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Polysynaptic Regulation of Glutamate Receptors and Mitochondrial
Enzyme Activities in the Basal Ganglia of Rats with Unilateral
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After nigrostriatal dopaminergic denervation, the output nu-
clei of the basal ganglia, the medial globus pallidus and
substantia nigra pars reticulata (Snr), become overactive, in
part, because of increased activity of excitatory afferents
from the subthalamic nucleus (STN). Because STN uses glu-
tamate as a transmitter, we examined whether there are
regulatory changes in glutamate receptor binding in the bas-
al ganglia. Rats received unilateral 6-hydroxydopamine le-
sions of the medial forebrain bundle and substantia nigra
pars compacta that were confirmed by apomorphine-in-
duced rotation and *H-GBR-12935 binding. As an indirect
index of relative synaptic activity, succinate dehydrogenase
and cytochrome oxidase activities were assayed histochem-
ically in sections adjacent to those used for receptor binding.
There were increases in enzymatic activity in entopedun-
cular nucleus (EP; the rodent homolog of medial globus pal-
lidus), SNr, and globus pallidus (GP, the rodent homoiog of
lateral globus pallidus) in the lesioned hemisphere, sug-
gesting increased synaptic activity, perhaps due to in-
creased firing of the STN. Ipsilateral to the lesion, and post-
synaptic to the STN, there were profound decreases in the
binding of 3H-AMPA («-amino-3-hydroxy-5-methylisoxazole
propionic acid) in EP and SNr (45% and 30%, respectively);
there were no alterations in the striatum, globus pallidus, or
STN, and binding throughout the unlesioned hemisphere was
equivalent to that in unlesioned control animals. In contrast,
3H-MK-801 binding to the NMDA receptor ion channel was
not reduced in SNr, and was too low to be measured reliably
in EP and STN. *H-MK-801 binding was reduced by 6% in
striatum and 39% in globus pallidus. Compared to animals
that did not receive lesions, there were >30% bilateral re-
ductions in striatal binding, which were larger ipsilateral to
the lesion. Our results suggest that the alterations in basal
ganglia circuitry associated with nigrostriatal dopamine de-
pletion are reflected in (1) changes in succinate dehydro-
genase and cytochrome oxidase activities, (2) downregu-
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lation of AMPA receptors in EP and SNr, and (3) bilateral
reductions in striatal NMDA receptors.

[Key words: AMPA receptor, autoradiography, cytochrome
oxidase, excitatory amino acids, 6-hydroxydopamine, NMDA
receptor, Parkinson’s disease, succinate dehydrogenase]

Recent models of basal ganglia circuitry have emphasized the
concept that these nuclei are components of a corticobasal gan-
glionic-thalamo-cortical loop (Albin et al., 1989b; Crossman,
1989; Klockgether and Turski, 1989; DeLong, 1990). The stria-
tum receives excitatory glutamatergic input from all regions of
cerebral cortex (Kemp and Powell, 1970) and a dense dopa-
minergic input from substantia nigra pars compacta (SN¢) (Moore
etal., 1971). The striatum projects directly to the output nuclei
of the basal ganglia, the medial segment of globus pallidus (MGP),
and the substantia nigra pars reticulata (SNr) (Albin et al., 1989b;
Crossman, 1989; Klockgether and Turski, 1989; DeLong, 1990).
The striatum also projects to MGP and SNr indirectly via the
lateral segment of the globus pallidus (LGP) and subthalamic
nucleus (STN) (Albin et al., 1989b; Crossman, 1989; Klock-
gether and Turski, 1989; DeLong, 1990). Both the direct and
indirect striatal projections use the inhibitory amino acid GABA
(and colocalized neuropeptides) as their transmitters (Albin et
al., 1989b). The LGP projection to STN is also GABAergic. In
contrast, the pathways from STN to MGP and SNr are excit-
atory and glutamatergic (Albin et al., 1989a; Smith and Parent,
1989; Robledo and Feger, 1990; Brotchie and Crossman, 1991).
Thus, the activity of the basal ganglia output nuclei, MGP and
SNr, is regulated both by inhibitory GABAergic input from
striatum and excitatory, glutamatergic input from STN. The
MGP and SNr projections to ventrolateral thalamus (VL) are
GABAergic and reduce thalamocortical feedback, which is ex-
citatory and probably glutamatergic (Albin et al., 1989b).

