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The Striatal Mosaic in Primates: Striosomes and Matrix Are 
Differentially Enriched in lonotropic Glutamate Receptor Subunits 
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The cellular and subcellular distributions of the ionotropic 
cu-amino-3-hydroxy-5methyl-4-isoxazole propionic acid 
(AMPA)-preferring glutamate receptor (GIuR) in monkey 
striatum were demonstrated immunocytochemically using 
anti-peptide antibodies to individual subunits of the AMPA 
receptor. These antibodies specifically recognize GluRl , 
GIuR4, and an epitope common to GluRP and GIuR3 (des- 
ignated as GluR2/3). On immunoblots, the antibodies detect 
proteins ranging from 102 to 108 kDa in total homogenates 
of monkey striatum, hippocampus, and cerebellum. By im- 
munoblotting, GIuRl and GluR2/3 are considerably more 
abundant than GluR4 in the caudate nucleus. Within the cau- 
date nucleus, putamen, and nucleus accumbens, numerous 
neuronal perikarya, dendrites, and spines show GIuRl and 
GluR2/3 immunoreactivities. GIuRl- and GluR2/3-enriched 
striatal neurons have the morphology, transmitter specificity, 
and distribution of medium-sized (1 O-20 bm) spiny neurons; 
large (20-60 pm) round neurons exhibit GluR4 immunoreac- 
tivity. GluRl immunoreactivity, but not GluR2/3 or GIuR4 im- 
munoreactivity, is more intense in the ventral striatum (i.e., 
nucleus accumbens) than in the dorsal striatum, and GluRl 
is enriched within dendritic spines in the neuropil of the 
nucleus accumbens and striosomes in the dorsal striatum. 
In the caudate nucleus, these patches of dense GIuRl im- 
munoreactivity align with regions low in calcium binding pro- 
tein immunoreactivity and high in substance P immunoreac- 
tivity. Within striosomes, GluRl immunoreactivity is more 
abundant than GluR2/3 immunoreactivity; GluR4 immuno- 
reactivity is sparse in striosomes, but the matrix contains 
large, GluR4-positive cholinergic neurons. This study dem- 
onstrates that, within monkey striatum, subunits of iono- 
tropic AMPA GluR have differential distributions within strio- 
somes and matrix. Furthermore, the results suggest that 
neurons within striatal striosomes and matrix may express 
different combinations of GluR subunits, thus forming re- 
ceptors with different channel properties and having con- 
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sequences that may be relevant physiologically and path- 
ophysiologically. Neurons within these two striatal 
compartments may have different roles in the synaptic plas- 
ticity of motor systems. 

[Key words: a-amino-3-hydroxy-5-methyl-4-isoxazole pro- 
pionic acid (AMPA) receptor, caudate nucleus, excitatory 
amino acids, patch/matrix, putamen, striosome] 

The mammalian striatum exhibits a modular organization, with 
some populations of neurons residing predominantly within ei- 
ther the striosome (patch) compartment or within the matrix 
compartment (Goldman and Nauta, 1977; Graybiel and Rags- 
dale, 1978; Goldman-Rakic, 1982; Gerfen, 1985; Gerfen et al., 
1987; Graybiel, 1990; Gimenez-Amaya and Graybiel, 1991; 
Martin et al., 199 la). In primates, these two regions are delin- 
eated on the basis of cytoarchitecture, chemoarchitecture, and 
connectivity. For example, within the caudate nucleus, islands 
of neurons are present (Goldman-Rakic, 1982; Martin et al., 
199 la), and these striosomes are enriched in immunoreactivity 
for substance P (Beach and McGeer, 1984; Haber and Watson, 
1985; Martin et al., 1991a) and enkephalin (Haber and Elde, 
1982; Graybiel and Ragsdale, 1983; Martin et al., 199 la). Strio- 
somes receive projections from medial limbic cortex (Get-fen, 
1984, 1989; Donoghue and Herkenham, 1986) amygdala 
(Russchen et al., 1985; Ragsdale and Graybiel, 1988) and do- 
paminergic neurons within ventral densocellular areas of A9 
(Gerfen et al., 1987; Langer and Graybiel, 1989). Striosomal 
neurons preferentially project to the substantia nigra pars com- 
pacta (Gerfen, 1984). In contrast, the striatal matrix is relatively 
enriched in AChE (Graybiel and Ragsdale, 1978, 1983) calci- 
um-binding protein (calbindin-D28), ChAT, and tyrosine hy- 
droxylase immunoreactivities (Gerlen et al., 1985; Graybiel et 
al., 1986, 1987; Martin et al., 1991a); it receives projections 
from sensory, motor, supplementary motor, and association 
neocortices (Goldman and Nauta, 1977; Ragsdale and Graybiel, 
198 1; Graybiel and Ragsdale, 1983; Selemon and Goldman- 
Rakic, 1985), thalamic intralaminar nuclei (Herkenham and 
Pert, 198 l), and dopaminergic neurons within A8, AlO, and 
dorsal A9 (Gerfen et al., 1987; Langer and Graybiel, 1989). 
Neurons within the matrix project to the globus pallidus and 
related structures (Kawaguchi et al., 1990; Gimenez-Amaya and 
Graybiel, 199 1). 

