
&p.1:Abstract We investigated the interrelationship between
the supplementary motor area (SMA) thalamocortical
projection neurons and the pallidothalamic and cerebel-
lothalamic territories in the monkey (Macaca fuscata)
using a combination of three tracers in a triple labeling
paradigm. Thalamic labeling was analyzed following in-
jections of the anterograde tracers, biotinylated dextran
amine (BDA) into the internal segment of the globus
pallidus (GPi) and wheat germ agglutinin conjugated to
horseradish peroxidase (WGA-HRP) into the contralater-
al cerebellar interpositus and dentate nuclei. In addition,
the retrograde tracer cholera toxin subunit B (CTB) was
injected into the physiologically identified hand/arm rep-
resentation of SMA. The tissue was processed sequen-
tially using different chromogens in order to visualize all
three tracers in a single section. We found that the SMA
thalamocortical neurons occupied a wide band extending
from the ventral anterior nucleus pars principalis (VApc)
through the ventral lateral nucleus pars oralis (VLo) and
the ventral lateral nucleus pars medialis (VLm) and into
to the ventral lateral nucleus pars caudalis (VLc) includ-
ing a portion of ventral posterior lateral nucleus pars or-
alis (VPLo) and nucleus X. The heaviest CTB labeling
was found in VLo with dense plexuses of BDA labeled
pallidothalamic fibers and swellings often observed su-
perimposed upon retrogradely labeled CTB cells. In ad-
dition, dense foci of cerebellothalamic WGA-HRP an-
terograde label were observed coinciding with the occa-

sional retrogradely CTB labeled neurons in VLc and
transitional zones between VApc, VLo and VPLo. Our
light microscopic results suggest that the SMA receives
thalamic inputs with afferents largely derived from GPi
and minor inputs originating from the cerebellum.

&kwd:Key words Motor systems · Basal ganglia · Thalamus ·
Biotinylated dextran amine · WGA-HRP · Cholera toxin
subunit B

Abbreviations CTBCholera toxin subunit B · D dentate
nucleus · DAB diaminobenzidine · F fastigial nucleus ·
GPeglobus pallidus, external segment · GPi globus 
pallidus, internal segment · I interpositus nucleus ·
ICMS intracortical microstimulation · MI primary motor
cortex · P putamen · PBSphosphate buffered saline ·
R reticular nucleus · SMAsupplementary motor area ·
TBSTRIS buffered saline · TMB tetramethylbenzidine ·
VApcventral anterior nucleus; pars principalis ·
VLc ventral lateral nucleus, pars caudalis · VLmventral
lateral nucleus, pars medialis · VLo ventral lateral 
nucleus, pars oralis · VPLoventral posterolateral 
nucleus, pars oralis · WGA-HRPwheat germ agglutinin-
horseradish peroxidase · X nucleus X&bdy:

Introduction

The SMA has been the focus of a number of investiga-
tions. A multiplicity of functional roles have been attrib-
uted to the SMA including motor preparation (Tanji et al.
1980), bimanual coordination (Brinkman 1984), sequen-
tial movement (Roland et al. 1980; Halsband et al. 1993;
Tanji and Shima 1994), and postural control (Wiesendan-
ger and Wiesendanger 1985a; reviewed see Tanji 1994).
Due to the similarities in behavioral deficits such as aki-
nesia and deficits in sequential movements (Agostino et
al. 1992), simultaneous movements (Benecke et al.
1986), and movement initiation (Flowers 1978) observed
in Parkinson’s patients, the SMA has been strongly
linked to the basal ganglia (reviewed Goldberg 1985;
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Tanji 1994). The SMA is reported to be subcortically de-
pendent on the basal ganglia in that its primary thalamic
input is from the VLo (Schell and Strick 1984), which in
turn receives its input from the GPi (Kuo and Carpenter
1973; Kim et al. 1976; De Vito and Anderson 1982). On
the other hand, SMA thalamocortical neurons have also
been reported to receive afferents originating from the
cerebellum (Wiesendanger and Wiesendanger 1985b;
Rouiller et al. 1994). The latter results are intriguing in
view of the anatomical and electrophysiological similari-
ties between SMA and the MI which is known to receive
massive indirect cerebellothalamic input (Asanuma et al.
1983; Schell and Strick 1984). Both the SMA and MI
give rise to corticospinal projections (Murray and Coul-
ter 1981; Dum and Strick 1991) and share similar cor-
ticocortical connections (Luppino et al. 1993) such that it
has been proposed that the SMA and MI have some
functional properties in common (Luppino et al. 1993).

