frontal eyefield and the
supplementaryeyefield (Kiinzle and Akert, 1977;Hartmann-von
Monakow et al., 1978;Huerta et al., 1986; Stanton et al., 1988;
Huerta and Kaas,1990;Shook et al., 1991)(seealsoFig. 11) and
hasbeenimplicatedin the control of eyemovements(Matsumura
et al., 1992).
It seemsa widely acceptedtheory of basalgangliafunction that
a parallel design is fundamental to information processingin
pathwayslinking the basalgangliaand the frontal cortex (Alexander et al., 1986,1990;Alexander and Crutcher, 1990).At least
four loops-somatic motor, oculomotor, prefrontal, and limbic
loops-so far have been differentiated for frontal cortex-basal
gangliacircuits (Alexander and Crutcher, 1990;Alexander et al.,
1990). Among current topics in basal ganglia research is the
degree to which inputs from distinct, but functionally related,
cortical areas converge within each circuit. There is a strong
argumentin favor of convergenceof corticostriatal input systems
within the oculomotor circuit; the distribution areasof striatal
afferents from the frontal eye field and the supplementaryeye
field extensively overlap within the caudate nucleus(Parthasarathy et al., 1992).Another clear exampleof corticostriatal input
convergencehasbeenprovided for the projectionsto the putamen

from the primary somatosensory
cortex and the MI (Flaherty and
Graybiel, 1993) (see also Flaherty and Graybiel, 1991). In the
present study,we have placedemphasison parallel processingin
the STN of signalsderived from the MI and the SMA, both of
which are principal cortical areasgiving rise to the somaticmotor
circuit. It should also be mentioned here, however, that inputs
from the MI and the SMA converge,albeit only partially, into the
STN in a somatotopicallymatchedmanner (Fig. 11).
By analyzing the samemonkey group as used in the present
study, we have alsofound that corticostriatal inputs from homotopical MI and SMA regions of the samehemisphereare allocated to rather mediolaterally segregatedzones of the putamen
(Takada et al., 1995).Although both projectionsrepresentingthe
hindlimb, forelimb, and orofacial parts are similarly arranged
from dorsal to ventral within the putamen, their terminal fields
are relatively differentially distributed suchthat projection fibers
from the MI terminate more laterally, whereasthose from the
SMA terminate more medially. Interestingly, it seemslikely that
somatotopicallycorrespondingregionsof the STN and the striaturn are interconnected with each other via subthalamostriatal
projections. The dorsalportions of the STN project to the putamen for somaticmotor function, whereasthe more ventral ones
project to the caudatenucleusfor oculomotor function (seeSmith
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and Parent, 1986; Parent and Smith, 1987; Nakano et al., 1990).
At finer levels, the lateral-most and medial-most zones of the STN
project to the ventral aspects of the putamen for orofacial movements, whereas the more central zones of the dorsal STN project
to its dorsal aspects for forclimb and hindlimb movements (see
Nakano et al., 1990). Such maintained somatotopy of the STN as
well as of the putamcn suggests that the somatic motor circuit may
be composed of multiple parallel channels concerned with individual body parts or their specific movements.
The existence of the highly ordered somatotopical
representations in the STN would help to elucidate how restricted lesions
within the nucleus result in impaired movements of a single body
part. No correlation in hemiballism has yet been revealed between
the site of STN lesion and the somatotopical
specificity of dyskinesia. It has been viewed, however, that dyskinesias cxpcrimcntally produced by STN lesions bear the following characteristics
(see Whittier and Mettler, 1949; Carpenter et al., 1950; Carpenter
and Carpenter, 1951; Carpenter and Mettler, 1951; Hamada and
DeLong, 1992): (1) the dyskincsias appear predominantly
in the
hindlimb and forelimb parts, but rarely in the orofacial part; (2)
the hindlimb dyskinesias are more marked than the forelimb
dyskinesias; and (3) the forelimb dyskinesias usually occur in
association with the hindlimb dyskinesias. The reversed image of
dual somatotopy in the STN that we have observed could account
for these pathophysiological
events in hemiballism. If the mediolateral central zone of the STN is destroyed, then the hindlimb
zones of the MI and SMA domains arc subject to simultaneous
lesions. On the other hand, large lesions that infringe on a

considerable part or on the entire mediolateral extent of the STN
are perhaps required to destroy the forelimb and/or orofacial
zones of both the MI and SMA domains. In particular,
the
orofacial zones of the MI and SMA domains arc so remote as to
bc spared the simultaneous destruction; it should bc noted hcrc,
however, that clinical reports have pointed out that orofacial
dyskinesias appear when the oral pole of the STN is destroyed,
and that they are often coupled with forelimb dyskinesias, but
rarely with hindlimb
ones (see Martin,
1927; Whittier,
1947:
Carpenter and Carpenter, I95 1). In such large-lesion cases, the
hindlimb zones of the MI and SMA domains arc constantly
exposed to simultaneous lesions. It is conceivable, therefore, that
a given body part may be affected more readily and severely when
STN lesions encompass its homotopical zones of both the MI and
SMA domains concurrently.
The following scheme should be provided for the participation
of the hyperdirect cortico-STN pathways in somatic motor control
via the basal ganglia (see also Kitai and Kita, 1987; Alexander and
Crutcher, 1990; Alexander et al., 1990; DcLong, 1990). Activation
of excitatory (putatively glutamatcrgic)
STN neurons by hyperdirect cortical inputs from the MI and the SMA results in subsequent activation of neurons in the GPi and the SNr. This leads to
suppression of thalamocortical
circuits that is mediated through
inhibitory pallidothalamic
and nigrothalamic
projections, thcrcby
arresting movement. Thus, the hyperdirect pathways from the MI
and the SMA to the STN could suppress movement more directly
than the so called indirect striatal output pathway that has received so much attention.
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