As a result of the dopaminergic denervation of the striatum
in animal models of Parkinson’s disease (PD), there are complex
changes in the functional circuitry of the basal ganglia (Albin et
al., 1989b; Crossman, 1989; Klockgether and Turski, 1989;
DeLong, 1990). Striatal GABAergic neurons projecting directly
to MGP and SNr become underactive (Crossman, 1989). Thus,
there is less inhibition of the output nuclei of the basal ganglia
(MGP and SNr). In addition, striatal GABAergic neurons pro-
jecting to LGP become overactive (Mitchell et al., 1989). There-
fore, the firing rate of the LGP GABAergic projection to STN
decreases, the STN is disinhibited, and the firing rates of its
excitatory, glutamatergic projections to MGP and SNr increase
(Miller and DeLong, 1987; Mitchell et al., 1989). The activity



of the output nuclei is therefore increased by two simultaneous,
but distinct mechanisms. First, they receive less GABAergic
inhibition from striatum, and second, they receive increased
excitatory input from STN. As a result of the overactivity of
the GABAergic projections from MGP and SNr, neurons of the
ventrolateral thalamus that project to cortex become underac-
tive. It is believed that this decreased thalamocortical feedback
underlies many of the clinical manifestations of PD (Albin et
al., 1989b; Crossman, 1989; Klockgether and Turski, 1989;
DeLong, 1990).

There is anatomical, biochemical, and electrophysiological
evidence that the projections from STN to SNr and MGP are
glutamatergic (Albin et al., 1989a; Smith and Parent, 1989;
Robledo and Feger, 1990; Brotchiec and Crossman, 1991). Neu-
rons of the STN show selective glutamate-like immunoreactiv-
ity, but don’t stain for other transmitters (Albin et al., 1989a;
Smith and Parent, 1989). In SNr, postsynaptic responses elicited
by STN stimulation are blocked by the broad-spectrum gluta-
mate receptor antagonist kynurenic acid (Robledo and Feger,
1990). As noted, the STN becomes overactive with nigrostriatal
dopaminergic denervation, but there is no direct evidence for
changes in glutamatergic transmission in these regions. More
proximally, in the striatum, there may also be altered gluta-
matergic neurotransmission in models of PD. It has been re-
ported that with chronic blockade of D, receptors there are
increased basal levels of extracellular glutamate and increased
levels of potassium-releasable glutamate in striatum (Yama-
moto and Cooperman, 1993). There is also electrophysiological
evidence that striatal dopamine depletion leads to increased
spontaneous glutamate release in striatum (Calabresi et al., 1993).

In this study we examined basal ganglia NMDA and AMPA
receptors and two mitochondrial enzymes in a rodent model of
PD. We now report direct evidence of altered glutamatergic
transmission in parkinsonism. Our results provide a further
rationale for the use of glutamate receptor antagonists in the
symptomatic treatment of PD.

Materials and Methods

6-Hydroxydopamine lesions. All experiments involving animals were
performed in strict accordance with the NIH Guide for the Care and
Use of Laboratory Animals and were approved by the University Com-
mittee on Animal Resources. Male Sprague-Dawley rats (150-200 gm)
were anesthetized with Chlorolpent (3.0 ml/kg; chloral hydrate, 42.5
mg/ml, + sodium pentobarbital, 8.9 mg/ml) and placed in a stereotaxic
frame. Animals were lesioned on the right side by injecting 3 ul of
6-hydroxydopamine (6-OHDA) (2 ug/pl with 0.2 mg/ml ascorbate) at
arate of 1 ul/min using a Hamilton 10 ul syringe with a 26 gauge needle
at two sites: the first was in the anterior substantia nigra pars compacta
(SNc) (posterior 4.8 mm, lateral 1.7 mm, and ventral 7.5 mm, with
respect to bregma and dura); the second was in the medial forebrain
bundle (posterior 4.3 mm, lateral 1.2 mm, and ventral 7.5 mm). Burr
holes were filled with Gelfoam and wounds were clipped.

