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Abstract
Corticostriatal and thalamostriatal projections utilize glutamate as their neurotransmitter. Their
influence on striatum is mediated, in part, by ionotropic AMPA-type glutamate receptors, which
are heteromers composed of GluR1-4 subunits. While the cellular localization of AMPA-type
subunits in the basal ganglia has been well characterized in rodents, the cellular localization of
AMPA subunits in primate basal ganglia is not. We thus carried out immunohistochemical studies
of GluR1-4 distribution in rhesus monkey basal ganglia in conjunction with characterization of
each major neuron type. In striatum, about 65% of striatal neurons immunolabeled for GluR1,
75%-79% immunolabeled for GluR2 or GluR2/3, and only 2.5% possessed GluR4. All neurons
the large size of cholinergic interneurons (mean diameter 26.1μm) were moderately labeled for
GluR1, while all neurons in the size range of parvalbuminergic interneurons (mean diameter
13.8μm) were intensely rich in GluR1. Additionally, somewhat more than half of neurons in the
size range of projection neurons (mean diameter 11.6μm) immunolabeled for GluR1, and about
one third of these were very rich in GluR1. About half of neurons the size of cholinergic
interneurons were immunolabeled for GluR2, and the remainder of the neurons that were
immunolabeled for GluR2 coincided with projection neurons in size and shape (GluR2
diameter=10.7μm), indicating that the vast majority of striatal projection neurons possess
immunodectible GluR2. Similar results were observed with GluR2/3 immunolabeling. Half of the
neurons the size of cholinergic interneurons immunolabeled for GluR4 and seemingly all neurons
in the size range of parvalbuminergic interneurons possessed GluR4. These results indicate that
AMPA receptor subunit combinations for striatal projection neurons in rhesus monkey are similar
to those for the corresponding neuron types in rodents, and thus their AMPA responses to
glutamate likely to be similar to those demonstrated in rodents.
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1. Introduction
The basal ganglia receives a prominent glutamatergic input from the cerebral cortex and
from the thalamus (Somogyi et al., 1981; Gerfen, 1992). Corticostriatal and thalamostriatal
terminals are known to make excitatory asymmetric synaptic contacts with the spines and
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dendrites of striatal projection neurons (Wilson, 1995; Reiner et al, 2003; Lei et al., 2004;
Smith et al., 2001, 2004), as well as with the dendrites of parvalbuminergic and calretinergic
striatal interneurons (Bennett and Bolam, 1993a, 1994; Kawaguchi, 1993; Kawaguchi et al.,
1995). Consistent with these glutamatergic inputs, neurons in the striatum are rich in
glutamate receptors (Chen et al., 1996; Götz et al., 1997; Deng et al., 2007). The response of
basal ganglia neurons to excitatory input from cerebral cortex and thalamus has been shown
to be mediated by three types of ionotropic glutamate receptors, the L-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) type, the N-methyl-D-aspartate (NMDA) type,
and the kainic acid (KA) type (Götz et al., 1997; Calabresi et al., 1998; Stefani et al., 1998).
AMPA-type, NMDA-type, and KA-type receptors are multimeric transmembrane proteins
consisting of combinations of any of several type-specific subunits that form ligand-gated
ion channels permeable to cations such as Ca2+ and Na+ (Mayer and Armstrong, 2004).

AMPA receptors are the main glutamate receptor type that mediates the fast excitatory
response of neurons to glutamatergic input, and they are formed from combinations of the
glutamate receptor subunits GluR1–4 (Keinanen et al., 1990; Seeburg, 1993; Hollman and
Heinemann, 1994). The subunit composition of AMPA-type glutamate receptors influences
their divalent ion permeability, rectification, sensitivity to polyamines, and kinetics
(Seeburg, 1993; Hollman and Heinemann, 1994; Jonas and Burnashev, 1995).
Immunohistochemical and in situ hybridization studies in rodents have demonstrated that
most basal ganglia neurons possess AMPA receptor subunits, with neuron type-specific
differences in subunit composition (Tallaksen-Greene and Albin, 1994; Chen et al., 1996;
Paquet and Smith, 1996; Kwok et al., 1997; Deng et al., 2007). For example, in rats
medium-sized spiny GABAergic striatal projection neurons are enriched in GluR1, GluR2
and/or GluR3, whereas parvalbuminergic and cholinergic aspiny GABAergic striatal
interneurons are enriched in GluR1 and/or GluR4 (Tallaksen-Greene and Albin, 1994;
Bernard et al., 1996; Chen et al., 1996, 1998; Paquet and Smith, 1996; Kwok et al., 1997;
Stefani et al., 1998; Deng et al., 2007). The differential expression of AMPA-type receptor
subunits in projection neurons and interneurons may explain differences among these neuron
types in their AMPA-mediated responses to glutamate or cortical excitation (Götz et al.,
1997; Calabresi et al., 1998; Stefani et al., 1998; Vorobjev et al., 2000).

AMPA receptors have been identified in monkey (Martin et al., 1993a) and human basal
ganglia (Meng et al., 1997; Tomiyama et al., 1997) by in situ hybridization histochemistry
and immunohistochemistry, but detailed information on the types of neurons possessing the
different AMPA subunits in monkey basal ganglia is not available. We thus used
immunohistochemistry to characterize the size, shape and abundance of perikarya
possessing GluR1-4 AMPA subunits in the striatum of rhesus monkey. Data on the size,
shape and abundance of the various striatal neuron types allowed us to use AMPA subunit
localization to clarify the AMPA subunits on specific basal ganglia neuron types.

2. Results
2.1 Projection neurons and interneurons in caudate and putamen in rhesus monkey

With increasing age, the autofluorescent pigment lipofuscin accumulates in neurons. The
presence of lipofuscin granules complicates the use of fluorescence microscopy in the
central nervous system because of its broad excitation and emission spectra, which overlaps
with those of most commonly used fluorophores (Brizzee et al., 1974; Bardon, 1980).
Though some chemical reagents may reduce the autofluorescence in rodent brain sections,
they incompletely remove lipofuscin autofluorescence in primate brain sections (Schnell et
al., 1999). Since this was the case for the present tissue, we could not carry out double
immunofluorescence labeling. Since our goal was to relate AMPA subunit localization to the
defined types of basal ganglia neurons in monkey, we therefore carried out
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immunohistochemical single-label studies in rhesus monkey, using: 1) immunolabeling of
markers of the various striatal neuron types to define the size and frequency of each in
caudate and putamen; and 2) antibodies against the main AMPA subunits to define the size
and frequency of the neurons possessing these subunits in caudate and putamen. In this way,
we were able to shed light on the AMPA subunit composition of the major types of striatal
projection neurons and interneurons in rhesus monkey. Calbindin D28K (CALB) was used
to identify striatal projection neurons of the matrix compartment, and characterize the size,
shape and overall frequency of striatal projection neurons (Cote et al., 1991). Choline
acetyltransferase (ChAT), calretinin (CALR), parvalbumin (PARV), somatostatin (SS) were
used as markers to identify cholinergic, calretinergic, parvalbuminergic, and
somatostatinergic striatal neurons (Kawaguchi et al., 1995; Deng et al., 2007). Note that
somatostatinergic striatal neurons also commonly contain neuropeptide Y and nitric oxide
synthase. NeuN was used as a marker to detect all striatal neuron perikarya (Mullen et al.,
1992). Immunolabeling of striatal perikarya for NeuN was intense and unequivocal, with
labeling evident in both the nucleus and the perikaryal cytoplasm (Fig. 1). Counts of NeuN+
neurons was used to determine total striatal neuron abundance per unit area, and used to
calculate the frequency of projection neurons and interneuron types in caudate and putamen
as a percent of all striatal neurons.

