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Abstract—Ionotropic glutamate receptors in the substantia nigra pars compacta regulate the activity of
dopamine neurons. We have used dual-label immunofluoresence and confocal laser microscopy to study
the localization of subunits of two types of ionotropic receptors within the substantia nigra pars compacta
of the rat. Immunostaining for N-methyl-p-aspartate receptor 1 and glutamate receptor 2/3 was prominent
in the soma and proximal dendrites of all tyrosine hydroxylase-immunopositive cells, while only low
amounts of N-methyl-p-aspartate receptor 2A and N-methyl-D-aspartate receptor 2B were present.
Selective antibodies were used to determine the isoforms of N-methyl-D-aspartate receptor 1 present.
Immunostaining for the N1, C1 and C2 variably spliced segments of N-methyl-D-aspartate receptor | were
scarce in the substantia nigra pars compacta, while immunoreactivity for the alternative C2' terminus of
N-methyl-p-aspartate receptor 1 was quite abundant. Staining for glutamate receptor 1 was hetero-
geneous; about half of the tyrosine hydroxylase immunopositive cells stained intensely, while the other
half were immunonegative. The glutamate receptor 1-stained cells were concentrated in the ventral tier of
the substantia nigra pars compacta. Glutamate receptor 4 was not found in tyrosine hydroxylase-
immunopositive cells within the substantia nigra pars compacta.

Together, these data demonstrate that dopaminergic neurons in the substantia nigra pars compacta
express primarily glutamate receptor 1, glutamate receptor 2/3 and N-methyl-D-aspartate receptor 1

isoforms containing the alternative C2’ terminus. © 1998 IBRO. Published by Elsevier Science Ltd.
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Neurons of the substantia nigra pars compacta
(SNpc) provide dopaminergic innervation to the
striatum (caudate and putamen). Progressive degen-
eration of this nigrostriatal pathway causes the
common human neurological disorder, Parkinson’s
disease (PD). The excitatory transmitter glutamate is
thought to modulate the activity of these cells and
may have a role in their selective death in PD.** Of
the several types of glutamate receptors, those most
closely linked to the regulation of the nigrostriatal
pathway are two families of ionotropic receptor:
N-methyl-p-aspartate (NMDA) and a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionate (AMPA).
Electrophysiological and pharmacological evidence
suggests that, in the rat, receptors of both types are
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Abbreviations: AMPA,  a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate; DA, dopamine; FITC, fluorescein
isothiocyanate; GluR, glutamate receptor subunit;
NMDA, N-methyl-D-aspartate; NMDAR, N-methyl-n-
aspartate receptor subunit; PBS, phosphate-buffered
saline; PD, Parkinson’s disease; SNpc, substantia nigra
pars compacta; TH, tyrosine hydroxylase.
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located on the soma and dendrites of dopaminergic
neurons and regulate their electrical activity.>!° The
rodent SNpc contains abundant NMDA- and
AMPA-type glutamate binding sites,' but the cellular
localization and structural nature of the receptors
responsible are not known.

Recent advances in molecular biology have greatly
improved our understanding of the structure, prop-
erties and expression of NMDA and AMPA recep-
tors. NMDA receptor subunits are encoded by two
families of genes, designated N-methyl-p-aspartate
receptor 1 (NMDARI1) and NMDAR2.'*** The
NMDARI1 class comprises eight splice variants of a
single gene, while the NMDAR?2 class consists of
four different gene products (NMDAR2A-D) 21315
Isoforms of NMDARTL are produced by alternative
splicing of three cassettes encoding a short, 21-
amino-acid segment in the amino terminus (termed
N1), as well as two longer, adjacent segments in the
carboxy terminus (termed C1 and (C2).!!17.33.44.51
Splicing out the region encoding the C2 segment
removes the first stop codon and results in an
extended open reading frame that encodes an
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Table 1. Antibodies used for immunohistochemical localization of N-methyl-p-aspartate and a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionate receptor subunit proteins

