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Electron Microscopic Analysis of D1 and D2 Dopamine Receptor
Proteins in the Dorsal Striatum and Their Synaptic Relationships
with Motor Corticostriatal Afferents
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The precise localization of D1 and D2 dopamine receptors
within striatal neurons and circuits is crucial information
for further understanding dopamine pharmacology. We
have used subtype specific polyclonal and monoclonal an-
tibodies against D1 and D2 dopamine receptors to deter-
mine their cellular and subcellular distributions, their co-
localization, and their differential connectivity with motor
cortical afferents labeled either by lesion-induced degen-
eration or by anterograde transport of biotinylated dex-
trans. D1 and D2 are primarily expressed in medium-sized
neurons and spiny dendrites. Axon terminals containing
D1 were rare whereas D2-immunoreactive axon terminals
forming symmetrical synapses with dendrites and spines
were common. In 2 pm sections, D1 was localized to 53%
of neurons, and D2 to 48% of neurons, while mixing D1 and
D2 antibodies labeled 78%. By electron microscopy, D1
was localized to 43% of dendrites and 38% of spines while
D2 was localized to 38% of dendrites and 48% of spines.
Combining D1 and D2 antibodies resulted in the labeling of
88.5% of dendrites and 92.6% of spines. Using different
chromogens for D1 and D2, colocalization was not ob-
served. Ipsilateral motor corticostriatal afferents were pri-
marily axospinous and significantly more synapsed with
D1 than D2-positive spines (65% vs 47%). Contralateral mo-
tor corticostriatal afferents were frequently axodendritic
and no difference in their frequency of synapses with D1
and D2 dendrites and spines was observed. These findings
demonstrate differential patterns of expression of D1 and
D2 receptors in striatal neurons and axon terminals and
their differential involvement in motor corticostriatal cir-
cuits.
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ganglia, corticostriatal, motor cortex, rat]

Dopamine is involved in complex pre- and postsynaptic inter-
actions in the striatum where it plays a key role in basal ganglia
function and in pathologic conditions including Parkinson’s dis-

Received Sept. 22, 1994; revised Feb. 1, 1995; Feb. 27, 1995.

This work was supported by the U.S. Public Health Service (NS01624,
NS31937), an American Parkinson’s Disease Association Research Center
Grant, and The Stanley Foundation.

Correspondence should be addressed to Steven M. Hersch, M.D., Ph.D.,
Department of Neurology, Emory University School of Medicine, Woodruff
Memorial Building, Suite 6000, Atlanta, GA 30322.

Copyright © 1995 Society for Neuroscience 0270-6474/95/155222-16$05.00/0

ease, Huntington’s disease, and schizophrenia. Dopamine is re-
leased in the striatum by nigrostriatal afferents where it acts
upon dopamine receptors with differing biochemical activities
and differing distributions. D1 and D2 dopamine receptor sub-
types have been distinguished on pharmacologic, physiologic,
and anatomic grounds. However, molecular cloning experiments
have uncovered at least five distinct genes coding for individual
dopamine receptors (D1-DS). Molecular D1 and D5 receptors
constitute the D1 subfamily (high affinities for benzazepines and
activation of adenylate cyclase) while molecular D2, D3, and
D4 constitute the D2 subfamily (high affinity for butyropheno-
nes and substituted benzamides, inhibition or no effect on ad-
enylate cyclase). The precise cellular and subcellular location of
these receptor subtypes critically determines how each is in-
volved in striatal functioning, what afferent and efferent path-
ways they mediate, and how subtype selective pharmacologic
agents may function.

The cellular localization of mRNA for dopamine receptors in
the striatum has been studied by in situ hybridization (Mengod
et al., 1989; Dearry et al., 1990; Weiner et al., 1990; Chen et
al., 1991; Fremeau et al., 1991; Le Moine et al., 1991; Weiner
et al., 1991; Lester et al., 1993). D1 and D2 mRNA are each
found in about 45% of striatal neurons (Weiner et al., 1991;
Gerfen, 1993). Each is primarily found in medium sized neu-
rons; however, D2 is also found in large striatal cholinergic in-
terneurons (Le Moine et al., 1990). The two receptor subtypes
appear to be expressed by distinct populations of neurons (Le
Moine et al., 1991; Gerfen, 1993) with substance P and dynor-
phin expressing striatonigral neurons containing D1, and enke-
phalinergic striatopallidal neurons containing D2 (Gerfen et al.,
1990). However, other investigators have suggested that a third
or more of striatal neurons express both D1 and D2 receptors
(Meador-Woodruff et al., 1991; Lester et al., 1993). Amplifica-
tion of mRNA for dopamine receptors from single striatal neu-
rons has even suggested that the vast majority express both D1
and D2 (Surmeier et al., 1992). However, mRNA abundance
may not accurately reflect the quantity of functional receptor and
it remains controversial to what extent D1 and D2 are expressed
in the same neurons (Surmeier et al., 1993).

Localization of receptor subtypes using specific antibodies
provides a more direct means of studying receptor expression.
Several laboratories have made antibodies against peptides from
either D1 or D2 and used them for immunohistochemistry.
Huang and colleagues localized D1 in 49% of striatal neurons
and in spiny dendrites (Huang et al., 1992). However, the selec-



tivity of their antibody was not well established. Others have
developed D2 peptide antibodies (McVittie et al., 1991; Ariano
et al., 1992; Ariano et al., 1993; Boundy et al., 1993; Sesack et
al.,, 1994) and demonstrated their expression in 50% of striatal
neurons (McVittie et al., 1991). However, D2 was also found in
the majority of striatonigral neurons (Ariano et al., 1992) sug-
gesting it to be expressed by both major output populations.
None of these investigations were able to directly compare D1
and D2 localization in the same animals and none have com-
pared the synaptic relationships of D1 and D2 processes with
extrinsic striatal afferents.

We have previously described the development and charac-
terization of polyclonal fusion protein antibodies for D1 and D2
receptors (Levey et al., 1993; Ciliax et al., 1994). We now report
using these antibodies and a new monoclonal D1 antibody to
localize these receptors in specific striatal neurons and processes;
to quantify their expression in striatal neurons, dendrites, and
spines; to determine whether they are colocalized in individual
striatal neurons and to compare their synaptic relationships with
identified motor cortical afferents.

Materials and Methods

Antibodies. The preparation and characterization of rabbit polyclonal
antibodies specific for D1 and D2 dopamine receptors have been pre-
viously described (Levey et al., 1993). Briefly, these antibodies were
raised against proteins, fused to glutathione S-transferase, that had been
derived from the putative C-terminus of D1 and the third inner cyto-
plasmic loop (i3) of D2 (short isoform). The selected regions of each
respective receptor have little or no sequence homology (with each oth-
er, with D3, D4, or DS, or with other related families of receptors).
Antibodies used in the present study were affinity purified using the
respective fusion proteins. Each antisera immunoprecipitates its respec-
tive cloned and expressed receptor without cross reaction. The D2 an-
tibodies recognize both the short and long splice variants of this recep-
tor. In addition, distribution of the native receptor proteins in rat brain
is similar both by immunoprecipitation and immunocytochemistry, and
antibody binding is blocked in these assays by addition of the homol-
ogous fusion protein. Also, the cellular localization of the receptor pro-
teins in brain is in excellent agreement with the localization of their
respective mRNAs. Finally, Western blotting studies have demonstrated
that the antibodies bind to the cloned and native receptors with complete
specificity. These data rigorously establish the subtype specificity of the
antibodies.

