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Abstract We investigated the interrelationship betweesional retrogradely CTB labeled neurons in VLc and
the supplementary motor area (SMA) thalamocorticainsitional zones between VApc, VLo and VPLo. Our
projection neurons and the pallidothalamic and cerebiéht microscopic results suggest that the SMA receives
lothalamic territories in the monkeyMécaca fuscatp thalamic inputs with afferents largely derived from GPi
using a combination of three tracers in a triple labelimgnd minor inputs originating from the cerebellum.
paradigm. Thalamic labeling was analyzed following in-

jections of the anterograde tracers, biotinylated dextrkay words Motor systems - Basal ganglia - Thalamus -
amine (BDA) into the internal segment of the globuiotinylated dextran amine - WGA-HRP - Cholera toxin
pallidus (GPi) and wheat germ agglutinin conjugated sabunit B

horseradish peroxidase (WGA-HRP) into the contralater-

al cerebellar interpositus and dentate nuclei. In additigxhbreviations CTB Cholera toxin subunit BD dentate
the retrograde tracer cholera toxin subunit B (CTB) wasacleus DAB diaminobenzidine F fastigial nucleus -
injected into the physiologically identified hand/arm re@sPeglobus pallidus, external segmet@Pi globus
resentation of SMA. The tissue was processed sequeallidus, internal segment interpositus nucleus -

tially using different chromogens in order to visualize diCMSintracortical microstimulationMI primary motor
three tracers in a single section. We found that the SMértex -P putamen PBSphosphate buffered saline -
thalamocortical neurons occupied a wide band extendRgeticular nucleus SMAsupplementary motor area -
from the ventral anterior nucleus pars principalis (VApd@BSTRIS buffered saline TMB tetramethylbenzidine -
through the ventral lateral nucleus pars oralis (VLo) aM&pcventral anterior nucleus; pars principalis -

the ventral lateral nucleus pars medialis (VLm) and inté_c ventral lateral nucleus, pars caudaNdmventral

to the ventral lateral nucleus pars caudalis (VLc) incluldteral nucleus, pars mediali¥l.o ventral lateral

ing a portion of ventral posterior lateral nucleus pars awcleus, pars oralisvPLoventral posterolateral

alis (VPL0) and nucleus X. The heaviest CTB labelinguicleus, pars oralisWGA-HRPwheat germ agglutinin-
was found in VLo with dense plexuses of BDA labeldtbrseradish peroxidase nucleus >

pallidothalamic fibers and swellings often observed su-

perimposed upon retrogradely labeled CTB cells. In ad-

dition, dense foci of cerebellothalamic WGA-HRP ardntroduction

terograde label were observed coinciding with the occa-

The SMA has been the focus of a number of investiga-
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Due to the similarities in behavioral deficits such as aki-
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Tanji 1994). The SMA is reported to be subcortically dsionally observed both cerebellar and pallidal varicose fi-
pendent on the basal ganglia in that its primary thalarbiers apposed to the same cells in the VLo, which repre-
input is from the VLo (Schell and Strick 1984), which isents a major target of pallidal fibers.
turn receives its input from the GPi (Kuo and Carpenter The purpose of the present study was to directly as-
1973; Kim et al. 1976; De Vito and Anderson 1982). (sess the relationship of the cerebellar and pallidal affer-
the other hand, SMA thalamocortical neurons have aksats to SMA thalamocortical projection neurons using a
been reported to receive afferents originating from théle-labeling paradigm. To achieve this goal, we have
cerebellum (Wiesendanger and Wiesendanger 1986bimbined the previously used double anterograde tracing
Rouiller et al. 1994). The latter results are intriguing imethod with retrograde transport of CTB to mark the
view of the anatomical and electrophysiological similarihalamic neurons projecting to the SMA. The retrograd-
ties between SMA and the MI which is known to receivdy CTB-labeled neurons were visualized by using a new
massive indirect cerebellothalamic input (Asanuma et purple chromogen marketed by Vector Laboratories as
1983; Schell and Strick 1984). Both the SMA and MIIP (Zhou and Grofova 1995). The use of this combina-
give rise to corticospinal projections (Murray and Coution of tracers allowed the black and brown anterograde
ter 1981; Dum and Strick 1991) and share similar cdabels to be distinguished from purple CTB retrogradely
ticocortical connections (Luppino et al. 1993) such thatid@beled cells. Moreover, due to sequential histochemical
has been proposed that the SMA and MI have soprecessing, the three labels were observed in the same
functional properties in common (Luppino et al. 1993). section rather than the more common comparison of sep-
The possibility that thalamic neurons projecting to theately retracted adjacent sections.
SMA receive inputs from the cerebellum is of consider-
able interest. Wiesendanger and Wiesendanger (1985b)}—
reported transneuronal labeling of cells in the cerebe/Materials and methods