Calbindin and Projection Neurons—Numerous medium-sized CALB-immunolabeled
perikarya were observed throughout the caudate and putamen. In both structures, CALB
immunolabeling was evident in perikarya and in the neuropil of the striatal matrix
compartment (Fig. 2). Small patches poor in CALB, representing the striosomal
compartment, were scattered within the matrix, especially in the caudate. The CALB-
negative patches of caudate were easily detected, and thus our counts of CALB+ neurons
avoided striosomes and represent the matrix CALB+ neuronal frequency. Within the matrix
compartment, we found that 95.1% of all caudate perikarya (i.e. of all NeuN+ neurons)
contained CALB. The vast majority of these are likely to represent projection neurons, given
their size and shape (Table 1 and 2). Although a subset of CALB+ striatal neurons in rodents
and primates has been shown to contain SS and possess SS+ interneuron size and aspiny
dendrites, in prior studies these were found to make up less than 1% of CALB+ neurons
(Bennett and Bolam, 1993b;Kubota et al., 1993;Prensa et al., 1998). Our results thus suggest
that about 94% of caudate matrix neurons in rhesus are CALB+ projection neurons, and
likely represent all caudate matrix projection neurons (Table 3). Since interneuron frequency
appears similar in the striosomal and matrix compartments (Kawaguchi et al., 1995), it
seems likely that about 94% of neurons throughout caudate and putamen are projection
neurons.

In dorsolateral putamen, CALB+ neurons were fewer and commonly more lightly labeled
than in caudate or the remainder of the putamen, as noted previously by others for primates
and rodents (Gerfen et al., 1985; Cote et al., 1991; Francois et al., 1994). Additionally,
CALB-negative patches were observed in putamen, but often difficult to distinguish from
fiber bundles. We therefore randomly counted CALB+ neuron throughout putamen, and
some counted fields included the dorsolateral putamen and others possible striosomal
territory. Accordingly, we found that CALB+ neurons were scarcer overall in putamen than
in caudate matrix - 82.8% of all putamen perikarya contained CALB. Based on the
frequency of CALB+ matrix projection neurons in caudate, it seems likely that about 11% of
all putamen neurons are CALB-negative striatal projection neurons of the striosomal and
dorsolateral putamen compartments. Across both striatal compartments, the size of CALB+
neurons ranged from 7–16μm and the average perikaryal diameter was 11.4μm, with less
than 1% greater than 15μm in diameter (Tables 1 and 2, Fig. 4). The perikarya tended to be
round, oval or triangular in shape.
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Cholinergic Neurons—ChAT immunolabeling was found only in large striatal perikarya,
and their cell size ranged from 17μm to 42μm (mean size 26.6μm), with 98% of them
≥19μm (Table 1; Fig. 4). Labeling was found in round, triangular, or polygonal perikarya
with thin primary and secondary dendritic branches usually extending over 50 μm from the
cell body (Fig. 2). They were uniformly distributed in the caudate and putamen, and made
up 1% of the striatal neuron population (Table 2).

Parvalbuminergic Neurons—PARV-immunolabeled neurons possessed medium-sized
to large perikarya with a size range from 10μm to 25μm (mean size 14.3 μm) (Table 1),
which was clearly larger than that for the CALB+ medium-sized projection neurons, and
95% of them were 10–18μm (Fig. 4). The mean size of PARV+ neurons in caudate was
slightly larger than that of those in putamen (Table 1). The perikarya of the PARV+
interneurons were typically elongate and less commonly round, with fine dendritic arbors,
and they made up 1.7% of the total striatal perikaryal population (Fig. 2). The frequency of
PARV+ perikarya in the caudate was only about half that in the putamen (Table 2).

Calretinergic Neurons—Both large and medium-sized neurons in striatum were
immunolabeled for CALR (Figs. 3 and 4). Together they made up about 9.1% of striatal
neurons in caudate and 4.2% in putamen (Table 2). The large CALR+ neurons possessed
moderately immunolabeled round or polygonal perikaryal (mean size 26.1μm), numerous
aspiny dendritic branches, and constituted 0.3% of striatal neurons in both caudate and
putamen (Tables 1 and 2). Prior studies have shown these to represent a subset of the
cholinergic interneurons, and our data indicates that the large CALR+ neurons represent
27% and 30% of cholinergic neurons in caudate and putamen, respectively (Table 3).
Intense immunolabeling was found in the medium-sized CALR+ perikarya, whose size
ranged from 7–16μm (mean size 11.4μm) (Fig. 4). Their perikarya were round, or oval (Fig.
3). The medium-sized CALR+ neurons made up 8.8% and 3.9% of striatal neurons in
caudate and putamen, respectively, and some possessed immunolabeled dendrites lacking
obvious spines, while others possessed little or no dendritic labeling (Table 2). Medium-
sized CALR+ neurons in rats make up 0.5% of striatal neurons and have been shown to be
interneurons (Bennett and Bolam, 1993a;Kawaguchi et al., 1995;Figueredo-Cardenas et al.,
1996b;Rymar et al., 2004). Our findings for projection neuron frequency (94%) and for
cholinergic, PARV+ and SS+ interneuron frequency (which sum to 4–5%) in the rhesus
striatum suggest, by contrast, that only about 1–2% of striatal neurons are medium-sized
CALR+ interneurons. This leads to the conclusion that the majority of the medium-sized
CALR+ neurons in caudate and putamen are projections neurons (Table 3). As addressed in
the Discussion, there is prior evidence that many medium-sized CALR+ neurons in primate
striatum are projection neurons.

Somatostatinergic Neurons—SS+ neurons were also medium-sized, ranging from 9–
18μm in size (mean size=13μm), and scattered throughout both caudate and putamen (Table
1; Fig. 4)). SS+ perikarya were round or oval in shape, with primary dendrites occasionally
seen (Fig. 3). SS+ perikarya constituted about 1.5% of all striatal neurons (Table 2).

2.2 Localization of AMPA receptor subunits in caudate and putamen in rhesus monkey
GluR1—For GluR1, immunoreactive perikarya were prominent, abundant and widespread
in striatum - 65.9% of caudate neurons and 63.4% of putamen neurons contained perikaryal
GluR1 (Table 2). The immunolabeled perikarya included those of numerous medium-sized
neurons (8–18μm) and less frequent large neurons (19–32μm) (Table 1; Figs. 5 and 6).
Distinct neuropil immunolabeling was also evident for GluR1 throughout the striatum. The
GluR1 neuropil labeling was non-uniform in the caudate and putamen, with small patches of
more intense neuropil immunolabeling evident. These GluR1-rich patches have been show
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to represent striosomes in monkeys (Martin et al., 1993a). The most common GluR1-
immunoreactive neuron type was moderately labeled, had a uniform regional distribution
within striatum, and possessed medium-sized perikarya whose size range and mean matched
that of striatal projection neurons (Table 1; Figs. 5). This GluR1+ neuron type made up
46.4% of all striatal neurons (Table 2), and their perikaryal size distribution matched that of
projection neurons (Fig. 7A). Accordingly, these GluR1+ perikarya appear to predominantly
represent striatal projection neurons. Note that the size distribution of the medium-sized
moderately immunolabeled GluR1+ perikarya showed two peaks. These two peaks lined up
with a CALB+ projection neuron peak at 10μm and suggested a second less evident CALB+
projection neuron peak at 12μm. These two peaks may represent the two major types of
striatal projection neurons, the direct pathway substance P-containing type and the indirect
pathway enkephalinergic type.

Large (≥19μm), moderately GluR1+ neuronal perikarya also were evident (25.1μm mean
diameter), and they constituted 1.3% of all striatal neurons (Tables 1 and 2). Dendritic
labeling was typically poor in these neurons (Figs. 5 and 6). Based on their size, shape and
frequency, the large GluR1+ perikarya seem to include all cholinergic interneurons, plus the
few ≥19μm striatal PARV+ neurons that represent 0.10% of all striatal neurons.

