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ABSTRACT

The cerebral cortex and the intralaminar thalamic nuclei are the major sources of
excitatory glutamatergic afferents to the striatum, whereas the midbrain catecholaminergic
neurones provide a dense intrastriatal plexus of dopamine-containing terminals. Evidence from
various sources suggests that there is a functional interaction between the glutamate- and
dopamine-containing terminals in the striatum. The aim of the present study was to determine
the synaptic relationships between cortical or thalamic inputs and the dopaminergic afferents
in the sensorimotor territory of the monkey striatum. To address this issue, anterograde
tracing in combination with immunocytochemistry for tyrosine hydroxylase (I'H) was carried
out by light and electron microscopy.

Squirrel monkeys received injections of biocytin in the primary motor and somatosensory
cortical areas or injections of either Phaseolus vulgaris-leucoagglutinin (PHA-L) or biocytin in
the centromedian nucleus (CM) of the thalamus. Sections that included the striatum were
processed to visualize the anterograde tracers alone or in combination with 'T'TH immunoreactiv-
ity. The anterogradely labelled fibres from the cerebral cortex and CM display a band-like
pattern and are exclusively confined to the postcommissural region of the putamen, whereas
TH-immunoreactive axon terminals are homogeneously distributed *hroughout the entire
extent of the striatum. Electron microscopic analysis revealed that ‘.ie anterogradely labelled
terminals from the cerebral cortex form asymmetric synapses almost exclusively with the heads
of dendritic spines. The thalamic terminals also form asymmetric synapses, but in contrast to
cortical fibres, predominantly with dendrites (67.4%) ~~_u less frequently with spines (32.6%).
The TH-immunoreactive boutons are heterogeneous in morphology. The most common type
(84% of the total population) forms symmetric synapses; of these the majority is in contact with
dendritic shafts (72.1%), less with spines (22.5%) and few with perikarya (5.4%). In sections
processed to reveal anterogradely labelled cortical fibres and TH-immunoreactive structures,
individual spines of striatal neurones were found to receive convergent synaptic inputs from
both cortical and TH-immunoreactive boutons. In contrast, anterogradely labelled thalamic
terminals and TH-immunoreactive boutons were never seen to form convergent synaptic
contacts on the same postsynaptic structure.

These findings suggest that the dopaminergic afferents are located to subserve a more
specific modulation of afferent cortical input than afferent thalamic input in the sensorimotor
territory of the striatum in primates.  © 1994 Wiley-Liss, Inc.
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mine-containing terminals that arborize profusely through-
out the entire extent of the striatum (see Bjérklund and
Lindvall, 1984 for a review). Evidence from various sources
suggests a close interaction between the glutamate- and
dopamine-containing terminals at the striatal level (see
Nieoullon and Kerkerian-LeGoff, 1992 for a review). How-
ever, the exact mechanism by which these two populations
of terminals interact to control the activity of striatal
neurones is still controversial (Freund et al., 1984; Nieoul-
lon and Kerkerian-LeGoff, 1992). Several pharmacological
studies suggest reciprocal presynaptic interactions between
dopamine- and glutamate-containing terminals in the stria-
tum. These interactions are thought to be mediated by D2
dopaminergic receptors located on glutamatergic terminals,
and N-methyl-D-aspartate (NMDA) or non-NMDA gluta-
mate receptors located on dopaminergic afferents (see
Nieoullon and Kerkérian-Le Goff, 1992 for a review). In
apparent contradiction with these pharmacological data,
ultrastructural studies indicated that the vast majority of
catecholaminergic terminals form synapses with spines and
dendritic shafts in the rat striatum (Pickel et al., 1981;
Freund et al., 1984). However, the spines that receive input
from the catecholaminergic afferents are often contacted
more distally by boutons that display the morphological
features of excitatory terminals (Freund et al., 1984). This
synaptic arrangement led Freund et al. (1984) to suggest
that one of the main functions of dopamine released from
nigrostriatal terminals is to control the firing rate of
striatal neurones by modulating their excitatory input at
the level of individual spines. Although the exact origin of
the excitatory terminals identified by Freund et al. (1984)
remains to be established, it is almost certain that some of
them arise from the cerebral cortex, which is a major source
of terminals forming asymmetric synapses in the striatum
(see Smith and Bolam, 1990a for a review). In fact, anatomi-
cal studies employing anterograde degeneration combined
to immunocytochemical techniques for the detection of
catecholaminergic terminals revealed that the cortical ter-
minals and the catecholaminergic boutons converge on
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single spines and dendritic shafts in the dorsal striatum of
the rat (Bouyer et al., 1984).

In addition to the cerebral cortex. another source of
excitatory terminals forming asymmetric synapses in the
striatum is the thalamus (Purpura and Malliani, 1967;
Kemp and Powell, 1971; Kitai et al., 1976: Sadikot et al.,
1992b). Although the thalamostriatal pathway arises from
various nuclei, the major source of this projection is the
caudal intralaminar nuclear group, namelyv the centrome-
dian (CM) and the parafascicular (PF) nuclei (see Parent,
1986, 1990 for reviews). A recent anatomical investigation
revealed that the thalamostriatal pathway arising from the
CM and the PF in monkey is much more massive than
previously thought, and occupies different territories in the
striatum; the CM projects massively to the sensorimotor
sector of the caudate nucleus and putamen, whereas the PF
innervates predominantly the limbic-associative striatal
territory (Sadikot et al., 1992a,b). At the ultrastructural
level, both CM and PF terminals were found to form
asymmetric synapses predominantly with dendritic shafts
and less frequently with spines (Kemp and Powell, 1971;
Sadikot et al., 1992b). Thus, the thalamus must also be
considered as a major afferent to the striatum whose
excitatory effect on striatal neurones may be modulated by
the dopamine released from nigrostriatal axons. In fact,
electrophysiological data suggested that the thalamus, cere-
bral cortex and substantia nigra converge on single spiny
neurones in rat and cat striatum (Kitai et al., 1976; Kocsis
et al.,, 1977; Vandermaelen and Kitai, 1980). However,
before being able to speculate on the mechanism by which
the thalamic and nigral afferents might interact at the
striatal level, it is essential to better understand the
synaptic relationship between these two sets of terminals.

The major aim of the present study was to elucidate the
synaptic interactions between the thalamic and the dopa-
minergic afferents at the single cell level in the monkey
striatum. In order to determine whether the two major
excitatory inputs to striatal neurones interact in the same
way with the dopaminergic afferents, the synaptic relation-
ship between cortical and dopaminergic terminals was also
examined.

MATERIALS AND METHODS
Animals and preparation of tissue

Nine adult male squirrel monkeys (Saimiri sciureus)
were used in the present study. They were anesthetized
with a mixture of ketamine hydrochloride (Ketaset, 70
mg/kg, im.) and xylazine (10 mg/kg, i.m.) before being
fixed in a stereotaxic frame. In five animals, a total volume
of 0.5 to 1.0 pl of biocytin (Sigma Chemical Company, St.
Louis, MO; 4% in 'T'ris buffer 0.05 M, pH 7.6) was delivered
unilaterally at five to ten different locations (0.1 pl of
biocytin/site) in the primary motor and somatosensory
cortices (Fig. 1A). In three monkeys, 0.2-0.5 pl of biocytin
was injected unilaterally in CM (Fig. 1B), whereas in the
last animal, Phaseolus vulgaris -leucoagglutinin (PHA-L;
Vector Laboratories, Burlingame, CA; 2.5% solution in
phosphate buffer 0.01 M, pH 8.0) was delivered unilaterally
in CM. The biocytin was delivered by means of a 10 pl
Hamilton microsyringe with a sealed-on micropipette tip
having a diameter that ranged from 50 to 70 pm. The
PHA-L was loaded in glass micropipettes with a tip diam-
eter ranging from 20 to 40 pm. It was then injected
iontophoretically at four different locations along the antero-



SYNAPTIC AFFERENTS TO STRIATAL NEURONS IN MONKEY 3

posterior extent of CM with a 7 pA positive current for 20
minutes by a 7 seconds On/7 seconds Off cycle (Gerfen and
Sawchenko, 1984). The stereotaxic coordinates were cho-
sen according to the atlas of Emmers and Akert (1963).