A hybridoma cell line was generated that secretes a monoclonal an-
tibody reactive with D1. The hybridoma was produced by fusion of rat
spleen cells with murine nonsecreting myeloma cell line Sp2/0, as pre-
viously described (Levey et al., 1983). Briefly, a male Sprague-Dawley
rat was immunized over a 4 month period with repeated intradermal
and intraperitoneal injections of D1-C terminus protein fused geneti-
cally to glutathione, GST (D1C-GST, 100 png) (Levey et al., 1993).
Three days following a final intravenous boost, the spleen was harvested
and lymphoid cells were isolated by centrifugation through Ficoll-
paque. Splenocytes were fused with myeloma cells at a 5:1 ratio using
50% polyethylene glycol 1500, and then plated in selection media
(DMEM, 20% fetal clone, 2 mMm L-glutamine, 50 L.U./ml penicillin, 50
pg/ml streptomycin, 0.1 mm hypoxathine, 0.0004 mm aminopterin,
0.016 mm thymidine) to a final concentration of 500,000 cells/ml in 96
well microtiter plates. Hybridomas were screened by immunoblotting
using D1C-GST and GST, and then verified by immunoblotting using
the full length expressed receptor as well as by immunocytochemistry.
A single hybridoma cell line was isolated following repeated cloning at
limiting dilutions. Culture supernatants were concentrated by ammoni-
um sulfate precipitation and dialyzed into Tris-EDTA buffer.

Gel electrophoresis and immunoblotting. Western blotting studies
were performed to further characterize the specificity of the antibodies.
Membranes from COS-7 cell lines stably expressing D1-D5 dopamine
receptor cDNAs or rat brain regions were prepared as described pre-
viously (Levey et al., 1993). Samples (50 wg from rat brain, 5 pg from
cell lines) were subjected to SDS-polyacrylamide gel electrophoresis
(SDS-PAGE with 10% acrylamide) and transferred to Immobilon mem-
branes by electroblotting (150 mA, overnight) as described by Towbin
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(Towbin et al., 1979). The blots were blocked in 5% nonfat dried milk
at room temperature for 1 hr, and then incubated with affinity-purified
antibodies (0.5-1.0 pg/ml) diluted in blocking buffer at 4°C overnight.
After washing with several changes of TBS, blots were incubated with
horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G
(1:10,000, Bio-Rad) for 1 hr. After several washes, immunoreactive pro-
teins were visualized on the blots using enhanced chemiluminescence
(ECL, Amersham) as recommended by the manufacturer, using Hyper-
film-ECL (Amersham) and exposure times of 1-120 min.

Subjects and conditions. A total of 30 young adult male Sprague—
Dawley (Harlan) rats were used in immunoelectron microscopy exper-
iments. Eighteen rats did not undergo any experimental procedures.
Four rats had cortical lesions in one hemisphere. Four rats had antero-
grade tracer injections in one hemisphere. Four rats had cortical lesions
on one side and tracer injections on the opposite side.

The following types of striatal sections were analyzed by light and
electron microscopy, D1 or D2 immunocytochemistry in animals with-
out cortical lesions or injections, D1 combined with D2 in the same
sections using the same or different chromogens, cortical lesions or
injections without dopamine receptor immunocytochemistry, D1 or D2
immunocytochemistry ipsilateral to cortical lesions or injections, D1 or
D2 immunocytochemistry ipsilateral to cortical lesions and contralateral
to cortical injections of biotinylated dextrans (BD), immunocytochem-
ical controls processed in parallel but without exposure to the primary
antibody. Blocks from at least two sections for each condition from
each animal were examined by electron microscopy.

Surgical procedures. Rats undergoing surgical procedures were anes-
thetized with 7.0% chloral hydrate injected intraperitoneally. The scalp
was incised and a parasagittal strip of skull was removed overlying the
frontal lobe, exposing the primary motor cortical regions (areas Frl,
Fr3, FL, HL; Paxinos and Watson, 1986). Lesions of motor cortex,
performed by aspiration through a modified Pasteur pipette, included
the entire thickness of cortical gray matter and had a rostrocaudal extent
of about bregma plus 4.2 mm at lateral 3.0 mm to bregma minus 0.8
mm at lateral 2.0 mm. For anterograde tracing, a 10% aqueous solution
of 10,000 molecular weight, lysine fixable, biotinylated dextrans (BD,
Molecular Probes) was used. Injections were made through a glass mi-
cropipette with a fitted wire acting as a plunger according to the fol-
lowing sequence: the pipette was slowly introduced, a 5 min delay
allowed equilibration, an injection was made over 10 min, another 5
min delay to permit spread of the tracer into the surrounding brain, then
the pipette was slowly withdrawn. Injected hemispheres received three
pressure injections of 250 nl. Injections were targeted at layer V,
spanned multiple layers but did not enter the subcortical white matter.
Rats receiving an aspiration leston had a 4 d survival period. Rats re-
ceiving BD injections had a 10-12 d survival period. Rats receiving
both had unilateral BD injections on day 1, a contralateral lesion on
day 7, and perfusion on day 11.

Histology. The rats were deeply anesthetized with chloral hydrate and
perfused transcardially with 240 ml of 3% paraformaldehyde and 0.1-
0.2% glutaraldehyde in 0.1 m phosphate buffer (pH 7.2-7.4). Brains
were removed | hr after perfusion and sectioned at 40 pwm using a
vibratome (Technical Products International). Sections were collected in
0.1 M phosphate buffered saline (PBS) and rinsed in 0.05 m Tris buf-
fered saline (TBS, pH 7.2) for 10 min. Free-floating sections were pre-
blocked for 1 hr in 4% normal goat serum (NGS) in TBS then subjected
to one of several immunocytochemical procedures, as detailed below.

Some sections from each animal and condition were mounted on
glass slides and saved for light microscopic examination. For electron
microscopy, the motor regions of the caudate-putamen (as determined
by BD anterograde tracing) were dissected free of the cortex and ventral
forebrain, rinsed in 0.1 M cacodylate buffer twice for 10 min, then
postfixed in 1% osmium tetroxide in cacodylate buffer for 30 min. After
rinsing the sections for 10 min in two changes of cacodylate buffer, and
for 10 min in two changes of 0.05 M acetate buffer, they were stained
overnight in 2-5% aqueous uranyl acetate. Sections were again rinsed
in acetate buffer, dehydrated in graded alcohols, then in propylene oxide
for 5 min before being embedded in Durcupan resin (Fluka) between
glass slides. Blocks were dissected from the dorsolateral striatum,
mounted on plastic stubs, and sectioned using an ultramicrotome (RMC
MTS5000 or Reichert Ultracut). When present, BD labeled axons pro-
vided a visual guide for block selection. One micrometer sections were
taken, mounted on glass slides, and stained with toluidine blue for light
microscopic examination. Silver ultrathin sections were collected on
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mesh or slotted copper grids and left unstained for electron microscopy
(Zeiss EM10) to avoid the production of confounding staining artifact.