The possibility that thalamic neurons projecting to the
SMA receive inputs from the cerebellum is of consider-
able interest. Wiesendanger and Wiesendanger (1985b)
reported transneuronal labeling of cells in the cerebellar
nuclei following injections of WGA-HRP into SMA.
This result is difficult to interpret since the sites were not
electrophysiologically defined prior to injection and
were more likely localized to rostral SMA, a region now
defined as the pre-SMA (Luppino et al. 1991; Matelli et
al. 1991). More recently, on the basis of a multiple label-
ing study, Rouiller et al. (1994) reported that the cerebel-
lothalamic territories coincided in location with the SMA
thalamocortical projection neurons. However, in this
study, the relationship of these afferent and efferent pro-
jection systems was determined on the basis of compari-
son between adjacent sections. In order to directly evalu-
ate the interrelationship of the afferent and efferent con-
nectivity, a multiple-labeling paradigm in which all trac-
ers could be visualized in the same histological section is
optimal. One drawback of previous multiple-labeling
studies was the difficulty in clearly visualizing the differ-
ent tracers in a single section. Several studies have suc-
cessfully utilized a double-labeling strategy in order to
describe either dual fiber systems (Brandt and Apkarian
1992; Veenman et al. 1992; Dolleman-Van der Weel et
al. 1994; Inase et al. 1996; Sakai et al. 1996) or a combi-
nation of retrograde and anterograde labels (Bruce and
Grofova 1992). Double-labeling studies have typically
utilized chromogens yielding a brown reaction product
from DAB processing and a blue-black reaction product
as a result of either metal intensified DAB or TMB pro-
cessing. Using this combination of chromogens, we have
previously analyzed the organization of the pallidal and
cerebellar thalamic territories in the monkey using a dou-
ble anterograde labeling paradigm (Sakai et al. 1996).
Our observations have indicated that both cerebellar and
pallidal fibers distributed either as dense single label or
as interdigitating patches of double label across individu-
al nuclei of the motor thalamus. Segregation of pallidal
and cerebellar afferents occurred in the central core of
each nucleus but both afferents were found within transi-
tional zones between nuclei. In addition, we have occa-

sionally observed both cerebellar and pallidal varicose fi-
bers apposed to the same cells in the VLo, which repre-
sents a major target of pallidal fibers.

The purpose of the present study was to directly as-
sess the relationship of the cerebellar and pallidal affer-
ents to SMA thalamocortical projection neurons using a
triple-labeling paradigm. To achieve this goal, we have
combined the previously used double anterograde tracing
method with retrograde transport of CTB to mark the
thalamic neurons projecting to the SMA. The retrograd-
ely CTB-labeled neurons were visualized by using a new
purple chromogen marketed by Vector Laboratories as
VIP (Zhou and Grofova 1995). The use of this combina-
tion of tracers allowed the black and brown anterograde
labels to be distinguished from purple CTB retrogradely
labeled cells. Moreover, due to sequential histochemical
processing, the three labels were observed in the same
section rather than the more common comparison of sep-
arately retracted adjacent sections.

Materials and methods

Experiments were performed on three Japanese monkeys (Macaca
fuscata) weighing between 4.1 and 4.9 kg. Each animal was ini-
tially anesthetized by an intramuscular injection of ketamine hy-
drochloride (10 mg/kg) followed by an intraperitoneal injection of
sodium pentobarbital (30 mg/kg). Under aseptic surgical condi-
tions, the skull was exposed and two stainless steel tubes were af-
fixed to the frontal and occipital bones using dental acrylic. The
exposed skull was then covered with a 1–2 mm layer of dental
acrylic and the animal was allowed to recover. This work was
conducted in compliance with the N.I.H. guide for the care and
use of laboratory animals.