A final group of GluR1-immunolabeled striatal neurons (18.4% and 15.3% of striatal
neurons in caudate and putamen, respectively) was distinguished by the fact that they were
much more intensely labeled than were the moderately labeled GluR1+ perikarya (Table 2).
The intensely GluR1+ neurons were slightly more abundant in caudate than putamen, and
they were not concentrated in the GluR1-rich neuropil patches representing the striosomal
compartment. The perikarya of these intensely GluR1-rich neurons ranged from medium
(<19μm) to large (≥19μm) in size (Tables 1 and 2). The medium-sized predominated among
the intensely GluR1+ perikarya and were slightly larger in mean size (12.8μm diameter)
than were projection neurons as a whole (CALB+ neurons, 11.3μm), while the large
intensely GluR1+ perikarya made up only 0.2% of all striatal neurons and were 22.9μm in
diameter (Tables 1 and 2). Based on their rounded shape and their size frequency
distribution, the medium-sized intensely GluR1+ neurons appear to mainly represent a
subset of projection neurons at the large end of the projection neuron size range (Fig. 7A).
Given their size and frequency, the large intensely GluR1+ perikarya are likely to include all
PARV+ interneurons ≥19μm (which make up 0.1% of all striatal neurons and have a mean
size of 20.9μm), and 10% of the cholinergic interneurons. The intense GluR1+ neurons,
however, included a subset that possessed rounded or elongate perikarya in the size range of
PARV+ interneurons, with labeling of 1–3 primary aspiny dendrites (constituting 3.1% of
all striatal neurons). According to their shape and size frequency distribution that matches
the PARV+ neuron size frequency distribution (Fig. 7B), the perikarya that were intensely
GluR1+ and possessed labeled aspiny dendrites appear to include the medium-sized and the
few large PARV+ interneurons. It is also possible that the intensely GluR1+ neurons with or
without dendrites include some projection neurons, CALR+ interneurons or SS+
interneurons, since some of these fall in the size range of the medium-sized intensely
GluR1+ striatal in rhesus.

GluR2—GluR2-immunolabeled perikarya were also abundant and widely distributed in
striatum (Figs. 5 and 7). Labeling in perikarya for GluR2 was typically confined to the
cytoplasm, with nuclei unlabeled, and no evident dendritic labeling (Fig. 8). Unlike GluR1,
perikaryal immunolabeling for GluR2 among the different-sized striatal neurons was of
uniform intensity. About 77% of neurons in caudate and 80% in putamen were
immunolabeled for GluR2, with the vast majority of the GluR2+ neurons (98.2%)
possessing perikaryal diameters ≤16μm. Since we found that all projections neuron
perikarya are in this size range, and since the size frequency distribution of GluR2+
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perikarya closely matches that of the CALB+ projection neurons (Fig. 7C), our data show
that about 75% of striatal projection neurons possessed immunodetectible GluR2. The
medium-sized GluR2+ neurons in monkey striatum may also include PARV+, SS+, and/or
CALR+ interneurons, since most PARV+ neurons, all SS+ neurons, and all medium-sized
CALR+ neurons fall within the 8–18μm perikaryal diameter range in which GluR2+
neurons were the most common. The results for the 17–18μm size range, in which PARV+
neurons predominate, indicate that some PARV+ interneurons do possess GluR2, since in
this size range the frequency of GluR2+ perikarya largely matches the frequency of all
striatal perikarya. We also found that 0.6% of GluR2+ neurons possessed perikarya with
diameters ≥19 μm (Tables 1 and 2; Fig. 5). Since 1% of all striatal neurons are ChAT+
interneurons and about 0.1% are large PARV+ neurons, our results suggest that about half of
cholinergic neurons in rhesus contain GluR2. The diameters of the large GluR2 perikarya
was 24.2 μm, which is slightly smaller than the mean for ChAT+ interneurons, suggesting
that the large GluR2+ neurons include some PARV+ neurons and/or suggesting that the
GluR2+ cholinergic neurons tend toward the smaller cholinergic neurons.

GluR2/3—The GluR2/3+ perikaryal immunolabeling in caudate and putamen largely
resembled that for GluR2, and overall GluR2/3+ neurons composed 75.1% of all striatal
neurons (Table 1 and 2; Figs. 5 and 9). Like GluR2, labeling in perikarya for GluR2/3 was
typically confined to the cytoplasm, and no evident dendritic labeling was observed (Fig. 8).
Both large and medium-sized perikarya were immunolabeled for GluR2/3, with medium-
sized neurons greatly predominant. The close match of the size frequency distribution of
CALB+ perikarya to the size distribution of GluR2/3+ perikarya suggests that GluR2/3
immunolabeling was localized mainly to projection neurons (Fig. 7C). Large GluR2/3+
neurons made up 1.1% of all striatal neurons (Table 2), suggesting that about half of the
cholinergic interneurons possess GluR2 and half GluR3, plus all large PRV+ interneurons.

GluR4—GluR4 immunolabeling was found in only a small percentage of striatal neurons
(2.4%), and GluR4-immunolabeled neurons fell into two size classes: neurons with medium
to moderately large perikarya (9–18μm) and neurons with large perikarya (≥19μm) (Tables
1 and 2; Fig. 5). In both types, immunolabeling intensity was moderate to intense (Fig. 9).
The large GluR4-immunolabeled neurons made up 0.5% of all striatal neurons and the
medium-sized made up 1.9%. Since ChAT interneurons made up 1% of all striatal neurons
in monkey, our data suggest that GluR4 is expressed in about half of ChAT+ interneurons,
and some of the large PARV+ interneurons. This interpretation is consistent the size
frequency distribution of these immunolabeled neuron types (Fig. 7D). The medium-sized
GluR4 perikarya were usually round, oval or polygonal, without evident dendritic labeling,
and their mean size was greater than that of CALB+ projection neurons and comparable to
that of the medium-sized PARV+ interneurons (Table 2; Fig. 4). Moreover, the shape and
size frequency distribution of the medium-sized GluR4+ neurons closely matched that of the
PARV+ interneurons for the entire striatum (Fig. 7D). Thus, it seems likely the vast majority
of the PARV+ interneurons less than 19μm in diameter possess GluR4, although we cannot
exclude the possibility that among the medium-sized GluR4+ perikarya are some belonging
to large projection neurons, SS+ neurons or medium-sized CALR+ neurons.

AMPA Summary—The AMPA subunits were widely expressed in caudate and putamen
of rhesus monkey. There were no obvious differences in expression between caudate and
putamen for GluRs. For GluR1, intense labeling appeared to be present in PARV+
interneurons and in a subset of projection neurons at the high end of the projection neuron
size range (constituting 14% of all striatal neurons), moderate labeling in about half of
projection neurons, and moderate labeling in all large cholinergic interneurons (Table 4).
Since some CALR+ and all SS+ interneurons are also medium-sized, we cannot exclude the
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possibility that GluR1 is expressed in some of these as well. About 75% of medium-sized
striatal perikarya, and 60% of large striatal perikarya immunolabeled for GluR2, suggesting
GluR2 is present in the vast majority of medium-sized projection neurons, and about half of
the cholinergic interneurons in rhesus monkey striatum (Table 4). It may be that projection
neurons poor in GluR1 are among those rich in GluR2, and vice versa. Since some CALR+
and PARV+ neurons, and all SS+ neurons are medium-sized, we cannot exclude the
possibility that GluR2 is expressed in some of these as well. Our GluR2/3 immunolabeling
suggests about half of cholinergic neurons may possess GluR3. GluR4 appears to be present
in about half of cholinergic neurons. While GluR4 also is likely to be present in the majority
of PARV+ interneurons, since GluR4+ perikarya were not as abundant in lateral striatum as
were PARV+ interneurons, it seems that not all PARV+ interneurons possess GluR4 (Table
4).

3. Discussion
Previous ISHH and immunohistochemical studies have demonstrated AMPA receptors in
humans and monkeys, but only limited information has been available on the regional or
cellular localization of AMPA subunits in primate striatum. The following sections consider
the implications of our findings for the understanding of the regional and cellular
distribution of the AMPA-type glutamate receptor subunits in primate striatum.