After the appropriate survival period (36-48 hours for
biocytin, 10 days for PHA-L), the animals were deeply
anesthetized with an overdose of pentobarbital and perfu-
sion-fixed with 500-700 ml of cold Ringer solution followed
by 1.5 litres of fixative containing a mixture of 2% paraform-
aldehyde and 1% glutaraldehyde in phosphate buffer (PB,
0.1 M, pH 7.4). This was followed by 1 litre of cold PB. After
perfusion, the brains were cut in 10 mm thick blocks in the
transverse plane and placed in cold phosphate-buffered
saline (PBS, 0.01 M, pH 7.4) until sectioning. The blocks
were cut into 60 pm thick transverse sections with a
vibrating microtome, collected in cold PBS and treated for
20 minutes with sodium borohydride (1% in PBS). The
sections were repeatedly washed in PBS and processed to
reveal the anterograde tracers and tyrosine hydroxylase
(TH) immunoreactivity according to protocols suitable for
light or electron microscopy.

Simultaneous localization of biocytin and TH

Light microscopy. In the eight animals that received
biocytin injections, a series of sections containing the
injection sites and a series including the striatum were
incubated for 12-16 hours at room temperature with a
mixture of avidin-biotin-peroxidase complex (ABC; Vector
Laboratories; 1:100 dilution) and mouse anti-TH antibody
(INCSTAR, Stillwater, MN; 1:1,000 dilution) in PBS con-
taining 0.3% Triton X-100 and 1% bovine serum albumin
(BSA; Sigma). They were then washed in PBS and Tris
buffer (0.05 M, pH 7.6) before being placed in a solution
containing 3,3’ diaminobenzidine tetrahydrochloride (DAB,
0.025%; Sigma), 0.01 M Imidazole (Fisher Scientific,
Nepean, Ont., Canada) and 0.006% hydrogen peroxide for
10-15 minutes. The reaction was stopped by repeated
washes in PBS. The sections were then incubated for 90
minutes at room temperature with biotinylated horse anti-
mouse IgG (Vector Laboratories; 1:200 dilution) in PBS
containing 0.3% Triton X-100 and 1% normal horse serum.
After three washes (10 minutes each) in PBS, the sections
were reincubated for 90 minutes at room temperature in
ABC (1:100 in PBS/0.3% Triton X-100/1% BSA). The
peroxidase bound to the TH was then revealed by placing
the sections in Tris buffer containing DAB (0.025%), amo-
nium nickel sulfate (Fisher Scientific, 0.35%) and hydrogen
peroxide (0.0006%) for 10 minutes (see Wouterlood et al.,
1987 for more details). These sections were then mounted
on chrome alum/gelatin-coated slides, dehydrated and a
coverslip was applied with Permount. A series of adjacent
sections was stained with cresyl violet to determine the exact
location of the biocytin injection sites.

Electron microscopy. A series of sections that included
the striatum was processed for the simultaneous visualiza-
tion of biocytin and TH at the electron microscopic level.
The sections were placed in a cryoprotectant solution (PB,
0.05 M, pH 7.4, containing 25% sucrose and 10% glycerol)
for 20-30 minutes. After having sunk, they were frozen
it ~80°C for 20 minutes. They were then thawed and
washed many times in PBS before being processed to
localize biocytin and TH according to the protocol described
above. except that Triton X-100 was not included in the
solutions and the incubation in the ABC/mouse anti-TH
mixture was carried out at 4°C for 48 hours. Although

biocytin was localized with DAB in every section, TH was
localized either with benzidine dihydrochloride (BDHC,
Sigma) or DAB. The sections that were incubated with
BDHC were washed three to five times in PB (0.01 M, pH
6.8) before being preincubated in a solution of BDHC that
was prepared according to Levey et al. (1986). After a 10
minute preincubation, the reaction was initiated by adding
hydrogen peroxide to a final concentration of 0.005% in
fresh BDHC solution. The reaction was terminated after
5-7 minutes by extensive washing in PB (0.01 M, pH 6.8)
before processing for electron microscopy. The sections that
were incubated with DAB were processed in the same way
as those prepared for light microscopy. A series of sections
was processed to localize biocytin alone with DAB -as
chromogen.

As controls, a few sections were incubated in solutions
from which the mouse anti-TH antibodies were omitted.

Simultaneous localization of PHA-L and TH

Light microscopy. A series of sections containing the
PHA-L injection site and a series containing the striatum
were first incubated for 48 hours at 4°C with a mixture of
goat anti-PHA-L (Vector Laboratories; 1:2,000) and mouse
anti-TH (INCSTAR; 1:1,000) in PBS including 0.3% Triton
X-100 and 1% normal rabbit serum. They were then
washed in PBS and incubated for 90 minutes at room
temperature in the biotinylated rabbit anti-goat 1gG (Vec-
tor Laboratories; 1:200) when PHA-L was revealed first or
biotinylated horse anti-mouse IgG (Vector Laboratories,
1:200) when TH was localized first. The secondary antibod-
ies were diluted in the same solution as the primary
antibodies. After this reaction, the sections were washed in
PBS and placed in ABC (same dilution as above) for an
additional 90 minutes. After several washes in PBS and
then in Tris buffer (0.05 M, pH 7.6), the sections were
placed in DAB to reveal the first antigen (see above). The
sections were then incubated with the secondary antibody
and ABC to localize the second antigen with nickel enhanced-
DAB (Ni-DAB; see above) as the chromogen. They were
then mounted on chrome alum/gelatin-coated slides, dried
at room temperature, dehydrated and a coverslip was
applied with Permount.

Electron microscopy. A series of sections including the
striatum was processed to localize PHA-L. and TH for
electron microscopy. The sections were placed in the cryo-
protectant solution, frozen at —80°C and incubated with
antibody solutions similar to those used for light micros-
copy except that Triton X-100 was omitted. In most of the
sections, PHA-L was revealed first with DAB and TH
second with BDHC. However, in a few sections, the order
was reversed, i.e., T'H was revealed first with DAB and then
PHA-L was revealed with BDHC. As controls, a series of
sections including the postcommissural region of the puta-
men was incubated in solutions from which the primary
antibodies were omitted in turn and replaced by normal
serum.

Some sections including the sensorimotor region of the
putamen were incubated to reveal either PHA-L or TH
alone with DAB as the chromogen.

Processing for electron microscopy

The sections were washed in PB (0.01 M, pH 6.8, for
those containing the BDHC reaction product or 0.1 M, pH
7.4, for those containing the DAB deposit only) before being
postfixed in osmium tetroxide (1% solution in the corre-
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sponding PB) for 20 minutes. They were then washed in PB
and dehydrated in a graded series of alcohol and propylene
oxide. Uranyl acetate was added to the 70% ethanol (30
minutes) to improve the contrast in the electron micro-
scope. The sections were then embedded in resin (Durcupan
ACM, Fluka) on microscope slides, put in the oven and
cured for 48 hours at 60°C. After a careful examination of
these sections in the light microscope, regions of interest
were drawn, sometimes photographed, cut out from the
slides and glued on the top of resin blocks with cyanoacry-
late glue. Serial ultrathin sections were then cut on a
Reichert-Jung Ultracut E ultramicrotome and collected on
Pioloform-coated single slots nickel grids. They were stained
with lead citrate (Reynolds, 1963) and examined in a
Phillips 410 or a Hitachi H-7100 electron microscope.

Analysis of the material

The cortical or thalamic injection sites were charted from
coronal sections at magnifications between 2x and 10x
with a drawing tube connected to a Nikon light microscope.
The exact location of the cortical injection sites was deter-
mined with respect to the distribution of giant pyramidal
Betz cells of area 4 that could be visualized on the adjacent
cresyl violet-stained sections. The biocytin injection sites
were charted from single sections and then reconstructed
on the cortical surface with respect to sulcal patterns.