nug:lel foIIo_vvm_g . mJeCUQnS of WGA'HRP '.nto SMA. Experiments were performed on three Japanese monkacacta

This result is difficult to interpret since the sites were nfscatg weighing between 4.1 and 4.9 kg. Each animal was ini-
electrophysiologically defined prior to injection andally anesthetized by an intramuscular injection of ketamine hy-
were more likely localized to rostral SMA, a region nowrochloride (10 mg/kg) followed by an intraperitoneal injection of

: _ ; . i §pdium pentobarbital (30 mg/kg). Under aseptic surgical condi-
defined as the pre-SMA (Luppino et al. 1991; Matelli éf’ns, the skull was exposed and two stainless steel tubes were af-

. . |
al. 1991). More recently, on the basis of a multiple |ab%ﬁ'ed to the frontal and occipital bones using dental acrylic. The
ing study, Rouiller et al. (1994) reported that the cerebekposed skull was then covered with a 1-2 mm layer of dental
lothalamic territories coincided in location with the SMAcrylic and the animal was allowed to recover. This work was
thalamocortical projection neurons. However, in thfonducted in compliance with the N.I.H. guide for the care and

. . e of laboratory animals.
study, the relationship of these afferent and efferent pP&-One to two days following the surgery, the animals were anes-

jection systems was determined on the basis of compaydtized with ketamine hydrochloride (10 mg/kg I.M.) and placed
son between adjacent sections. In order to directly evaftua primate chair. A glass insulated Elgiloy alloy microelectrode

ate the interrelationship of the afferent and efferent cda3—1-5 UM at 333 Hz) was introduced into the brain at an angle

i e ; ; : ; of 45-50° lateral from vertical in order to avoid the overlying thal-
nectivity, a multiple-labeling paradigm in which all tracamus in approaching GPi. A characteristic pattern of spontaneous

erS.C0U|d be visualized in the same hi3t0|09_ical SeCtiQ"inﬁvity generated from the internal capsule, caudate and putamen
optimal. One drawback of previous multiple-labelingrovided the guidance necessary for targeting the GPi. The GPi
studies was the difficulty in clearly visualizing the differcells were characterized by high frequency spontaneous discharge
ent tracers in a single section. Several studies have ﬁE-Long 1971). This activity pattern was utilized in order to de-

full ilized a double-labeli - d IN€ the boundaries of the nucleus prior to the injections of BDA.
cessfully utilized a double-labeling strategy In order ¥iowing this identification of GPi, a 1.0 ul Hamilton syringe was

describe either dual fiber systems (Brandt and Apkarigdvanced to the same location using stereotactic coordinates and
1992; Veenman et al. 1992; Dolleman-Van der Weel @te to three pressure injections of 0.5-1.0 pl 10% BDA (Molecu-
al. 1994; Inase et al. 1996; Sakai et al. 1996) or a con?r%-gmbesl Eugene, Ore.) diluted in 10 mM phosphate buffer pH

: were made into different rostrocaudal portions of GPi.
nation of retrograde and anterograde labels (Bruce ix days later, the animals were re-anesthetized with ketamine

GFQfOVa 1992). Doublg—la_beling studies haye typicalbydrochloride (10 mg/kg 1.M.) and the SMA was mapped using
utilized chromogens yielding a brown reaction produictracortical microstimulation (ICMS). Typically, the threshold for

from DAB processing and a blue-black reaction prod king contralateral movement ranged from 20-40 UA with stim-