One to two days following the surgery, the animals were anes-
thetized with ketamine hydrochloride (10 mg/kg I.M.) and placed
in a primate chair. A glass insulated Elgiloy alloy microelectrode
(0.8–1.5 µM at 333 Hz) was introduced into the brain at an angle
of 45–50° lateral from vertical in order to avoid the overlying thal-
amus in approaching GPi. A characteristic pattern of spontaneous
activity generated from the internal capsule, caudate and putamen
provided the guidance necessary for targeting the GPi. The GPi
cells were characterized by high frequency spontaneous discharge
(DeLong 1971). This activity pattern was utilized in order to de-
fine the boundaries of the nucleus prior to the injections of BDA.
Following this identification of GPi, a 1.0 µl Hamilton syringe was
advanced to the same location using stereotactic coordinates and
one to three pressure injections of 0.5–1.0 µl 10% BDA (Molecu-
lar Probes, Eugene, Ore.) diluted in 10 mM phosphate buffer pH
7.24 were made into different rostrocaudal portions of GPi.

Six days later, the animals were re-anesthetized with ketamine
hydrochloride (10 mg/kg I.M.) and the SMA was mapped using
intracortical microstimulation (ICMS). Typically, the threshold for
evoking contralateral movement ranged from 20–40 µA with stim-
ulation consisting of trains of 22 cathodal 200 µs pulses applied at
333 Hz. The rate of train presentation was at intervals of 5 s or
less. A glass micropipette (tip diameter: 50–100 µm) cemented to
a 1.0 µl Hamilton syringe was lowered to a depth of up to 5.0 mm
and two pressure injections of up to 1.0 µl of 1% CTB (Sigma)
were made into the physiologically identified hand/arm represen-
tation of SMA. The CTB was injected at a rate of 0.1 µl per two
min. Following the injections, the pipette was left in place for 15
min prior to withdrawal from the cortex. The bone flap was re-
placed and cemented in place with dental acrylic.

The next day, the animals were re-anesthetized and the bone
overlying the occipitoparietal cortex was removed. A microelec-
trode was introduced into the brain passing vertically through the
occipitoparietal cortex, the tentorium cerebelli and into the cere-
bellum. The cerebellar nuclei were defined electrophysiologically
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by their characteristic high amplitude, high frequency spontaneous
activity. A series of three to five pressure injections of 0.3–0.5 µl
2.5% WGA-HRP (Toyobo, Japan) were made using a 1.0 µl Ham-
ilton syringe into different rostrocaudal levels of the dentate and
interpositus nuclei.

Three days later, the animals were deeply anesthetized with so-
dium pentobarbital (60 mg/kg) and perfused intracardially with
warm PBS, followed by 4% paraformaldehyde, 0.01 M sodium pe-
riodate, 0.075 M lysine in phosphate buffer followed by cold 10%
and 30% sucrose in phosphate buffer. The brain was removed im-
mediately, photographed, blocked in the coronal plane and im-
mersed in 30% sucrose in phosphate buffer for 2–3 days. Brains
were frozen-sectioned at 50 µm thick. Four series of adjacent sec-
tions were treated for: HRP histochemistry only, both HRP and
BDA histochemistry, HRP, BDA and CTB immunohistochemistry
and lastly, a Nissl reference series.

HRP histochemistry

Sections treated for HRP were reached using TMB as the chromo-
gen and ammonium molybdate (Olucha et al. 1985) and stabilized
in DAB (Rye et al. 1984). Briefly, sections were rinsed in 0.1 M
phosphate buffer (pH 6.2) and incubated in a solution of 0.25%
ammonium molybdate and 0.005% TMB in 0.1 M phosphate buff-
er (pH 6.2) and 0.003% hydrogen peroxide. Sections were incu-
bated overnight at 4° C and then stabilized in a solution of 0.1%
DAB, 0.002% cobalt chloride and 0.003% hydrogen peroxide in
0.1 M phosphate buffer (pH 7.4) for 3–5 min. Following a brief
rinse in phosphate buffer, sections processed for HRP only were
mounted onto slides, dried and counterstained with neutral red.
The sections to be processed for BDA and/or CTB were rinsed in
0.1 M phosphate buffer (pH 6.2).