To determine the relative numbers of neuronal somata labeled in the
dorsolateral striatum with each dopamine receptor protein antibody,
counts were made of labeled and unlabeled somata in 1-2 pm thick
plastic sections, counterstained with toluidine blue. These were accom-
plished using a 60X oil immersion lens mounted on a Nikon FXA
microscope. For each antibody, between 800 and 900 neurons, sectioned
through their nuclei, were counted in single sections from multiple tis-
sue blocks from two brains with the intense immunostaining. Counts
were made from sections immunostained to reveal D1, D2, and D1
combined with D2.

Immunocytochemistry. The following. procedure was used for the an-
imals, with or without lesions and injections, in which light and electron
microscopic quantification was performed. The sections to be stained
using affinity purified polyclonal primary antibody were preblocked
with avidin (10 pg/ml) in 4% normal goat serum in TBS (NGS-TBS)
for 30 min followed by TBS rinses for 30 min. Sections to be stained
with monoclonal D1 antibody were preblocked with 4% NGS. Sections
were then incubated at 4°C on a shaker platform for 48 hr in polyclonal
D1 or D2 (2 pg/ml), monoclonal D1 (1:500), or a mixture of monoclo-
nal D1 and polyclonal D2 antibodies in 2% NGS-TBS (primary anti-
body omitted for control sections). Sections were then rinsed in six
changes of cold TBS for a total of 1 hr, then incubated overnight in
either biotinylated goat-anti rabbit secondary antibody (1:200, Vector
ABC Elite) in TBS with 2% NGS for polyclonal primary, goat anti-
mouse (1:200) for monoclonal D1, or a mixture of both secondary an-
tibodies. After rinsing in six changes of TBS for a total of 1 hr, the
sections were incubated for 4 hr in avidin-biotin complex (Vector ABC
Elite), mouse peroxidase—antiperoxidase (1:200, Sternberger Monoclon-
als), or a mixture of both tertiary complexes. After further rinses with
TBS, final development was with 0.05% 3-3’-diaminobenzidine tetra-
hydrochloride (DAB, Sigma) and 0.01% hydrogen peroxide in TBS for
10-20 min. Sections were then rinsed with TBS for another hour. For
those animals with BD injections, this procedure revealed both the BD-
containing axons and D1 or D2 immunoreactive neurons.

D1 and D2 double labeling. The following procedures were followed
to determine whether D1 and D2 receptor immunoreactivity could be
detected in the same neurons or neuronal processes. Sections from four
rats were washed in three changes of PBS, equilibrated in 25% sucrose
and 10% glycerol in 0.05 M phosphate buffer (PB), and freeze-thawed
in isopentane and liquid nitrogen. The sections were preblocked with
4% normal serum and immunostained using two different chromogens
to reveal the immunoreactivity for the D1 and D2 dopamine receptors
on the same section. In the first two animals, the primary antibodies
were applied in sequence. In the third and fourth animals, the two pri-
mary antibodies were mixed together. All incubations were at room
temperature.

For the first two animals, the sections were first incubated in poly-
clonal D2 antibody (1:100 in PBS with 2% normal goat serum) for 24
hr. The sections were then washed in three changes of PBS and incu-
bated in biotinylated goat anti-rabbit secondary antibody (1:100 Vector)
for 2 hr. Following further rinses in PBS, they were incubated in avidin—
biotin complex (1:100, ABC kit, Vector) for 1 hr, washed in PBS fol-
lowed by Tris-HCI, and then developed with DAB containing 0.0048%
H,0, for 5-10 min. The reaction was stopped by several washes in Tris
buffer followed by PBS. The sections were then incubated in D1 mono-
clonal antibody, (1:1000 in PBS with 2% normal goat serum) at RT for
24 hr, biotinylated goat anti-rat secondary antibody solution (1:100,
Vector) for 2 hr and the avidin-biotin—peroxidase method was repeated.
However D1 receptor immunoreactivity was revealed using the chro-
mogen benzidine dihydrochloride (BDHC, 0.01%, in 0.01 M PB, pH
6.8 with 0.0025% sodium nitroprusside and 0.0048% H,0,) (Levey et
al., 1986). In some sections the D1 immunoreactivity was revealed us-
ing the Vector SG kit as substrate for the peroxidase reaction.

In the third and fourth animal, the primary antibodies were applied
as a mixture (monoclonal D1, 1:2000; polyclonal D2, 1:50 in PBS with
normal goat serum) and incubated for 24 hr. Sections from the third
animal were then washed in PBS, and incubated in the first secondary
antibody solution (biotinylated goat anti-rabbit, 1:100, Vector) for 2 hr,
rinsed in three changes of PBS, and then incubated in avidin—biotin
complex (Vector ABC kit) for 1 hr. D2 immunoreactivity was then
revealed vusing the DAB procedure. After this reaction, the sections were
rinsed and incubated in the second secondary antibody (biotinylated
goat anti-rat, 1:100, Vector) for 2 hr, rinsed, and again incubated in

avidin—biotin complex (Vector, ABC kit) for 1 hr. D1 immunoreactivity
was then revealed using the BDHC procedure. For the fourth animal,
both secondary antibodies were applied as a mixture (biotinylated goat
anti-rabbit, 1:100 and goat anti-rat, 1:100) for 2 hr. The sections were
then rinsed and incubated in avidin-biotin complex (Vector) for an hour.
D2 immunoreactivity was revealed using the DAB procedure. The sec-
tions were then incubated in rat peroxidase—antiperoxidase complex
(PAP) for another hour and D1 immunoreactivity was revealed by using
BDHC as chromogen.

Quantitative electron microscopy. For quantitative analysis of dopa-
mine receptor labeling and presynaptic corticostriatal terminals, 8-10
overlapping electron micrographs, photographed at an original magni-
fication of either 6000X or 7000X and printed at a final magnification
of 19,600X, constituted the sampling region for each block. Each sam-
pling region was from the dorsolateral caudate-putamen and was posi-
tioned to avoid bundles of myelinated axons. No distinction was made
between darker and lighter staining regions and sections for quantifi-
cation were all taken the surface of their respective blocks. These prints
were montaged and counts made of all labeled and unlabeled dendritic
processes, all labeled and unlabeled dendritic spines that had identifiable
synapses, and (when present) all degenerating or BD labeled axon ter-
minals forming identifiable synapses. Axon terminals and dendritic
spines not forming synapses were not counted. Spine profiles receiving
symmetrical synapses only were also excluded. Dendrites, spines, and
axon terminals were identified based upon well known morphological
criteria (Peters et al., 1976). All counts were performed by the first
author who was blinded to the identity of the dopamine receptor anti-
body.

