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Because glutamate is an important modulator of subcorti-
cal dopamine (DA) function, and abnormal glutamate/DA
interactions may be involved in the pathophysiology of
schizophrenia, we examined the effect of chronically ad-
ministered antipsychotic drugs (APDs) on the levels of spe-
cific glutamate receptor subunits in the terminal fields of
nigrostriatal and mesocorticolimbic DA systems. By im-
munoblotting procedures using antibodies specific for the
NMDART1, GluR1, and GIuR2 subunits, we found that halo-
peridol (predominantly a D.-like antagonist) increased
NMDAR1 subunit immunoreactivity (and mRNA levels) in
the striatum, while the D,-like antagonist SCH 23390 had
the opposite effect. No effect was seen on GluR1 or GluR2
levels. The result that D,-like and D,-like receptor antago-
nism can reciprocally regulate NMDAR1 expression is con-
sistent with our observation that complete unilateral
destruction of the nigrostriatal DA pathway with 6-hydroxy-
dopamine had no effect on striatal NMDAR1 subunit levels.
Further examination of these striatal effects revealed that
chronic treatment with the D,-like receptor antagonist ra-
clopride significantly increased NMDART1 levels in the stria-
tum, while the 5-HT2a/2c antagonist mianserin tended to
produce an increase that did not achieve statistical signif-
icance. These findings indicate that the dopaminergic an-
tagonist properties of haloperidol are likely most respon-
sible for its regulation of this subunit. In contrast, the
atypical APD clozapine had no effect on striatal NMDAR1
levels, consistent with the relatively weaker influence of
this drug on nigrostriatal DA function. The second major
finding of the present study was the ability of haloperidol
and clozapine to increase GluR1 levels in the medial pre-
frontal cortex (PFC), whereas chronic SCH 23390 treatment
decreased GluR1 levels. The failure of mianserin to influ-
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ence GluR1 levels in the PFC is consistent with the notion
that D,- and D,-like receptor antagonists can reciprocally
regulate this subunit in this brain region. Finally, we ob-
served that clozapine, but none of the other treatments ex-
amined, increased GluR2 levels in the frontal/parietal cor-
tex, nucleus accumbens, and hippocampus. The regionally
distinct effects of various APDs on levels of particular glu-
tamate receptor subunits may be related to cell-specific ex-
pression patterns of these subunits in different forebrain
sites. Regulation of glutamate receptor subunits may be an
important and novel mechanism through which APDs exert
some of their long-term effects on brain function.

[Key words: prefrontal cortex, schizophrenia, clozapine,
striatum, dopamine, NMDA]

Studies directed at understanding the mechanism of action of
antipsychotic drugs (APDs) are rooted in the prospect that they
may contribute to the development of improved pharmacother-
apeutic agents and to the identification of biological processes
underlying schizophrenia. APDs are most known for their ability
to acutely block dopamine (DA) receptors, a characteristic that
supports an important role of DA in this illness (Peroutka and
Snyder, 1980). It is generally recognized, however, that the max-
imal antipsychotic actions of these drugs require chronic admin-
istration and probably involve direct or indirect interactions with
numerous other neurochemical systems and, perhaps, alterations
in gene expression (e.g., Meltzer, 1991; Hyman and Nestler,
1993, Lieberman, 1993).

APDs appear to affect, at least indirectly, forebrain systems
that utilize glutamate (e.g., Daly and Moghaddam, 1993), the
principle excitatory neurotransmitter in the brain. There is grow-
ing evidence that glutamate, by means of functional and anatom-
ical interactions with nigrostriatal and mesocorticolimbic DA
systems, plays a critical role in regulating conditional, emotion-
al, and motivational aspects of motor function in the mammalian
CNS (Carlsson and Carlsson, 1990). Predictably, dysfunction in
DA/glutamate interactions may contribute to a number of neu-
ropsychiatric abnormalities including hyper- and hypokinetic
movement disorders and schizophrenia (Weinberger, 1987; Albin
et al., 1989; Deutch, 1993; Grace, 1993; Krystal et al., 1994).