Six weeks after surgery animals were treated with apomorphine (0.1
mg/kg, 1.p.), placed in fiberglass boxes (40 x 40 cm), and attached to a
transducer connected to a computer. Each full rotation through 360°
was registered as a count by the computer. Animals were monitored for
90 min.

Six months after surgery animals were sacrificed; brains were rapidly
removed, frozen on dry ice, and stored in a —70°C freezer. Frozen
coronal sections (20 um) were mounted on polylysine-coated slides and
stored at —70°C. Sections were cut at five levels corresponding to the
anterior striatum, globus pallidus (GP; the rodent homolog of the LGP),
entopeduncular nucleus (EP; the rodent homolog of medial globus pal-
lidus), STN, and SNr.

Enzyme histochemistry. For cytochrome oxidase (CO) histochemis-
try, slides were incubated for 90 min in 50 ml of 0.1 m phosphate buffer
(pH 7.4) containing 30 mg of 3,3'-diaminobenzidine and 5 mg of cy-
tochrome caccording to the method of Hovda et al. (1992). For succinate
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dehydrogenase (SDH) histochemistry, slides were incubated for 45 min
in 50 ml of 0.06 M phosphate buffer (pH 7.0) containing 20 mg of nitro
blue tetrazolium and 0.68 gm of succinate (Kiernan, 1990). Both in-
cubations were performed at 37°C. The specificity of the CO reaction
was confirmed with sodium azide, and that of SDH by malonate and
3-nitropropionic acid (data not shown). Following incubation, slides
were removed to neutral, buffered paraformaldehyde for 10 min. Sec-
tions were then rinsed with distilled water, dehydrated, and cover-
slipped. Enzyme activity on the lesioned (right) side relative to control
(left) side (R:L ratio) was determined by densitometry using an MCID
video-based image analysis system (Imaging Research, Inc., St. Cath-
arines, Ontario, Canada). All readings were corrected for background
(slide, mounting medium, coverslip, etc.) as described previously (Greene
et al., 1993).

SH-GBR- 12935 autoradiography. Dopamine denervation of the stria-
tum was determined autoradiographically by examination of the do-
pamine uptake complex by a method previously described (Richfield,
1991). Briefly, slide-mounted sections were incubated for 30 hr at 4°C
in 50 mm sodium phosphate buffer (pH 7.5) containing 120 mm NaCl,
0.75 um trans-flupenthixol (Research Biochemicals International, Na-
tick, MA), 0.001% fatty acid-free bovine serum albumin, and 0.25 nm
*H-GBR-12935 (DuPont-New England Nuclear, Boston, MA). Non-
specific binding was defined by 25 uM mazindol (Research Biochemicals
International, Natick, MA). After the incubation, sections were rinsed
for 120 min in ice-cold buffer, and then rinsed for 15 sec in distilled
water and dried under a stream of warm air.

3SH-AMPA receptor autoradiography. Slide-mounted sections were
washed in 50 mm Tris-chloride buffer (pH 7.4) on ice for 30 min, and
were then dried. The assay was performed at 4°C with 5 nm *H-AMPA
(DuPont-New England Nuclear, Boston, MA) in 50 mm Tris-chloride
buffer (pH 7.4) containing 100 mm KSCN and 2.5 mm CaCl, according
to the method of Cha et al. (1992). Nonspecific binding was determined
with 1 mm L-glutamate. The incubation was terminated after 45 min,
and the sections received three 5 sec dips in Tris-chloride buffer before
being dried.

SH-MK-801 autoradiography. Slide-mounted sections received a 30
min wash in Tris-acetate buffer (pH 7.4) at 4°C. The sections were
incubated at room temperature for 4 hr at a final concentration of 5 nm
3H-MK-801 (DuPont-New England Nuclear, Boston, MA) in the pres-
ence of 30 um glutamate and 10 um glycine in a volume of 10 ml
according to the method of Sakurai et al. (1991). Nonspecific binding
was determined by 5 um MK-801 (Research Biochemicals International,
Natick, MA). The assay was terminated by a 5 sec dip in Tris-acetate
buffer, followed by 2 90 min wash. The sections were then dried.