Specificity Identifier Antigen Amino acids Dilution Reference
NMDARI 54.1 Fusion protein 660-811 1:250 41
NMDARI, NI 22282 Peptide 1--21 of exon S 0.5 pg/ml 40
NMDARI, Ct 17182 Peptide 864-900 0.5 pg/ml 40
NMDARI, C2 C2 Peptide 923-938 1:500 3
NMDARI, C2 c2 Peptide 1-17 of C2' segment 1:800 20
NMDAR2A 2A Fusion protein 1253-1391 1:500 14
NMDAR2B 2B Fusion protein 9841104 1:1000 14
GluR1 Ab7 Peptide 877-889 1:200 50
GIuR2/3 Ab25 Peptide 850-862 1:200 50
GluR4 Ab22 Peptide 868-881 1:200 50

Listed are the specificity, identifying name or number, type of antigen, and working dilution for the NMDA and AMPA
receptor subunit protein antibodies used in this study. All antibodies were raised in rabbits except NMDARI, which was
raised in mouse. The references listed describe these antibodies in more detail.

alternative carboxy terminal sequence of 22 amino
acids (termed C2').>' AMPA receptor complexes are
also heteromeric assemblies of subunits composed
of combinations of four proteins (glutamate recep-
tor subunits 1-4, GluR1-GluR4) encoded by four
distinct genes.® In vitro, the pharmacological
and electrophysiological properties of heteromeric
NMDA and AMPA receptors vary depending on the
Subunits preSCnt.7J 1.17,19,21,31,32,34,50

To determine which glutamate receptor subunits
were present in dopaminergic neurons of the SNpc in
the rat, we used dual-label immunofluoresence and
confocal laser microscopy to study the localization of
NMDARMI, its variably spliced segments (N1, C1, C2
and C2), NMDAR2A, NMDAR2B and GluR1-
GluR4 receptor proteins in these neurons, identified
by the presence of tyrosine hydroxylase (TH).

EXPERIMENTAL PROCEDURES

Antibodies and antisera

All antisera used in this study have been characterized
previously (see Table 1). Two affinity purified antibodies
were obtained from Dr Morgan Sheng, of the Neurobiology
Department and Howard Hughes Medical Institute at
Massachusetts General Hospital. These antibodies were
produced using peptide immunogens in rabbits and are
designated 22282 (for the N1 segment of NMDARI1) and
17182 (C1 segment of NMDARI). These antibodies have
been characterized extensively by immunoblotting tech-
niques with extracts of rat brain.*’ The rabbit antiserum to
the C2 segment of NMDARI was obtained from Dr Ted
Dawson of Johns Hopkins University. This antiserum has
been characterized by immunoblot analysis of rat brain
extracts and NMDAR! protein expressed in transtected
cells, and used in several previous immunohistochemical
studies of the rat visual cortex.”* The mouse monoclonal

antibody to NMDART (54.1) was purchased from Pharmi-
gen (San Diego, CA) and has been characterized pre-
viously.*! The rabbit polyclonal antibodies to NMDAR2A
and NMDAR2B were purchased from Chemicon
(Temecula, CA).'* The rabbit polyclonal antibodies to
GluR1, GluR2/3 and GluR4 were provided by Dr Robert
Wenthold and have been described previously.*** A mouse
monoclonal antibody to rat* TH (TH-2 clone) was pur-
chased from Sigma Chemical Co. (St Louis, MO), while a
rabbit polyclonal antibody to TH was obtained from
Chemicon (ABI152).

Imnunohistochemistry

Dual-label immunohistochemistry was conducted as de-
scribed previously.*>*>% Experiments were conducted in
male Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA; 250-300 g) in accordance with the NIH
Guide for the Care and Use of Laboratory Animals, and were
approved by the MGH Subcommittee on Research Animal
Care. Rats were deeply anesthetized with pentobarbital and
perfused with normal saline followed by 4% paraformalde-
hyde in 0.1 M sodium phosphate buffer (pH 7.4) containing
0.9% NaCl (PBS). at room temperature. The brains were
removed, postfixed for 1 h, cryoprotected overnight in 30%
sucrose at 4°C and frozen in isopentane cooled with dry ice.
Sections (50 pm) were cut using a freezing microtome and
either processed immediately for immunohistochemistry or
stored in 50% glycerol in 100 mM Tris (pH 7.5) at —20°C.