Glutamate interacts with central DA systems via several types
of receptors, which include the ionotropic N-methyl-D-aspartate
(NMDA), «a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic
acid (AMPA), and kainate receptor subtypes (e.g., for reviews
see Monaghan et al., 1989; Hollmann and Heinemann, 1994).
All of these receptors are oligomers of individually encoded sub-
units, a feature which likely contributes to their physiological
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diversity. NMDA receptor subunits (NMDAR1, NMDAR2A-D)
(Moriyoshi et al., 1991; Monyer et al., 1992; Ishii et al., 1993)
combine to form a cationic ionophore with distinct, pharmaco-
logically defined binding sites for glutamate, glycine, polyami-
nes, and the dissociative anesthetics (ketamine, MK-801, and
phencyclidine), as well as voltage-sensitive regulatory sites for
Mg2* (for reviews see Monaghan et al., 1989; Hollmann and
Heinemann, 1994). The NMDARI1 subunit is expressed ubiq-
uitously in brain and is required for the normal function of the
NMDA ionophore (Moriyoshi et al., 1991; Petralia et al., 1994).
NMDAR?2 subunits are more discretely localized and appear to
serve a modulatory role in NMDA channel function (Ishii et al.,
1993). AMPA and kainate receptors, respectively, are composed
of GluR1-GluR4 (Hollmann et al., 1989; Boulter et al., 1990)
and GluR5-7 and KA1-2 subunits (Bettler et al., 1990; Werner
et al.,, 1991, Hollmann and Heinemann, 1994); unlike the
NMDA receptor complex, these receptors evoke fast voltage-
independent synaptic responses (e.g., for review see Nakinishi,
1992; Hollmann and Heinemann, 1994). In addition to mediating
fast neurotransmission in the brain, glutamate receptors play key
roles in many forms of neural plasticity, such as learning and
memory, neural ontogeny, and functional compensations to tis-
sue injury (e.g., for review see Collingridge and Singer, 1990;
Anwyl, 1991). Whether glutamate receptors contribute to the
neural plasticity implicated in the therapeutic actions of chron-
ically administered APDs is unknown.

Because of glutamate’s interactions with central DA systems
under normal and, presumably, pathophysiological conditions,
we sought to examine the regulation of glutamate receptors in
DA terminal regions after chronic APD treatment. In so doing,
we have taken advantage of recently characterized antibodies
that are highly sensitive and specific for the NMDARI, GluR1,
and GluR2 subunits (Wenthold et al., 1992; Puchalski et al.,
1994; Seigel et al., 1994). This approach permits a specific anal-
ysis of the regulatory characteristics of individual subunit pro-
teins within anatomically discrete brain regions, and circumvents
some difficulties associated with the use of classical radioligand
binding techniques to assess glutamate receptor function (for
discussion, see Trevisan et al., 1994). We show here that region-
specific regulation of glutamate receptor subunits may be a novel
mechanism by which chronically administered APDs exert some
of their long-term effects on brain function.

Materials and Methods

Chronic drug treatments and 6-OHDA lesions of the nigrostriatal DA
pathway. Male Sprague-Dawley rats (initial weight 200-280 gm,
CAMM, PA) were group housed 3-4/cage under a 12 hr light—dark
cycle (lights on at 7 AM.) and permitted food and water ad libitum.
Different groups of rats received chronic treatments with haloperidol
(Sigma), clozapine (Sandoz), raclopride (Astra), SCH 23390 (Research
Biochemicals, Inc.), or mianserin (Research Biochemicals, Inc.). Each
drug treatment group was matched to its own group of control animals.
Oral treatment regimens were selected over parenteral approaches
whenever possible in order to provide more stable and continuous levels
of the APD to mimic the clinical situation. These doses were generally
set higher than parenteral dosages typically reported in the literature in
order to account for first-pass metabolic effects on bioavailability (See
and Ellison, 1990). Control rats for the oral haloperidol and clozapine
regimens received unrestricted tap water that had been pH adjusted with
dilute acetic acid in order to match the pH levels of the drug solutions;
control rats for raclopride received normal tap water; and those in in-
jection regimens received vehicle injections (0.9% saline, i.p.).

The selection of equivalent doses for various APDs is essential in
order to definitively attribute the differential actions of the compounds
to their distinct pharmacodynamic properties. Unfortunately, while sev-
eral approaches can be employed to set comparable dose of APDs, none

are completely satisfactory. For example, selecting a dose of haloperidol
on the basis -of its EDs, for competition against a D, antagonist (e.g.,
spiperone) results in a dose that is quite low relative to those used in
most chronic studies (EDs, = 0.18 mg/kg; Csernansky et al., 1993).
Moreover, matching this against an EDy, for clozapine of 19.4 mg/kg
using the same paradigm results in a ratio of clozapine:haloperidol (100:
1) which far exceeds the 20-30:1 ratio typically observed in clinical
practice.