The ultrastructural features and postsynaptic targets of
TH-immunoreactive terminals and the anterogradely la-
belled cortical or thalamic boutons were determined in the
electron microscope by scanning ultrathin sections of re-
gions in the postcommissural putamen enriched in the
corresponding terminals. Every labelled terminal was exam-
ined on 2-6 serial sections, photographed and measured at
the level where the synaptic specialization was the longest
by either Ultimage (Graftek, France) or MacStereology
software prepared for Macintosh computers. The synaptic
relationships between the TH-immunoreactive boutons
and the cortical or thalamic terminals were analysed at the
electron microscopic level in sections containing a high
density of DAB- and BDHC-labelled structures. Since the
DAB and BDHC reaction products could not be differenti-
ated at the light microscopic level in sections that were
postfixed in osmium tetroxide, the striatal regions were
selected for ultrathin sectioning from material prepared for
light microscopic analysis. Briefly, sections of striatum that
were processed to reveal TH immunoreactivity and the
anterogradely transported tracers with Ni-DAB and DAB,
respectively, were scanned in the light microscope to iden-
tify the presence of areas where the two fields of terminals
overlapped. Once such an area was found (Fig. 6), the
corresponding region on the adjacent section processed to
reveal the two sets of terminals with DAB and BDHC was
cut out from the slide, mounted on blocks of resin, cut into
serial ultrathin sections and examined in the electron
microscope. The number of regions examined from each
experimental group is indicated in Table 1. In order to
ensure that the sections contained both DAB- and BDHC-
labelled elements, the most superficial sections of the blocks
were selected for electron microscopic analysis. Once a
striatal element was found to form synapses with either
type of labelled terminal and be apposed by the other, it was
followed in 4-6 serial sections in order to determine
whether it received convergent synaptic input from both
sets of terminals.
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RESULTS

Location of cortical and thalamie
injection sites

The biocytin injection sites in the cerebral cortex ex-
tended through all cortical layers, along much of the extent
of the primary motor and somatosensory cortices (Fig. 1A).
In both cortical areas, the injection sites were characterized
by a central core containing many neurones that appeared
to be completely filled with the tracer. Some of the biocytin-
labelled cells displayed the morphological features of large
pyramidal neurones and extended their apical dendrites
towards the superficial layers.

In the thalamus, the biocytin and PHA-L injection sites
were centered on CM. In Figure 1B, the precise limits of the
biocytin injection site that gave rise to the heaviest antero-
grade labelling in the postcommissural region of the puta-
men are illustrated at rostral, middle and caudal levels of
CM. In this case, the injection site involved the entire
rostrocaudal and dorsoventral extent of CM. Mediolater-
ally, the injection site occupied the central part of the
nucleus. Although the biocytin did not diffuse in PF, the
underlying subparafascicular nucleus (sPF) and the overly-
ing mediodorsal nucleus were slightly contaminated by this
injection (Fig. 2C). In another case, the biocytin injection
site was larger and diffused more extensively along the
pipette track in the mediodorsal nucleus. In the third case,
the biocytin injection was smaller and confined to the
ventral third of CM along its entire rostrocaudal extent.
The PF, sPF and mediodorsal nuclei as well as any other
neighbouring thalamic nuclei were not contaminated by
this injection. However, a slight contamination of the
pretectal area occurred caudally. In the single case that
received an injection of PHA-L, the location of the tracer
was similar to that charted in Figure 1B except that the sPF
was not contaminated. Both biocytin and PHA-L resulted
in the same pattern of staining in the vicinity of the
injection sites, i.e., a central core containing a rich plexus of
processes with many darkly stained perikarya (Fig. 2C).

Anterograde labelling and TH
immunostaining in the striatum

Cortical afferents

Light microscopic observations. In the three cases that
received injections of biocytin in the primary motor and
somatosensory areas of the cerebral cortex, the overall
pattern of anterograde labelling in subcortical structures
was in keeping with that described in previous studies (see
Jones, 1986 for a review). Briefly, rich plexuses of antero-
gradely labelled fibres and terminals were found in various
thalamic structures including the reticular, ventrolateral,
ventroposterior, and centromedian nuclei. The dorsolateral
part of the subthalamic nucleus, the magnocellular region
of the red nucleus and the superior colliculus also contained
dense fields of labelled varicosities. Large labelled axons
were found to travel caudalwards through the internal
capsule, the cerebral peduncle and the reticular formation.
Occasionally, one or two retrogradely labelled cells were
found in the ventrolateral nucleus of the thalamus.

In the striatum, the biocytin-labelled structures included
long linear and thin fibres as well as small varicosities that
arborized profusely in the postcommissural region of the
ipsilateral putamen. Occasionally, a small region along the
dorsolateral edge of the caudate nucleus was weakly la-
belled. Contralaterally, the anterograde labelling was less



SYNAPTIC AFFERENTS TO STRIATAL NEURONS IN MONKEY 5

A

Fig. 1. A: Schematic drawing illustrating the location of the biocy-
tin injection sites in the primary motor and somatosensory cortices of
the squirrel monkeys. B: The boundaries of a biocytin injection site
along the rostrocaudal (top to bottom) extent of CM. This thalamic

heavy but occurred in approximately the same striatal
regions as was observed on the ipsilateral side. Although
the anterograde labelling was heterogeneous throughout
its entire rostrocaudal extent, it occurred in the form of
patches rostrally (A14.0-12.0), but at more caudal levels
(A12.0-6.5), the biocytin-labelled elements formed bands
that occupied a large region of the ventrolateral two-thirds
of the putamen. However, even in the most densely labelled
region of the striatum, small areas were occasionally found
to be completely devoid of anterograde labelling. Striatal
regions rostral to A15.0 were devoid of staining.

Electron microscopic observations. The sections that
were selected for analysis of labelled cortical terminals in
the electron microscope were taken from regions containing
the greatest density of stained terminals in the postcomm-
missural putamen of three animals. In the electron micro-
scope, the biocytin-labelled structures were easily differen-
tiated from the unstained elements because of the electron-
dense, amorphous, DAB reaction product associated with
them (Fig. 2A B). The biocytin-labelled fibres and varicosi-
ties observed in the light microscope were identified as
nonmyelinated axons and vesicle-containing boutons, re-
spectively. In the anterogradely labelled structures, the
peroxidase reaction product was attached to the outer
surface of electron-lucent vesicles, mierotubules, and mito-
chondria, and to the inner surface of the plasmalemma (Fig.
2A,B). A total of 142 biocytin-labelled cortical boutons were
photographed and analysed in random searches of electron
microscopic sections. The morphological features, cross-
sectional area and postsynaptic targets of these boutons
were similar in the three animals. Although the size of
these terminals was quite variable (mean cross-sectional
area = S.D. = 0.46 = 0.22 pm?; Fig. 4A), they all displayed
the same morphological features, i.e., packed with round
electron-lucent vesicles and a few mitochondria. In serial
sections, all of the biocytin-labelled cortical boutons that

injection gave rise to profuse anterograde labelling in the sensorimotor
territory of the striatum. Note that the injection slightly contaminated
the sPF but not the PF.

were examined formed asymmetric synapses (Figs. 2A,B,
7). In 131 cases, the postsynaptic targets were dendritic
spines characterized by the presence of a spine apparatus
and the absence of mitochondria. In the remaining 11 cases,
the exact nature of the postsynaptic targets could not be
determined. In general, the heads of spines that received
synaptic inputs from anterogradely labelled cortical termi-
nals were large (0.5-1.5 pm in diameter) and contained a
well-developed spine apparatus (Fig. 2A,B).

Thalamic afferents

Light microscopic observations. The biocytin and PHA-L
injection sites in CM resulted in profuse anterograde
labelling in various subcortical structures including the
striatum. The pattern of distribution of the anterogradely
labelled elements visualized in the present material was in
keeping with that described recently by Sadikot et al.
(1992a). The reader is referred to this study for a more
detailed description of the subcortical efferent connections
of CM in squirrel monkey (Saimiri sciureus). No retro-
gradely labelled neurones were found in the cerebral cortex
after thalamic injections.