; ; s Jlation consisting of trains of 22 cathodal 200 ps pulses applied at
as a result of either metal intensified DAB or TMB pr(‘g33 Hz. The rate of train presentation was at intervals of 5 s or

cessing. Using this combination of chromogens, we haygs. A glass micropipette (tip diameter: 50-100 pm) cemented to
previously analyzed the organization of the pallidal adL.0 pl Hamilton syringe was lowered to a depth of up to 5.0 mm
cerebellar thalamic territories in the monkey using a dgind two pressure injections of up to 1.0 ul of 1% CTB (Sigma)

; ; ; re made into the physiologically identified hand/arm represen-
ble art])temgra.\de Iﬁbellngdpara(élgrgl (ﬁakhal et %l Illgggflé)n of SMA. The CTB was injected at a rate of 0.1 pl per two
Our observations have indicated that both cerebellar aiif Foliowing the injections, the pipette was left in place for 15

pallidal fibers distributed either as dense single labeldin prior to withdrawal from the cortex. The bone flap was re-
as interdigitating patches of double label across individuaced and cemented in place with dental acrylic.

al nuclei of the motor thalamus. Segregation of pallidal The next day, the animals were re-anesthetized and the bone
rlying the occipitoparietal cortex was removed. A microelec-

. 0
and cerebellar afferents occurred in the cen'Fra.I Coreté%e was introduced into the brain passing vertically through the
each nucleus but both afferents were found within tranggcipitoparietal cortex, the tentorium cerebelli and into the cere-

tional zones between nuclei. In addition, we have ocdaHum. The cerebellar nuclei were defined electrophysiologically



by their characteristic high amplitude, high frequency spontan
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activity. A series of three to five pressure injections of 0.3-0.! INJECTIONS:

2.5% WGA-HRP (Toyobo, Japan) were made using a 1.0 pl + BDA

ilton syringe into different rostrocaudal levels of the dentate CTB

interpositus nuclei. A-HRP
Three days later, the animals were deeply anesthetized wit WG

warm PBS, followed by 4% paraformaldehyde, 0.01 M sodium

dium pentobarbital (60 mg/kg) and perfused intracardially v ¢
riodate, 0.075 M lysine in phosphate buffer followed by cold 1

and 30% sucrose in phosphate buffer. The brain was remove

mediately, photographed, blocked in the coronal plane and PERFUSION
mersed in 30% sucrose in phosphate buffer for 2-3 days. B 4% paraformaldehyde
were frozen-sectioned at 50 um thick. Four series of adjacent 0.01 M sodium periodate
tions were treated for: HRP histochemistry only, both HRP 0.075 M lysine in PB
BDA histochemistry, HRP, BDA and CTB immunohistochemis

and lastly, a Nissl reference series.

HRP histochemistry

Sections treated for HRP were reached using TMB as the chr FROZEN SECTIONED
gen and ammonium molybdate (Olucha et al. 1985) and stabi 50um

phosphate buffer (pH 6.2) and incubated in a solution of 0.

in DAB (Rye et al. 1984). Briefly, sections were rinsed in 0.1
ammonium molybdate and 0.005% TMB in 0.1 M phosphate t

er (pH 6.2) and 0.003% hydrogen peroxide. Sections were i
bated overnight at 4° C and then stabilized in a solution of C WGA-HRP Bluc-black
DAB, 0.002% cobalt chloride and 0.003% hydrogen peroxidt histochemistry » i od
0.1 M phosphate buffer (pH 7.4) for 3-5 min. Following a bt TMB reaction product
rinse in phosphate buffer, sections processed for HRP only
mounted onto slides, dried and counterstained with neutral
The sections to be processed for BDA and/or CTB were rinse
0.1 M phosphate buffer (pH 6.2).
BDA histochemistry Brown
ABC solution » .
BDA histochemistry DAB reaction product
To reveal the BDA, we followed the protocol of Veenman et
(1992) with minor modifications. The sections were rinsed in
M phosphate buffer (pH 7.4) and incubated in a 1:500 or 1:5(
lution of avidin-biotin-peroxidase complex (Vector ABC Elite k | CTB immunohistochemistry
PK 6100) for 2 h. Sections were rinsed in the same phosg i ;
buffer, transferred to TBS and reacted in 0.1% DAB/0.04% am ant;;l&olszrlz:lgu%l: id » reacti)l:lrplri)duct
nium chloride/0.2%B3-b glucose and glucose oxidase for 10- P
min. The double reacted HRP and BDA sections were then mc VIP
ed onto slides, dried, and counterstained with neutral red. The
tions to be processed for CTB were rinsed in TRIS buffer. i