3.1 Implication for AMPA receptor subunit composition and function of striatal neurons
3.1.1 Striatal Projection Neurons—All striatal projection neurons in rats express
GluR2 mRNA, most express GluR1 mRNA, but few express significant levels of GluR3
mRNA, and none express GluR4 (Chen et al., 1998; Stefani et al., 1998; Vorobjev et al.,
2000). Immunohistochemical studies have confirmed that all projection neuron perikarya
contain GluR2 protein, and shown that 50–70% of striatal projection neuron perikarya
possess GluR1 (Bernard et al., 1996, 1997; Chen et al., 1996, 1998; Deng et al., 2007), but
none possess GluR4 (Bernard et al., 1996, 1997; Chen et al., 1996, 1998; Kwok et al., 1997).
Consistent with prominent glutamatergic inputs to striatum from the cortex and thalamus in
primates (Selemon and Goldman-Rakic, 1985; Smith et al., 2004), GluR1-4 mRNAs have
been reported to be present in human caudate and putamen as well (Tomiyama et al., 1997),
and immunolabeling studies have reported GluR1 and GluR2/3 immunoreactivity in human
striatal neurons (Meng et al., 1997). We found that about 65% and 80% of striatal neurons in
rhesus monkey immunolabeled for GluR1 and GluR2, respectively. Given our estimate that
about 94% of neurons in rhesus striatum are projection neurons, and given the size
frequency distribution and shape of the GluR1+ and GluR2+ neurons in monkey striatum,
our data indicate that about 75% of striatal projection neurons possess immunodetectible
GluR2, but only 60% possess immunodetectible GluR1. In rats as well, striatal projection
neurons possess GluR2 more commonly than GluR1 (Deng et al., 2007). Our GluR1 and
GluR2 frequencies in rhesus monkey suggest that many striatal projection neurons in
monkeys must possess both GluR1 and GluR2, while others may be enriched in one but not
the other. Few if any projection neurons in rhesus appear to contain GluR4 in their
perikarya, since we found that fewer than 3% of striatal neurons labeled for GluR4 and the
size frequency distribution of these indicates that PARV+ interneurons and cholinergic
interneurons account for the vast majority of these.

In the present study, we further found that GluR1 immunolabeling was intense in about
15%-18% of medium-sized striatal neurons. GluR1 enrichment in medium-sized PARV+ is
likely to account for that subset of GluR1-intense perikarya also possessing dendritic
labeling, but based on the low frequency of PARV+ interneurons (1.7%) it is evident that the
majority of the GluR1-rich striatal neurons in rhesus must be projection neurons, and make
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up about 14% of projection neurons. The identity of this striatal projection neuron type
could not be determined here, but they do appear to be among the larger projection neurons.
In our prior study, we found that the perikarya of striato-GPe neurons tend to be richer in
GluR1 than striato-GPi and striatonigral neurons (Deng et al., 2007). Based on these data
(Deng et al., 2007), it is possible that the GluR1+ projection neurons of monkey striatum are
enkephalinergic neurons. On the other hand, studies in mice, cats and ferrets suggest that
enkephalinergic striatal neurons may have slightly narrower perikarya than do substance P-
containing striatal neurons (Izzo et al., 1987; Gertler et al., 2008). Although we observed an
enrichment of the striosomal neuropil in the caudate for GluR1, the intensely GluR1+
perikarya were not confined to striosomes and thus did not disproportionately represent
striosomal neurons. In any event, given that the GluR1 subunit is unique among AMPA
subunits in its multiple phosphorylation sites that affect AMPA receptor conductance
(Santos et al., 2009), knowing which striatal projection neurons are enriched in GluR1
would be important for knowing which are most likely to show learning- or drug-mediated
changes in synaptic AMPA receptor conductance that are phosphorylation-dependent
(Snyder et al., 2000).

3.1.2 Striatal interneurons
Parvalbuminergic Interneurons: Studies in rats indicate that parvalbuminergic striatal
interneurons receive their primary excitatory input from cerebral cortex, mainly as
asymmetric axodendritic synaptic contacts (Kita et al., 1990, Kita, 1993), with the axons of
PARV+ interneurons forming symmetrical synaptic contacts on somata and dendrites of
projection neurons (Kita et al., 1990; Lapper et al., 1992). The observation in rats that
PARV+ interneurons fire phasically at high frequency in rapid response to cortical
stimulation (Kawaguchi, 1993; Kita, 1993) suggests that they should have relatively high
expression of AMPA receptor subunits. Previous studies in rats reported that all PARV+
interneurons, in fact, are rich in GluR1 and GluR4, and the majority possess GluR2 as well
(Martin et al., 1993b; Tallaksen-Greene and Albin, 1994; Chen et al., 1996; Bernard et al.,
1997; Kwok et al., 1997; Deng et al., 2007). In the present study, we found that PARV+
neurons were more abundant in putamen than in caudate in rhesus monkey, which is
different from previous reports on squirrel monkeys that reported more PARV+ neurons in
caudate than in putamen (Wu and Parent, 2000). Our result for rhesus is, however,
consistent with that in rats, in which PARV+ neurons are more abundant laterally than
medially in striatum (Kita, 1993; Kawaguchi et al., 1995), which may indicate an important
role for feedforward inhibition from PARV+ interneurons to striatal projection neurons in
somatomotor striatum in primates and rodents both (Koos and Tepper, 1999). We found that
PARV+ perikarya in rhesus striatum ranged in size from 10 to 25μm (Kawaguchi et al.,
1995, Parent et al., 1996), with diameters typically slightly larger than those of projection
neurons. The prominent responsiveness of PARV+ interneurons to cortical activation in
monkeys (Parthasarathy and Graybiel, 1997) suggests that they should also be rich in
AMPA receptors. As discussed above, we observed a population of intensely GluR1+
perikarya with aspiny dendrites in rhesus that were very similar to PARV+ interneurons in
shape, size, frequency and regional distribution. We also found GluR4 in neurons in shape,
size, frequency and regional distribution of PARV+ interneurons. It is thus likely that PARV
+ striatal interneurons in monkey are rich in GluR1, and GluR4 as well. We also found
evidence from size range comparisons that some possess GluR2.

Cholinergic Interneurons: Large aspiny interneurons that label by ISHH or
immunohistochemistry for GluR2 have been reported in human striatum (Bernard et al.,
1996, Meng et al., 1997; Cicchetti et al., 1999). In the present study, we found 1% of
neurons in monkey striatum were ChAT+, as consistent with a previous report (DiFiglia,
1987), and they represented the largest neurons in rhesus striatum. Our data indicated that all
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large striatal neurons in rhesus monkeys were weakly to moderately immunolabeled for
GluR1, while about half each were immunolabeled for GluR2 and GluR4. The difference we
observed in GluR2 and GluR2/3 expression in large striatal neurons suggested that about
half of large-sized neurons may contain GluR3 but not GluR2. Our results thus suggest that
cholinergic interneurons possess low to moderate levels of AMPA subunits, with GluR1 the
most common subunit. Our previous immunolabeling studies and those of others reported
that 69% of ChAT neuronal perikarya in rat striatum contain GluR1 and 55% contain
GluR2. Further studies have reported that over 50% of cholinergic neurons in rat possess
low levels of GluR3 and GluR4 (Bernard et al., 1996, 1997; Vorobjev et al., 2000).