At the level of the striatum, a common characteristic of
the four cases that received injections of anterograde tracer
in CM was that the labelled thin fibres and small varicosi-
ties were found predominantly in the sensorimotor terri-
tory of the striatum. The precommissural regions of the
caudate nucleus and putamen (A15.0-13.5) were almost
completely devoid of labelled elements except for small
patches of varicose fibres that were randomly dispersed in
the dorsal half of the putamen and the dorsolateral part of
the caudate nucleus close to the internal capsule. However,
in the case that received a PHA-L injection that did not
involve the sPF, the anterograde labelling rostral to the
anterior commissure was much less abundant, whereas the
postcommissural region of the putamen still contained rich
plexuses of anterogradely labelled elements. In the four
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Figure 2
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cases analysed in the present experiment, the striatum
anterior to A15.0 was devoid of staining. As was the case for
the cortical afferents, the anterogradely labelled fibres and
terminals after CM injections displayed a band-like pattern
in the postcommissural region of the putamen. Although
the striatal territory occupied by the thalamic afferents was
roughly similar to that innervated by the cortical input, the
bands of thalamic labelling occurred throughout the full
extent of the putamen in the mediolateral plane, whereas
the cortical labelling was confined to the lateral two-thirds
of the putamen. However, unlabelled regions between
dense bands of anterograde labelling were always found in
the putamen, and this occurred even in the areas of densest
staining (A10.0-8.0).

Electron microscopic observations. At the electron mi-
croscopic level, the peroxidase reaction product was associ-
ated with axonal structures in the postcommissural re-
gion of the putamen after biocytin or PHA-L injection in
CM. The anterogradely labelled elements included vesicle-
containing boutons and myelinated or nonmyelinated axons.
A total of 209 anterogradely labelled terminals were photo-
graphed and used for quantitative analysis. The thalamo-
striatal terminals were less heterogeneous in size (mean
cross-sectional area = S.D. = 0.28 = 0.12 um?; Fig. 4B)
and slightly smaller than the corticostriatal terminals. The
morphological features and postsynaptic targets of the
CM-striatal terminals analysed in the present study were in
keeping with those described previously (Sadikot et al.,
1992b). Briefly, the anterogradely labelled boutons con-
tained round electron-lucent vesicles and formed asymmet-
ric synapses predominantly with dendritic shafts (67.4%)
and less frequently with spines (32.6%; Figs. 2D; 5).

TH immunostaining

Light microscopic observations. The overall pattern of
distribution of the TH-immunoreactive structures in the
present material was in keeping with that previously
described in primate (Lavoie et al., 1989) and nonprimate
species (Hokfelt et al., 1984). In the striatum, thin TH-
immunoreactive axonal varicosities and long varicose fibres
formed a dense homogeneous network that invaded the
entire extent of the structure. Although both the dorsal and
ventral striata received a dense TH-immunoreactive inner-
vation, the nucleus accumbens and the olfactory tubercle
were slightly more intensely labelled than the caudate
nucleus and putamen. The perikarya and dendrites were
nonimmunoreactive. At the light microscopic level, the
TH-immunoreactive varicosities did not show any particu-
lar neuronal association with striatal elements.

Fig. 2. A,B: Electron micrographs of terminals anterogradely la-
belled with biocytin from the motor and somatosensory cortices. Each
terminal forms asymmetric synapses (arrowheads) with the head of
dendritic spines (SP) in the sensorimotor territory of the putamen. The
dendritic shaft (Den) from which the spine emerges can be seen. The
spine apparatus is indicated by small arrows. C: Low power light
micrograph showing a biocytin injection site in the central part of CM.
Note that the injection slightly contaminated the underlying sPF but
did not diffuse into the PF. D: Electron micrograph showing a region in
the sensorimotor putamen containing four anterogradely labelled
terminals after biocytin injection in CM. Three of these boutons form
synapses with dendrites (Den) whereas the other contacts a dendritic
spine (SP). In each case the synaptic specialization is asymmetric
(arrowheads). An unlabelled bouton forming an asymmetric synapse
with a dendritic spine is indicated by an asterisk. Scale bars = 0.5 um in
A, which also applies to Band D, 1 mm in C.

Electron microscopic observations. At the electron mi-
croscopic level, the TH immunoreactivity was confined to
vesicle-containing profiles and nonmyelinated axons. Exami-
nation of 22 vesicle-containing TH-immunoreactive profiles
that did not form a clear synapse in the section under
analysis revealed that they all formed synaptic contacts
with spines or dendritic shafts in one or two adjacent
sections (Figs. 3A-C; 7; 8). In three cases, the synaptic
specialization was visualized in two sections but was not
apparent in the four other serial sections of the same
profile, suggesting that the synaptic contacts established by
the TH-positive terminals in the monkey striatum have a
short active zone. Three major populations of TH-immuno-
reactive terminals were identified. Examination of 243
TH-positive presynaptic profiles revealed that the most
common type (84%; n = 204) belonged to a population of
boutons that had a small cross-sectional area
(mean = S.D. = 0.14 + 0.09 um?; Fig. 4C) and contained
large, round, synaptic vesicles as well as one or two
mitochondria (Fig. 7C). These boutons formed symmetric
synapses predominantly with dendritic shafts (72.1%), less
frequently with spines (22.5%) and rarely with perikarya
(5.4%; Fig. b). A second category of TH-positive presynaptic
structures consisted of vesicle-containing profiles that ap-
peared as varicose swellings arising from thin fibres which
were filled with large round synaptic vesicles (Fig. 3A,B).
These profiles accounted for 12% (n = 29) of the total
population of TH-positive presynaptic structures in the
monkey striatum. The most common postsynaptic targets
of these structures were dendritic shafts (93%) but occasion-
ally they formed synapses with spines (7%). In some cases,
the intervaricose part of the vesicle-filled axons formed
symmetric synapses with dendrites. The third category of
TH-positive vesicle-containing boutons (3% of the total
population; n = 8) were large terminals (maximum diam-
eter larger than 1.0 wm) that were packed with pleomorphic
electron-lucent vesicles and many mitochondria (Fig. 3D,E).
These terminals were closely apposed to perikarya (66%)
and dendritic shafts (34%), but clear synaptic specializa-
tions could not be identified. The perikarya apposed by
these terminals were small to medium-sized and contained
a large unindented nucleus surrounded by a thin rim of
cytoplasm. In addition, two TH-positive boutons were
small, contained round vesicles and formed asymmetric
synapses with a dendritic shaft and a perikaryon (Fig. 3C).
None of these TH-immunoreactive profiles formed syn-
apses with axon initial segments nor other presynaptic
elements.

Labelling of cortical afferents combined with TH immu-
nostaining

Light microscopic observations. At the light micro-
scopic level, the anterogradely labelled fibres and terminals
from the cerebral cortex were distinguishable from the
TH-positive structures by the colour of the peroxidase
reaction product associated with them. Thus, the biocytin-
labelled axons from the cerebral cortex were brown (DAB
reaction product) whereas the TH-immunoreactive struc-
tures were blue (Ni-DAB reaction product; Fig. 6). The
pattern of distribution and the morphological features of
the cortical and TH-positive elements in this material were
similar to those described above from the tissue processed
for single staining. At the striatal level, both the DAB and
Ni-DAB reaction products were associated with thin linear
fibres and small axonal varicosities. Although the TH-
immunoreactive elements invaded the entire extent of the



Fig. 3. Electron micrographs of TH-immunoreactive boutons in the
sensorimotor territory of the monkey striatum. A,B: Two immunoreac-
tive varicosities that arise from axons which are filled with electron-
lucent vesicles. At the site of enlargement, the axon contains one or two
mitochondria and forms “‘en passant™ symmetric synapses (arrows) with
dendritic shafts (Den). C: Small TH-immunoreactive bouton forming
an asymmetric synapse (arrowhead) with a dendritic shaft (Den).
Another TH-immunoreactive varicosity is indicated by an asterisk.