Results

Specificity of D1 monoclonal antibody

The DI rat monoclonal antibody binds only to the D1C-GST
fusion protein on Western blots, without cross-reactivity to GST
or other dopamine receptor fusion proteins (not shown). It rec-
ognizes protein from cells transfected with the D1 ¢cDNA, but
not from cells transfected with the closely related D5 cDNA, or
D2, D3, and D4, cDNAs (Fig. 1). D1 immunoreactive proteins
show a broad range of sizes in transfected cells, which may
occur due to varying lengths of the translation products (e.g.,
alternate start sites or early termination), varying degrees of gly-
cosylation, aggregation, and/or proteolysis (Deutscher, 1990).
However, the major bands of D1 immunoreactivity are at 4045
kDa and 65-75 kDa, corresponding to the size predicted by the
primary sequence and biochemical studies for the deglycosylat-
ed and glycosylated forms of the core protein (Jarvie et al.,
1989). In rat brain membranes, the antibody binds to a single
protein band at approximately 65-75 kDa, which is the same
mobility as the cloned D1 receptor (Fig. 1). The distribution of
the D1 immunoreactivity on blots is enriched in striatum, with
much less immunoreactivity in other brain regions. The immu-
nocytochemical distribution of D1 immunoreactivity in rat brain
using the monoclonal antibody appears identical to the distri-
bution using the polyclonal antibodies previously described
(Levey et al., 1993). Moreover, the subcellular distribution of
D1 immunoreactivity in rat striatum in the electron microscopic
studies reported here was identical using either the monoclonal
or the polyclonal antibody.

Control immunocytochemistry

Control sections from each brain, processed without exposure to
primary antibody, were examined by light microscopy. In each
case, labeling of neurons, neuronal processes, or glia were not
observed. By electron microscopy, no DAB reaction product
was observed in the caudate-putamen in neuronal somata, den-
drites, or axons. However, occasional myelin sheaths appeared
to be labeled with reaction product. In cases with cortical BD
injections, no DAB labeling was present in postsynaptic pro-
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Figure 1. Western blot demonstrating the specificity of the monoclo-

nal D1 antibody. Aliquots (p.g) of membranes were prepared, subjected
to SDS-PAGE, and immunoblotted. The first five lanes contain mem-
branes from transfected cell lines individually expressing D1-D5 re-
ceptors. The monoclonal DI antibody is monospecific for D1 without
cross-reaction with D2-D5. The wide molecular weight range visualized
in the first lane is due to the variable translation of receptor protein
commonly observed in various expression systems. The last two lanes,
containing membranes from rat striatum and cerebral cortex, demon-
strate the expected regional specificity of DI.

cesses. In cases with cortical lesions, degenerating axons and
axon terminals were evident. Dark terminals that might be
counted as degenerating were exceedingly rare in cases without
lesions.

DI and D2 receptor immunocytochemistry—light microscopy

The light microscopic appearance of D1 and D2 immunocyto-
chemistry in the striatum has been described previously (Levey
et al., 1993; Yung et al., 1994). By light microscopy, they were
very similar, each with dense and heterogeneous staining of stri-
atal neurons and neuropil (Fig. 2). In neighboring sections
stained for D1 and D2, the heterogeneity was only partially com-
plementary and commonly not of a scale consistent with patch/
matrix markers. When individual sections were simultaneously
stained for both D1 and D2 (Fig. 2), there was much denser
staining, but still much heterogeneity was observed. When sep-
arate chromogens were used, D1 and D2 immunoreaction prod-
uct could be distinguished by their difference in color (blue
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BDHC reaction product for D1 and brown DAB reaction prod-
uct for D2). They appeared to be located in different structures
with dense brown D2 immunoreactive structures often appearing
to be surrounded by more discrete blue DIl-immunoreactive
structures. Following osmication, however, it was no longer pos-
sible to clearly distinguish the two reaction products by color
because they both became so dark. Individual neuronal perikarya
were visible (Fig. 2), but were often obscured by the dense neu-
ropil staining. In 1-2 pm thick plastic sections (Fig. 2), stained
and unstained perikarya were easier to distinguish and the neu-
ropil staining could be resolved to a multitude of fine processes.
Counts were made of labeled and unlabeled neurons in each
condition. Following D1 immunocytochemistry, 53% of neurons
were labeled (n = 1018, SD = 6.0%); following D2 immuno-
cytochemistry 48% of neurons were labeled (n = 1189, SD =
3.2%); following combined D1 and D2 staining 78% (n = 708,
SD = 7.6%).

DI and D2 receptor immunocytochemistry—electron
microscopy

By electron microscopy, most labeled neuronal somata con-
formed cytologically to medium spiny neurons (Figs. 34, 44),
being small to medium in size with a round to oval nucleus
without folds, a modest amount of cytoplasm and sparse somatic
synapses (Fig. 4C). In D2 immunostained sections, larger oval
neurons with rich cytoplasm and nuclei with membrane folds
were also observed (not shown). For each antibody, many la-
beled and unlabeled somata were evident. There was no nuclear
labeling and most of the reaction product was distributed around
the periphery of the perikaryon. Some association of reaction
product with endoplasmic reticulum and Golgi apparatus was
observed (Fig. 4B). Most prominently labeled were spiny den-
drites which were diffusely filled with reaction product which
surrounded organelles and cytoskeletal elements (Figs. 3C,
4D, E). Within this diffuse dendritic staining, more intense patch-
es of submembranous label were often evident, which were
sometimes associated with symmetrical or asymmetrical syn-
apses (Figs. 3B, 4B,D). Very few dendrites were only partially
labeled. Within dendritic spines there was diffuse cytoplasmic
labeling and also intense labeling of postsynaptic densities (Figs.
3C, 4D,E). If silver-intensified immunogold was used as a chro-
mogen instead of DAB, labeling was similarly distributed within
somata and spiny dendrites, however more plasmalemma label-
ing was observed and the spine head postsynaptic densities were
not as highly labeled (Yung et al., 1994). Labeled axons and
axon terminals were observed with both D1 and D2 immuno-
cytochemistry. D1 immunoreactive axon terminals were exceed-
ingly rare (Fig. 3D), whereas D2 immunoreactive terminals were
quite frequent (Fig. 5A-J). Reaction product within these ter-
minals was diffusely located, surrounding vesicles and mito-
chondria. Dense deposits of reaction product at the axonal mem-
brane were often seen (Fig. 5B,C) that were not associated with
synapses. Synapses formed by D2 immunoreactive terminals
were not always easy to identify due to a lack of pronounced
pre- or postsynaptic densities. However, many symmetrical syn-
apses with both D2 immunoreactive and D2 negative dendritic
shafts (Fig. 5D-F) and spines (Fig. 5G-J) were identified. Ax-
ospinous D2 synapses were also observed on spine necks (Fig.
5I). Only a few D2 immunoreactive terminals forming asym-
metrical synapses were observed (Fig. 5J) in all the blocks ex-
amined.