Calretinergic Interneurons: CALR+ striatal interneurons possess medium-sized perikarya
in rats (Bennett and Bolam, 1993a; Kawaguchi et al., 1995; Figueredo-Cardenas et al.,
1996b; Deng et al., 2007), but include both large and medium-sized neurons in human and
monkey striatum (Fortin and Parent, 1994; Prensa et al., 1998; Wu and Parent, 2000). It has
been reported in human striatum that large CALR+ neurons co-contain ChAT (Cicchetti et
al., 1999). Little is known of the physiology of striatal CALR+ neurons, but the medium-
sized ones in rats are known to receive excitatory input that may be of cortical origin
(Bennett and Bolam, 1993a). In the present study, we found that CALR+ neurons in rhesus
constituted 9.1% of all neurons in caudate and 4.2% in putamen. The greater prevalence of
CALR+ neurons in caudate than putamen that we observed in rhesus is consistent with a
previous report on human and squirrel monkey (Wu and Parent, 2000). CALR+ neurons are
also more abundant medially than laterally in rat striatum (Figueredo-Cardenas et al., 1996).
Our 4.2–9.1% frequency for CALR+ striatal neurons, however, exceeds the 3% reported for
human striatum (Parent et al., 1996; Prensa et al., 1998). This may be attributable to the
better fixation and brain preservation generally possible with monkeys. Consistent with prior
studies in primates, we did find that two types of perikarya were positive for CALR - one
with medium-sized perikarya and the other with large perikarya. In our study, we found that
large CALR+ neurons and large ChAT+ neurons make 0.3% and 1% of striatal neurons,
respectively, indicating that 30% of ChAT neurons must contain CALR. Prior studies have
reported that 60–90% of human striatal cholinergic neurons possess CALR (Massouh et al.,
2008). Since we found that the large CALR+ neurons make up 30% of striatal cholinergic
interneurons, our results imply that all large CALR+ striatal neurons in rhesus possess
GluR1, and many or all possess GluR2 and/or GluR4 as well. Cicchetti et al. (1999) reported
that about 50–60% of large CALR+ interneurons possess GluR1 and GluR2, while 50–70%
contain GluR4 in human striatum.

The medium-sized CALR+ interneurons of rhesus striatum are likely to include both
projection neurons and interneurons. Based on the frequency of ChAT+, SS+, and PARV+
interneurons and the frequency of striatal projection neurons indicated by our CALB
immunolabeling, we estimate that CALR+ interneurons make up 1.5–2.0% of all striatal
neurons in rhesus monkey. This type of interneuron has a yet lower frequency (<1%) in rats
(Figueredo-Cardenas et al., 1996). Our data indicates also that about 7% of CALR+ caudate
neurons and 2.5% of CALR+ putamen neurons in rhesus are projection neurons. The
presence of CALR+ projection neurons in rhesus is consistent with prior evidence showing
that some medium-sized CALR+ neurons in humans possess spiny dendrites and appear to
be projection neurons (Prensa et al., 1998). Dendritic labeling of the CALR+ medium-sized
was, however, not adequate for us to confirm that any in rhesus possessed spiny dendrites.
Since the size of medium-sized CALR+ neurons overlaps that of projection neurons, our
studies also do not allow us to reach conclusions on the AMPA receptor localization of
medium-sized calretinergic neurons. Note that while CALB+, PARV+, and CALR+ neurons
are all rich in calcium binding proteins, they are differentially affected in HD, with
projection neurons and PARV interneurons vulnerable (Seto-Ohshima et al., 1988; Ferrer et
al., 1994; Deng et al., 2004), and both the medium-sized CALR neurons and the large
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cholinergic CALR+ interneurons resistant (Cichetti et al., 1996, 2000). It would be of
interest to know if the CALR+ projection neurons constitute an HD-resistant group of
striatal projection neurons, and thus account for the HD-resistance of medium-sized CALR
neurons in humans.

Somatostatinergic Interneurons: SS+ striatal interneurons colocalize SS, NPY and NOS in
their perikarya in primate and rodent (Smith and Parent, 1986; Figuerado-Cardenas et al.,
1996a). Our finding that SS was found in medium-sized perikarya making up 1.5% of
striatal neurons in monkey was congruent with previous reports (Wu and Parent, 2000).
Striatal SS/NPY/NOS interneurons have been reported to receive minimal cortical input
(Vuillet et al., 1989) and express only low levels of GluR1 and GluR2 in rats - 15% and
50%, respectively, of all striatal neurons (50% of all striatal neurons) (Catania et al., 1995;
Kim et al., 2001; Deng et al., 2007). Since the size and shape of SS+ interneurons overlaps
that of projection neurons, our studies do not allow us to reach firm conclusions on the
extent of AMPA receptor localization in SS+ neurons in rhesus monkey striatum.

3.2 Implications for Striatal Neuron Function
The AMPA-mediated responses of neurons depend on not only the subunit composition of
their AMPA receptors, but also their RNA editing, flip/flop isoforms, abundance,
subsynaptic localization, association with TARPs, and phosphorylation state (Hollmann and
Heinemann, 1994; Nicoll et al., 2006; Sager et al., 2009; Seeburg, 1993). With respect to
editing, since R/G editing is about 80–90% complete in adult brain (Lomeli et al., 1994), R/
G editing failure is unlikely to be a significant source of AMPA subunit variation among
striatal neuron types. Similarly, RNA editing at the Q/R site of GluR2 is highly efficient in
neonatal and adult brain, with only 1% of GluR2 subunits unedited (Carlson et al., 2000;
Hollmann and Heinemann, 1994; Akbarian et al., 1995). Thus, it seems likely R/G and Q/R
editing is relatively complete in monkey striatum. Prior quantitative immunohistochemical
studies have shown that intensity of immunolabeling correlates with antigen level (Mize et
al., 1988; Mize, 1994), and others have shown that amount of AMPA subunit message or
protein in rodents is consistent with the observed neuronal physiology (Götz et al., 1997;
Calabresi et al., 1998; Stefani et al., 1998; Vorobjev et al., 2000). Thus, the present findings
on the frequency and abundance of specific AMPA subunits on specific types of striatal
neurons have implications for their likely responses to corticostriatal and thalamostriatal
inputs or glutamate. Receptor subsynaptic localization and phosphorylation state may also
have an impact, but these were not assessed in the present study.

Electrophysiological studies in rodents have shown that striatal projection neurons show
prominent AMPA receptor-mediated excitatory responses to cortical and thalamic input
activation (Kita, 1996; Calabresi et al., 1998; Ding et al., 2008), which is consistent with the
observed enrichment of rodent striatal projection neurons in AMPA subunits, especially the
GluR1 and GluR2 subunits. Our observation that striatal projection neurons in rhesus are
also enriched in GluR1 and GluR2 supports the interpretation that striatal projection neurons
responses to cortical and thalamic input are likely to be GluR1/GluR2-mediated as well.
While GluR2 subunits may predominate in striatal projection neuron perikarya in rodents
(Deng et al., 2007), many projection neuron spines in rodents possess sufficient GluR2-
lacking AMPA receptors to show some AMPA receptor-mediated Ca2+ influx (Carter and
Sabatini, 2004). Our previous studies on AMPA subunit expression in rats indicated that
GluR1 is more enriched in striato-GPe than striato-GPi and striatonigral neurons (Deng et
al., 2007). Consistent with this, Kreitzer and Malenka (2007) found that AMPA receptors on
ENK+ neurons show slightly greater rectification and thus Ca2+ entry than do SP+ neurons
in rodents. It may be that the same is true in primates, and that the 14% of striatal neurons
that are GluR1-rich projection neurons are mainly ENK+ striato-GPe neurons.
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Parvalbuminergic interneurons have been shown to fire phasically at high frequency in
response to cortical stimulation in rodents (Kawaguchi, 1993; Kita, 1993). While the high
spike rate of this neuron upon depolarization appears to reflect an intrinsic membrane
property, their relative enrichment in GluR1 and GluR4 compared to GluR2 in rodents
(Tallaksen-Green and Albin, 1994; Chen et al., 1996; Bernard et al., 1997; Kwok et al.,
1997; Deng et al., 2007) explains their inwardly rectifying I-V curve (Koos and Tepper,
1999), and indicates they are likely to mainly possess AMPA receptors with high calcium
permeability (Geiger et al., 1995; Götz et al., 1997; Kondo et al., 1997; Washburn et al.,
1997). The higher single-channel conductance and faster desensitization of GluR1/4-rich
AMPA receptor may help explain the robust short duration action potential of PARV+
interneurons in response to cortical activation (Kawaguchi, 1993; Koos and Tepper, 1999).
Given the current data also favor the enrichment of PARV+ interneurons in rhesus with
GluR1 and GluR4, it seems likely that the AMPA physiology of this neuron type is as in
rodents.