Y. SMITH ET AL.

D,E: Two large TH-positive terminals apposed to the surface of a
dendritic shaft (Den; D) and a perikaryon (Per; E). Although these
boutons are closely apposed to their targets (open arrowheads), clear
synaptic specializations were not identified. Note that these terminals
contain many more mitochondria than the other populations of TH-
positive boutons. Scale bars = 0.5 pm in A, which also applies to B and
C, 0.5 pm in D, which also applies to E.
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Fig. 4. Frequency distributions of the cross-sectional areas of
corticostriatal (A), thalamostriatal (B) and TH-immunoreactive (C)
boutons in the striatum of squirrel monkey. The TH-immunorecactive
terminals included in these measurements belong to the most common
population of TH-positive boutons (see Results).
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Fig. 5. Histogram comparing the relative distribution of the postsyn-

aptic targets to corticostriatal, thalamostriatal and TH-immunoreac-
tive boutons in the monkey striatum.

caudate nucleus and putamen, the anterogradely labelled
fibres from the motor and somatosensory cortices were
confined to the postcommissural region of the putamen.
In this area, bands of anterogradely labelled axons and
varicosities from the cerebral cortex overlapped with the
TH-immunoreactive structures. However, even in the re-
gions where the two fields were in register, it was still
possible to distinguish the DAB- from the Ni-DAB-labelled
elements (Fig. 6).

Electron microscopic observations. In the sections pre-
pared for electron microscopy, the peroxidase reaction
products associated with the cortical (DAB) and TH-
immunoreactive (BDHC) structures were difficult to differ-
entiate from each other at the light microscopic level.
Therefore, the adjacent light microscopic sections pro-
cessed with DAB and Ni-DAB were examined, and the areas
of overlap served as a guide for the selection of appropriate
regions for ultrathin sectioning in the material processed
with DAB and BDHC. Using this approach, eight blocks
were prepared, sectioned, and examined in the electron
microscope for the presence of DAB-labelled cortical termi-
nals and BDHC-labelled TH-positive structures. On the
basis of previous experiments (Smith and Bolam, 1991;
Bolam and Smith, 1992) indicating that the penetration of
the BDHC reaction product is less than the DAB reaction
product, the most superficial sections of the blocks were
selected for ultrastructural analysis. At the electron micro-
scopic level, the biocytin- and the TH-positive axon termi-
nals were easily distinguishable by the texture of the
peroxidase reaction product associated with them (Fig. 7).
The DAB reaction product was amorphous, whereas the
BDHC reaction product was in the form of electron-dense
granules or crystals that were randomly dispersed through-
out the labelled elements (Fig. 7).

In the eight blocks that were examined, both reaction
products were present in the most superficial sections, and
associated with presynaptic vesicle-containing profiles and
myelinated or nonmyelinated axons. The morphological
features of the cortical and TH-positive terminals were
similar to those described above for single-stained material
(Fig. 7). The synaptic interactions between the two popula-



Y. SMITH ET AL.

Fig. 6. Micrographs illustrating the close overlap between the fields
of biocytin-labelled terminals from CM (DAB, brown) and TH-
immunoreactive varicosities (Ni-DAB, blue) in the sensorimotor terri-

tions of labelled terminals were analysed by examining
serial sections of regions where the two populations of
terminals were either apposed to single postsynaptic tar-
gets or in close proximity one another. In this way, forty-
seven striatal elements were examined and five of them
were found to receive convergent synaptic inputs from
biocytin-labelled cortical terminals and TH-positive bou-
tons (Fig. 7). In four cases, the two terminals converged on
single spines (Fig. 7C,D) whereas in another case, the
TH-immunoreactive bouton formed a synapse with the
dendritic shaft and the cortical terminal established a
synaptic contact with the head of the spine emerging from
the same dendrite (Fig. 7A,B). In every case, the biocytin-
labelled terminals formed asymmetric synapses, whereas
the TH-positive boutons displayed the morphological fea-
tures of the first category of TH-immunoreactive terminals
described above and formed symmetric synaptic contacts
(Fig. 7). The remaining striatal structures examined re-

tory of the striatum (A). The zone of overlap indicated by an arrowhead
is shown at higher magnification in (B). The asterisks indicate the same
blood vessel in the two pictures. Scale bar = 1 mm for A; 0.25 mm for B.

ceived an asymmetric synaptic contact from the biocytin-
labelled terminals, but the synaptic specialization associ-
ated with the TH-positive boutons could not be identified
with certainty. In none of the cases did the TH-immunore-
active boutons formed synapses with neighbouring struc-
tures. Direct synaptic contacts between the two populations
of labelled terminals were not seen.

In the control sections that had been incubated in
solutions from which the anti-TH antibodies were omitted,
no BDHC-labelled axons or terminals were visualized. The
only labelled structures contained the DAB reaction prod-
uct and displayed the morphological features of cortical
afferents.

Labelling of thalamic afferents combined with TH immu-
nostaining

Light microscopic observations. At the light micro-
scopic level, the TH-immunoreactive structures were distin-
guished from the anterogradely labelled fibres and varicosi-
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Fig. 7. Electron micrographs showing examples of striatal elements
receiving convergent synaptic inputs from biocytin-labelled cortical
terminals and TH-immunoreactive boutons. In this material, the
TH-immunoreactive terminals were localized with BDHC and the
bioeytin-labelled boutons were localized with DAB. A,B: Serial sections
of a dendritic shaft (Den) from which a spine (SP in A) emerges. The
head of the spine forms an asymmetric synapse (arrowhead) with a
biocytin-labelled cortical terminal (Ctx), whereas the dendritic shaft
receives symmetric synaptic contact (arrow) from a TH-immunoreac-

S ' 3
o

tive bouton. Another TH-positive terminal apposed to the surface of the
dendrite is indicated. Note the prominent spine apparatus (open
arrowhead in A). C,D: Heads of dendritic spines receiving both
asymmetric synapses (arrowheads) from cortical terminals and symmet-
ric synaptic contacts (arrows) from TH-positive boutons. In C, the
TH-immunoreactive terminal is also in symmetric synaptic contact
with a dendritic shaft. Scale bars = 0.5 um in A, which also applies to B,
0.5 pm in C, which also applies to D.



Fig. 8. A-D: Serial sections of a dendritic shaft (Den) apposed by a
TH-immunoreactive terminal (BDHC-labelled) and a biocytin-contain-
ing (DAB-labelled) bouton anterogradely labelled from CM (Thal). C,D:
The TH-positive terminal can be seen to form a symmetric synaptic
contact with the dendrite (arrows). However, in the six serial sections
examined (two are not illustrated), the biocytin-positive thalamic

Y. SMITH ET AL.

terminal did not establish a synaptic contact with the dendrite receiving
input from the TH-positive bouton but formed an asymmetric synapse
(arrowheads in C and D) with another dendtrite (D1) in the neuropile. A
large head of a spine (SP) receiving an asymmetric synapse from an
unlabelled bouton has been identified in the neuropile. Scale bar = 0.5
pwm and applies to A-D.
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TABLE 1 Summary of the Material Used and Results Obtained in the
Double Labelling Experiments
Number Number of Number of
Number Experimental of sections  Number of convergent
{ cases protocol blocks  examined appositions synapses
Bio in Ctx'TH
immuno. 8 25 47 5
Bioin CM/TH
immuno. 27 135 6 0
PHA-L in CM/TH
immuno 6 30 0 0

nies by the colour of the reaction product associated with
them (Fig. 6). The TH-immunoreactive elements were
localized with Ni-DAB, whereas the anterogradely labelled
fibres from the thalamus were labelled with DAB. As was
the case after cortical injection, the fields of thalamic
DAB-labelled, brown) and TH-immunoreactive (Ni-DAB-
labelled, blue) terminals closely overlapped in the postcom-
missural region of the putamen (Fig. 6).