For immunohistochemistry, sections were washed in PBS,
incubated in 3% normal goat serum with 0.3% Triton X-100
in PBS for 1h, then incubated for 24-48h at 4°C
(NMDAR2A, NMDAR2B; GluR1--GluR4; NI, CI, C2,
C2’; monoclonal TH) or room temperature {monocional
NMDARI; polyclonal TH), in the same solution containing
primary antibodies to an NMDA receptor or AMPA recep-
tor subunit in combination with an antibody to TH. Sec-
tions were then washed in PBS and incubated sequentially
in two fluorescent secondary antibodies [one Cy3 conju-
gated and the other either fluorescein isothiocyanate (FITC)
or Cy2 conjugated; Jackson Laboratories, West Grove, PA].
The sections were mounted on gelatin-coated slides, dried,

Fig. 1. Localization of NMDA receptor subunit immunoreactivity in TH-positive neurons of the SNpc.
Panels on the left demonstrate immunohistochemical staining for NMDARI (A), NMDAR2A (C) and
NMDAR2B (E). Panels on the right (B, D, F) illustrate staining of the same sections for TH. Staining
for NMDARTL is present in both TH-positive and TH-negative cells. The antibody to NMDAR2A or
NMDARZ2B produced low levels of staining in TH-positive cells. The staining pattern of NMDAR2A was
limited to the cytoplasmic areas, while NMDAR2B immunostaining was more prominent in the neuropil.
The arrows point to TH-positive cells stained lightly for NMDAR2A (C. D) and NMDAR2B (E, F). Scale
bar=150 um.
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Fig. 2. ngh magmﬁcatlon ofNMDARl ﬁmﬁﬁﬁbrﬁactivify in Tﬁ-poéitive ﬁkel‘.xrons.o‘ft e

Npc. The panel

on the left demonstrates immunostaining for NMDARI1 (A). The panel on the right illustrates staining of
the same section for TH (B). NMDARI1 immunostaining is present in both TH-positive (arrows) and
TH-negative neurons (arrowheads). Scale bar=10 um.

and coverslipped using glycerol containing 100 mM Tris
(pH 8.0) and 2% p-phenylenediamine (Sigma) to retard
fading. Preparations were examined using a BioRad Laser
Confocal system (MRC 1000) equipped with a Leica
DMBR microscope and an argon/krypton laser. High-
magnification images were obtained using an oil-immersion
lens with a numerical aperture of 1.4. Images were obtained
by illuminating the section with a single laser line and
collecting the image using an appropriate emission filter: for
Cy3, excitation at 568 nm and a 605-nm long-pass filter;
for FITC or Cy2, excitation at 488 nm and a 522-nm
band-pass filter. For each wavelength, four sequential im-
ages 1024 x 1024 pixels in size with an eight-bit pixel depth
were obtained and averaged, using a Kalman filtering
method to reduce noise. Dual-label images were performed
by collecting the separate images sequentially, and recon-
structing the images in color using Adobe Photoshop
software on a Macintosh computer.

Each experiment included control tissue, processed with
omission of primary antibodies but with both Cy3 and
FITC or Cy2 secondary antibodies. These sections were
examined both by fluorescence microscopy and laser con-
focal microscopy, and exhibited no detectable signal. Pre-
absorption controls were conducted for each of the
antibodies for which such experiments have not been
reported previously. The immunostaining patterns of the
N1, C1 and C2’ antibodies were eliminated after preincuba-
tion of these antisera with their respective peptide immuno-
gens at a concentration of 1-10 uM (data not shown).