Labeled and unlabeled dendrites and spines were counted
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Figure 2. Light micrographs of rat striatum following immunocytochemistry for dopamine receptors. The first and second columns are low and
high magnification images from 50 pum thick sections. The third column contains high magnification views representative of the 2 wm thick plastic
sections counterstained with toluidine blue used for cell counting. Each’ column contains sections stained for D1, D2, D1 mixed with D2, and
controls without primary antibody. Individually, both DI and D2 immunostaining in the striatum is intense and heterogeneous with labeling of
many neuronal somata and processes. At low magnification, the heterogeneity of D1 and D2 are only partially complementary. As demonstrated
quantitatively, mixing D1 and D2 antibodies leads to both denser neuropil staining and the labeling of many more neurons (asterisks) than either
antibody alone. Unstained neurons are marked by arrows.
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Figure 3. Electron micrographs demonstrating the subcellular localization of D1 dopamine receptor protein. A, Section through a D1 immuno-
reactive soma with the size and cytological features of medium spiny neurons. One patch of Golgi apparatus (arrow) has particularly dense labeling.
B, A section through a D] immunoreactive dendrite (D/) with reaction product coating its mitochondria and other organelles. There is a dense
accumulation of reaction product at the postsynaptic density (large arrow) of a synapse received from an unlabeled axon terminal (a). This can be
compared to the postsynaptic density (small arrow) of the synapse made by the same terminal with an unlabeled dendrite (d). C, D1 immunoreactive
dendrite (¢) with many dendritic spines (asterisks) either nearby or directly arising from it. Many of these spines are receiving synapses onto their
heads or necks from unlabeled axon terminals (a). The postsynaptic densities are strongly labeled. D, An example of a rare D1-immunoreactive
axon terminal (D/) synapsing with an unlabeled dendrite () that receives another synapse (small arrow) from an unlabeled axon terminal (a).
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Figure 4. Electron micrographs demonstrating the subcellular localization of D2 dopamine receptor protein. A, Section through a D2 immuno-
reactive neuron with the size and cytology typical of a medium spiny neuron. The synapse it receives (arrow) is shown at higher magnification in
C. B, A detail from the neuron in A showing DAB reaction product associated with endoplasmic reticulum (long arrow), Golgi apparatus (G) and
with the plasma membrane (short arrow). C, An axosomatic synapse (arrow) between the neuron in A and an unlabeled axon terminal (a). There
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Figure 5. Electron micrographs demonstrating D2 immunoreactive axon terminals. A, Section through immunoreactive (asterisks) and unlabeled
(a) axon terminals illustrating synaptic vesicle membrane labeling by DAB reaction product. B and €, D2 immunoreactive terminals (asterisks)
with labeled densities (arrows) apposed to extracellular space, rather than to synaptic membranes. D and E, D2 immunoreactive axon terminals
(asterisks) forming symmetrical synapses (arrows) with unlabeled dendrites (d). F, D2 immunoreactive axon terminal (asterisk) apposed to a D2-
positive dendrite (¢). G, D2-immunoreactive axon terminal (asterisk) forming a symmetrical synapse (long arrow) with an unlabeled spine head
(s) which is also the recipient of an unlabeled asymmetrical synapse (short arrow) with unlabeled axon terminal (a). H, D2 axon terminal (asterisk)
apposed to and possibly synapsing with (long arrow) a D2 immunoreactive spine head (s) that is also the recipient of an asymmetrical synapse
(short arrow) with an unlabeled axon terminal (a). I, D2 axon terminal (asterisk) apposed to and possibly synapsing with (arrow) a D2 immuno-
reactive spine neck arising from a labeled dendrite (). An unlabeled axon terminal (a) is also in the field. J, Rare example of a D2 immunoreactive
axon terminal (a) forming an asymmetrical synapse (arrow) with an unlabeled spine (s).

from montages originating from two blocks from each of three
to five animals. D1 immunocytochemistry labeled 43.1% of den-
dritic profiles (n = 2695, SD = 3.7%) and 37.5% of spines (n
= 1442, SD = 7.9%) in the neuropil while D2 immunocyto-
chemistry labeled 38.0% of dendritic profiles (n = 2592. SD =
5.7%) and 47.9% of spines (n = 1503, SD = 3.1%). Counts
were also made of dendrites and spines in sections with com-
bined D1 and D2 immunocytochemistry (six montages origi-

—

nating from three animals). Combined D1 and D2 immunocy-
tochemistry labeled 88.5% of dendritic profiles (n = 890, SD
= 2.5%) and 92.6% (n = 571, SD = 2.0%) of dendritic spines.

D1 and D2 receptor colocalization—electron microscopy

In sections colabeled for D1 and D2, BDHC and DAB reaction
products could be distinguished by their differences in appear-
ance (Fig. 6). D1 (BDHC) reaction product was crystallized and

is little reaction product in the vicinity of this synapse. D, Section through a D2 immunoreactive dendrite (¢) and spine head (s), each of which is
forming an asymmetrical synapse (arrows). The postsynaptic densities (arrows) appear strongly labeled by the DAB reaction product, as does a
portion of the plasma membrane (triangle). E, Example of confluent labeling of a spine (s) and its parent dendrite (d). The spine head is forming
an asymmetrical synapse (arrow) with an unlabeled axon terminal (a).
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Figure 6. Electron micrographs illus-
trating the occurrence of D1 and D2
immunoreactivity in distinct neuropil
elements. BDHC was the chromogen
for D1-immunoreactive elements while
DAB was the chromogen for D2. A,
Electron micrograph showing multiple
D1 and D2 immunoreactive spines (DJ
or D2) and dendrites (D or D2 dend).
BDHC and DAB are distinguishable
and do not coexist within the labeled
elements. B, Neighboring dendrites im-
munoreactive for D1 and D2. The con-
densed, punctate BDHC reaction prod-
uct (small arrows) is in contrast to the
diffuse DAB labeling (large arrow).
No colocalization is evident. C, Neigh-
boring D1 and D2 immunoreactive
spine heads (DI and D2) without evi-
dent colocalization. A D1 immunoreac-
tive dendrite is also visible, containing
several puncta of BDHC reaction prod-
uct (arrows).




more discrete and usually did not fill the labeled process (Fig.
6A—-C). D2 (DAB), was more isomorphous and diffuse, al-
though, as described above, more discrete patches of DAB were
also observed. By electron microscopy, D1 and D2 reaction
products were found in distinct neuronal elements, in particular
in different dendritic and spinous profiles (Fig. 6A-C). Colocal-
ization of D1 and D2 immunoreactivity within the same struc-
ture was very rare and only a few examples were observed.

Lesion sites and degeneration

Aspiration lesions were confined within and did not extend be-
yond motor cortex (Fig. 7). At rostral levels, the lesions were
within Frl and FL while HL and FL were more involved cau-
dally. The lesions were at least as deep as the layer V/VI border
and rarely involved the underlying white matter. With electron
microscopy, degenerating corticostriatal axon terminals were
frequent and easily recognized in the motor areas of the striatum
(Fig. 7H-J). Most were at a similar stage of degeneration, being
highly electron dense and containing few recognizable organ-
elles other than swollen mitochondria and some vesicular ele-
ments. Their synapses (Fig. 7H-J), which were primarily with
spines, were identified by the presence of a widened synaptic
cleft and a postsynaptic density. All identified corticostriatal syn-
apses were asymmetrical and many were with D1 (Fig. 7I) or
D2 (Fig. 7J) immunoreactive spines.