Electron microscopic observations. In the sections pre-
pared for electron microscopy, three different combinations
of chromogens were used to localize the thalamic and
TH-positive terminals in the striatum. In most of the
sections, DAB was used to localize the anterogradely la-
belled thalamostriatal fibres, whereas BDHC served as the
marker for TH-positive structures. In a few sections from
the animal that received an injection of PHA-L in CM, the
order was reversed, i.e., DAB was used to localize the
TH-positive elements, whereas BDHC served as marker for
the thalamostriatal fibres. Finally, a few sections from the
case that resulted in the densest anterograde labelling in
the striatum (Figs. 1B, 2C) were processed to localize both
the biocytin-labelled terminals and the TH-positive ele-
ments with DAB. In the three types of material, the
anterogradely labelled fibres from CM and the TH-
immunoreactive terminals were difficult to distinguish at
the light microscopic level. Therefore, the approach used to
determine the appropriate areas for ultrathin sectioning
was similar to that described above for the cortical and
TH-positive boutons. Twenty-four of the areas selected
were from material in which the biocytin-labelled thalamic
terminals were localized with DAB and the TH-immunore-
active boutons with BDHC (see Table 1). Three blocks were
taken from material in which both the biocytin- and the
TH-positive elements were labelled with DAB. Four addi-
tional blocks contained DAB-labelled PHA-L-immunoreac-
tive thalamic terminals and BDHC-labelled TH-positive
boutons. In the two remaining blocks, the order was
reversed, i.e., PHA-L was localized with BDHC and TH
with DAB. In all the cases, the texture of the DAB and
BDHC reaction products were easily distinguishable (see
above).

The material that gave rise to the best results was that in
which the biocytin-labelled thalamic terminals were la-
belled with DAB and the TH-immunoreactive boutons
labelled with BDHC (Figs. 8,9). In such material, the DAB
reaction product was associated with terminals displaying
the morphological features of thalamic boutons, whereas
the BDHC-labelled structures were typical of TH-immuno-
reactive elements. The synaptic relationships between the
two populations of terminals were studied in the most
superficial sections of the blocks containing the two peroxi-
dase reaction products in the same tissue space. The
approach was similar to that described above for the

cortical and TH-positive terminals. A noticeable difference
between this material and that processed to localize the
cortical and TH-immunoreactive terminals was the paucity
of structures in the striatum that were apposed by both sets
of terminals (Table 1). In all the sections that were exam-
ined, only six dendritic shafts received synaptic contact
from one population of terminals and at the same time were
apposed by the other population (Table 1). In serial sections
of each of these cases, the terminal that was apposed to the
dendrite was not found to form a synapse with the dendrite
receiving input from the other population of terminals, but
rather formed synapses with adjacent structures in the
neuropile (Fig. 8). In another case, a dendrite that received
an asymmetric synaptic input from a biocytin-labelled
terminal also formed a synaptic contact with another
bouton that seemed to contain the BDHC reaction product
(Fig. 9). However, when examined in serial sections, it
became clear that the BDHC reaction product was not
associated with the bouton forming the synaptic contact
but with another terminal in the neuropile (Fig. 9).

In the material in which the TH was localized with DAB
and PHA-L with BDHC, the DAB-labelled structures dis-
played the morphological features of TH-immunoreactive
terminals, whereas the elements labelled with BDHC were
typical of thalamostriatal boutons. Examination of areas
containing both sets of terminals revealed that the two
populations of labelled boutons formed synaptic contacts
with different structures. However, the density of BDHC-
labelled boutons arising from CM was much lower in this
material than in the tissue processed to localize the thalamo-
striatal terminals with DAB. For this reason, most of the
observations were made from the latter material.

In the sections containing both the thalamic and TH-
positive elements localized with DAB, the criterion to
differentiate the two populations of terminals was the
synaptic specialization. On the basis of the observations
described above, it was assumed that most of the labelled
boutons forming asymmetric synapses arose from CM,
whereas the labelled terminals forming symmetric syn-
apses displayed TH immunoreactivity. Despite the fact that
the selected area contained numerous terminals that could
be categorized as arising from CM or immunoreactive for
TH, striatal elements receiving convergent synaptic input
from both sets of terminals were not observed.

DISCUSSION

The results of this study demonstrate that the dopamin-
ergic afferents and the cortical input from the sensorimotor
cortex converge on common postsynaptic targets in the
sensorimotor territory of the striatum in squirrel monkey.
In contrast, the dopaminergic afferents and the thalamic
input from CM were not seen to converge on single
postsynaptic targets in the same striatal territory. These
findings suggest that the dopaminergic input interacts
differently with cortical and thalamic afferents to influence
the neuronal activity in the sensorimotor territory of the
striatum in primate.

Corticostriatal and thalamostriatal afferents

The results of the present study demonstrate that stria-
tal afferents arising from the primary motor and somatosen-
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Fig. 9. A,B: Serial sections of a dendritic shaft (Den) receiving an
asymmetric synapse (arrowheads) from a biocytin-containing bouton
(DAB-labelled; Thal) anterogradely labelled from CM. The same den-
drite receives symmetric synaptic contact (arrow) from another bouton,
which in A seems to contain the BDHC reaction product indicating TH

sory cortices in monkey terminate almost exclusively on the
heads of dendritic spines. Previous ultrastructural data
obtained in rat (Somogyi et al., 1981; Dubé et al., 1988;
Wictorin et al., 1989; Xu et al., 1989; Lapper and Bolam,
1992), cat (Kemp and Powell, 1971; Hassler et al., 1978;
Frotscher et al., 1981) and monkey (Lapper et al., 1992) are
consistent with the fact that the major postsynaptic targets
of cortical afferents in the striatum are dendritic spines.
Furthermore, the ultrastructural features and synaptic
specializations of the anterogradely labelled cortical termi-
nals observed in the present study are in keeping with those
described in other species by means of anterograde labelling
or anterograde degeneration methods (Kemp and Powell,
1971; Somogyi et al., 1981; Bouyer et al., 1984; Wictorin et
al., 1989; Lapper and Bolam, 1992). Although the major
targets of the cortical afferents observed in the present
study were dendritic spines, the possibility that dendritic
shafts receive inputs from the primary motor and somato-
sensory cortices is not ruled out since a small proportion
(8%) of striatal elements that formed synapses with the
cortical terminals could not be identified. It is therefore
possible that some of these unidentifiable targets were
segments of dendritic shafts. In fact, axodendritic synapses
formed by cortical boutons were observed in previous
studies (Kemp and Powell, 1971; Frotscher et al., 1981;
Wictorin et al., 1989; Xu et al., 1989; Lapper et al., 1992).
Although they represented a small proportion of the total
population of synapses formed by cortical boutons in the
striatum, the axodendritic synaptic contacts may still be of
functional importance since some of them are likely to be a
source of direct cortical input to the aspiny striatal interneu-
rones. In fact, axodendritic synapses between cortical termi-

immunoreactivity. However, in B, it is clear that the BDHC reaction
product is not associated with the bouton contacting the dendritic shaft
(asterisk) but with another terminal in the neuropile. The small arrows
indicate the membrane separating the two terminals. Scale bar = 0.5
pm and applies to A and B.

nals and parvalbumin-immunoreactive (Lapper et al., 1992)
interneurones have been reported in monkey. Since the
spiny neurones are the major population of striatal output
cells (see Smith and Bolam, 1990a for a review), it would be
important to determine the projection site of the striatal
neurones contacted by the sensorimotor cortical afferents
to better understand the anatomical organization of the
corticostriatofugal pathway. It is particularly important to
obtain such information in primates as the striatal affer-
ents to the internal pallidum (GPi), external pallidum
(GPe) and substantia nigra (SN) arise from distinct subpopu-
lations of projection neurones (Féger and Crossman, 1984;
Parent et al., 1984, 1989; Giménez-Amaya and Graybiel,
1990; Selemon and Goldman-Rakie, 1990).