Cholinergic striatal interneurons receive limited excitatory input (Kawaguchi et al., 1995),
which arises predominantly from thalamus (Lapper and Bolam, 1992), and accordingly have
been found to be poorer in AMPA GluRs, and show weaker responses to cortical stimulation
and AMPA agonists than projection neurons and PARV+ interneurons (Tallaksen-Green and
Albin, 1994; Chen et al., 1996; Bernard et al., 1997; Kwok et al., 1997; Calabresi et al.,
1998; Richardson et al., 2000; Deng et al., 2007). In rodents, however, striatal cholinergic
neurons do possess some AMPA subunits, notably GluR1. This appears to explain why
cholinergic interneurons show more rapid desensitization to AMPA agonists than do
projection neurons (Götz et al., 1997; Washburn et al., 1997 Vorobjev et al., 2000). Since
striatal cholinergic interneurons in rhesus monkey also are generally AMPA-poor but all
possess GluR1, it seems likely that they too have weak but rapidly desensitizing AMPA
responses.

Numerous authors have hypothesized that the AMPA receptor abundance and composition
of neurons affects their vulnerability to excitotoxic injury, especially in the case of those
striatal neurons that receive massive glutamatergic inputs (Schwarcz et al., 1984; Chen et al.,
1995, 1999; Ikonomidou and Turski, 1996; Popoli et al., 2002). Studies of mice
overexpressing the GluR2 subunit indicate that excitotoxic vulnerability increases as the
abundance of AMPA receptors increases (Le et al., 1997). The observation that neurons rich
in GluR1 and/or GluR4 subunits are more vulnerable than those equally rich in GluR2
indicates that lower GluR2 relative to GuR1/4 increases excitotoxic vulnerability
(Pellegrini-Giampietro et al., 1992, 1997; Feldmeyer et al., 1999; Iihara et al., 2001; Van
Den Bosch et al., 2000; Vandenberghe et al., 2000). Some studies have attributed this effect
to the Ca2+ permeability of GluR2-deficient AMPA receptors (Van Den Bosch et al., 2000),
while others have attributed it to the higher single channel conductance of GluR2-deficient
AMPA receptors (Vandenberghe et al., 2000). Consistent with these various observations,
preferential death of striatal projection neurons (GluR1/2-rich) and PARV+ interneurons
(GluR1/4-rich) occurs in rodents after transient global ischemia or corticostriatally mediated
excitotoxic injury (Beal. et al., 1986, 1991; Chesselet et al., 1990; DiFiglia, 1990; Uemura,
et al., 1990; Figueredo-Cardenas, et al., 1994, 1997, 1998; Paschen, 1996; Meade et al.,
2000). Striatal projection neurons in primates receive extensive glutamatergic input and we
have found they express abundant AMPA receptors, as consistent with their preferential
death in corticostriatally mediated excitotoxicity (Ferrante et al., 1993). The prominent
responsiveness of PARV+ interneurons to cortical activation in monkeys (Parthasarathy and
Graybiel, 1997), and their low GluR2 levels in conjunction with their enrichment in GluR1
and GluR4 yielding mainly Ca2+-permeable AMPA receptors predicts that they should be
vulnerable to excitotoxic injury and neurodegenerative disease in primates. The relatively
low GluR1-GluR4 levels in ChAT+ and large CALR+ interneurons and their sparse cortical
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input (Lapper and Bolam, 1992) suggests they, by contrast, should have low vulnerability to
excitotoxicity (Ferrante et al., 1993). Further studies in primates are needed to determine if
these striatal neuron types respond to ischemic or excitotoxic injury as predicted from their
AMPA subunit profile.

Finally, some authors have also noted that AMPA-rich striatal neurons are vulnerable in
Huntington’s disease (HD), while AMPA-poor neurons are resistant, and on this basis
suggested that AMPA receptor-mediated excitotoxicity may be involved in HD pathogenesis
(Tallaksen-Green and Albin, 1994; Chen et al., 1995, 1996). Mutant mouse models,
however, have implicated enhanced NMDA receptor sensitivity in HD (Song et al., 2003;
Fan and Raymond, 2007), and evaluation of a role of AMPA receptors needs to consider the
impact of disease on AMPA subunit RNA editing, protein production, posttranslational
modification, and synaptic localization (Akbarian et al., 1995), which may render the role of
AMPA receptors different in HD than in global ischemia or excitotoxicity. A role of AMPA
receptors in HD pathogenesis, however, cannot be discounted, since NMDA receptor
antagonist clinical trials have not shown significant benefit (Fan and Raymond, 2007).

4. Experimental procedures
4.1 Experimental Subjects

We carried out immunohistochemical studies to determine the localization of AMPA
receptor subunits in striatum of rhesus monkey. Three adult rhesus monkeys (Macaca
Mulatta) weighing between 5 and 10kg were used. Animal use was carried out in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals, Society for Neuroscience Guidelines, and the University of Alabama at
Birmingham and University of Tennessee Health Science Center Guidelines.

4.2 Light Microscopic Immunohistochemical Single-Label Studies
Monkey brain tissue used in this study was provided by Dr. Paul D.R. Gamlin of the
University of Alabama at Birmingham. Rhesus monkeys were deeply anesthetized with
sodium pentobarbital and transcardially perfused with 0.1M sodium phosphate buffer (PB)
(pH7.4) followed by 4% paraformaldehyde in 0.1M PB (pH 7.4). The brains were removed,
post-fixed for 2–6 hours, and cryoprotected in a solution of 20% sucrose-10% glycerol-0.01
sodium azide in 0.1 M PB at 4°C. Transverse sections through the basal ganglia were cut
frozen (50μm) on a sliding microtome, sequentially collected into 48 separate
compartments, and stored at 4°C in 0.1M PB-0.01% sodium azide until processed for
immunolabeling.

Following rinses in 0.1M PB, the free-floating sections were incubated at 4°C with slight
agitation for 48–72 hours in anti-GluR1, anti-GluR2, anti-GluR2/3 or anti-GluR4 diluted
with 5% normal goat serum - 0.3% Triton X-100 - 0.01% sodium azide in 0.1M PB (host
species, dilution, sources and specificities for the GluR1-4 antibodies are listed in table 5).
The antibodies for glutamate receptors were generated against synthetic fragments of rat
AMPA subunits, with the anti-GluR2/3 recognizing an epitope common to rat GluR2 and
GluR3. The anti-GluR antibodies are specific for their target antigens (table 5).

To relate GluR1-4 immunolabeled neurons to specific types of basal ganglia neurons by
perikaryal size and shape, striatal neurons were immunolabeled for type-specific antigens,
with immunolabeling for each antigen in a separate series of sections. Mouse anti-calbindin
was used to characterize striatal projection neurons, although it should be noted that only
projection neurons of the matrix compartment contain calbindin (CALB) and a small
fraction of CALB+ striatal neurons appear to be aspiny interneurons (Gerfen et al., 1985;
Bennett and Bolam, 1993b; Kubota et al., 1993). Striatal interneuron types were visualized
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by immunolabeling for parvalbumin (PARV), calretinin (CALR), choline acetyltransferase
(ChAT) or somatostatin (SS) (table 5). As noted above, many of the medium-sized CALR+
striatal neurons appear to be projection neurons. Finally, some sections were immunolabeled
for the neuronal nuclear antigen (NeuN) to determine total neuron abundance in the
striatum. The antibodies used to visualize these various basal ganglia neuron types, the
dilutions used, their sources and their specificities are listed in table 5. For these primary
antibody incubations as well, free-floating sections were incubated at 4°C with slight
agitation for 48–72 hours in antibody diluted with 5% normal goat serum - 0.3% Triton
X-100 - 0.01% sodium azide in 0.1M PB.