Injection sites and BD-labeled axons

BD injection sites were confined within motor cortex and
spanned its entire thickness while being densest in layers III-IV
(Fig. 7B). The injection sites contained many labeled fibers and
neurons with somata occurring in each layer. Ipsilateral to the
injections there were retrogradely labeled pyramidal cells (pri-
marily supragranular) in the neighboring parietal cortex. Labeled
axons descended to the subcortical white matter and spread both
medially and laterally along the corpus callosum. Along the dor-
sal and lateral edge of the striatum, fibers turned directly into
the striatal parenchyma or entered Wilson’s pencils which were
especially well labeled in the dorsolateral quadrant. At higher
magnification, corticostriatal axons and terminal fields were very
evident in the motor striatum (Fig. 7C). Labeled axons could
easily be followed across the corpus callosum to the contralateral
hemisphere (Fig. 74). In animals that received both a lesion and
an injection of BD, a few lightly stained pyramidal cells were
retrogradely labeled in motor cortex peripheral to the aspiration
lesion. Though much lighter than on the ipsilateral side, contra-
lateral axons were also evident along the corpus callosum, in
Wilson’s pencils, and in terminal fields in the motor striatum.
BD labeling in the striatum was examined by electron mi-
croscopy in sections with and without D1 or D2 receptor im-
munocytochemistry and was very evident within myelinated ax-
ons, unmyelinated axons, and axon terminals (Fig. 7D). In pre-
terminal axons, DAB was primarily evident coating microtubu-
les. In axon terminals, DAB coated but did not obscure the
mitochondria and synaptic vesicles. In agreement with earlier
studies (Kemp, 1968; Kemp and Powell, 1971; Hassler et al.,
1978; Hattori et al., 1979; Frotscher et al., 1981; Somogyi et al.,
1981; Bolam, 1984), synapses formed by BD-labeled axon ter-
minals were asymmetrical and primarily with spine heads (Fig.
7D-G) but also with dendrites (Fig. 7E). Many of the synapses
were with D1 (Fig. 7F) or D2 (Fig. 7G) immunoreactive spines.
Since BD-labeled axon terminals were more densely stained and
formed only asymmetrical synapses, they were easily distin-
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guishable from D1 or D2-labeled axon terminals which were
lighter and almost exclusively formed symmetrical synapses.

Corticostriatal synapses with D1 and D2 immunoreactive
processes

Synapses between degenerating (ipsilateral) or BD labeled (con-
tralateral) axon terminals and unlabeled or dopamine receptor
immunoreactive dendrites and spines were counted from elec-
tron micrograph montages. These montages originated from two
blocks from each of four animals (eight montages for each an-
tibody). In the D1 montages, degenerating axon terminals ac-
counted for 8.0% (n = 98, SD = 4.3%) of all axon terminals
while BD-labeled axon terminals accounted for 3.6% (n = 61,
SD = 2.2%). In the D2 montages, degenerating axon terminals
accounted for 10.1% (n = 128, SD = 5.3%) of all axon ter-
minals while BD-labeled axons terminals accounted for 4.8% (n
= 86, SD = 3.5%). Ipsilateral degenerating corticostriatal ter-
minals synapsed significantly more frequently with D1 immu-
noreactive spines than with D2 immunoreactive spines (65.3%
vs 47.1% of identified terminals; ¢t = 4.22, p = 0.002, two-
tailed). This difference was not found for contralateral BD la-
beled corticostriatal axospinous synapses (45.5% for D1 and
52.5% for D2; t = —0.82, p = 0.427, two-tailed). A striking
difference between ipsilateral and contralateral corticostriatal
synapses was that a much higher proportion of contralateral cor-
ticostriatal synapses were with dendritic shafts (30%) than ip-
silateral corticostriatal synapses (4%). There was no difference
in the proportions of contralateral axon terminals synapsing with
D1 or D2 dendrites. Figure 8 is a diagrammatic summary of
these findings.

It is conceivable that cortical lesions could lead to regulatory
changes affecting the immunoreactivity of postsynaptic ele-
ments. To test this possibility, synapse counts were made of
ipsilateral BD-labeled corticostriatal terminals synapsing with
D1 or D2 spines in two animals that did not have lesions. In
these animals, the proportions of synapses that were with D1
and D2 spines were similar to the proportions determined using
lesion-induced degeneration to label corticostriatal terminals.
Using BD as an ipsilateral anterograde marker, 62.0% of 268
identified synapses were with D1 immunoreactive spines while
47.2% of 180 were with D2 immunoreactive spines.

Discussion

The results of the present study include several major findings
related to the cellular and subcellular distribution of D1 and D2
dopamine receptor proteins and to the synaptic relations of mo-
tor corticostriatal afferents with dendrites expressing them. First,
both receptor proteins are expressed at high levels in the dorsal
striatum in a heterogeneous and partially complementary man-
ner. Second, both receptors are expressed by subsets of medium
sized neurons. Third, colocalization experiments and quantita-
tive data indicates that these subsets represent largely distinct
populations, although relatively limited overlap cannot be ex-
cluded. Fourth, there is much more presynaptic D2 than D1 la-
beling and neither are found within axon terminals forming
asymmetrical synapses. Fifth, ipsilateral motor corticostriatal af-
ferents synapse significantly more frequently with D1 than D2
immunoreactive dendrites. Sixth, almost all ipsilateral corticos-
triatal afferents synapse with spines while many contralateral
corticostriatal afferents synapse directly onto dendritic shafts.
The validity of most of these findings depends upon the speci-
ficity and sensitivity of the dopamine receptor antibodies. The
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Figure 7. Light and electron micrographs demonstrating the sites of aspiration lesions and of BD injections, and labeled corticostriatal axons,
terminals, and synapses. A, The damage from an aspiration lesion of motor cortex is visible as a defect in the cortex with underlying hemorrhage
and damage extending to the subcortical white matter. The hemorrhagic fragments overlying the striatum were broken off from the cortex during
section handling and do not indicate striatal damage. Labeled neurons and axons from the contralateral BD injection are also visible with retrogradely
neurons especially visible lateral to the lesion (arrow) and many labeled axons present in the corpus callosum (cc). B, BD injection into motor
cortex with some retrogradely labeled neurons visible peripheral to the injection site and labeled axons apparent in the corpus callosum and in
Wilson’s pencils (arrows). C, Light micrograph of BD labeled axons in the striatum with many terminals evident (arrows). D, Electron micrograph
demonstrating myelinated (large arrow) and unmyelinated (small arrow) BD-labeled corticostriatal axons and an axon terminal (asterisk) synapsing
with an unlabeled spine (s). An unlabeled axon terminal (a) synapsing with a spine (s) is also visible. E, BD-labeled corticostriatal axon terminal
(asterisk) synapsing with a spine (s) and a dendrite (d). F, D1 immunoreactive dendritic spines (arrows) synapsing with a BD-labeled corticostriatal
axon terminal (asterisk) and with an unlabeled axon terminal (a). G, BD-labeled corticostriatal axon terminal (asterisk) synapsing with a D2
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Figure 8. Summary diagram illustrating the ipsilateral and contralateral motor corticostriatal connectivity of D1 and D2 immunoreactive neurons

and their predominant extrastriatal projections.

specificity and lack of cross-reactivity of the polyclonal anti-
bodies has been established by Western blotting, immunoprecip-
itation, and immunocytochemistry (Levey et al., 1993). The D1
monoclonal antibody has not been previously reported but was
shown here to be monospecific for native and cloned D1 recep-
tor. By light and electron microscopy, the distributions of D1
protein, as determined by the polyclonal and monoclonal anti-
bodies, were indistinguishable.