Autoradiographic analysis. All autoradiographic sections were ap-
posed to tritium-sensitive film (Hyperfilm-*H, Amersham, Arlington
Heights, IL) with calibrated tritium standards. Exposure times varied
from 4-9 weeks, according to the ligand used. Autoradiograms were
developed in Kodak D-19, fixed, and dried. The autoradiographic films
were analyzed using the MCID system; all binding data were obtained
from autoradiographic images.

Statistics. Side-to-side comparisons were made by two-tailed paired
t tests. Comparisons between control and lesioned animals were made
with two-tailed unpaired ¢ tests. A p value of less than 0.05 was con-
sidered significant statistically.

Results

Verification of nigrostriatal lesions

Behavioral and biochemical markers were used to confirm ad-
equate dopaminergic denervation. Apomorphine-induced ro-
tational behavior confirmed the unilateral lesion of the nigros-
triatal dopamine system (Fig. 14). Lesioned animals displayed
robust contralateral turning (197 + 29 rotations/90 min) and
negligible ipsilateral rotations (3 + 2 rotations/90 min). This
rotational behavior was reflected biochemically by an 88.0 +
1.2% loss of *H-GBR-12935 binding ipsilateral to the lesion,
confirming the loss of striatal dopamine innervation (Fig. 1B).

Enzyme histochemistry

The activities of CO and SDH were symmetric in all brain
regions in unlesioned control animals, but were significantly
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Figure 1. A, Rotational behavior induced by apomorphine (0.1 mg/

kg, i.p.) in the rats used in this study (n = 5). B, Autoradiogram of *H-
GBR-12935 binding to striatal dopamine uptake sites in a 6-OHDA-
lesioned rat. Note the profound loss of binding on the right, ipsilateral
to the lesion. Overall, there was an 88.0 + 1.2% loss of binding in the

lesioned animals.

increased ipsilateral to the lesion in the EP, SNr, and GP (Figs.
2, 3). CO activity was increased by approximately 22% in the
EP (p < 0.05), 11% in the GP (p < 0.09), and 10% in the SNr
(p < 0.01). SDH activity was increased by about 18% in the EP
(p < 0.005), 18% in the GP (p < 0.05), and 30% in the SNr (p
< 0.005). There were no side-to-side differences in the activity
of either enzyme in the striatum or STN of lesioned animals
(Fig. 2).

AMPA receptor binding

In our autoradiographic assay, virtually all *‘H-AMPA binding
was specific. Within the basal ganglia, highest levels of binding
were found in striatum (Table 1). In unlesioned control animals,
there were no side-to-side binding differences in any region of
the basal ganglia (data not shown). Also, there were no differ-
ences between binding in the control animals and binding in
the unlesioned hemisphere of 6-OHDA-lesioned animals (data
not shown). In lesioned animals, ipsilateral to the dopaminergic
denervation, AMPA binding was reduced by 45% in EP (p <
0.025) and by 30% in SNr (p < 0.0025) (Table 1, Figs. 3-3).
There were no significant changes in binding in striatum, GP,
or STN.
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Figure 2. A,, Cytochrome oxidase activity in control and 6-OHDA-
lesioned rats. For purposes of presentation, the data are shown as ratios
of enzyme activity in the right hemisphere compared to the left hemi-
sphere (R/L). The right hemisphere of the lesioned rats was injected
with 6-OHDA. Statistical analysis was performed on the raw data, not
the ratios, by two-tailed, paired ¢ tests. In control animals, there were
no significant side-to-side differences, but in the lesioned animals, cy-
tochrome oxidase activity was increased in EP (p < 0.05), SNr (p <
0.01), and GP (p < 0.09). B, Succinate dehydrogenase activity in control
and 6-OHDA-lesioned rats. Results are presented, and were analyzed,
as above. Succinate dehydrogenase activity was increased in EP (p <
0.005), SNr (p < 0.005), and GP (p < 0.05). *, statistically significant.