Within the striatum, some neurotransmitter receptors are also 
arranged in compartments. For example, K-opiate receptors 
(Atweh and Kuhar, 1977; Herkenham and Pert, 1981; Hamel 
and Beaudet, 1984; Gerfen et al., 1987) dopamine Dl receptors 
(Besson et al., 1988) and cholinergic Ml binding sites (Nastuk 
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and Graybiel, 1988) are enriched in striosomes, whereas do- 
pamine D2 receptors predominate within the matrix (Joyce et 
al., 1986). Although the distributions of glutamatergic corticos- 
triatal and thalamostriatal terminal fields are organized within 
the framework of the striatal mosaic (Goldman and Nauta, 1977; 
Donoghue and Herkenham, 1986; Gerfen, 1989; Ragsdale and 
Graybiel, 1990), in vitro autoradiographic studies do not show 
clear compartmental distributions of glutamate receptor (GluR) 
binding sites within the striatum (Monaghan and Cotman, 1982; 
Unnerstall and Wamsley, 1983; Monaghan et al., 1984; Cha et 
al., 1988; Young et al., 1990). GluR that elicit rapid, excitatory, 
postsynaptic responses in neurons are ligand-gated ion channel 
receptors and are classified into three pharmacologically distinct 
subtypes: NMDA receptors, kainate (KA) receptors, and cy-am- 
ino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) 
receptors (Monaghan et al., 1989; Watkins et al., 1990; Gasic 
and Heinemann, 1991). These receptors are oligomers, most 
likely pentamers, of homologous subunits (Gasic and Heine- 
mann, 1991; Wenthold et al., 1992). Recently, seven subunits 
of non-NMDA GluR subunits have been identified by molecular 
cloning. GluRl-GluR4 (also designated GluR-A to GluR-D) 
are AMPA receptor subunits; GluRS, GluR6, and KAl are K.4 
receptor subunits (Hollmann et al., 1989; Bettler et al., 1990; 
Boulter et al., 1990; Kein$inen et al., 1990; Egebjerget al., 1991; 
Werner et al., 1991). To reexamine the organization of GluR 
in the context of striatal striosome-matrix compartments, we 
used sensitive site-directed antibodies that have been shown to 
recognize individual subunits of the AMPA-preferring GluR in 
rat and human brains (Blackstone et al., 1992a,b; Martin et al., 
in press). Our immunocytochemical results demonstrate, for the 
first time, that these AMPA receptor subunits are enriched dif- 
ferentially within the striosome and matrix compartments of 
the primate striatum. 

Materials and Methods 
Polyclonal anti-peptide antibodies. Antisera were generated in New Zea- 
land White rabbits (Hazleton, Denver, PA) against synthetic peptides 
specific for GluR 1, GluR4, and a domain of GluR2 conserved in GluR3 
(denoted GluR2/3), as previously described (Blackstone et al., 1992a,b). 
These peptides correspond to the C-terminus of each of these proteins, 
as shown in Figure 1. The crude antisera were affinity purified (Black- 
stone et al., 1992a) prior to their use in immunoblotting or immuno- 
cytochemistry. 

Preparation of tissue. The brains of four adult male rhesus monkeys 
(Macaca mulatta) and one adult male lion-tailed macaque (Macaca 
sifenus) were used in this study. All monkeys were restrained with ke- 
tamine and deeply anesthetized with sodium pentobarbital before per- 
fusion. Two rhesus monkeys were perfused with 0.9% normal saline 
followed by 4% paraformaldehyde prepared in 0.1 M sodium phosphate 
buffer (pH 7.4). After perfusion, the brains were cut into 1 cm slabs and 
were postfixed (2 hr). Two rhesus monkeys were perfused briefly with 
only 0.9% buffered saline; the brains were removed rapidly and blocked 
coronally. One brain was immersion fixed (8 hr at 4°C) in 5% acrolein 
(Aldrich, Milwaukee, WI) prepared in 0.1 M phosphate buffer; the 
other brain was not fixed and was quickly frozen under pulverized dry 
ice. The lion-tailed macaque was perfused with 4% paraformaldehyde; 
the brain was immediately cut into 3-mm-thick slabs, which were post- 
fixed (2 hr) in 4% paraformaldehyde, 0.5% glutaraldehyde and subse- 
quently transferred to 4% paraformaldehyde, 0.1% glutaraldehyde over- 
night. Following fixation, all brain samples were rinsed thoroughly in 
phosphate buffer and were either cryoprotected (24 hr at 4°C) in buffered 
20% glycerol or stored in buffer. 