CTB immunohistochemistry Mount on slides

Clear in xylene

The final series of sections were reaced for CTB according tc
method of Bruce and Grofova (1992). The sections were rinseu i
0.04% Triton X in TBS and blocked in 3.0% normal rabbit serurg; - ; ; -

They were incubated with gentle agitation in a 1:5000 dilution r](c)_}]lg_ 1 Flow chart summarizing the triple-labeling protc-ol

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 biotinylate§@t@ were reconstructed into a somatotopic map for each animal.

anti-goat IgG (Vector ABC kit PK 4005) in TBS with 0.02% Tri-' h€ thalamic distribution of the BDA, WGA-HRP and CTB label-

ton X. Following additional TBS rinses, the sections were incub#}d Was analyzed and drawn using an Olympus microscope. The
ed in a 1:1000 dilution of avidin-biotin-peroxidase complex for ¢€lineation of thalamic nuclei was based on cytoarchitectonic
h and rinsed in 0.02% Triton X in TBS. Prior to using Vector vinalysis of the adjacent Nisl-stained sections using the criteria and

substrate kit (Vector Laboratories, SK 4600), the sections wagmenclature derived from Olszewski (1952), Kusama and Mabu-
washed in PBS pH 7.5. The VIP solutions were diluted accordifigl (1970) and Asanuma et al. (1983).
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-n
xylene and coverslipped. Control CTB sections were reacted in Rﬁsults
same way but were not incubated in the primary antisera. The
technical protocol is summarized in Fig. 1. Injection Sites
The location and extent of the injection sites were analyzed us-
ing a low magnification projection system. The dense core and W .. .
lo of the WGA-HRP and BDA injections were drawn in relation t¥Ve successfully injected all three target structures in
the adjacent structures. The CTB cortical injection sites and ICNI®ee cases. The major difference across these cases was




12

Fig. 2 The CTB injection site
into the SMA in monkey.
Theupper left paneshows a
lateral view of the cerebral
hemisphere showing the rela-
tive location of the injection

site (ArSarcuate sulcus;S
central sulcuslP intraparietal
sulcus,LSlateral sulcusPcS
precentral sulcufSprincipal
sulcus,STSsuperior temporal
sulcus). Theupper right panel
shows a rostrocaudal series of
sections through the injection
site. Thelower 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 oMacaca fusca-
ta by Kusama and Mabuchi
(1970). For each electrode pen-
etration, the microstimulation —A25
results are noted by one of the
following abbreviationsA arm,
F face,E elbow, W wrist, S
shoulderD digits, L leg. The Depth
CTB injections into the 0
hand/arm representation are in- 2 4mm
dicated byshaded circles 0 |

| [ [
E %Y
| | |
N D
L 710 77
L L
Rostral
Lateral

the extent to which the target structures were completggtions into GPi and the cerebellum are shown in Fig.
filled with the tracers. Although a difference in the der3. The BDA injections into GPi consisted of a brown
sity of labeling was observed, the general distribution lodlo surrounding darkly stained needle tracks and al-
the three labels was similar across all three cases. Tharest completely filled the GPi with the exception of its
fore, we will present the findings from a single represemost ventromedial aspect (Fig. 3). Although the BDA
tative case. spread along the needle track into the P and GPe, it is
The injection sites from monkeyare shown in Figs. unlikely that this diffusion contributed to ventral tha-
2, 3. The SMA was mapped using ICMS and the forkxmic labeling since there are no known projections
limb/arm representation was identified (Fig. 2). The twioom these nuclei to the ventral thalamus. A total of six
CTB injections made into this site were confined to tlidosely spaced WGA-HRP injections made into the con-
mesial surface of the hemisphere and consisted ofralateral cerebellum resulted in a large blue/black halo
light purple halo surrounded the needle tracks. The oempletely encompassing the dentate nucleus and much
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Fig. 3 Theleft panelshows a
series of coronal sections
through the BDA injection sites
into the GPiStipplingindicates
the maximal extent of the three
BDA injections. Theight pan-
el shows line drawings of a co-
ronal series through the cere-
bellar injections sitesStippling
indicates the maximal extent of
the WGA-HRP injections.
These injections include the
dentate nucleus and most of the
interpositus nuclet:s