MK-801 binding

*H-MK-801 binding was enhanced by inclusion of saturating
concentrations of glutamate and glycine in the assay, and was
performed under equilibrium conditions. More than 80% of
binding was specific. As with AMPA binding, highest levels of
MK-801 binding in the basal ganglia were found in striatum.
There were no side-to-side binding differences in the basal gan-
glia or other brain regions in unlesioned control animals (data
not shown). Under the assay and exposure conditions used in
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these studies, levels of MK-801 binding in STN and EP were
too low to be quantified reliably. Compared to unlesioned con-
trol animals, there was a 31% decrease in MK-801 binding in
the striatum contralateral to the nigrostriatal lesion (p < 0.0001)
(Figs. 64, 7), but no changes were seen in other brain regions,
including GP, SN, stratum radiatum of CA1, dentate gyrus, or
medial geniculate. In the lesioned animals, there was a signifi-
cant 6% decrease in striatal binding ipsilateral to the lesion (p
< 0.025) (Table 1, Fig. 6 B). Thus, there were significant bilateral
reductions in striatal MK-801 binding that were greater ipsi-
lateral to the dopamine depletion. In the lesioned animals, there
was also a significant 39% decrease in binding in GP ipsilateral
to the lesion (p < 0.025), but the small decrease in binding in
SNr (Table 1, Fig. 68) did not reach statistical significance, and
binding was symmetric in other regions.

Table 1. *H-AMPA and *H-MK-801 binding in rats with unilateral
6-OHDA lesions

SH-AMPA ‘*H-MK-801

Striatum

Contralateral 175.7 £ 12.3 82.8 £ 2.7

Ipsilateral 167.5 = 10.6 77.8 + 2.8%
Globus pallidus

Contralateral 27522 125 £ 2.0

Ipsilateral 347 £3.2 7.6 + 1.4%
Entopeduncular nucleus

Contralateral 16.3 £ 1.9 NA

Ipsilateral 9.0 £ 2.1* NA
Subthalamic nucleus

Contralateral 45.8 £ 8.2 NA

Ipsilateral 414 £ 7.0 NA
Substantia nigra pars reticulata

Contralateral 47.5 = 5.0 19.7 + 3.2

Ipsilateral 33.9 + 4.3%* 17.2 £ 2.9

Binding values are expressed as fmol/mg tissue and are means + SEM (n = 3-5
for each region). NA, levels of MK-801 binding were too low to be measured
reliably in EP and SNr.

*p < 0.025.
** p < 0.0025.

4 Succinate
' Dehydrogenase
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AMPA
Binding

Figure 3. Digitized images of AMPA
receptor binding (fop) and succinate de-
hydrogenase activity (bottom) at the
level of SNrin a 6-OHDA-lesioned rat.
There is decreased *H-AMPA binding
and increased succinate dehydrogenase
activity in the SNr ipsilateral to the le-
sion. Thus, in SNr, AMPA receptor
binding and succinate dehydrogenase
activity regulate in opposite directions.

Discussion

Nigrostriatal dopaminergic denervation in animal models of PD
leads to complex changes in basal ganglia circuitry (Albin et al.,
1989b; Crossman, 1989; Klockgether and Turski, 1989; De-
Long, 1990). Our results suggest that the alterations in basal
ganglia circuitry are reflected in (1) increased cytochrome oxi-
dase and succinate dehydrogenase activities in EP, SNr, and
GP; (2) downregulation of AMPA receptor binding in EP and
SNr; and (3) bilateral reduction of striatal NMDA receptors.
Together, our findings support the concept of altered glutama-
tergic synaptic activity in the basal ganglia in PD (Klockgether
and Turski, 1989).