RESULTS

N-Methyl-D-aspartate receptor subunits in the sub-
stantia nigra pars compacta

The polyclonal antibody to TH produced intense
labeling of the soma and dendrites of large neurons
in the SNpc (Fig. 1). Dual-label experiments with
the monoclonal NMDARI1 pan antibody revealed
all of the TH-positive neurons to exhibit in-
tense NMDAR1 immunoreactivity (Fig. 1A). The
NMDARI immunostaining had a punctate appear-
ance and was mostly abundant in the cytoplasm of
neurons. Distinct clusters of NMDAR!1 immuno-
staining could be detected throughout the cytoplasm
of TH-positive neurons (Fig. 2). NMDAR!1 immuno-
staining was also present in the neuropil. Some of
the distinct, intensely labeled puncta appeared to be
present within the large, TH-immunoreactive pro-
cesses of SNpc neurons, while other puncta were not
associated with TH-labeled structures.

Staining of the SNpc with the antibodies targeted
to the alternatively spliced regions of NMDARI1
revealed that the TH-positive neurons exhibi-
ted a characteristic pattern of immunoreactivity.

Fig. 3. Presence of alternatively spliced segments of NMDAR1 in TH-positive neurons of the SNpc. The
left panel illustrates the immunoreactivity of N1 (A), C1 (C), C2 (E) and C2' (G) splice segments of
NMDARI. The right panel (B, D, F, H) illustrates the staining for TH in the same sections. N1
immunoreactivity was very low in TH-positive cells (arrow; A, B). In contrast, adjacent TH-negative
neurons were immunoreactive for N1 (arrowhead). Both antibodies to C1 and C2 produced little labeling
of the TH-positive neurons (arrows; C, D and E, F, respectively). However, TH-negative cells contained
immunoreactive puncta of Cl (arrowhead), whereas C2 intensely labeled fibers coursing through the
region. Antiserum to C2’ produced intense labeling of TH-positive cells (arrow) and TH-negative cells
(arrowhead; G, H). Scale bar=10 pm.
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TH-positive neurons, identified with the mono-
clonal antibody, exhibited only very rare NI-
immunoreactive puncta (Fig. 3A). In contrast, many
adjacent TH-negative neurons contained abundant
N1 immunoreactivity. In these cells, there was intense
staining of small immunoreactive puncta in the cyto-
plasm, along the plasma membrane and within proxi-
mal processes. There was also punctate staining
of the neuropil. A similar pattern of staining was
observed using the antibody to the C1 segment of
NMDARI; only a few immunoreactive puncta were
observed in the cytoplasm and proximal processes of
TH-positive neurons, while some of the adjacent
TH-negative cells contained fairly numerous collec-
tions of these puncta (Fig. 3C). The antiserum to the
C2 segment of NMDARI also produced very little
labeling of the TH-positive neurons of the SNpc (Fig.
3E). However, it did produce intense labeling of a
small number of beaded fibers coursing through the
region. Similar beaded fibers were seen in other
regions of the brain, particularly in the bed nucleus of
the stria terminalis, as described recently using a
different C2 segment antibody.'® The antiserum to
the C2' segment of the NMDARI1 was the only
splice-segment-specific antibody that produced in-
tense labeling of TH-positive neurons (Fig. 3G). The
staining pattern of this alternatively spliced region in
TH-positive neurons was similar to that observed
with the NMDARI1 pan antibody. There was intense
C2’ staining present throughout the soma and proxi-
mal dendrites of TH-positive neurons, and labeled
puncta were observed within and along TH-positive
processes throughout the SNpc.