of the interpositus nucleus (Fig. 3). However, the most The retrograde tracer CTB was visualized using the
rostral part of the interpositus nucleus was not injectedmmercially available Vector VIP chromogen that pro-
in caseX. 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.
Distribution of SMA thalamocortical cells compared  4D-F, 5D—F). Retrogradely labeled CTB cells were dis-
to the cerebellothalamic and pallidothalamic projectionfibuted as a wide band extending from the most rostral
to mid-regions of the thalamus. The band of labeled cells
We have previously described the detailed relationslupcupied the rostrolateral thalamus including VApc and
between the distribution of the cerebellothalamic atlde VLo. At a slightly more caudal thalamic level, la-
pallidothalamic projections (Sakai et al. 1996). Briefljpeled cells were largely found in VLo and VApc with
we have found that the cerebellothalamic and pallidotiszattered cells in the VPLo (Figs. 4A, D, E, 5A, D, E, 6
lamic territories generally occupy separate thalamic ection 52). At a more caudal thalamic level as shown in
gions but that individual thalamic nuclei receive differeriig. 5 section 64, the band of labeling in VLo extended
tial patchy input from both afferent sources. We haweedially into the VLm. A few labeled cells were found
found that the central core of individual thalamic nucle@i VPLo and the VLc. At more caudal thalamic levels,
receive one afferent source. However, transitional the density of cell labeling decreased as the band of la-
gions between adjacent nuclei received interdigitatibgling shifted medially. At this level, the greatest density
and occasionally, overlapping inputs from both affereat labeled cells was found in VLo and scattered cells
sources. The present description primarily focuses on there found in VPLo, VLc and X.
distribution of the SMA projection neurons and the rela- The distribution of the SMA thalamocortical neurons
tionship of this distribution to the cerebellothalamic arldbeled with CTB primarily coincided with the distribu-
pallidothalamic projections. tion of the pallidothalamic projections visualized with
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BDA. The BDA anterograde labeling was demonstrat&i.o, VPLo, VLc and X. These cells were primarily coin-
with DAB, which produced homogeneously brown reacident with pallidal plexuses but overlap with cerebellar
tion product that filled both axons and varicosities. Thabel was also noted particularly in VPLo and X.
SMA thalamocortical cells were most frequently coinci- The sequential histochemical processing used in this
dent with the pallidal labeling in VApc and VLo (Figsstudy resulted in clearly distinguishable three-color la-
4D-F, 5F, 6). However, patchy pallidal anterograde latimling of multiple projection systems. We found the tri-
overlying SMA thalamocortical cells was also found iple-labeling method to be specific for the three tracers
VLc and in VLm and to minor extent in nucleus X and iand have found no evidence of cross reactivity. The con-
VPLo (Fig. 6). The pallidal labeling overlying the CTB#rol sections, including the WGA-HRP only series, re-
labeled cells was quite dense with axonal varicosities géaled no false positive staining from the other tracers
ten found closely apposing the cell somata (Fig. 4E,dRd the CTB series that was reacted without the primary
5E, F). Occasionally, BDA-labeled axonal swellingantisera demonstrated the specificity of the CTB immu-
stained brown sometimes gained a purple hue in the mgstaining. A BDA only control series was not tested
ple-stained sections, particularly when viewed at highgnce this series would lead to false positive staining due
magnification (Fig. 5E). However, these labeled BDA fto the presence of the WGA-HRP, which also stains with
bers could be followed back to the main contingent DAB.
pallidal fibers.