Mitochondrial enzyme activity as a marker for synaptic
activity

Although all cells in the brain contain mitochondria and the
electron transport enzymes cytochrome oxidase and succinate
dehydrogenase, neurons depend on mitochondrial oxidative
metabolism more than non-neuronal cell types (Wong-Riley,
1989). Consequently, mitochondria and associated enzymes are

Entopeduncular nucleus

Figure 4. Digitized image of AMPA receptor binding at the level of
the EP (dashed outlines). Ipsilateral to the dopamine depletion, there is
a reduction of binding in EP. In the same region, there is an increase
in succinate dehydrogenase and cytochrome oxidase activities (Fig. 2).
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Figure 5. Histogram of AMPA receptor binding in 6-OHDA-lesioned
rats. Results are expressed as percentage control binding where control
values were from the unlesioned hemisphere. Absolute values are found
in Table 1. Binding in the unlesioned hemisphere did not differ from
that in unlesioned control animals. * statistically significant.

highly concentrated in neurons compared to glia. Moreover,
mitochondrial enzymes are not uniformly distributed in the
brain (Wong-Riley, 1989; Greenamyre et al., 1992). To a vari-
able degree, neuronal mitochondrial electron transport enzyme
activity is regulated by regional energy demand. One of the
major determinants of neuronal energy demand is maintenance
of ion pump function. Changes in synaptic firing patterns alter
the requirements for ion pump activity, thereby modifying en-
ergy demand and, ultimately, mitochondrial enzyme levels and
activity. As documented in detail by Wong-Riley and colleagues,
cytochrome oxidase activity is regulated by changes in synaptic
firing patterns (see Wong-Riley, 1989, for review). Similarly,
our laboratory has demonstrated that another mitochondrial
electron transport enzyme, NADH:ubiquinone oxidoreductase
(complex 1), is also regulated by synaptic activity (D. S. Higgins
and J. T. Greenamyre, unpublished observations). Thus, in some
cases, mitochondrial electron transport enzyme activity can be
used as an indirect index of changes in synaptic firing patterns.

With nigrostriatal dopamine depletion, it has been docu-
mented by electrophysiological and 2-deoxyglucose uptake stud-
ies that the glutamatergic STN becomes overactive (Miller and
DeLong, 1987; Mitchell et al., 1989). The STN sends its major
projections to MGP/EP, SNr, and GP (Ricardo, 1980). In our
study, unilateral dopamine depletion was found to be associated
with increased cytochrome oxidase and succinate dehydroge-
nase activities in the ipsilateral EP, SNr, and GP. Similar changes
in succinate dehydrogenase activity were reported previously
by Marshall et al. (1981). Together, these data suggest strongly
that the upregulation of mitochondrial enzyme activities in EP,
SNr, and GP is a direct consequence of increased STN firing.
Further support for this notion comes from the finding of si-
multaneous downregulation of AMPA receptors in EP and SNr.
Whether the increased electron transport enzyme activities are
localized in postsynaptic or presynaptic elements in EP and SNr
is currently under investigation. Also, the extent to which in-
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Figure 6. A, NMDA receptor binding in control and 6-OHDA-Ile-
sioned rats. Compared to unlesioned control animals, there was a 31%
reduction in striatal NMDA receptor binding in 6-OHDA-lesioned an-
imals in the hemisphere contralateral to the dopamine depletion (p <
0.0001); there was a further decrement ipsilateral to the lesion. Aside
from striatum, binding in the unlesioned hemisphere of 6-OHDA-le-
sioned rats did not differ significantly from unlesioned controls. Resuits
are expressed as fmol/mg tissue. B, NMDA receptor binding in 6-OHDA—
lesioned animals. There was decreased MK-801 binding in striatum (p
< 0.025) and GP (p < 0.025) in the hemisphere ipsilateral to the lesion
relative to the contralateral hemisphere. Results are expressed as per-
centage control binding where control values were from the unlesioned
hemisphere. *, statistically significant. C4 1, stratum radiatum of CA1;
DG, stratum moleculare of the dentate gyrus; MGn, medial geniculate;
Str, striatum.

creased firing of neurons projecting from striatum to GP con-
tributes to the increased mitochondrial enzyme activity seen in
GP is not yet known.