BDA histochemistry

To reveal the BDA, we followed the protocol of Veenman et al.
(1992) with minor modifications. The sections were rinsed in 0.1
M phosphate buffer (pH 7.4) and incubated in a 1:500 or 1:50 di-
lution of avidin-biotin-peroxidase complex (Vector ABC Elite kit,
PK 6100) for 2 h. Sections were rinsed in the same phosphate
buffer, transferred to TBS and reacted in 0.1% DAB/0.04% ammo-
nium chloride/0.2% β-D glucose and glucose oxidase for 10–20
min. The double reacted HRP and BDA sections were then mount-
ed onto slides, dried, and counterstained with neutral red. The sec-
tions to be processed for CTB were rinsed in TRIS buffer.

CTB immunohistochemistry

The final series of sections were reaced for CTB according to the
method of Bruce and Grofova (1992). The sections were rinsed in
0.04% Triton X in TBS and blocked in 3.0% normal rabbit serum.
They were incubated with gentle agitation in a 1:5000 dilution of
goat anti-choleragenoid (List Biological Labs) in TBS with 0.04%
Triton X at 4° C for 60 h. The sections were then washed in 0.02%
Triton X in TBS and incubated in a 1:200 dilution of biotinylated
anti-goat IgG (Vector ABC kit PK 4005) in TBS with 0.02% Tri-
ton X. Following additional TBS rinses, the sections were incubat-
ed in a 1:1000 dilution of avidin-biotin-peroxidase complex for 2
h and rinsed in 0.02% Triton X in TBS. Prior to using Vector VIP
substrate kit (Vector Laboratories, SK 4600), the sections were
washed in PBS pH 7.5. The VIP solutions were diluted according
to manufacturer instructions in 0.01 M PBS (three drops of each
vial for 5 ml of VIP solution). Sections were incubated for 5–15
min, rinsed in distilled water, mounted on slides, dried, cleared in
xylene and coverslipped. Control CTB sections were reacted in the
same way but were not incubated in the primary antisera. The
technical protocol is summarized in Fig. 1.

The location and extent of the injection sites were analyzed us-
ing a low magnification projection system. The dense core and ha-
lo of the WGA-HRP and BDA injections were drawn in relation to
the adjacent structures. The CTB cortical injection sites and ICMS

data were reconstructed into a somatotopic map for each animal.
The thalamic distribution of the BDA, WGA-HRP and CTB label-
ing was analyzed and drawn using an Olympus microscope. The
delineation of thalamic nuclei was based on cytoarchitectonic
analysis of the adjacent Nisl-stained sections using the criteria and
nomenclature derived from Olszewski (1952), Kusama and Mabu-
chi (1970) and Asanuma et al. (1983).

Results

Injection Sites

We successfully injected all three target structures in
three cases. The major difference across these cases was
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the extent to which the target structures were completely
filled with the tracers. Although a difference in the den-
sity of labeling was observed, the general distribution of
the three labels was similar across all three cases. There-
fore, we will present the findings from a single represen-
tative case.

The injection sites from monkey X are shown in Figs.
2, 3. The SMA was mapped using ICMS and the fore-
limb/arm representation was identified (Fig. 2). The two
CTB injections made into this site were confined to the
mesial surface of the hemisphere and consisted of a
light purple halo surrounded the needle tracks. The in-