Immunoreactivity for both NMDAR2A and
NMDARZ2B proteins was low in the SNpc; within
TH-positive neurons, NMDAR2A and NMDAR2B
immunostaining was weak (Fig. 1C, E), and was
detected within the cytoplasm (NMDAR2A and
NMDARZ2B) and the neuropil (NMDARZ2B). In the
same preparations, neurons in the hippocampus and
cerebral cortex were strongly immunoreactive for
these receptor subunits (not illustrated).

a- Amino-3-hydroxy-5-methyl-4-isoxazolepropionate
receptor subunits in the substantia nigra pars compacta

The most striking feature of the GluR1 immuno-
staining within the SNpc was the heterogeneity in
staining intensity of TH-positive neurons. Most of
the GluRl immunoreactivity was associated with
TH-positive cells in the ventral tier of the SNpc (Fig.
4A, B). At higher magnification, intense GluR 1 stain-
ing of the cytoplasm and dendritic processes of these
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cells was evident (Fig. 5A, B). In contrast, many of
the TH-positive cells in the more dorsal part of the
SNpc contained little or no immunostaining for
GluR1] (Fig. 4A, B). GluR2/3 immunostaining in the
SNpc was also intense, but more homogeneously
distributed (Fig. 4D). All of the TH-positive SNpc
neurons examined exhibited somatic and dendritic
staining for GluR2/3 (Fig. 5C, D). There was no
observable GluR4 immunoreactivity associated with
TH-positive cells in the SNpc (Fig. 4F). GluR4-
immunoreactive cells were present in the substantia
nigra pars reticulata, particularly the lateral part, but
these were not stained for TH.

DISCUSSION

Using a well-characterized panel of antibodies to
the NMDA and AMPA receptor subunits, we have
found immunoreactivity for a subset of these proteins
in the soma and proximal processes of TH-positive
neurons in the SNpc. These experiments extend pre-
vious immunohistochemical observations and dem-
onstrate directly the existence of NMDA and AMPA
receptors on TH-positive cells in the rat SNpc, which
has been inferred from electrophysiological and
in situ hybridization experiments.

Localization of N-methyl-p-aspartate and a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionate subunits in
the substantia nigra pars compacta

We observed that TH-positive cells in the SNpc
labeled intensely for the common region of
NMDARI as well as the C2’ splice segment; little
staining was observed for the other splice segments
(i.e. N1, Cl and C2 segments). Thus, the predomi-
nant isoform of NMDARI present in these neurons
appears to be NRlg,, (using the terminology of
Zukin and Bennett®'). In general, these immuno-
histochemical data closely parallel results obtained
with in sire hybridization studies of NMDARI splice
variant mRNA in the SNpc.?”** That is, the mRNA
for the common region of NMDARI1 and isoforms
encoding the C2’ splice segment are abundant, while
isoforms encoding the N1 and Cl segments are
scarce. However, some discrepancy appears to exist
between the distribution of C2 segment immuno-
reactivity and the localization of its mRNA; moder-
ate levels of C2 mRNA were reported in the SNpe,*
although we were unable to detect C2 immuno-
reactivity in these cells. This may be the result of a
variety of factors, including the rate of protein
translation, turnover of each species and variable
intracellular disposition of the protein.?

Fig. 4. AMPA receptor immunoreactivity in the SNpc at low magnification. The right panel illustrates

immunohistochemical staining for GluR1 (B), GluR2/3 (D) and GluR4 (F). The left panel (A, C, E)

illustrates staining of TH in the same sections as B, D and F, respectively. The staining for GluR1 was

confined mainly to TH-positive cells in the ventral tier of the SNpc (B). GluR2/3 was more homogeneously

distributed throughout the SNpc (D). There was no GluR4 immunoreactivity in the SNpc (F). Scale
bar=200 pm.
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Immunoreactivity for both NMDAR2A and
NMDAR2B was weak within TH-positive cells. In
situ hybridization studies have reported only very low
levels of mRNA for NMDAR2B; NMDARZ2A
mRNA was not detected in the SNpc.** The only
previous study of NMDAR?2 subunits is that of
Petralia et a/.*” Using an antibody that recognized
both NMDAR2A and NMDAR2B, they found mod-
erate staining in the region of the substantia nigra.
Localization within the SNpc was not described, and
it is possible that the staining they observed was
associated with non-dopaminergic cells.