Glutamate receptor regulation after dopaminergic denervation

Glutamate receptors are found throughout the basal ganglia, but
receptor autoradiographic and in situ hybridization studies in-



dicate that the receptor subtypes are differentially distributed
(Sommeret al., 1990; Moriyoshi et al., 1991; Albin et al., 1992).
The highest densities of NMDA and AMPA receptors in the
basal ganglia are found in striatum (Albin et al., 1992). Other
regions of the basal ganglia have lower densities of glutamate
receptors. When compared to NMDA receptors, AMPA recep-
tors have a higher relative density (normalized to striatal bind-
ing) in GP (LGP), STN, EP, and SNr (Albin et al., 1992). So
far, electrophysiological studies have not adequately character-
ized the pharmacology of glutamatergic synapses in these regions
of basal ganglia. Based on receptor densities, however, it might
be concluded that AMPA receptors have a larger role than
NMDA receptors in motor-related synaptic transmission in
MGP/EP and SNr. In support of this conclusion, Klockgether
and Turski (1993) reported that microinjection of AMPA —but
not NMDA—into MGP/EP or SNr induced parkinsonian ri-
gidity in rats.

We have found downregulation of AMPA receptors—but not
NMDA receptors—in SNr ipsilateral to the dopaminergic de-
pletion; a similar downregulation occurs in EP. This downre-
gulation is most likely a consequence of the overactivity of the
glutamatergic afferents from STN. Moreover, after lesion of the
STN, there is a selective upregulation of AMPA receptors—but
not NMDA receptors—in SNr (Price et al., 1993) The selectivity
of this receptor regulation adds support to the contention that
AMPA receptors may have a more important function than
NMDA receptors in synaptic transmission in the pathways from
STN to EP and SNr.

Although it is likely that decreased AMPA receptor binding
represents a decrease in the number of receptors, there are al-
ternative explanations. For example, reduced receptor affinity
would also cause decreased binding under the conditions of our
assay. Overactivity of afferents from STN could lead to in-
creased extracellular levels of glutamate. Despite the prewash
procedure used in our binding assay, enough glutamate might
be available to compete for AMPA binding sites. The EP, where
the largest changes occur, is too small to perform saturation
studies, but the use of AMPA receptor antibodies for immu-
nocytochemistry and Western blot studies may clarify this issue.
There is also a possibility that reduced AMPA binding is a
reflection of altered AMPA receptor subunit composition. Im-
munocytochemistry, using subtype-specific antibodies, and in
situ hybridization, using subunit-specific oligonucleotide probes,
are being used to evaluate this possibility.

Within the striatum, it appears that NMDA receptors are
selectively enriched in striatal projection neurons (Tallaksen-
Greene et al., 1992). This may indicate that the major influence
ofglutamate on striatal projection neurons is mediated by NMDA
receptors. It has been reported that injection of nontoxic doses
of NMDA —but not AMPA—into the anterior striatum pro-
duces parkinsonian signs (Klockgether and Turski, 1993). In
this regard, our finding of changes in striatal NMDA receptors—
but not AMPA receptors—is interesting. Others have recently
reported similar changes in striatal NMDA receptors after
6-OHDA lesions (Weihmuller etal., 1993); however, unlesioned
control animals were not employed in these studies, so the bi-
laterality of the receptor changes remains to be confirmed. After
MPTP lesions in mice, a larger but transient loss of NMDA
receptors was also reported (Wiillner et al., 1993).

The reduction in NMDA receptors may be a result of trans-
synaptic changes that cause elevated levels of striatal glutamate.
Chronic blockade of D, receptors leads to elevated basal levels
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Figure7. Digitized autoradiograms of *H-MK-801 binding in an unle-
sioned control brain (4) and a brain with unilateral dopamine depletion
(B). Both autoradiographic images are from the same sheet of film and
were digitized, processed, and printed identically. Note that there is
reduced binding bilaterally in the striatum of the brain with unilateral
dopamine depletion. Overall, there was a 31% decrease in striatal bind-
ing contralateral to the lesion (p < 0.0001), and a further 6% decrease
ipsilateral to the lesion (p < 0.025). As shown in Figure 6, the reduced
binding contralateral to the lesion was restricted to striatum.