Therefore, in the present study we chose to select a dose of haloper-
idol which, in preliminary studies, produced plasma haloperidol con-
centrations that were clinically relevant. Using this dose as a reference
point, we then selected doses of clozapine and raclopride on the basis
of clinical equivalency. Haloperidol was prepared in a minimal volume
of acetic acid as described previously (See and Ellison, 1990), and de-
livered in the drinking water (0.025 mg/ml, pH 6.5) for 7 or 30 d. The
target dose for haloperidol (1.8 mg/kg/d), chosen based on previous
dosing in rats that had been extrapolated from human clinical dosages
(Titeler and Seeman, 1980; Rupniak et al., 1984; See and Ellison, 1990),
resulted in plasma haloperidol concentrations after 30 d (mean = 13
ng/ml, n = 3, as determined by HPLC) in the midtherapeutic range
(Volavka et al., 1992). This regimen has been shown previously to pro-
duce DA D.-like receptor supersensitivity (Rupniak et al., 1984) in ro-
dents. Clozapine was prepared in a minimal volume of acetic acid and
delivered in the drinking water (0.5 mg/ml, pH 6.0) as described pre-
viously (See and Ellison, 1990) for 7 or 25 d, with an average daily
intake of 40 and 35 mg/kg, respectively. A sustained delivery of drug
via the drinking water seemed particularly important for clozapine, giv-
en its reported rapid elimination from brain (e.g., after 10 mg/kg i.p.,
t,» = 1.5-1.6 hr) and its inability to accumulate in brain over chronic
intermittent dosing (Wilk and Stanley, 1978; Baldessarini et al., 1993).
This dose of clozapine was chosen based on the 20-30-fold difference
in the doses of clozapine and haloperidol used clinically. Raclopride
was delivered in the drinking water (0.02 mg/ml; 2.2 mg/kg/d) for 34
d as described previously (See and Ellison, 1990). This dose of raclo-
pride, equivalent to that used for haloperidol, was chosen based on
similar therapeutic ranges of the two drugs (Tamminga and Gerlach,
1987; Farde et al., 1988).

Doses for the other drugs were selected on the basis of their dem-
onstrated ability to produce long-term adaptive changes in signal trans-
duction pathways in preclinical studies. SCH 23390 was administered
twice daily (0.5 mg/kg, i.p.) for 3 weeks, a dosing regimen sufficient
to produce D, receptor supersensitivity (e.g., Lappalainen et al., 1992).
Mianserin was administered daily for 30 d (15 mg/kg, i.p.). This regi-
men has been shown previously to elicit a downregulation of 5-HT,
receptors (Roth and Ciaranello, 1991), a feature common to 5-HT,,,.
receptor antagonists including clozapine (Reynolds et al., 1983; Leysen
et al., 1986). Rats receiving oral treatments were killed without with-
drawal, whereas rats receiving injection regimens were used 16-18 hr
after their last treatment.

One group of rats received unilateral 6-hydroxydopamine (6-OHDA)
lesions of the nigrostriatal DA pathway. Rats were anesthetized with
chloral hydrate/pentobarbital, and 1.5 pl of 6-OHDA-HBr (4 pum free
base/wl; Sigma) was injected stereotaxically into the substantia nigra
(AP 5.3, L 1.7, DV —8.2) and ventral tegmental area (AP —5.3, L
0.8, DV —8.4). The extent of striatal denervation was assessed by mea-
suring tyrosine hydroxylase immunoreactivity in the striata as described
previously (Beitner-Johnson and Nestler, 1991). All rats used in the
present study were killed 30 d postlesioning and exhibited a >95% loss
in striatal tyrosine hydroxylase.

Western blot analyses. Brains were removed rapidly from decapitated
rats and chilled in ice-cold buffer (pH 7.4) containing 126 mM NaCl, 5
mM KCI, 1.25 mm NaH,PO,, 25 mMm NaHCO,, 2 mm CaCl,, 2 mM
MgCl,, and 10 mM D-glucose. Brain regions were isolated by gross
dissection or from two 1 mm coronal sections (approximately +3.7-
2.7, and +2.2-1.2 relative to bregma) using the rat atlas of Paxinos and
Watson (1986). Bilateral tissue samples were homogenized in 2% so-
dium dodecyl sulfate (SDS) and protein levels were determined by the
method of Lowry. Samples were adjusted to contain (final concentra-
tion) 50 mm Tris-HCI, pH 6.7, 4% glycerol, 4% SDS, 2% 2-mercap-
toethanol, and bromophenol blue as a marker, and then boiled for 3
min. Samples (10-20 pg protein) were subjected to SDS-polyacryl-
amide gel electrophoresis with 7.5% acrylamide/0.3% bis-acrylamide
in the resolving gels. Proteins were transferred electrophoretically to
nitroceliulose papers. The NMDARI subunit (M, 116 kDa) was im-
munolabeled using a mouse monoclonal antibody (MAb 54.1; diluted