Although the thalamostriatal projection arises from vari-
ous nuclei in the thalamus of the primate and nonprimate
species, it is clear that the intralaminar nuclei are the major
source of thalamic afferents to the striatum (see Parent,
1990; Sadikot et al., 1992a,b for reviews). In a recent study
using PHA-L as an anterograde tracer, Sadikot et al.
(1992a,b) demonstrated that CM projects massively to the
sensorimotor region of the putamen, whereas PF inner-
vates predominantly the limbic-associative territory of the
monkey striatum (Sadikot et al., 1992a). The results of the
present study are consistent with those obtained by Sadikot
et al. (1992a) since biocytin or PHA-L injections in CM led
to massive anterograde labelling that was almost exclu-
sively confined to the postcommissural region of the
putamen. The ultrastructural morphology and postsynap-
tic targets of the thalamostriatal terminals examined in the
present study were in keeping with those described in a
previous communication (Sadikot et al., 1992b).
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TH-immunoreactive terminals in the striatum

At the stnatal level, a dense network of TH-immunoreac-
trve fbres and terminals was distributed throughout the
entire extent of the caudate nucleus and putamen. Al-
though 2 minor contingent of these TH-immunoreactive
ehements may contain noradrenaline and arise from the
boczs coeruleus (Moore and Card, 1984; Smith and Parent,
1358 . esadence from various sources suggests that the
=ty of TH-immunoreactive fibres and terminals in the
dorsel stnatum use dopamine as a neurotransmitter and
amwse from the substantia nigra pars compacta (see Bjork-
bznd and Lindvall, 1984; Parent, 1986, 1990; Gerfen et al.,
1937 for reviews). To our knowledge, no significant adrener-
o input to the striatum has been described. We shall
assume, therefore, that the TH-immunoreactive fibres that
were observed in the present study are mainly fibres
belonging to the nigrostriatal dopaminergic system.

An issue that is still controversial concerns the possibility
that some of the TH-immunoreactive vesicle-containing
profiles in the striatum release transmitter without form-
ing synaptic contacts. In the rat, the proportion of TH-
positive boutons that were reported to establish nonjunc-
tional relationships with striatal elements varies
significantly between different studies (Pickel et al., 1981;
Arluison et al., 1984; Freund et al., 1984, Triarhou et al.,
1988: Zahm, 1992). A common feature of those studies that
reported large proportions of nonsynaptic relationships is
that the analysis of TH-immunoreactive terminals was
carried out in single ultrathin sections (Arluison et al.,
1984: Triarhou et al., 1988; Zahm, 1992). In contrast, in
those studies in which TH-immunoreactive terminals were
followed through serial sections, the majority of boutons
were seen to form symmetric synapses with dendrites and
dendritic spines (Pickel et al., 1981; Freund et al., 1984).
Our data are consistent with the hypothesis that most of
the TH-immunoreactive boutons form synaptic contacts in
the striatum. Examination through a complete set of serial
sections of twenty-two vesicle-filled TH-immunoreactive
profiles revealed that all of them established synaptic
contacts. In this analysis, the synaptic specialization could
only be visualized in one or two of the sections. Therefore,
our data in monkey and those previously obtained in
rodents (Pickel et al., 1981; Freund et al., 1984) demon-
strate that nonsynaptic relationships between TH-immuno-
reactive boutons and striatal elements can only be ascer-
tained if the immunoreactive terminals have been examined
in a complete set of serial sections in material that has a
good ultrastructural preservation.

In the present study, the TH-immunoreactive vesicle-
containing profiles were divided into three groups according
to their ultrastructural features and synaptic specializa-
tions. Overall, the ultrastructural characteristics and post-
synaptic targets of TH-immunoreactive boutons in the
monkey striatum are in keeping with those previously
described in rodents (Pickel et al., 1981; Arluison et al.,
1984; Freund et al., 1984). The majority of TH-immunore-
active boutons in the rat and monkey striata were small
terminals that formed symmetric synapses with dendrites
and dendritic spines. One population of TH-immunoreac-
tive terminals which were rarely found in the present study
but which have not been consistently reported in rodents
(but see Zahm, 1992), were the large terminals often
apposed to perikarya. The interesting feature of these
terminals is that large TH-immunoreactive boutons, fre-

quently associated with perikarya of striatal neurones,
were found to be selectively spared in adult rat striatum
after neonatal lesion of the nigrostriatal pathway with
6-hydroxydopamine (Pickel et al., 1992b).

In keeping with previous data in other species, the major
postsynaptic targets of the TH-immunoreactive terminals
in the striatum of monkey were spines and dendritic shafts
of medium-sized spiny neurones (see Smith and Bolam,
1990a for a review). Although these neurones were com-
monly seen as an homogeneous population of output cells
innervating the substantia nigra and the two segments of
the globus pallidus, it is now well established that the
striatal innervation of the substantia nigra, GPi (or entope-
duncular nucleus in nonprimates) and GPe (or globus
pallidus in nonprimates) arises from three distinet subpopu-
lations of striatal cells in cat (Beckstead and Cruz, 1986)
and monkey (Féger and Crossman, 1984; Parent et al.,
1984, 1989; Giménez-Amaya and Graybiel, 1990; Selemon
and Goldman-Rakic, 1990). Recent in situ hybridization
studies suggested that the dopaminergic nigrostriatal path-
way exerts opposite effects on the striatopallidal and stria-
tonigral neurones in the rat (see Gerfen, 1992 for a review).
It is reasonable to suggest that the opposite effects of
dopaminergic afferents on the two major subpopulations of
striatofugal neurones may be reflected at the synaptic level.
At present, the only detailed information regarding the
dopaminergic innervation of a particular population of
striatal output cells is that of striatonigral neurones in the
rat (Freund et al., 1984) and pigeons (Karle et al., 1992). In
all the other studies addressing this issue (Kubota et al.,
1986a,b; Pickel et al., 1992a), only the proximal region of
the output cells was labelled. Since the dopaminergic
afferents predominantly innervate the distal parts of me-
dium-sized spiny neurones (see Smith and Bolam, 1990a), it
is essential to examine these distal regions of the neurones
to better understand the synaptic mechanism by which the
nigral afferents control the activity of striatal projection
neurones.

Dual labelling of TH-immunoreactive
terminals and cortical or thalamic afferents

The main objective of the experiment was to compare the
synaptic relationship between the TH-immunoreactive ter-
minals and the cortical or thalamic afferents at the single
cell level in the monkey striatum. The method chosen to
address this issue was to anterogradely label the cortical or
thalamic afferents with PHA-L or biocytin and to combine
this with immunocytochemistry for TH. The tissue was
then processed to simultaneously reveal the anterograde
tracers and TH immunoreactivity by means of double
immunocytochemical methods suitable for light and elec-
tron microscopic observations. The technical limitations of
this approach have been discussed in detail in previous
studies (Bolam and Ingham, 1990; Smith and Bolam,
1990b, 1991, 1992; Bolam and Smith, 1992; von Krosigk et
al., 1992).