jections into GPi and the cerebellum are shown in Fig.
3. The BDA injections into GPi consisted of a brown
halo surrounding darkly stained needle tracks and al-
most completely filled the GPi with the exception of its
most ventromedial aspect (Fig. 3). Although the BDA
spread along the needle track into the P and GPe, it is
unlikely that this diffusion contributed to ventral tha-
lamic labeling since there are no known projections
from these nuclei to the ventral thalamus. A total of six
closely spaced WGA-HRP injections made into the con-
tralateral cerebellum resulted in a large blue/black halo
completely encompassing the dentate nucleus and much
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Fig. 2 The CTB injection site
into the SMA in monkey X.
The upper left panelshows a
lateral view of the cerebral
hemisphere showing the rela-
tive location of the injection
site (ArSarcuate sulcus, CS
central sulcus, IP intraparietal
sulcus, LS lateral sulcus, PcS
precentral sulcus, PSprincipal
sulcus, STSsuperior temporal
sulcus). The upper right panel
shows a rostrocaudal series of
sections through the injection
site. The lower panelshows a
schematic representation of the
results obtained from intracorti-
cal microstimulation of the
SMA. The anterior/posterior
levels indicated by the center
scale bar are in accordance
with the atlas of Macaca fusca-
ta by Kusama and Mabuchi
(1970). For each electrode pen-
etration, the microstimulation
results are noted by one of the
following abbreviations: A arm,
F face, E elbow, W wrist, S
shoulder, D digits, L leg. The
CTB injections into the
hand/arm representation are in-
dicated by shaded circles&/fig.c:



of the interpositus nucleus (Fig. 3). However, the most
rostral part of the interpositus nucleus was not injected
in case X.

Distribution of SMA thalamocortical cells compared
to the cerebellothalamic and pallidothalamic projections

We have previously described the detailed relationship
between the distribution of the cerebellothalamic and
pallidothalamic projections (Sakai et al. 1996). Briefly,
we have found that the cerebellothalamic and pallidotha-
lamic territories generally occupy separate thalamic re-
gions but that individual thalamic nuclei receive differen-
tial patchy input from both afferent sources. We have
found that the central core of individual thalamic nuclei
receive one afferent source. However, transitional re-
gions between adjacent nuclei received interdigitating
and occasionally, overlapping inputs from both afferent
sources. The present description primarily focuses on the
distribution of the SMA projection neurons and the rela-
tionship of this distribution to the cerebellothalamic and
pallidothalamic projections.

The retrograde tracer CTB was visualized using the
commercially available Vector VIP chromogen that pro-
duces a purple reaction product. The cell somata and
proximal dendrites and sometimes, distal dendrites are
stained an intensely deep purple to violet color (Figs.
4D–F, 5D–F). Retrogradely labeled CTB cells were dis-
tributed as a wide band extending from the most rostral
to mid-regions of the thalamus. The band of labeled cells
occupied the rostrolateral thalamus including VApc and
the VLo. At a slightly more caudal thalamic level, la-
beled cells were largely found in VLo and VApc with
scattered cells in the VPLo (Figs. 4A, D, E, 5A, D, E, 6
section 52). At a more caudal thalamic level as shown in
Fig. 5 section 64, the band of labeling in VLo extended
medially into the VLm. A few labeled cells were found
in VPLo and the VLc. At more caudal thalamic levels,
the density of cell labeling decreased as the band of la-
beling shifted medially. At this level, the greatest density
of labeled cells was found in VLo and scattered cells
were found in VPLo, VLc and X.

The distribution of the SMA thalamocortical neurons
labeled with CTB primarily coincided with the distribu-
tion of the pallidothalamic projections visualized with
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Fig. 3 The left panelshows a
series of coronal sections
through the BDA injection sites
into the GPi. Stipplingindicates
the maximal extent of the three
BDA injections. The right pan-
el shows line drawings of a co-
ronal series through the cere-
bellar injections sites. Stippling
indicates the maximal extent of
the WGA-HRP injections.
These injections include the
dentate nucleus and most of the
interpositus nucleus&/fig.c:
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BDA. The BDA anterograde labeling was demonstrated
with DAB, which produced homogeneously brown reac-
tion product that filled both axons and varicosities. The
SMA thalamocortical cells were most frequently coinci-
dent with the pallidal labeling in VApc and VLo (Figs.
4D–F, 5F, 6). However, patchy pallidal anterograde label
overlying SMA thalamocortical cells was also found in
VLc and in VLm and to minor extent in nucleus X and in
VPLo (Fig. 6). The pallidal labeling overlying the CTB-
labeled cells was quite dense with axonal varicosities of-
ten found closely apposing the cell somata (Fig. 4E, F,
5E, F). Occasionally, BDA-labeled axonal swellings
stained brown sometimes gained a purple hue in the tri-
ple-stained sections, particularly when viewed at higher
magnification (Fig. 5E). However, these labeled BDA fi-
bers could be followed back to the main contingent of
pallidal fibers.