The WGA-HRP anterograde labeling from the cere-
bellar injections was visualized with TMB yielding discussion
granular blue/black precipitate, densely filling fibers and
axonal swellings, and resulted in dense patchy labelimgthe present study, we demonstrated coincidence be-
extending from VPLo, VLc, and X rostrally to also intween the SMA thalamocortical neurons and the pallido-
clude VLo and to a lesser extent VApc (Figs. 4A, 5A, &halamic and cerebellothalamic territories using a novel
Cerebellar fibers were found superimposed over SMAmbination of three neuroanatomical tracers which per-
thalamocortical neurons in VLc and transitional zonesitted the simultaneous observation of dual anterograde
between VApc, VLo and VPLo. Coincidence of both thgrojections and retrograde cell labeling. On the basis of
SMA cells and cerebellar anterograde label was also tiis combination of tracers, we provide direct evidence
served in X. The SMA thalamocortical cells were denstat the SMA thalamocortical neurons receive primarily
ly covered by patchy cerebellothalamic-labeling sompallidothalamic input and secondarily cerebellothalamic
times obscuring the profile of the labeled cell somaitgput.
(Fig. 5D). The irregular transitional region between the We combined the retrograde transport of CTB with
densely clustered darkly stained cells of VLo and the ctle anterograde transport of both WGA-HRP and of
sparse VPLo easily recognizable in Nissl stained matéBPA in a single case and employed sequential histo-
al as shown in Figs. 4C, 5C, occasionally contained cechemical processing utilizing three different chromo-
bellothalamic fibers in close proximity to the same SMéens in order to visualize all three tracers in the same
thalamocortical cells superimposed upon by pallidothsection. The observation of all three tracers in a single
lamic label (Fig. 5E). This arrangement was also notselction permitted direct assessment of interdigitating
in the ventral portion of VLo (Fig. 5F) and VPLo and iprojection systems and is superior to the more common
VLm. comparison of adjacent sections treated for different his-

The CTB injections were larger in our additional caséschemical procedures. In addition, this multiple-label-
and resulted in more thalamic cell labeling. In thesgg paradigm resulted in stable, permanent reaction
cases, additional retrogradely labeled cells were foundpimducts. Thus, this method is preferable to neuroana-

tomical tracing techniques using multiple-fluorescent

Fig. 4 A series of low power photomicrographs of coronal seg-yes that quench and fade upon exposure to. excitation
tions through rostral thalamus from caseAXB Bright- and dark- Wavelengths. One drawback inherent to the triple-label-
field photomicrographs of a section sequentially reacted for HRRg paradigm is the difficulty in clearly distinguishing
histochemistry using TMB, BDA immunohistochemistry usingnultiple projections when one projection system is espe-

DAB, and CTB immunohistochemistry using VIP. Note the black: ; . At
patches of WGA-HRP anterograde label, the light brown BDA z%'—a”y dense. Dense labeling from a single projection

terograde label and the purple CTB retrograde cell labeling. Map¥Stem may effectively mask the second or third label.
cytoarchitectonic features at this thalamic level are shown in th&@r example, the cerebellothalamic projection is massive
cresyl violet stained section @. Starsdenote the same blood vesand in some regions, the blue-black WGA-HRP labeling
sels inA—C. Bar 1.0 mm.Boxed areasire shown at higher mag“i;jalmost completely covered the purple CTB-labeled

fication in D and inE, F. D Transitional area between VLo an . -4 L - .
VPLo containing CTB-labeled cellsArrows denote the purple CEllS, making it difficult to clearly distinguish and differ-

CTB-labeled cellsBar 50 um. E, F At higher magnification. entiate the labeled cells (Fig. 5 D). However, careful mi-
E Arrows denote the purple CTB-labeled cells surrounded lyroscopic examination using higher magnifications re-
brown BDA (pallidal)-labeled fibers and plexuses in ventral VLg;egled the secondary or tertiary labeling. In addition,

Arrowheadsindicate passing black WGA-HRP (cerebellar) fiber P, : : - !
F Note the purple CTB-labeled cells and adjacent BDA-IabeIZ)c?Ckground staining levels were higher in the triple re

varicosities &rrows). Arrowheadindicates black WGA-HRP (cer- action sections than in either the single- or double-react-
ebellar) fibersBar 10 pm ed sections. In some cases, the VIP incubation period
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e
VPLo-di, -

Fig. 6 Line drawings of coronal sections through the primate thalras shortened to as little as 5 min and required modifi-

amus showing the distribution of pallidothalamic and cerebellothggtion according to each individual case in order to min-
lamic anterograde label and the location of the SMA thalamocori}lﬁize background staining.