We have previously demonstrated the presence of
mRNAs for two additional NMDA receptor sub-
units in the SNpc: NMDAR2C and NMDAR2D.#*
This abundant expression of NMDAR2D in SNpc is
of particular interest because of the unusual physio-
logical properties of channels which contain this
subunit. These channels are characterized by an
extremely long offset decay and weak Mg>* block-
ade.®' Receptor assemblies containing NMDAR2D
also exhibit differential pharmacological properties
as compared to channels which contain NMDAR2A
or NMDAR2B.?® When well-characterized anti-
bodies for these two subunits become available, it will
be of great interest to study the localization of these
proteins in TH-positive cells.

Our present analysis of GluR1-GluR4 subunits in
the SNpc revealed differential distributions of GluR
expression within TH-positive cells. In situ hybridiz-
ation studies suggest that moderate levels of GluR1
mRNA are present.>® Moreover, previous immuno-
histochemical studies have demonstrated moderate to
high levels of the protein in the rat SNpc.?*** Qur
more detailed confocal microscopic study shows that
GluR1 immunoreactivity is distributed heterogene-
ously; it is most abundant in TH-positive neurons in
the ventral tier of the SNpc and scarce in most
neurons in the more dorsal part. A similar gradient of
GluR1 immunostaining in the SNpc was reported by
Paquet et al.® in the squirrel monkey. Other than the
dorsal location, the TH-positive neurons lightly
stained for GluR1 in our study did not display any
morphological features that might differentiate them
from the TH-positive neurons which were more
strongly labeled for GluR1. In situ hybridization
studies have shown that GluR2 mRNA is present in
high levels in the SNpc, whereas GluR3 mRNA is
expressed at relatively low levels in this region.’” We
found that GluR2/3 immunostaining was enriched

throughout the SNpc in a homogeneous manner;
nearly all TH-positive cells were labeled in-
tensely. These findings are consistent with earlier
reports.?*6*® We did not observe any GluR4
immunostaining in TH-positive cells, despite intense
labeling of TH-negative cells in the lateral parts of
the pars reticulata. The absence of GluR4 immuno-
staining in the SNpc is in agreement with the earlier
immunoperoxidase and dual-label fluorescence study
of Martin et al®®* However, somewhat different
results have been reported by others. Using im-
munoperoxidase, Paquet ez al.* found GluR4 immu-
noreactivity in the SNpc of the squirrel monkey.
Petralia and Wenthold,*® using the same antibody
employed in our study, described staining in the
region of the rat SNpc, and GluR4 mRNA has been
reported to be expressed at moderate levels in the
region of the SNpc,>® but it is possible that these
results represent expression of GluR4 in adjacent,
non-dopaminergic cells or fibers. It might be of value
to examine in more detail the localization of GluR4
mRNA in dopaminergic cells of the rat SNpc using
dual-label techniques.

Role of N-methyl-p-aspartate and a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionate subunits in regulating
nigrostriatal function

In awake animals, dopamine (DA) neurons exhibit
both rapid bursting activity, as well as irregular single
spikes. In vitro, bursting activity is not observed
spontaneously, but can be induced by application of
NMDA.*? In vivo, application of NMDA or AMPA
produces dramatic increases in the burst firing pat-
terns of DA neurons, while only NMDA receptor
antagonists reduce the rate of firing below base-
line.>'%*° In contrast, antagonists of non-NMDA
glutamate receptors do not alter the pattern of basal
activity of DA neurons and are not as effective at
blocking the effects of glutamate on DA neuron firing
patterns.”'® Since bursting activity has been corre-
lated with increased release of DA,'® these data
suggest that tonic glutamatergic input mediated by
NMDA receptors in the SNpc is responsible for
regulating the basal secretion of DA, while both
NMDA and AMPA receptors can augment release.