The WGA-HRP anterograde labeling from the cere-
bellar injections was visualized with TMB yielding a
granular blue/black precipitate, densely filling fibers and
axonal swellings, and resulted in dense patchy labeling
extending from VPLo, VLc, and X rostrally to also in-
clude VLo and to a lesser extent VApc (Figs. 4A, 5A, 6).
Cerebellar fibers were found superimposed over SMA
thalamocortical neurons in VLc and transitional zones
between VApc, VLo and VPLo. Coincidence of both the
SMA cells and cerebellar anterograde label was also ob-
served in X. The SMA thalamocortical cells were dense-
ly covered by patchy cerebellothalamic-labeling some-
times obscuring the profile of the labeled cell somata
(Fig. 5D). The irregular transitional region between the
densely clustered darkly stained cells of VLo and the cell
sparse VPLo easily recognizable in Nissl stained materi-
al as shown in Figs. 4C, 5C, occasionally contained cere-
bellothalamic fibers in close proximity to the same SMA
thalamocortical cells superimposed upon by pallidotha-
lamic label (Fig. 5E). This arrangement was also noted
in the ventral portion of VLo (Fig. 5F) and VPLo and in
VLm.

The CTB injections were larger in our additional cases
and resulted in more thalamic cell labeling. In these
cases, additional retrogradely labeled cells were found in

VLo, VPLo, VLc and X. These cells were primarily coin-
cident with pallidal plexuses but overlap with cerebellar
label was also noted particularly in VPLo and X.

The sequential histochemical processing used in this
study resulted in clearly distinguishable three-color la-
beling of multiple projection systems. We found the tri-
ple-labeling method to be specific for the three tracers
and have found no evidence of cross reactivity. The con-
trol sections, including the WGA-HRP only series, re-
vealed no false positive staining from the other tracers
and the CTB series that was reacted without the primary
antisera demonstrated the specificity of the CTB immu-
nostaining. A BDA only control series was not tested
since this series would lead to false positive staining due
to the presence of the WGA-HRP, which also stains with
DAB.

Discussion

In the present study, we demonstrated coincidence be-
tween the SMA thalamocortical neurons and the pallido-
thalamic and cerebellothalamic territories using a novel
combination of three neuroanatomical tracers which per-
mitted the simultaneous observation of dual anterograde
projections and retrograde cell labeling. On the basis of
this combination of tracers, we provide direct evidence
that the SMA thalamocortical neurons receive primarily
pallidothalamic input and secondarily cerebellothalamic
input.

We combined the retrograde transport of CTB with
the anterograde transport of both WGA-HRP and of
BDA in a single case and employed sequential histo-
chemical processing utilizing three different chromo-
gens in order to visualize all three tracers in the same
section. The observation of all three tracers in a single
section permitted direct assessment of interdigitating
projection systems and is superior to the more common
comparison of adjacent sections treated for different his-
tochemical procedures. In addition, this multiple-label-
ing paradigm resulted in stable, permanent reaction
products. Thus, this method is preferable to neuroana-
tomical tracing techniques using multiple-fluorescent
dyes that quench and fade upon exposure to excitation
wavelengths. One drawback inherent to the triple-label-
ing paradigm is the difficulty in clearly distinguishing
multiple projections when one projection system is espe-
cially dense. Dense labeling from a single projection
system may effectively mask the second or third label.
For example, the cerebellothalamic projection is massive
and in some regions, the blue-black WGA-HRP labeling
almost completely covered the purple CTB-labeled
cells, making it difficult to clearly distinguish and differ-
entiate the labeled cells (Fig. 5 D). However, careful mi-
croscopic examination using higher magnifications re-
vealed the secondary or tertiary labeling. In addition,
background staining levels were higher in the triple re-
action sections than in either the single- or double-react-
ed sections. In some cases, the VIP incubation period
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Fig. 4 A series of low power photomicrographs of coronal sec-
tions through rostral thalamus from case X. A, B Bright- and dark-
field photomicrographs of a section sequentially reacted for HRP
histochemistry using TMB, BDA immunohistochemistry using
DAB, and CTB immunohistochemistry using VIP. Note the black
patches of WGA-HRP anterograde label, the light brown BDA an-
terograde label and the purple CTB retrograde cell labeling. Major
cytoarchitectonic features at this thalamic level are shown in the a
cresyl violet stained section in C. Starsdenote the same blood ves-
sels in A–C. Bar 1.0 mm. Boxed areasare shown at higher magni-
fication in D and in E, F. D Transitional area between VLo and
VPLo containing CTB-labeled cells. Arrows denote the purple
CTB-labeled cells. Bar 50 µm. E, F At higher magnification.
E Arrows denote the purple CTB-labeled cells surrounded by
brown BDA (pallidal)-labeled fibers and plexuses in ventral VLo.
Arrowheadsindicate passing black WGA-HRP (cerebellar) fibers.
F Note the purple CTB-labeled cells and adjacent BDA-labeled
varicosities (arrows). Arrowheadindicates black WGA-HRP (cer-
ebellar) fibers. Bar 10 µm&/fig.c:
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was shortened to as little as 5 min and required modifi-
cation according to each individual case in order to min-
imize background staining.