Preparation of monkey brain homogenates, gel electrophoresis, and 
immunoblotting. For preparation of tissue homogenates, dissected sam- 
ples of unfixed frozen brain were thawed on ice and then homogenized 
with a Brinkmann Polytron in an ice-cold buffer consisting of 20 mM 
Tris-HCl (pH 7.4), 10% (w/v) sucrose, 20 U/ml Trasylol (aprotinin), 20 
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Figure 1. Schematic diagram showing the structure of the AMPA re- 
ceptor subunits GluRl-GluR4. The four putative transmembrane do- 
mains are represented in black. The amino acid sequence at the C-ter- 
minus of each of these subunits is shown (one-letter amino acid code), 
with peptides selected for antisera production shaded. Note the near 
identity between C-termini of GluR2 and GluR3. 

&ml antipain, 20 &ml leupeptin, 1 mM EDTA, and 5 mM EGTA. 
Homogenates were stored frozen at 10 mg of protein/ml at -70°C. 

Monkey hippocampal, striatal (i.e., caudate nucleus), and cerebellar 
homogenates were subjected to SDS-PAGE (8% polyacrylamide gels) 
and transferred to polyvinylidene fluoride (PVDF) membranes (Im- 
mobilon P, Millipore, Bedford, MA) by electroblotting (30 V, over- 
night). Next, the blots were blocked at room temperature with 0.5% 
nonfat dry milk (Carnation) and 0.1% Tween 20 in Tris-buffered saline 
(TBS: 50 mM Tris-HCl, pH 7.2, and 150 mM NaCl) for 1 hr. After 
several washes with blocking buffer, the blots were incubated with horse- 
radish peroxidase-conjugated donkey anti-rabbit IgG (1:5000 in block- 
ing buffer; Amersham) for 1 hr. Following several washes with TBS, 
immunoreactive proteins were visualized with enhanced chemilumi- 
nescence (Amersham), as recommended by the manufacturer. 

Immunocytochemistry. Coronal sections (40 hrn) through the striatum 
(mid-level of the nucleus accumbens to posterior putamen) were cut on 
a sliding microtome or a Vibratome and placed in TBS (pH 7.2). Sections 
intended solely for light microscopy were permeabilized (30 min) in 
0.4% Triton X-100 (TX)/TBS, whereas sections intended ‘for electron 
microscopy were treated (10 min) with 0.08% TX/TBS or with no TX. 
Subsequent immunocytochemical steps were identical for both groups 
of sections, with the exception that sections for electron microscopy 
were not further exposed to TX. Sections were preincubated (1 hr)-in 
4% normal goat serum or nonfat dry milk diluted in 0.1% TX/TBS and 
were incubated (48 hr at 4°C) in affinity-purified rabbit polyclonal anti- 
GluRl, -GluR2/3, or -GluR4 antibodies (immunoglobulin concentra- 
tions of 0.5 fig/ml). The production, characterization, and subunit spec- 
ificity of these antibodies have been reported previously (Blackstone et 
al., 1992a,b). Control sections were incubated with GluR antibodies 
adsorbed overnight with an excess (1 O-30 &ml) of corresponding syn- 
thetic GluR peptide, with comparable amounts of rabbit IgG, or with 
primary antibody omitted. Following incubation, sections were rinsed 
(30 min) in TBS, incubated (1 hr) with goat anti-rabbit immunoglobulin 
(Cappel, West Chester, PA) diluted at l:lOO, rinsed (30 min) in TBS, 
and incubated (1 hr) with rabbit peroxidase+antiperoxidase (PAP) com- 
plex (Stemberger Monoclonals, Baltimore, MD) diluted at 1:200. As 
additional controls, some sections were incubated in solutions lacking 
secondary antibody and PAP. After the final incubation, sections were 
rinsed (30 min) in TBS and developed using a standard diaminoben- 
zidine reaction. Adjacent sections through the striatum were also stained 
for calbindin D-28 and substance P, markers that. in monkey, identify 
matrix and striosome compartments, respectively (Martin et al:, 199 la). 
In addition, using diaminobenzidine and benzidine dihydrochloride as 
chromagens (Levey et al., 1986), selected sections of the striatum were 
prepared to establish whether GluR subunits colocalized with ChAT, 
substance P, and leucine-enkephalin. Monoclonal antibodies that rec- 
ognize ChAT (Incstar, Stillwater, MN), substance P (Sera Lab., West- 
bury, NY), and leucine-enkephalin (Sera Lab.) were used. Represen- 
tative sections were plotted using a computer-assisted plotting system 
(Martin et al., 199 1 b) to quantitate the proportions of ChAT-positive 
neurons that are GluR positive. 