Cellular expression of dopamine receptors—quantification

In the present study, the proportions of neuronal perikarya ex-
pressing D1 or D2 immunoreactivity (53% and 47%, respec-
tively) at the light microscopic level, were remarkably similar
to the proportions determined utilizing in situ hybridization
(Weiner et al., 1991; Le Moine et al., 1991; Gerfen, 1993). These
results confirm, at the protein level, that significant quantities of
the receptors are expressed in distinct populations of striatal neu-
rons. Although the lower limits of perikaryal dopamine receptor
protein detection by immunocytochemistry are unknown, they
are at least comparable to mRNA detection by in situ hybrid-
ization.

This study addresses the possibility of neurons and neuronal
processes coexpressing D1 and D2 at the level of sensitivity
permitted by immunocytochemistry. Our hypothesis was that
coexpression of both receptors in significant numbers of neurons

«—

would lead to fewer labeled neurons when D1 and D2 immu-
nocytochemistry is combined than the sum of the neurons la-
beled separately. This strategy is unlikely to affect the individual
sensitivity of the antibodies, and it permits a quantitative esti-
mation of their possible overlap in neurons (by light microscopy)
and neuronal processes (by electron microscopy). The 78% of
striatal perikarya labeled by combined D1 and D2 immunocy-
tochemistry, as compared to a sum of 101% with individual
labeling, suggests that some proportion of neurons could express
both receptors but that most express D1 or D2 exclusively. How-
ever, the variation associated with these numbers is sufficiently
large to make precise estimates of the extent of possible overlap
with this technique uncertain. The potential for coexpression
seems much lower at the level of dendrites and spines where
combined immunocytochemistry labels as many as are labeled
individually for D1 and D2. Thus, this approach provides quan-
titative evidence for modest coexpression of D1 and D2 in neu-
ronal perikarya but minimal coexpression in dendrites and
spines. This discrepancy could be explained by technical limi-
tations. Since neuronal processes are better stained than somata,
the dendrite and spine counts are likely to be more precise. Al-
ternatively, there may be significant colocalization within peri-
karya that is not present within dendrites and spines due to pre-
cise regulation of intracellular transport of the receptors. These

immunoreactive spine (D2). H, Examples of corticostriatal axon terminals (asterisks) labeled by lesion induced degeneration and synapsing with
unlabeled dendritic spines (s). Synaptic vesicles and deformed mitochondria are visible through the condensed degenerating spine cytoplasm. [,
Synapse between a degenerating corticostriatal axon terminal (asterisk) and a D1 immunoreactive spine (DI). J, Synapse between a degenerating
corticostriatal axon terminal (asterisk) and a D2 immunoreactive spine (arrow).
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latter two sites are presumably the locations where dopamine
receptors are most available to dopamine.

To more directly examine the possibility of coexpression of
D1 and D2 receptor proteins, we colabeled them using DAB and
BDHC as distinct chromogens for D1 and D2. Labeling in these
experiments was not quantified since the BDHC reaction product
is discontinuous and may be less sensitive than DAB for iden-
tifying small dendrites and spines, and since minor changes in
reaction conditions greatly affect its appearance (Levey et al.,
1986). Nevertheless, examining many sections with excellent
double labeling, it was extremely difficult to identify any neu-
rons or neuronal processes coexpressing D1 and D2. Thus, taken
together, our quantitative and qualitative data strongly support
the premise that the majority of striatal neurons predominantly
express either D1 or D2 (Gerfen et al., 1990).

Postsynaptic dopamine receptors

Similar to other techniques, immunocytochemistry indicates that
D1 and D2 dopamine receptor subtypes are abundantly ex-
pressed in striatal neurons. Immunoelectron microscopy con-
firms that the majority of these neurons have the morphological
features previously described for medium spiny neurons (Som-
ogyi and Smith, 1979; Wilson and Groves, 1980). In addition,
D2 was occasionally localized in neurons with richer cytoplasm
and an enfolded nucleus, suggestive of striatal interneurons. Im-
munoreactivity for both dopamine receptor subtypes is especial-
ly intense in spiny dendrites. Concentrated localization at prob-
able nigrostriatal synapses has not been discernible since label-
ing is so homogeneous in a given dendrite or spine and the
observed dense deposits of submembranous label are most com-
monly extrasynaptic. Furthermore, labeled spiny dendrites were
not observed to give rise to unlabeled dendritic spines, suggest-
ing that the majority of spines contain dopamine receptors, while
only a limited number of them can be expected to directly re-
ceive dopaminergic synapses (Freund et al., 1984). This wide-
spread localization could be due to diffusion of the DAB reac-
tion product or immunogold, to labeling of receptors during their
intracytoplasmic journeys to and from functional sites, to the
presence of spare receptors, or to widespread synaptic and ex-
trasynaptic membrane localization of functional receptor pro-
teins that could respond to both synaptic and extrasynaptic do-
pamine (volume transmission).

Presynaptic dopamine receptors

The current findings do not suggest a major role for presynaptic
D1 receptors in the striatum since D1-immunoreactive axon ter-
minals were extremely rare, seemingly too rare to even account
substantially for diffusion of receptor into the local axon collat-
erals of D1 neurons. In contrast, presynaptic D2 receptors were
readily identified in many axon terminals in the striatum. They
have previously been postulated to occur on corticostriatal axon
terminals, where release of glutamate appears to be inhibited by
dopamine receptors (Schwarcz et al., 1978; Rowlands and Rob-
erts, 1980) with D2 pharmacologic properties (Theodorou et al.,
1981; Filloux et al., 1988; Yamamoto and Davy, 1992). How-
ever, there has been disagreement about whether these receptors
are located presynaptically on corticostriatal axon terminals or
whether they are postsynaptic and act through polysynaptic path-
ways to affect the cortex (Palacios, 1986; Joyce and Marshall,
1987; Malenka and Kocsis, 1988; Peris et al., 1988; Garcia et
al., 1991; Yamamoto and Davy, 1992). Although we observe
low levels of D2 immunoreactivity in cortical pyramidal cells

(Levey et al., 1993) and D2 mRNA is present in cortex, albeit
at much lower levels than in striatum (Monsma et al.,, 1989;
Meador-Woodruff and Mansour, 1991; Weiner et al., 1991), al-
most no D2 immunoreactive axon terminals forming asymmet-
rical synapses were observed. Since corticostriatal terminals are
well established to be exclusively asymmetrical,- the current
study found no evidence suggesting D2 receptors are localized
in corticostriatal terminals. This negative finding could be due
to receptor abundance in corticostriatal axon terminals that is
beneath the threshold of detection by immunocytochemistry.
However, other types of D2 receptor containing axon terminals
were easily recognized. An alternative explanation is that pre-
synaptic corticostriatal dopamine receptors are not recognized
by our antibodies due to molecular differences not resolved by
current receptor agonists. Specifically, other D2 subfamily mem-
bers, such as D3 or D4, which are pharmacologically similar to
D2 (Sibley, 1992), could be presynaptic corticostriatal receptors.