Table 1. Glutamate receptor subunit immunoreactivity after
chronic haloperidol

Region NMDARI1  GluRl1 GluR2
Frontal-parietal

cortex 112 + 11 100 = 9 109 = 10
Medial prefrontal

cortex 110 £ 16 140 = 14* 100 = 13
Posterior cingulate cortex 170 + 28* 94 = 7 116 + 12
Striatum 140 + 10* 113 = 9 100 = 9
Nucleus accumbens 91 + 17 96 + 5 99 + 23
Hippocampus 94 + 7 90 + 11 87 = 10

Data are expressed as percentage of control + SEM.

* Significantly different from controls, p < 0.05 (x? tests). These data were
derived from two independent experiments (combined n = 12/treatment group).
See Materials and Methods for details.

1:5000) which was raised against a bacterial trpE fusion protein cor-
responding to NMDARI residues 660-811, a region which represents
a putative intracellular loop between transmembrane regions III and IV
(Siegel et al., 1994). The GluR2 subunit (M, 108 kDa) was immuno-
labeled using a mouse monoclonal antibody (MAb 3All; diluted
1:2000) which was generated against a fusion protein from the N-ter-
minal, putative extracellular domain of GluR2 (Puchalski et al., 1994),
This is the only known MAb that differentiates GluR2 from the GluR3
subunit. The GluR1 subunit (M, 108 kDa) was immunolabeled using a
rabbit polyclonal antiserum (Ab9; diluted 1:2000) which was generated
against the C-terminal sequence SHSSGMPLGATGL (residues 877—
889) (Wenthold et al., 1992). We also used a specific antiserum directed
against GluR4 in preliminary experiments (Wenthold et al., 1992). All
immunoblotting buffers contained 20 mm sodium phosphate (pH 7.4),
150 mm NaCl, 0.05% Tween (Sigma), and 0.5% nonfat dry milk as the
blocking agent. Proteins were detected using horseradish peroxidase—
conjugated IgG (diluted 1:2000; Vector Laboratories) followed by
chemiluminescence (New England Nuclear, Dupont). Levels of immu-
noreactivity were quantitated using computer-assisted densitometry and
were linear over at least a 3-fold range of tissue concentration.
Northern blot analyses. Rats were treated with haloperidol for 30 d
and total RNA was isolated from pooled tissue by centrifugation over
a CsCl gradient according to established procedures. The resulting RNA
pellets were suspended in 0.3 M sodium acetate, pH 6.0, and precipitated
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with 2.5 vol of ethanol on dry ice. Total RNA (15 pg) was fractionated
on a 1% agarose gel containing 66 mM formaldehyde and then trans-
ferred to supported nitrocellulose membranes. Vector containing the en-
tire coding region of the NMDARI1 gene was linearized by BamH1
digestion and transcribed with T7 RNA polymerase using [a-*2P]rCTP.
Membranes were prehybridized for 3 hr at 65°C in buffer containing
50 mm Tris-HCI, pH 7.5, 0.1% sodium pyrophosphate, 1% SDS, 0.2%
polyvinylpyrrolidone (MW 40,000), 0.2% ficoll, 0.2% bovine serum
albumin (fraction V), 5 mm EDTA, 50% deionized formamide, 5x SSC,
and 150 pg/ml denatured salmon sperm DNA.

Hybridizations were carried out for 18 hr at 65°C in the same buffer
containing 1 X 10° cpm of the labeled riboprobe. The membranes were
washed twice for 15 min in 2X SSC, 0.1% SDS at 65°C, and twice for
15 min in 0.1 S8C, 0.1% SDS at 65°C. Comparable levels of loaded
total RNA were confirmed by rehybridizing blots with an [a-*2P]dCTP-
random prime-labeled cDNA fragment for cyclophilin. The membranes
were air dried and the labeled bands were detected by autoradiography.