This combination of tracers directly revealed details
of afferent and efferent connectivity. At the light micro-
scopic level, the WGA-HRP injections and the BDA in-
jections resulted in dense labeling of fibers and swell-
ings. Thalamocortical neurons labeled with CTB stained
intensely purple. Occasionally, we also observed antero-
grade CTB reaction product that appeared as a light pur-
ple dusting. Both retrograde and anterograde transport of
CTB have been previously reported (Luppi et al. 1990;
Bruce and Grofova 1992). We also observed that some of
the labeled BDA or WGA-HRP swellings were closely
apposed to the CTB retrogradely labeled cells. These ob-
servations are suggestive of synaptic contacts although
electron microscopic verification is lacking in the present
study. In this regard, it is of interest that Wouterlood and
Gronewegen (1985) reported that similarly labeled ax-
onal varicosities are the light microscopic representation
of synaptic axonal terminals as seen in the electron mi-
croscope.

In the present study, we found that the SMA thalamo-
cortical neurons were primarily coincident with the pal-
lidothalamic territory and secondarily with the cerebello-
thalamic territory. Our findings support the results of a
number of single-labeling studies (Schell and Strick
1984; Darian-Smith et al. 1990; Shindo et al. 1995) as
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Fig. 6 Line drawings of coronal sections through the primate thal-
amus showing the distribution of pallidothalamic and cerebellotha-
lamic anterograde label and the location of the SMA thalamocorti-
cal projection neurons in case X. Blackened stipplingindicates the
WGA-HRP-anterograde label following the injections into the
contralateral cerebellar nuclei. Red stipplingindicates labeling fol-
lowing the BDA injections into GPi. Blue dotsindicate the SMA
thalamocortical projection neurons following the CTB injections
into the forelimb representation in SMA. Note the coincidence of
the SMA cells with pallidal label primarily in VApc and VLo in
section 52 and VLo in section 64. Some SMA cells coincided with
cerebellothalamic label in VPLo in both sections 52 and 64. Tran-
sitional areas between VApc, VLo and VPLo contained SMA cells
that overlapped with either pallidal or cerebellar label&/fig.c:

Fig. 5 A series of low-power photomicrographs of coronal sections
through mid-thalamus from case X. A, B Bright- and darkfield
photomicrographs of a section sequentially reacted for all three la-
bels. Note the black patches of WGA-HRP anterograde label, the
brown BDA label and the purple CTB retrograde cell labeling. Ma-
jor cytoarchitectonic features at this thalamic level are shown in the
cresyl violet-stained section in C. Note the cell islands containing
darkly stained cells characteristic of VLo blending into the cell
sparse VPLo. Starsdenote the same blood vessels in A–C. Bar 1.0
mm. Boxed areasare shown in higher magnification in D–F. D A
dense patch of black WGA-HRP (cerebellar) label (arrows) over-
lapping purple CTB-labeled cells in a cell sparse island of VPLo.
E BDA (pallidal) labeled varicosities (arrows) closely apposed to a
purple CTB cell in a patch of label immediately adjacent to D.
Note the close proximity of the black WGA-HRP (cerebellar) label.
Bar 10 µm. F Lower magnification photomicrograph through ven-
tral VLo showing purple CTB-labeled cells surrounded by brown
BDA (pallidal) fibers and plexuses (arrowheads). Small arrowsde-
note passing black WGA-HRP (cerebellar) axons. Bar 50 µm&/fig.c:
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well as more recent multiple labeling studies (Tokuno et
al. 1992; Rouiller et al. 1994) that reported a strong link-
age between the SMA-projecting thalamic neurons and
pallidal inputs. In addition, we provided direct evidence
that the cerebellothalamic territory overlapped the SMA
projection neurons. These results support the indirect ob-
servations of transthalamic afferents from the cerebellum
to SMA reported by Wiesendanger and Wiesendanger
(1985b) and by Roullier et al. et al. (1994).

In a previous study (Sakai et al. 1996), we described
an anterior-posterior gradient with respect to pallidotha-
lamic and cerebellothalamic projections. The pallidotha-
lamic territory was densest anteriorly in VApc, VLo,
VLc and diminished posteriorly with minor projections
to VLPo and X, whereas the cerebellothalamic territory
was densest posteriorly from VPLo, X and VLc and di-
minished anteriorly with minor projections to VLo and
VApc. Our present data suggests that the band of SMA
projection neurons are superimposed on this gradient. In
this report, we found patches of pallidothalamic label
overlapping the SMA projection neurons in VApc and
VLo as well as occasionally in VLPo, nucleus X and
VLc. In addition, the cerebellothalamic label primarily
overlapped the SMA projection neurons in VLo and
VLc. Occasional overlap of SMA projection cells and
cerebellothalamic label was found in nucleus X and
VLPo. Taken together, these observations suggest that
the SMA receives mixed and weighted thalamic input
from the basal ganglia and cerebellum.

Although our findings are at odds with the prevailing
view of segregated and parallel pathways (Schell and
Strick 1984; Alexander et al. 1986), the notion of
weighted thalamic input to a specific cortical area is not
new. Kievit and Kuypers (1977) first described a band-
like distribution of thalamic projection neurons to specif-
ic cortical targets on the basis of a HRP retrograde label-
ing study. In addition, on the basis of the retrograde
transport of multiple fluorescent dyes, Darian-Smith et
al. (1990) have hypothesized that specific subdivisions of
the sensorimotor cortex receive mixed afferents originat-
ing from the cerebellum, basal ganglia and spinal cord.
Since the band of retrograde cell labeling transversed
thalamic nuclear boundaries, it was suggested that sepa-
rate cortical subdivisions receive multiple thalamic
sources (Kievit and Kuypers 1977; Darian-Smith et al.
1990). Our results confirm and extend these findings by
directly demonstrating that the input to the SMA is not
only derived from a band of cells arising from a multiple
thalamic nuclei, but also, that these same thalamic nuclei
are the recipients of patchy and focal input from GPi and
the cerebellum.

An anatomical substrate consisting of interdigitating
pallidal and cerebellar patches overlapping the SMA pro-
jection neurons may partially provide the basis for both
the complexity of neuronal responses reported for the
SMA in the behaving monkey (Georgopoulos 1991; Tan-
ji 1994) as well as account for the similarities in the re-
sponse properties between the SMA and MI (Tanji and
Kurata 1982; Alexander and Crutcher 1990a, b;

Shibasaki et al. 1993), a cortical region known to receive
strong transthalamic cerebellar input with secondary in-
put from the GPi (Yamamoto et al. 1983; Nambu et al.
1988, 1991; Holsapple et al. 1991; Jinnai et al. 1993;
Rouiller et al. 1994; Inase and Tanji 1995; Sakai et al.
1995). Moreover, neural circuits consisting of mixed in-
puts may contribute to a more flexible substrate subject
to modification. In this regard, it is of interest that
Aizawa et al. (1991) have noted cellular changes in the
supplementary motor area as a result of motor learning.
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