The subunit composition of NMDA receptors is
believed to be an important determinant of the
physiological and pharmacological properties of the
channels (for review see Refs 19 and 51). Our data

Fig. 5. AMPA receptor immunoreactivity in the SNpc at higher magnifications. In each panel, staining of
TH-positive cells is shown in green, while immunoreactivity for AMPA receptor subunits is in red. Specific
AMPA subunit immunoreactivity is as follows: GluR1 (A, B); GluR2/3 (C, D); GluR4 (E, F). The images
in the left panels (A, C, E) are taken at x 40, while the images in the right panels (B, D, F) are taken at
% 100. Some of the TH-positive neurons in the SNpc were lightly labeled for GluR 1, while others were
strongly labeled by GluR1 (A, B). GluR2/3 immunoreactivity was intense in nearly all TH-positive cells
(C, D). GluR4 immunostaining was absent from TH-positive cells (E, F). Scale bars=50 um (A, C, E),
10 um (B, D, F),
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suggest that the predominant form of NMDARI in
TH-positive cells of the rat SNpc is NR1y40. Forms
lacking the N1 segment are relatively pH insensitive*’
and have greater sensitivity to glutamate.'” The C1
cassette contains sites for phosphorylation by protein
kinases A and C, as well as a high-affinity binding site
for calmodulin;'>*® the absence of this segment sug-
gests that SNpc NMDA channels are not strongly
regulated by these mechanisms. SNpc neurons do,
however, appear to accumulate NMDARI splice
form containing the C2' terminus, which has a
consensus sequence for interaction with the PDZ
domains of postsynaptic density protein-95.%°
This postsynaptic density protein interacts with
NMDAR?2 subunits and other proteins, including
neuronal nitric oxide synthase, and participates in
clustering of receptor subunits at synaptic sites.®****
The NMDAR?2 subunits also make important contri-
butions to the properties of NMDA channels, par-
ticularly with respect to the affinities of agonists
and antagonists.?®**3® Qur data suggest that there is
little NMDAR2A or NMDAR2B present in SNpc
neurons, although these subunits are found in
neurons in many other brain structures. If the pre-
dominance of NMDAR2C and NMDAR2D pre-
dicted by in situ hybridization studies** is correct,
then it is likely that the receptor properties of SNpc
NMDA receptors will differ substantially from
NMDA receptors in most other regions.

Our data suggest that there is also selective expres-
sion of AMPA subunits within the SNpc, both with
respect to other regions of the brain and within the
SNpc itself. We found immunostaining for GluR2/3
in alt of the TH-positive neurons of the SNpc. Based
on the earlier in situ hybridization studies,? it seems
likely that this largely reflects the presence of GluR2
subunits, which have an important effect on the
calcium permeability of AMPA channels.'®** We
also found that, in the rat SNpc, GluR1 immuno-
reactivity is abundant in the neurons in the ventral

part of the SNpc, but scarce in the dorsal part. This is
of interest because it parallels the pattern of neuronal
vilnerability observed in PD, where the neuronal loss
is most severe in the ventrolateral region of the
SNpc.'* Extending our knowledge of the anatomical
distribution of glutamate receptors in the SNpc will
provide important insight into the pathophysiologi-
cal properties of these receptors and the subsequent
development of therapeutic agents to treat PD,

CONCLUSIONS

Using a well-characterized panel of antibodies to
NMDA and AMPA receptor subunits and dual-label
confocal microscopy, we have found that the
dopaminergic neurons of the rat SNpc contain the
NMDARI receptor subunit, but little NMDAR2A
or NMDAR?2B protein. The predominant isoform of
NMDARI appears to be the form lacking all three
variably spliced segments (N1, Cl and C2; the
NR1go isoform) and having instead the alternative
C2' terminus. Staining for GluR2/3 was found in all
the TH-positive neurons of the SNpc, but staining for
GluR 1 was heterogeneous, with intense immunoreac-
tivity concentrated in the ventral tier of the SNpc.
There was no observable GluR4 immunoreactivity in
the SNpc. The receptor subunits present are likely to
make important contributions to both the normal
physiological regulation of DA neuron activity, as
well as the vulnerability of these cells to disease
processes.
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