Samples (3 mm2) for electron microscopy were taken from the im- 
munocytochemically processed Vibratome sections. In sections of mon- 
key striatum, striosomes are visible macroscopically; therefore, strio- 
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Figure 2. The specificity of anti-GluR 
anti-peptide antibodies as demonstrat- 
ed by immunoblotting. Whole tissue 
homogenates (approximately 50 rg of 
protein/lane) prepared from monkey 
hippocampus (ZZZPP), striatum (STR), 
and cerebellum (C&+4) were subjected 
to SDS-PAGE and immunoblotted with 
antibodies (0.5 rg IgG/ml) against 
GluRl (RI ), GluR2/3 (R2/3), and 
GluR4 (R4) as indicated. Faint GluR4 
immunoreactivity was detected in 
striatum at longer exposures. The sizes 
of protein standards (in kDa) are indi- 
cated. 
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somes and matrix were sampled from these sections. These samples 
were treated (1 hr) with 2% osmium tetroxide, dehydrated, stained en 
bloc with uranyl acetate, and flat embedded in resin on glass slides. 
Plastic-embedded sections were mounted on an Araldite block and cut 
into semithin (1 pm) and ultrathin (gold-to-silver interference color; 70- 
90 nm) sections. Ultrathin sections with and without lead citrate staining 
were viewed with a Philips CM 12 or JOEL 100s electron microscope. 

Results 
Immunoblotting 
Each of the anti-peptide antibodies detected distinct proteins, 
ranging froni 102 to 108 kDa, in homogenates from monkey 
hippocampus, striatum, and cerebellum (Fig. 2). These sizes and 
distributions were similar to those of the AMPA receptor sub- 
units in rat and human brains (Blackstone et al., 1992a,b; Went- 
hold et al., 1992). Some of the GluR2/3 immunoreactivity in 
the cerebellum may be caused by detection of the recently re- 
ported AMPA receptor subunit GluR4c that has a C-terminus 
very similar to those of GluR2 and GluR3, which is highly 
enriched in cerebellum (Gallo et al., 1992). The GluRl and 
GluR2/3 antibodies revealed abundant immunoreactivity in 
monkey striatum, whereas GluR4 levels are much lower. 

Immunocytochemistry 
By immunocytochemical localization, individual GluR subunits 
showed specific and unique patterns of immunoreactivity within 
monkey striatum (Figs. 3, 4; see also Fig. 6). Patterns of im- 
munoreactivity were similar within the striatum of all four mon- 
keys examined. Different fixation protocols did not alter appre- 
ciably the patterns of immunocytochemical staining within the mm. 

Figure 3.. Macrophotograph depicting the localization of AMPA re- 
ceptor subunit immunoreactivity within rhesus monkey striatum. GluRl 
immunoreactivity has a patchy distribution within the caudate nucleus 
(CN) and putamen (P). The nucleus accumbens (NA) is more enriched 
in GluRl immunoreactivity than the dorsal striatum. Scale bar, 2.0 
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Figure 4. Photomicrographs of the body of the caudate nucleus illustrate regional and cellular distributions of GluRl (A, E) and GluR2/3 (B, fl 
immunoreactivities as well as preadsorption controls (C, 0). A and B, In striosomes (arrowheads), GluRl (A) is more enriched than GluR2/3 (B) 
within the neuropil. C and D, Preadsorption of GluRl antibody against 30 pg of synthetic GluRl peptide abolished all immunocytochemical 
staining within the striatum (C); preadsorption of GluR2/3 antibody against synthetic GluR2/3 peptide prevented staining within the striatum as 
well (0). E, Numerous medium-sized, round/oval striatal neurons (arrowheads) are immunoreactive for GluRl, and the neuropil of striosomes is 
enriched in GluRl immunoreactivity (asterisk). F, GluR2/3-immunoreactive striatal neurons are abundant (arrowheads), and the striosome com- 
partment (asterisk) and surrounding matrix compartment have comparable amounts of GluR2/3 immunoreactivity within the neuropil. Scale bars: 
A-D, 300 pm; E and F, 50 pm. 

striatum, and the immunocytochemical methods employed have munocytochemical staining (Fig. 4, compare A and C, B and 
been shown previously to optimize the visualization of antigens 0). 
within the striatum (Martin et al., 199 1 b). In control preparations, Morphologically different populations of striatal neurons ex- 
the preadsorption of GluR antibodies with the specific synthetic hibited different patterns of GluR immunoreactivity (Table 1). 
C-terminal GluR peptides completely abolished all positive im- Numerous, medium-sized, round perikarya expressed GluRl 
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and GluR2/3 immunoreactivities; medium-sized, fusiform 
GluR 1 - and GluR2/3-immunoreactive neuronal cell bodies were 
present but less common (Figs. 4, 5). In plastic sections (1 pm), 
GluR 1 and GluR2/3 immunoreactivities were clearly visualized 
within the cytoplasm of numerous medium-sized neuronal cell 
bodies (Fig. 5). Large (20-60 pm) cholinergic striatal neurons 
did not show GluRl and GluR2/3 immunoreactivities, but 50- 
60% of cholinergic neurons were immunoreactive for GluR4 
(Fig. 6). A minor proportion of medium-sized, round-to-fusi- 
form perikarya showed faint GluR4 immunoreactivity (Fig. 6A). 