of extracellular glutamate and an increase in potassium-releas-
able glutamate in striatum (Yamamoto and Cooperman, 1993).
There is also electrophysiological evidence that striatal dopa-
mine depletion leads to increased spontaneous glutamate release
in striatum (Calabresi et al., 1993). Further, as noted previously,
the SNr becomes over active with dopamine depletion. There-
fore, it is noteworthy that SNr stimulation leads to increased
glutamate release in striatum (Girault et al., 1986). Such in-
creases in glutamate levels and release might be expected to lead
to receptor downregulation similar to that described here.
The mechanism by which unilateral dopamine depletion causes
bilateral decreases in MK-801 binding is not known. Although
some NMDA receptors may be located on nigrostriatal dopa-
mine terminals (Krebs et al., 1991), the size of the crossed ni-
grostriatal pathway appears to be too small to account for the
magnitude of the receptor changes (Altar et al., 1983). In con-
trast, unilateral electrical stimulation of SNr produces a bilateral
25-30% increase in striatal glucose utilization (Savaki et al.,
1983) that is similar in magnitude to the 30% reduction in
NMDA receptors we found. Moreover, in animals with a uni-
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lateral dopamine depletion, chronic levodopa treatment leads
to a bilateral upregulation of NMDA receptors (Weihmuller et
al., 1993). The bilateral effect on striatum of unilateral SNr
stimulation or dopamine depletion appears to be mediated
through thalamic connections (Levine et al., 1977; Savaki et al.,
1983; Girault et al., 1985). Thus, the presynaptic NMDA re-
ceptors located on dopaminergic terminals are not the predom-
inate population of receptors undergoing regulation in these
models. Instead, the effect appears to be mediated indirectly,
perhaps by thalamocortical and corticostriatal pathways (Gi-
rault et al., 1986).

In summary, our results indicate not only that glutamatergic
neurotransmission is altered with dopaminergic denervation of
the striatum, but also that AMPA and NMDA receptor systems
regulate differently in response to the loss of dopamine. The
molecular basis of this differential receptor regulation is cur-
rently under investigation by means of in situ hybridization and
immunocytochemistry with subunit-specific reagents.

Implications for Parkinson’s disease

Based on what is known of basal ganglia circuitry, it appears
that reducing neuronal activity in the basal ganglia output nuclei
may provide a novel means of treating PD (Albin et al., 1989b;
Crossman, 1989; Klockgether and Turski, 1989; DeLong, 1990).
The fact that the glutamatergic STN plays an important func-
tional role in regulating basal ganglia output suggests that it may
be critically important in PD (Brotchie et al., 1991). DeLong
and colleagues showed that small, axon-sparing lesions of STN
produced a dramatic amelioration of parkinsonian signs in MPTP
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)-treated mon-
keys (Bergman et al., 1990). Similar results have been obtained
by Crossman’s laboratory (Aziz et al., 1991). There is also a
report of a patient with PD who developed a small hematoma
involving the STN and had a remarkable improvement of his
parkinsonism contralateral to the lesion (Sellal et al., 1992).
In our laboratory, we have been interested in the use of glu-
tamate receptor antagonists to decrease basal ganglia output
pharmacologically rather than surgically (Greenamyre and
O’Brien, 1991; Greenamyre, 1993). We and others have shown
that systemic administration of NBQX [2,3-dihydro-6-nitro-7-
sulfamoyl-benzo(f)quinoxaline], an AMPA receptor antagonist,
has antiparkinsonian actions in rodents and primates (Klock-
gether et al., 1991; Loschmann et al., 1991). Similarly, NMDA
receptor antagonists have antiparkinsonian effects in animal
models of PD (Carlsson and Carlsson, 1989; Schmidt and Bub-
ser, 1989; Klockgether and Turski, 1990; Morelli and DiChiara;
1990; Wiillner et al., 1992; Greenamyre et al., 1994). The results
ofthe present study, and those of Klockgether and Turski (1993),
suggest that the antiparkinsonian efficacy of AMPA and NMDA
receptor antagonists may be due to actions at anatomical sites
that are, at least in part, distinct. If this is the case, combinations
of AMPA and NMDA receptor antagonists or nonselective an-
tagonists may be particularly useful in the treatment of PD.
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