One of the major finding of the present study is that axon
terminals from the primary sensorimotor cortices and the
TH-immunoreactive boutons formed synapses with com-
mon postsynaptic targets in the sensorimotor territory of
the striatum in squirrel monkey. Although only five striatal
elements were found to receive convergent synaptic inputs
from both sets of terminals, it should be remembered that
many more structures that formed a synaptic contact with
the cortical terminals were apposed by the TH-positive
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boutons. However, because of the short active zone between
TH-immunoreactive terminals and their postsynaptic tar-
gets (see above), combined with the fact that the ultrastruec-
ture of BDHC-containing TH-immunoreactive terminals
were often damaged, the synaptic specialization associated
with many of the TH-positive boutons labelled with BDHC
could not be determined with certainty. Since most of the
TH-positive terminals were found to establish synaptic
contacts in rat (Pickel et al., 1981; Freund et al., 1984) and
monkey (see above) striatum, it is likely that the proportion
of striatal elements receiving convergent synaptic inputs
from cortical and dopaminergic terminals is much higher
than that reported in the present study. These findings are
consistent with those previously obtained in the the rat by
means of anterograde degeneration method combined with
TH immunocytochemistry (Bouyer et al., 1984). Moreover,
electrophysiological data suggested that neurones in the
dorsal striatum activated by cortical stimulation also re-
spond to stimulation of the substantia nigra (Buchwald et
al., 1973; Kitai et al., 1976; Kocsis et al., 1977; Vanderma-
elen and Kitai, 1980; Bishop et al., 1982), implying that
there is convergence of cortical and nigral afferents onto
single neurones in the rat and cat striatum. At the level of
the ventral striatum, afferents from the hippocampus
(Totterdell and Smith, 1989; Sesack and Pickel, 1990) or
the prefrontal cortex (Sesack and Pickel, 1992) were found
to converge with TH-immunoreactive neurones on common
spiny neurones in the nucleus accumbens of the rat.
Electrophysiological data suggested that dopamine re-
leased from nigrostriatal terminals exerts a neuromodula-
tory action on the excitatory responses elicited by stimula-
tion of the sensorimotor cortex in the rat (Hirata et al.,
1984). Indeed, conditioning stimulation of the substantia
nigra or iontophoretic application of dopamine was found to
either enhance or attenuate the excitatory responses elic-
ited by cortical stimulation (Hirata et al., 1984). Our
ultrastructural data and those previously obtained in the
rat (Bouyer et al., 1984; Freund et al., 1984) suggest that
the modulatory effect of dopamine on the cortical afferents
may be exerted at the level of individual spines in the
striatum. In light of morphological studies, showing that
the distal dendritic tree of the medium-sized spiny neu-
rones are covered with spines, and that the head of spines
often receive asymmetric synapses that mainly arise from
the cerebral cortex (see Smith and Bolam, 1990a for a
review), it is likely that single spiny neurones in the
striatum are the targets of afferents arising from different
cortical areas. If this is the case, then the major role of
dopamine could be to facilitate the transmission of relevant
cortical information and to suppress the unnecessary affer-
ent information for the elaboration of a particular motor
behaviour. This suggestion is supported by recent electro-
physiological data showing that the somatosensory recep-
tive fields of striatal neurones is larger in cats treated with
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) than
in normal animals (Schneider, 1991). In MPTP-treated
monkeys, the responses of pallidal neurones to passive limb
movements were abnormally large, numerous and unselec-
tive (Miller and DeLong, 1987; Filion et al., 1988). How-
ever, the possibility that the sensory deficits of striatal
neurones may be partly responsible for the abnormal
responses of pallidal cells during passive limb movements
remains to be established. Whatever the disruptions of the
corticostriatopallidal system are in MPTP-treated animals,
it is reasonable to believe that the sensorimotor deficits
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observed in Parkinson’s disease are largely due to the loss
of selective modulatory effect of dopamine upon specific
cortical inputs to the spiny output neurones.

Although ultrastructural evidence suggests that dopamin-
ergic and cortical terminals interact at a postsynaptic level
to control the activity of single striatal neurones, various
pharmacological studies suggest that this interaction oc-
curs at the presynaptic level (see Nieoullon and Kerké-
rian-Le Goff, 1992 for a review) via D2 dopaminergic
receptors located on cortical terminals. Our ultrastructural
data and those previously obtained in the rat do not support
such observations since axoaxonic synapses between TH-
immunoreactive boutons and anterogradely labelled corti-
cal terminals rarely occur in the striatum of both primate
and nonprimate species (Bouyer et al., 1984; Freund et al.,
1984; Totterdell and Smith, 1989; Sesack and Pickel, 1990,
1992). Although serial examination of TH-immunoreactive
boutons in this and a previous study (Freund et al., 1984)
suggests that most of these terminals form synaptic con-
tacts, the possibility that nonsynaptic mechanisms underlie
the modulatory interactions between cortical and dopamin-
ergic terminals in the striatum is not ruled out. However,
the presynaptic interactions between the dopaminergic and
cortical afferents has been challenged by recent studies
showing that D2 binding sites were almost completely lost
following an axon-sparing lesion of the rat striatum, whereas
cortical damage was ineffective at reducing the number of
D2 receptors (Trugman et al., 1986; Joyce and Marshall,
1987).

In contrast to the cortical and TH-immunoreactive bou-
tons which frequently converged on common postsynaptic
targets, the thalamic terminals arising from CM and TH-
immunoreactive boutons were not seen to form synapses on
the same postsynaptic targets in the sensorimotor territory
of the monkey striatum. It is unlikely that these negative
findings are due to technical limitations since the same
approach was used in both series of experiments (see
above). Furthermore, about five times as much material
from the thalamus experiment was examined in the elec-
tron microscope. These data do not rule out the possibility
that the thalamic and TH-positive terminals form synapses
on single striatal neurones, but if this is the case, then the
two sets of terminals must innervate different parts of the
neurones. This suggests that interactions between these
two populations of terminals are much less specific than the
interactions between cortical and TH-positive terminals.
Intracellular recordings demonstrated that electrical stimu-
lation of the CM/PF complex and the substantia nigra
elicited convergent monosynaptic EPSPs in single spiny
neurones in the rat and cat striatum (Kitai et al., 1976;
Kocsis et al., 1977; Vandermaelen and Kitai, 1980). Al-
though the modulatory effect of dopaminergic afferents on
the corticostriatal projection is supported by anatomical,
electrophysiological and pharmacological evidence (see
above), such interaction between the thalamic and dopamin-
ergic inputs to the dorsal striatum remains to be estab-
lished. Nevertheless, microiontophoretic studies have dem-
onstrated that the dopaminergic afferents from the ventral
tegmental area exert a D1-mediated inhibitory effect on
neurones in the nucleus accumbens receiving input from
the parafascicular nucleus in the rat (Araike et al., 1984;
Hara et al., 1989). Since the D1 receptors are predomi-
nantly located on postsynaptic sites in the striatum (Altar
and Hauser, 1987; Huang et al., 1993; Levey et al., 1993;
Yung et al, 1993), these findings suggest a functional
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interaction between dopaminergic and thalamic afferents at
the postsynaptic level in the nucleus accumbens. However,
because the hodological and functional organization of the
ventral striatum and dorsal striatum differ significantly
(see Parent, 1986, 1990 for reviews), it is premature to
suggest that a similar interaction occurs between dopamin-
ergic afferents from the substantia nigra compacta and
thalamic afferents from CM in the sensorimotor territory of
the monkey striatum.

Concluding remarks

Our findings demonstrate that the terminals from senso-
rimotor cortical areas and the dopaminergic afferents from
the substantia nigra frequently form synaptic contacts with
common postsynaptic targets in the sensorimotor territory
of the primate striatum. In contrast, the thalamic terminals
from CM and the dopaminergic boutons innervate different
postsynaptic targets in the same striatal territory. These
ultrastructural data suggest that the nigrostriatal dopamin-
ergic afferents interact differently with the two major
excitatory inputs to the sensorimotor territory of the
primate striatum. Although dopamine may exert a specific
modulatory effect on afferent information arising from
individual cortical terminals, the thalamostriatal input is
not in a position to be as precisely controlled by the
dopaminergic afferents. Since the role of the thalamostria-
tal pathway in the circuitry of the basal ganglia is still
obscure, it is difficult to speculate on the functional signifi-
cance of our findings. However, in light of recent anatomi-
cal data demonstrating that the thalamostriatal pathway
arising from the posterior intralaminar nuclei is much
more massive and better organized than previously thought
(Sadikot et al., 1992a,b), combined with intracellular record-
ings suggesting that the thalamic afferents are as powerful
as the cortical inputs in controlling the activity of neostria-
tal output neurones (Wilson et al., 1983), it is essential to
determine the intrinsic striatal mechanism by which this
afferent is modulated to better understand the role of this
projection in the functional circuitry of the basal ganglia in
primates.
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