After incubation in the primary antibody, the sections were rinsed 3 times in 0.1M PB,
incubated for 1–2 hours in donkey anti-rabbit, anti-mouse, or anti-goat antiserum (Jackson
ImmunoResearch Labs, West Grove, PA) diluted 1:50, rinsed three times in 0.1M PB, and
then incubated in a rabbit, mouse, or rat peroxidase-antiperoxidase (PAP) complex
(Sternberger Monoclonals, Lutherville, MD) for 1–2 hours diluted 1:100. The secondary
antisera and PAP were diluted in 0.1M PB containing 0.3% Triton X - 0.01% sodium azide,
and the incubations were at room temperature with gentle agitation. Sections were then
rinsed in 0.1M PB, the labeling visualized using diaminobenzidine tetrahydrochloride
(DAB) as in our prior studies (Anderson and Reiner, 1991; Chen et al., 1996; Reiner et al.,
1999; Deng et al., 2007), and the sections rinsed, mounted on gelatin-coated slides, dried,
dehydrated, cleared with xylene and coverslipped with Permount®.

4.3 Analysis
All sections were examined using an Olympus BH-2 microscope, and illustrations shown
here of this labeling were prepared digitally using Adobe Photoshop (v6.0). Contrast was
enhanced, sharpness increased, and minor imperfections removed using the editing
capabilities of this program.

4.3.1 Perikaryal Size Measurements—The mean perikaryal diameter was determined
in caudate and putamen for neurons immunostained for GluR1, GluR2, GluR2/3, and
GluR4. The sizes of CALB+, PARV+, CALR+, ChAT+, and SS+ perikarya were also
measured to assist in matching specific cell types with neurons possessing specific types of
AMPA subunits. To measure perikaryal size, random images of caudate and putamen for
each marker were used, with the images captured digitally using a 20× objective on an
Olympus BH-2 microscope, and analyzed using the public domain software NIH Image J.
The perikaryal sizes of the neurons in these images were determined by measuring the long
axes for each. To avoid including cellular fragments in the size determinations, the captured
images were taken through a focal plane below the surface of the section. About 200
perikarya for each neuronal subtype were measured in random fields of caudate and
putamen. A perikaryal size distribution histogram was then generated to compare the size
range for each neuronal type (Fig. 4). Since all CALB and SS neurons were smaller than
19μm, while 98% of ChAT interneurons were ≥19μm, we categorized perikarya smaller
than 19μm as medium-sized and those perikarya ≥19μm as large. While the size frequency
histograms for CALB, ChAT, PARV and SS showed one main peak, that for CALR+
perikarya showed two clear peaks, one ≥19μm and one <19μm). We thus recognized two
CALR+ neuron types: a large subgroup and a medium-sized subgroup. Since CALB+,
ChAT+, PARV+, SS+ perikarya size distributions showed a single peak, we present the
average diameter for each of these types without distinguishing between medium-sized and
large perikarya. For CALR interneurons, we present separately the mean for the large and
medium-sized subgroups. Since the perikarya immunolabeled for the AMPA subunits
studied here also included large and medium-sized subgroups, we present the mean sizes for
these subgroups as well.
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4.3.2 Cell-type Abundance Determination—The abundance of neurons in caudate and
putamen immunostained for GluR1, GluR2, GluR2/3, GluR4, CALB, PARV, CALR,
ChAT, SS and NeuN was determined per unit area. For each case, labeled perikaryal
abundance was determined in sixteen 400×400 μm2 fields chosen at random for CALB,
GluR1, GluR2, GluR2/3, and eight 400×400 μm2 fields for NeuN, using an Olympus
microscope with an eyepiece graticule. Twelve 1600×1600 μm2 fields were chosen at
random for measuring the abundance of ChAT+, PARV+, CALR+, SS+, and GluR4+
neurons, which were sparse. At least 400 of each neuron type were counted, and counts for
each type were then corrected by the Abercrombie correction (Abercrombie, 1946). To
express the frequency of each striatal neuron type as a percent of all striatal neurons, the
areal abundance of each type was expressed as a percent of the areal abundance of those
immunolabeled for NeuN (representing all striatal neurons). This approach suffices for our
goal of establishing the relative abundance of striatal neuron types possessing specific
GluRs (Saper, 1996).
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Fig. 1.
Images of NeuN-immunolabeled neurons in caudate (A) and putamen (B) of rhesus monkey.
Scale bar = 50 μm. Magnification in A and B are the same.
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Fig. 2.
Images of neurons immunolabeled for CALB (A, B), PARV (C), and ChAT (D) in rhesus
monkey striatum. Note that CALB+ neurons are medium-sized (A, low power; B, high
power). PARV+ neurons are medium to large in size, and ChAT+ neurons are large,
Immunolabeled primary dendrites are evident in both C and D. Magnification in B-D is the
same.

Deng et al. Page 22

Brain Res. Author manuscript; available in PMC 2011 July 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Images of neurons immunolabeled for CALR (A) and SS (B) in monkey striatum. Note that
large neurons (arrow) and medium-sized neurons (arrowhead) are immunolabeled for
CALR, but only medium-sized neurons are immunolabeled for SS. The inset in A shows a
large CALR+ perikaryon with immunolabeled primary dendrites. Magnification in A and B
are the same.
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Fig. 4.
Frequency histograms for perikaryal size of striatal neurons immunolabeled for CALB (A),
SS (B), CALR (C), PARV (D) and ChAT (E) in monkey caudate and putamen. About 200
perikarya for each marker were randomly measured in striatum. Note that CALB+, SS+,
PARV+, and ChAT+ neuron size distributions are relatively narrow and largely with a
single peak. The histograms show that the CALB+ and SS+ perikarya were medium-size,
while PARV+ perikarya were medium to large-sized, and ChAT+ neurons were large
(≥19μm). The CALR+ perikarya size distribution was broad and showed two peaks,
indicating that CALR+ neurons included a medium-sized and a large-sized population. As
noted in the text, the large CALR+ neurons represent a subset of the cholinergic striatal
interneurons.
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Fig. 5.
Frequency histograms for perikaryal size distribution of neurons immunolabeled for GluR1
(A), GluR2 (B), GluR2/3 (C), and GluR4 (D) in monkey caudate and putamen. About 200
perikarya for each subunit were randomly measured in striatum. Note that the AMPA
subunits were found in both medium-sized and large neurons.
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Fig. 6.
Low power (A) and high power (B, C) images of GluR1-immunolabeled neurons in monkey
caudate (B) and putamen (A, C). Note that a sparse population of large neurons (arrow) and
most of the medium-sized neurons are moderately immunolabeled. Some medium- to large-
sized neurons are, however, intensely labeled for GluR1 (arrowhead). Magnification in B
and C are the same.
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Fig. 7.
Comparison of size frequency histograms between immunolabeled striatal neuron types and
specific GluRs. Graph A shows that the perikaryal size distribution of the CALB+ projection
neurons matches that of the GluR1+ neurons, indicating that the vast majority of the GluR1+
perikarya are projection neurons. The size distributions for the moderately labeled and
intensely labeled GluR1+ perikarya are shown separately, as is the distribution for all
GluR1+ perikarya combined. Note that two GluR1 peaks are evident, aligning with apparent
projection neuron peaks at 10μm and 12μm. Graph B shows the perikaryal size distributions
for PARV+ and ChAT+ interneurons compared to that for the GluR1+ neurons that are
intensely labeled and possess dendrites. Note that the PARV+ neuron size distribution
closely matches the size distribution of GluR1+ neurons that are intensely labeled and
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possess dendrites, indicating that all PARV+ neurons are likely to be GluR1-rich in rhesus.
Graph C shows that the perikaryal size distribution of the CALB+ projection neurons
matches that of the GluR2+ neurons and GluR2/3+ neurons, indicating that the vast majority
of the GluR2+ and GuR2/3+ perikarya are projection neurons. Graph D shows that the
perikaryal size distribution of the PARV+ and ChAT+ neurons compared to that for the
GluR4+ neurons. Note the close match of the GluR4 distribution to the PARV+ neuron
distribution, and the overlap of the GluR4 and ChAT distributions, indicating that the vast
majority of the PARV+ neurons possess GluR4, and about half of the ChAT neuron do.
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Fig. 8.
Low power (A) and high power (B, C) images of GluR2-immunolabeled neurons in monkey
caudate (B) and putamen (A, C). Note that a sparse population of large neurons (arrow) and
numerous medium-sized neurons are labeled. Notably pale streaks in A represent fiber
bundles. Magnification in B, C are the same.
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Fig. 9.
Images of GluR2/3-immunolabeled (A, C) and GluR4+ (B, D) neurons in monkey striatum.
Note that numerous striatal neurons are labeled for GluR2/3, while only sparse medium-
sized to large neurons are labeled for GluR4. Notably pale streaks in A represent fiber
bundles. Magnification in A, C, and D are the same.