Presynaptic D2-like receptors on nigrostriatal terminals (au-
toreceptors) inhibit dopamine release (Nieoullon et al., 1978;
Cheramy et al., 1986; Romo et al., 1986; Krebs et al., 1991).
We have previously demonstrated that D2 receptor protein is
expressed by neurons in the substantia nigra, pars compacta
(Levey et al., 1993). D2-immunoreactive axon terminals iden-
tified in the current study form symmetrical synapses with den-
dritic shafts and spines which is consistent with the morphology
of nigrostriatal terminals as identified by tyrosine hydroxylase
immunocytochemistry (Freund et al., 1984). Indeed, double-la-
beling studies have colocalized tyrosine hydroxylase with D2 in
some striatal axons (Sesack et al., 1994). It is not yet known
whether some D2-containing axon terminals arise from local
axon collaterals of D2 neurons.

Corticostriatal relations

In rat and monkey, the striatum receives topographic projections
from the entire cerebral cortex (Webster, 1961; Goldman-Rakic
and Selemon, 1986; McGeorge and Faull, 1989). In the rat, mo-
tor areas of cortex project longitudinally along the dorsolateral
striatum and distinct cortical regions project differentially to
patch and matrix areas of striatum (Donoghue and Herkenham,
1986; Ebrahimi et al., 1992). Superficial cortical pyramidal cells
project to matrix areas while deeper pyramidal cells project to
patch areas (Gerfen, 1989). In the monkey, it has been shown
that primary motor cortex projects preferentially to discrete areas
within the matrix (‘““matrisomes’”) (Flaherty and Graybiel, 1993)
while ipsilateral and contralateral motor cortex projections have
been found to interdigitate, rather than overlap (Flaherty and
Graybiel, 1993). In the current study, ipsilateral and contralateral
corticostriatal axon terminals were differentially labeled by le-
sion-induced degeneration or BD. By electron microscopy,
regions rich in ipsilateral but poor in contralateral corticostriatal
terminals were observed as were the converse. This. may be
consistent with some degree of spatial separation, however the
methods used are not precise enough to be conclusive.

Many motor cortex axon terminals were found to synapse
with spines and dendrites expressing D1 or D2 receptor proteins.
This finding demonstrates that the motor cortex makes direct
synaptic connections with striatal neurons expressing both do-
pamine receptor subtypes. A significantly higher percentage of
ipsilateral motor corticostriatal synapses were with D1 immu-
noreactive spines than were with D2 immunoreactive spines
(65% vs 47%). Since D2 immunocytochemistry labeled more
spines in the neuropil than D1 immunocytochemistry, this dif-



ference could not be due to underlabeling of D2. This difference
indicates that D1 and D2 immunocytochemistry does not label
identical populations of spines and or neurons. The neuron, den-
drite, and spine counts as well as the colocalization experiments
further suggest that it is unlikely that D1 and D2 spines could
arise from the same neurons or that many spines might coex-
press both receptor subtypes. To the extent that D1 and D2 re-
ceptors distinguish striatal neurons projecting to the substantia
nigra pars reticulata and entopeduncular nucleus from those pro-
jecting to the globus pallidus (Gerfen et al., 1990), these results
indicate that motor cortex is more highly connected to striato-
nigral neurons than to striatopallidal neurons. It is not yet known
whether other cortical regions, such as associative and limbic
areas, project differentially to D1 and D2 neurons.

Quantification of corticostriatal synapses at the electron mi-
croscopic level is complicated by the difficulty of labeling all
the axons in a projection, by variability in the method of visu-
alization, and by the fact that synapses cannot be reliably iden-
tified in all planes of section. These considerations mean that
counts of identified synapses necessarily underestimate the entire
projection. Thus our absolute and percentage data can be con-
sidered minimums. Since there is no reason to suspect that iden-
tified synapses would systematically differ from unidentified
synapses, valid comparisons between conditions can be made.
An additional consideration in the current study is the possibility
that using lesion-induced degeneration to mark corticostriatal
synapses might affect postsynaptic expression of dopamine re-
ceptors. With the 4 d survival intervals used, dopamine receptor
immunocytochemistry is not affected at the light microscopic
level by cortical lesions. Furthermore, similar percentages of
dendrites and spines are labeled in the neuropil in lesioned and
unlesioned animals. Finally, the percentages of ipsilateral corti-
costriatal synapses that were with D1 or D2 spines were similar
when they were marked either by cortical lesions or by BD.

It has long been known that a significant proportion of cor-
ticostriatal afferents are contralateral in origin (Jones et al., 1977,
Royce, 1982; Fisher et al., 1984; Arikuni and Kubota, 1986;
McGeorge and Faull, 1987; Wilson, 1987). Few differences be-
tween ipsilateral and contralateral projections have been identi-
fied, although the contralateral projection is less extensive and
recent studies have suggested that cholecystokinin is present in
contralateral but not ipsilateral projecting axons (Morino et al.,
1992; You et al., 1994). Unlike the ipsilateral projections, con-
tralateral corticostriatal afferents synapse with similar numbers
of dendrites expressing D1 and D2. This indicates that contra-
lateral motor cortex afferents may equally influence both the
striatopallidal and striatonigral output pathways. An interesting
finding that has not been previously reported is that while only
a few percent of ipsilateral corticostriatal synapses were axo-
dendritic, as many as a third of contralateral corticostriatal syn-
apses were. Whether axodendritic corticostriatal synapses are
closer to the somata than axospinous synapses was not deter-
mined and, given the small caliber of many of the postsynaptic
dendrites, cannot be assumed. This finding may reflect basic
differences in how ipsilateral and contralateral afferents effect
individual striatal neurons. There is little direct knowledge about
how the response properties of axodendritic and axospinous syn-
apses may differ. However, the plasticity of spine morphology
according to their history of excitation and their involvement in
mnestic processes such as long term potentiation, has suggested
that axospinous synapses respond dynamically to ongoing syn-
aptic conditions (Harris and Kater, 1994). Such plasticity has not
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been readily demonstrated for axodendritic synapses which may
serve a more modulatory or gating function.
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