In thick (40 pm) and semithin (1 pm) sections, the striatal 
neuropil contained fine punctate and large spherical or globular 
GluRl- and GluR2/3-immunoreactive structures (Figs. 5, 6), 
but GluR4-immunoreactive puncta were sparse (Fig. 6). Ul- 
trastructurally, these GluR l- and GluR2/3-immunoreactive 
structures within the striatal neuropil are dendritic shafts and 
dendritic spines (Fig. 5). There was no evidence for GluR im- 
munoreactivities within presynaptic axonal terminals. Punctate 
GluRl immunoreactivity was not distributed uniformly (Figs. 
3, 4, 6, 7). Within the dorsal striatum, striosome and matrix 
compartments were visualized in adjacent sections stained im- 
munocytochemically for substance P and calbindin D-28, re- 
spectively. In this region, notably within the head of the caudate, 
GluRl immunoreactivity was enriched in the neuropil of the 
striosomes relative to the matrix (Fig. 7). Ultrastructural anal- 
yses of striosomes sampled from Vibrato&e sections showed 
that GluR 1 immunoreactivity in the neuropil of striosomes was 
localized to postsynaptic elements. The numbers of GluRl- 
positive neuronal cell bodies within striosomes and the sur- 
rounding matrix were roughly equivalent. GluR 1 - and substance 
P-immunoreactive striosomes aligned with regions low in cal- 
bindin immunoreactivity (Fig. 7). In double-labeled sections, 
GluR 1 -immunoreactive somata within both striosomes and 
matrix colocalized with substance P (Fig. 6) and with leucine- 
enkephalin; however, GluR l/substance P-positive neuronal cell 
bodies were considerably more abundant in striosome than in 
matrix. Neuronal cell bodies immunoreactive for GluR4 and 
ChAT were numerous in the matrix, and few double-labeled 
neurons were found within striosomes. GluR 1 -immunoreactive 
postsynaptic processes were more enriched in the neuropil of 
the ventral striatum (i.e., the nucleus accumbens, olfactory tu- 
bercle, and fundus striati) than in the dorsal striatum (Figs. 3, 
5, 8). Within the nucleus accumbens, GluRl and GluR2/3 im- 
munoreactivities were enriched uniformly throughout this re- 
gion and did not show clear compartmental distributions in 
relation to substance P immunoreactivity (Fig. 8). However, in 
general, areas of the nucleus accumbens low in calbindin showed 
high levels of GluRl (Fig. 8). 

Discussion 

The striatum receives convergent synaptic influences from wide- 
spread regions of cerebral cortex and thalamus (Rocha-Miranda, 
1965; Kitai et al., 1976; Lidsky et al., 1976; Kocsis et al., 1977; 
Wilson, 1986). Corticostriatal and thalamostriatal projections, 
which form asymmetrical synapses principally on the dendritic 
spines of medium-sized spiny neurons (Kemp and Powell, 197 1 b; 
Frotscher et al., 198 1; Somogyi et al., 198 l), are excitatory and 
glutamatergic (Purpura and Malliani, 197 1; Spencer, 1976; Kim 
et al., 1977; McGeer et al., 1977; Herrling and Hull, 1980; 
Fonnum et al., 1981; Young et al., 1983; Herrling, 1985; Walsh 
et al., 1989). Cortically evoked monosynaptic EPSPs in striatum 
may be mediated by ionotropic non-NMDA GluR (Herrling, 
1985). The presence of striatal neurons expressing AMPA-pre- 

Figure 5. High-resolution light microscopic and ultrastructural local- 
ization of GluRl immunoreactivity within monkey striatum. A, In 1 
pm plastic sections, GluRl immunoreactivity is visualized within me- 
dium-sized, round neuronal cell bodies (thin arrows). The neuropil is 
enriched in punctate and globular structures that are GluRl immuno- 
reactive (arrowheads), but at this level of resolution, their identity is 
uncertain. Within striatum, astrocytes are not immunoreactive for GluRl 
(thick arrow). B, Ultrastructurally, GluRl immunoreactivity is found 
within dendritic spines (Sp) and in dendritic shafts (d) within the striatal 
neuropil. Axonal terminals (tl and t2) are interposed between spine and 
dendrite; tl forms asymmetrical synaptic junctions with both spine and 
dendrite (arrow). Scale bars: A, 10 pm; B, 0.27 pm. 