Deng et al. Page 30

Brain Res. Author manuscript; available in PMC 2011 July 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Deng et al. Page 31

Table 1
Size of Immunolabeled Striatal Perikarya in Monkey

Perikaryal size of neurons immunolabeled for striatal neuronal markers and AMPA subunits in caudate and
putamen of rhesus monkey. The immunolabeling for some AMPA units and neuron types are divided into
subcategories based on their staining intensity and/or perikaryal size (large ≥19μm; medium-sized <19μm).
Sizes are expressed as mean ± SD

Marker Labeled Perikarya Categories Caudate (μm) Putamen (μm) Combined (μm)

CALB All 11.3±1.5 (matrix) 11.4±1.9 (striosome+matrix) 11.4±1.7

CHAT All 26.5±4.8 26.7±4.8 26.6±4.8

PARV All 15.0±3.0 14.2±2.7 14.3±2.8

CALR Large (≥19μm) 25.4±3.8 26.4±4.0 26.1±4.0

CALR Medium-sized (<19μm) 10.9±1.9 11.9±2.1 11.4±2.1

SS All 13.0±1.5 13.1±2.1 13.0±1.8

GluR1 Large (≥19μm) (moderately labeled) 25.5±4.1 24.3±3.5 25.1±4.0

GluR1 Medium-sized (<19μm) (moderately labeled) 10.4±1.0 10.9±1.0 10.6±1.0

GluR1 Medium-sized (<19μm) (intensely labeled) 12.6±2.2 12.9±1.8 12.8±2.0

GluR1 Large (≥19μm) (intensely labeled) 22.6±3.1 21.6±1.7 22.0±2.3

GluR2 Large (≥19μm) 23.7±2.6 24.7±3.9 24.2±3.3

GluR2 Medium-sized (<19μm) 11.0±1.7 10.6±1.7 10.7±1.6

GluR2/3 Large (≥19μm) 23.4±2.2 23.3±2.3 23.3±2.2

GluR2/3 Medium-sized (<19μm) 10.6±1.4 10.5±1.5 10.5±1.4

GluR4 Large (≥19μm) 24.5±2.4 25.8±3.4 26.1±2.9

GluR4 Medium-sized (<19μm) 13.6±1.8 13.8±1.6 13.7±1.8

N=3

Abbreviations: CALB, calbindin; PARV, parvalbumin; ChAT, choline acetyltransferase; SS, somatostatin; CALR, calretinin.

Brain Res. Author manuscript; available in PMC 2011 July 16.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Deng et al. Page 32

Table 2
Immunolabeled Neuron Types as Percent of all Striatal Neurons in Monkey

Frequency of the different types of immunolabeled perikarya in the rhesus monkey striatum. The perikarya
immunolabeled for neuronal markers (ChAT, PARV, CALR, SS, CALB) and GluR1, GluR2, GluR2/3, and
GluR4 are expressed as a percentage of NeuN labeled perikarya in adjacent sections of that region (caudate
and putamen, respectively). Some AMPA units and neuron types are divided into subcategories based on their
staining intensity and/or perikaryal size (large ≥19μm; medium-sized <19μm). Frequencies are expressed as
mean ± SD.

Marker Labeled Neuron Categories Caudate Putamen Combined

CALB All 95.1±18.1% (matrix) 82.8±20.3% (striosome+matrix) 88.9±19.3%

CHAT All 1.1±0.2% 0.9±0.2% 1.0±0.2%

PARV All 1.0±0.2% 2.4±0.3% 1.7±0.8%

CALR Large (≥19μm) 0.3±0.1% 0.3±0.1% 0.3±0.1%

CALR Medium-sized (<19μm) 8.8±2.0% 3.9±0.7% 6.3±2.7%

SS Medium-sized (<19μm) 1.9±0.5% 1.2±0.4% 1.5±0.5%

GluR1 Large (≥19μm) (moderately labeled) 1.6±0.8% 1.0±0.3% 1.3±0.6%

GluR1 Medium-sized (<19μm) (moderately labeled) 45.8±12.3% 47.1±11.9% 46.4±9.8%

GluR1 Large (≥19μm) (intensely labeled) 0.2±0.1% 0.2±0.1% 0.2±0.1%

GluR1 Medium-sized (<19μm) (intensely labeled) 18.2±4.2% 15.1±1.7% 16.6±3.3%

GluR2 Large (≥19μm) 0.6±0.3% 0.7±0.2% 0.6±0.2%

GluR2 Medium-sized (<19μm) 76.9±12.6% 79.5±3.9% 78.2±8.4%

GluR2/3 Large (≥19μm) 0.9±0.8% 1.4±0.5% 1.1±0.6%

GluR2/3 Medium-sized (<19μm) 76.0±9.3% 71.7±8.1% 74.0±8.2%

GluR4 Large (≥19μm) 0.6±0.1% 0.5±0.2% 0.5±0.1%

GluR4 Medium-sized (<19μm) 2.0±0.1% 1.9±0.1% 1.9±0.1%

N=3

Abbreviations: CALB, calbindin; PARV, parvalbumin; ChAT, choline acetyltransferase; SS, somatostatin; CALR, calretinin.
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Table 3
Neuron Types as Inferred Percent of all Striatal Neurons in Monkey

Inferred frequencies of the major striatal neuron types studied here. See text for explanation of how these
estimates were derived.

Marker Labeled Neuron Categories Caudate Putamen

CALB Projection Neurons 94% 94%

ChAT Interneuron 1.1% 0.9%

PARV Interneuron 1.0% 2.4%

CALR Subset of cholinergic interneuron 0.3% 0.3%

CALR Medium-sized interneuron 2.0% 1.5%

CALR Subset of projection neurons 6.8% 2.4%

SS Interneuron 1.9% 1.2%

Abbreviations: CALB, calbindin; PARV, parvalbumin; ChAT, choline acetyltransferase; SS, somatostatin; CALR, calretinin.
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Table 5
Information on the Antibodies Used in This Study

Information on the primary antibodies used in the present study, with their dilutions, animal host, supplier, and
key references indicating antibody specificity.

Antibody Dilution Animal source Company References

GluR1 1–3μg/ml rabbit Chemicon International Inc., Temecula, CA Patralia and Wenthold, 1992

GluR2/3 1–3μg/ml rabbit Chemicon International Inc., Temecula, CA Wenthold et al., 1992

GluR2 1–3μg/ml mouse Chemicon International Inc., Temecula, CA Vissavajjhala et al., 1996

GluR4 1–3μg/ml rabbit Chemicon International Inc., Temecula, CA Wenthold et al., 1992

CALB 1:500 mouse Sigma-Aldrich, St. Louis, MO Celio et al., 1990

ChAT 1:100 goat Chemicon International Inc., Temecula, CA Shiromani et al., 1987

SS 1:100 mouse Drs. J.C. Brown & S.R. Vincent, Vancouver, BC, Canada Vincent and Johansson, 1983

CALR 1:1000 mouse Swant, Bellinzona, Switzerland Zimmermann and Schwaller, 2002

NeuN 1:1000 mouse Chemicon International Inc., Temecula, CA Mullen et al, 1992

CALB, calbindin; PARV, parvalbumin; ChAT, choline acetyltransferase; SS, somatostatin; CALR, calretinin.
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