cal projection neurons in case Rlackened stipplingndicates the . L . .
WGA-HRP-anterograde label following the injections into the This combination of tracers directly revealed details

contralateral cerebellar nucl&ed stipplingndicates labeling fol- of afferent and efferent connectivity. At the light micro-

lowing the BDA injections into GPBlue dotsindicate the SMA scopic level, the WGA-HRP injections and the BDA in-
thalamocortical projection neurons following the CTB injections, ~+; ; ; : _
into the forelimb representation in SMA. Note the coincidence %Ctlons resulted in dense labeling of fibers and swell

the SMA cells with pallidal label primarily in VApc and VLo inINgs. Thalamocortical neurons labeled with CTB stained
section 52 and VLo in section 64. Some SMA cells coincided withtensely purple. Occasionally, we also observed antero-
cerebellothalamic label in VPLo in both sections 52 and 64. Tr de CTB reaction product that appeared as a light pur-
fr']g‘t’r(‘)a\‘/'e%[aeasegevtv"i‘{ﬁee”it;]’é‘fcél\(i'agl%’:dcé/r';'ggu‘zﬁﬂgfd SMA cefje dusting. Both retrograde and anterograde transport of
PP P CTB have been previously reported (Luppi etal. 1990;

< Fig. 5 A series of low-power photomicrographs of coronal sectio%ruce and Grofova 1992). We also ob_served that some of
through mid-thalamus from case X, B Bright- and darkfield the labeled BDA or WGA-HRP swellings were closely
photomicrographs of a section sequentially reacted for all threedg@posed to the CTB retrogradely labeled cells. These ob-

Ee'S- Né’,geAtPebt}lade?ﬁmhes |0f (\:/\_/F%A'TRP a(;‘tefoﬁfla%elJabe"\,Aﬁ@rvations are suggestive of synaptic contacts although
rown apel an e purple retrograae cell labeling. H H s : H H :
jor cytoarchitectonic features at this thalamic level are shown in %@ctron microscopic verification is lacking in the present

cresyl violet-stained section i@. Note the cell islands containingStudy. In this regard, it is of interest that Wouterlood and
darkly stained cells characteristic of VLo blending into the cébronewegen (1985) reported that similarly labeled ax-
sparse VPLoStarsdenote the same blood vessel#\#C. Bar 1.0  onal varicosities are the light microscopic representation

mm. Boxed areasre shown in higher magnification D+F. D A i i i i
dense patch of black WGA-HRP (cerebellar) labetows) over- of synaptic axonal terminals as seen in the electron mi

lapping purple CTB-labeled cells in a cell sparse island of VPLGOSCOPE.

E BDA (pallidal) labeled varicositiesatrows) closely apposed to a  In the present study, we found that the SMA thalamo-
purple CTB cell in a patch of label immediately adjacenDto cortical neurons were primarily coincident with the pal-
Note the close proximity of the black WGA-HRP (cerebellar) labgjqothalamic territory and secondarily with the cerebello-

Bar 10 um. F Lower magnification photomicrograph through ven: : : -
tral VLo showing purple CTB-labeled cells surrounded by brovxmalamlc territory. Our findings support the results of a

BDA (pallidal) fibers and plexusesrfowheady. Small arrowsde- number of single-labeling studies (Schell and Strick
note passing black WGA-HRP (cerebellar) ax@es.50 pm 1984; Darian-Smith et al. 1990; Shindo et al. 1995) as
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well as more recent multiple labeling studies (Tokuno 8hibasaki et al. 1993), a cortical region known to receive
al. 1992; Rouiller et al. 1994) that reported a strong linktrong transthalamic cerebellar input with secondary in-
age between the SMA-projecting thalamic neurons apdt from the GPi (Yamamoto et al. 1983; Nambu et al.
pallidal inputs. In addition, we provided direct evidencE988, 1991; Holsapple etal. 1991; Jinnai etal. 1993;
that the cerebellothalamic territory overlapped the SMRouiller et al. 1994; Inase and Tanji 1995; Sakai et al.
projection neurons. These results support the indirect 4895). Moreover, neural circuits consisting of mixed in-
servations of transthalamic afferents from the cerebellyputs may contribute to a more flexible substrate subject
to SMA reported by Wiesendanger and Wiesendanger modification. In this regard, it is of interest that
(1985b) and by Roullier et al. et al. (1994). Aizawa et al. (1991) have noted cellular changes in the
In a previous study (Sakai et al. 1996), we describsdpplementary motor area as a result of motor learning.
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