ferring GluR subunits and the localization of these GluR sub- 
units within dendritic spines and dendritic shafts of striatal neu- 
rons are consistent with glutamatergic innervation of the striatum 
and the mediation of excitatory neurotransmission by iono- 
tropic non-NMDA GluR. We have recently found that in rat 
striatum, GluRl, as well as GluR2 and/or GluR3 subunits of 
the AMPA receptor, is expressed postsynaptically in dendritic 
shafts and spines, but there was no evidence for the expression 
of AMPA receptors in presynaptic axonal terminals (Martin et 
al., 1992). Our present and previous (Martin et al., 1992) results 
indicate that medium-sized spiny and medium-sized and large 
aspiny striatal neurons receive glutamatergic inputs. Thus, 
AMPA GluR within the striatum may participate directly in 
the postsynaptic excitation of striatal output neurons and in- 
terneurons. 

The present investigation shows that, in primates, different 
subtypes of striatal neurons express different AMPA receptor 
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Figure 6. Cellular localization of 
GluR4, GluR2/3, and GluRl immu- 
noreactivities within monkey striatum 
and colocalization with neurotransmit- 
ter markers. A, GluR4 immunoreactiv- 
ity is selectively enriched within a sub- 
set of large, round, striatal neurons 
(arrowheads). A minor subset of me- 
dium-sized neurons shows faint GluR4 
immunoreactivity as well (arrows). B, 
Virtually all of the large GluR4-im- 
munoreactive striatal neurons are also 
immunoreactive for ChAT (arrow- 
heads). GluR4 immunoreactivity was 
visualized with diaminobenzidine 
(brown), and ChAT immunoreactivity 
was visualized with benzidine dihy- 
drochloride (dark, granular reaction 
product). C, Striatal neurons that are 
GluR2/3 immunoreactive (arrow- 
heads) are distinct from choline& 
neurons (arrow). D, Within striosomal 
and ma&al compartments, subsets of 
substance P-immunoreactive neurons 
express GluR 1 (arrows). GluRl -im- 
munoreactive dendrites are enriched 
within striosomes (arrowheads). The 
solid bluck line delineates the approxi- 
mate border between striosome (right) 
and matrix (left). Substance P immu- 
noreactivity was visualized with dia- 
minobenzidine (brown), and GluRl 
immunoreactivity was visualized with 
benzidine dihydrochloride (dark green, 
granular reaction product). Scale bars: 
A, 40 pm; B, 12.5 pm; C 25 pm; D, 15 
urn. 
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Table 1. AMPA GluR in striatal neurons of monkey 

Medium Medium Large 
spiny aspiny aspiny 

GluR 1 + + - 

GluR2/3 + + - 

GluR4 - + + 

Positive or negative immunocytochemical staining of different subsets of striatal 
neurons is indicated by + or -, respectively. 

subunits (Table 1). The majority (-96%) of striatal neurons are 
medium sized, with perikarya measuring 1 O-20 pm in maximal 
diameter (Fox et al., 197 1; Kemp and Powell, 197 la; DiFiglia 
et al., 1976; Pasik et al., 1976). Most medium-sized cells are 
spiny projection neurons that are peptidergic (i.e., using sub- 
stance P, enkephalin, and/or dynorphin) and GABAergic (Aron- 
in et al., 1984; Beckstead and Kersey, 1985; Penny et al., 1986; 
Anderson and Reiner, 1990; Besson et al., 1990). Only l-2% 
of striatal neurons have large (20-60 pm) cell bodies; these cells 
are aspiny, cholinergic interneurons (DiFiglia, 1987). Spiny and 
aspiny neurons may also be distinguished by electrophysiolog- 
ical properties; aspiny neurons have larger input resistances, 
longer time constants, and relatively linear steady-state current- 
voltage relationships compared to spiny neurons (Wilson et al., 
1990). The present study demonstrates that most medium-sized 
striatal neurons express GluR 1, as well as GluR2 and/or GluR3, 
but not GluR4, and that neurotransmitter markers for medium- 
sized spiny neurons colocalize with GluR 1. In contrast, most 
large cholinergic neurons express GluR4 but not GluRl and 
GluR2 or GluR3. Thus, it appears that the morphological, cy- 
tochemical, and electrophysiological diversities of striatal neu- 
rons are paralleled by differential cellular localizations of GluR 
subunits. We speculate that spiny, projection, striatal neurons, 
which exhibit large EPSPs in response to afferent stimulation 
(Bishop et al., 1982), express combinations of GluR subunits 
that form heterooligomeric ion channels, whereas large, aspiny, 
striatal interneurons may express GluR with different channel 
properties because of their possible homooligomeric composi- 
tion. Because the subunit composition of AMPA-gated GluR 
determines their calcium permeability (Hollmann et al., 199 l), 
subsets of striatal neurons may show differences in calcium- 
dependent intracellular events following stimulation by gluta- 
mate. Support for this idea is derived from the observation that 

most medium-sized striatal projection neurons exhibit calbin- 
din-D28 immunoreactivity (Gerfen et al., 1985; Martin et al., 
199 la). This calcium binding protein is involved in mechanisms 
of intracellular sequestration of Ca+2 (Wasserman and Fullmer, 
1983) and may, therefore, influence cellular responses to afferent 
synaptic excitation. Future studies of the colocalization of in- 
dividual GluR subunits within individual striatal neurons, in- 
cluding specific distributions of GluR2 independent of GluR3, 
should provide clues to the subunit composition of AMPA re- 
ceptors expressed by various subtypes of striatal neurons in vivo. 

Glutamatergic corticostriatal terminal fields are organized 
within the framework of the striatal mosaic, and the area1 and 
laminar origins of corticostriatal projections determine whether 
terminal fields align with striosome or matrix regions (Gerfen, 
1989; Ragsdale and Graybiel, 1990). In several autoradiograph- 
ic studies of rat and monkey, distributions of GluR subtypes 
within the dorsal striatum appear essentially uniform. Striosome 
and matrix patterns are not observed in 3H-ligand binding stud- 
‘ies using kainic acid (Monaghan and Cotman, 1982; Unnerstall 
and Wamsley, 1983; Greenamyre et al., 1985a; Young et al., 
1990), AMPA (Monaghan et al., 1984), quisqualate (Greena- 
myre et al., 1985a), L-glutamate (Greenamyre et al., 1985a), and 
NMDA (Greenamyre et al., 1985b; Monaghan and Cotman, 
1985; Young et al., 1990). However, this immunocytochemical 
study demonstrates that different AMPA receptor subunits are 
selectively enriched within striosome (i.e., GluRl) and matrix 
(i.e., GluR4) compartments of the primate striatum. 

The cellular localization of GluR subtypes within the striatum 
may have a bearing on the functional significance of striosome 
and matrix compartments. For example, relative to matrix, 
striosomes may be more densely innervated by glutamatergic 
synapses. It appears that non-NMDA ionotropic GluR are ex- 
pressed differentially by striatonigral neurons that reside in strio- 
somes and striatopallidal neurons that reside in the matrix; thus, 
glutamate may have differential physiological effects on these 
two subpopulations of striatal output neurons. Moreover, AMPA 
receptors that have a specific subunit composition may pre- 
dominate in striosomes; NMDA receptors may predominate in 
matrix, as suggested by studies showing that the regulation of 
dopamine release through NMDA receptors is more pro- 
nounced in the matrix (Krebs et al., 199 1). Alternatively, if both 
AMPA and NMDA receptors are enriched within striosomes, 
then perhaps striosomes function in activity-dependent synaptic 
plasticity, a phenomenon that, within corticostriatal circuits, 
may participate in habit formation (i.e., procedural memory or 

Fimre 7. Comvarison between the 
sGosome/matrixpattems of GluR 1 (A), 
calbindin (B), and substance P (C) im- 
munoreactivities in near-adjacent sec- 
tions through the head of the caudate 
nucleus. Striosomes exhibiting dense 
GluRl immunoreactivity (arrowheads 
in A) align with regions containingJow 
calbindin immunoreactivity (arrow- 
heads in B) and regions enriched in sub- 
stance P immunoreactivity (urrow- 
heads in C). Scale bar, 7 15 pm. 
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Figure 8. Comparison between the distributions of substance P (A), GluRl (B), and calbindin (C) immunoreactivities in near-adjacent sections 
through the nucleus accumbens. GluR 1 does not show obvious compartmental distributions in the nucleus accumhens when compared to substance 
P. In the ventromedial caudate nucleus, some striosomes enriched in GluRl (thin arrows in B) are rimmed or capped by substance P immunoreactivity 
(thin arrows in A) and show lower calbindin relative to matrix (thin arrows in C). Other striosomes in the ventromedial caudate nucleus show 
relatively low levels of substance P and calbindin and are enriched in GluRl (arrowheads in ,4-C). The distributions of GluRl and calbindin in 
the nucleus accumbens tend to be inverselv related (thick arrows in B and C), and some foci low in substance P (thick arrow in A) show high levels 
of GluRl . Scale bar, 377 pm. 

conditioned behaviors) (Bachevalier and Mishkin, 1984; Mish- 
kin et al., 1984). The possibility for a spatial overlap of AMPA 
receptors and inputs from medial frontal cortex and basolateral 
amygdala within striosomes (Gerfen, 1984; Donoghue and Her- 
kenham, 1986; Ragsdale and Graybiel, 1988) is consistent with 
this idea. The simultaneous activation of glutamatergic cortical 
and amygdalar inputs to striosomal neurons may activate AMPA 
receptors that provide the depolarization needed for release of 
the voltage-dependent MgZ+ block of NMDA receptor channels, 
CaZ+ influx, and subsequent long-term changes in synaptic func- 
tion and in activity-dependent regulation of neurotransmitters. 

An important relationship may exist between the cellular ex- 
pression of GluR subtypes and mechanisms that regulate the 
expression of neurotransmitters within striatal neurons. Striatal 
afferents participate in the steady-state regulation of peptide 
expression in medium-sized spiny striatal neurons. For exam- 
ple, ablation of corticostriatal projections reduces preprotachy- 
kinin and preproenkephalin mRNA in neurons of rodent stria- 
turn (Uhl et al., 1988; Somers and Beckstead, 1990). Synaptic 
activity and membrane depolarization regulate neural gene ex- 
pression (Hendry et al., 1988; Lowenstein et al., 199 l), possibly 
through a calcium-dependent mechanism that may involve cal- 
modulin (Van Nguyen et al., 1990) and immunocytochemical 
studies show that striatal neurons are enriched in calmodulin 
(Wood et al., 1980). Thus, glutamatergic neurotransmission may 
directly regulate, in an activity-dependent manner, levels of 
neurotransmitter expression within subsets of striatal output 
and intrinsic neurons. Some support for this idea is derived 
from the morphological observation that the GluRl subunit of 
the AMPA receptor is expressed by substance P- and enkeph- 
alin-containing neurons within striatal striosomes and matrix. 
The relative enrichment of GluRl at postsynaptic sites within 
striosomes may possibly foreshadow a more dominant gluta- 
matergic regulatory control of neuropeptide expression in strio- 

somal neurons compared to matrical neurons. Although the 
activation of molecular subtypes of GluR may provide a po- 
tential postsynaptic site for the glutamatergic regulation of stri- 
atal neurotransmitters, there is presently no direct evidence to 
support such a mechanism. However, subtypes of dopamine 
receptors regulate the relative levels of expression of opiate and 
tachykinin peptides in subpopulations of striatal neurons (Ger- 
fen et al., 1990); similar mechanisms mediated by GluR sub- 
types may be operative within the striatum. 

Complex neurotransmitter receptor-mediated events influ- 
ence striatal neurons as well as afferent terminals. For example, 
excitatory postsynaptic responses in the nucleus accumbens, 
which show a greater enrichment of GluRl as well as GluR2 
and/or GluR3 subunits than does the dorsal striatum, are evoked 
by hippocampal and amygdalar stimulation. These responses 
are attenuated by dopamine and by mesolimbic dopaminergic 
inputs (Yang and Mogenson, 1984; Yim and Mogenson, 1986). 
Moreover, the release of dopamine from nigrostriatal nerve ter- 
minals is believed to be regulated by corticostriatal afferents, 
because the application of glutamate increases the release of 
dopamine in the striatum in vivo (Cheramy et al., 1986) and in 
vitro (Giorguieff et al., 1977; Roberts and Anderson, 1979); this 
effect may be mediated by non-NMDA GluR (Imperato et al., 
1990) and NMDA GluR (Ransom and Deschenes, 1989; Krebs 
et al., 1991). However, the precise mechanisms by which glu- 
tamate and dopamine interact are not clear. In striatal slices? a 
direct presynaptic regulation mediated by GluR located on do- 
paminergic terminals has been suggested (Chtramy et al., 1986; 
Krebs et al., 199 l), but we found no ultrastructural evidence 
for a presynaptic localization of AMPA receptors. Our anatom- 
ical observations and the pharmacological findings of others 
(Moghaddam et al., 1990) suggest that indirect regulation me- 
diated by GluR on nondopaminergic elements (e.g., cholinergic 
neurons) is possible. Detailed subcellular analyses of the distri- 
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butions of other GluR subtypes (e.g., NMDA receptors and 
high-affinity KA receptors) and dopamine receptor subtypes will 
help to clarify the precise mechanisms that mediate glutama- 
tergic and dopaminergic interactions within the striatum. Re- 
cently, molecular cloning studies have characterized subunits 
for KA-preferring GluR (i.e., GluRS, GluR6, and KAl) (Bettler 
et al., 1990; Egebjerg et al., 1991; Werner et al., 1991), the 
NMDA receptor (Moriyoshi et al., 1991), and a family of me- 
tabotropic GluR (mGluRl-mGluR4) (Houamed et al., 1991; 
Masu et al., 1991; Tanabe et al., 1992). Markers for the phos- 
phoinositide second-messenger system are enriched within the 
neuropil of striosomes in the primate caudate nucleus (Fotuhi 
et al., 199 1); thus, ionotropic and phosphoinositide-linked me- 
tabotropic GluR may coexist within subsets of striatal neurons. 
Further studies using specific antibodies to the different GluR 
subtypes will provide new insights into the roles ofvarious GluR 
in the physiological functions of different populations of striatal 
neurons. 
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