Statistical analyses. Optical densities from the chronic haloperidol
experiments were first converted to percent of control values and then
analyzed by x* tests. This enabled the analysis of replicates (from two
independent experiments of sixX rats per treatment group, see Table 1
for more details) of data obtained on different days in which there was
variation in the intensity of the immunolabeling. For the other experi-
ments which did not involve replicate experiments, optical density val-
ues were analyzed by nonparametric Mann—Whitney U tests and then
expressed and presented as mean percent of control values for graphic
clarity.

Results

Regional distribution of the NMDARI, GluRI, and GIluR2
subunits as determined by Western blotting

Immunoblot analysis of crude SDS extracts of brain shows la-
beling of NMDARI1 by MAb 54.1 as a single immunoreactive
band with an estimated mass of 116 kDa (Fig. 14). Immunoblot
analysis using antibodies against GluR1 (Ab9) or GluR2 (MAb
3A11) produced immunoreactive bands of approximately 108
kDa (see Fig. 1B,C). The specificity of these antibodies for use
in Western blotting has been established elsewhere (Wenthold et
al., 1992; Puchalski et al., 1994; Siegel et al., 1994). Whereas
the anti-GluR1 antibody recognized a single band, the anti-
GluR2 antibody recognized a tightly spaced doublet in some
experiments as shown in Figure 1C. This may reflect pre- or
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Figure [. Regional distribution of
NMDARI, GluR1, and GluR2 subunits
in rat brain. Aliquots (containing 20 pg
e W — protein) of crude homogenates were
subjected to SDS-polyacrylamide gel
electrophoresis and to immunoblotting
for NMDAR1 (A), GluRl (B), or
GluR2 (C) as described in Materials
J— - e and Methods. Similar distribution pat-

terns were observed in the two naive
rats analyzed.
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ic regulation of glutamate receptor im-
munoreactivity by chronic haloperidol
and SCH 23390 treatments. Rats were
treated chronically with haloperidol (A)
or SCH 23390 (B), after which time
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post-translational heterogeneity in GluR2 or, alternatively, may
represent degradation products from the major immunoreactive
band.

NMDARI, GluR1, and GluR2 showed very similar regional
distributions in brain with high levels of the proteins seen in
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Figure 3. Regulation of NMDARI subunit mRNA in striatum, but not
hippocampus, by chronic haloperidol treatment. Total RNA (15 pg) was
extracted from brain regions isolated from control and haloperidol-treat-
ed rats and subjected to electrophoresis in 1% agarose gels. RNA was
transferred electrophoretically to supported nitrocellulose, which was
then analyzed by Northern blotting using a *?P-labeled riboprobe for
NMDARI1. The same blots were reprobed for cyclophilin to insure each
lane had comparable levels of RNA. This figure is representative of
results obtained from three separate determinations, with each deter-
mination made on RNA isolated from striatal and hippocampal samples
pooled from two rats.
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cortical regions, striatum, nucleus accumbens, hippocampus, and
amygdala, and considerably lower levels in the substantia nigra,
pons/medulla, and hypothalamus. One notable difference, how-
ever, is that NMDARI subunit protein is much more abundant
in the thalamus (relative to other regions) than GluR 1 and GluR?2
(AMPA) subunit protein. In contrast, GluR4 immunoreactivity
showed a much more restricted distribution in brain, with sig-
nificant levels seen in the cerebellum only (data not shown).
Since this brain region is generally not implicated in the thera-
peutic effects of APDs, we opted not to examine APD regulation
of this subunit. We were unable to study the GluR3 subunit due
to the unavailability of a specific antibody.

Effects of chronic and subchronic treatment with haloperidol
on glutamate receptor subunit immunoreactivity

As an initial investigation of APD regulation of glutamate re-
ceptor subunits, we chose to study haloperidol, a standard typical
APD that potently blocks DA D,-like receptors as well as several
others (e.g.. a,-adrenergic, 5-HT,,,. serotonergic, and D,-like
dopaminergic receptors) with low-to-moderate affinity. Haloper-
idol was administered for 7 or 30 d and the levels of immuno-
reactivity of the NMDARI1, GIluR1, and GluR2 subunits were
examined in the striatum, medial prefrontal cortex (PFC), pos-
terior cingulate cortex, frontal-parietal (sensorimotor) cortex, nu-
cleus accumbens, and hippocampus. Haloperidol treatment for
30 d significantly increased NMDARI1 subunit immunoreactivity
in the striatum and posterior cingulate cortex and GluR1 im-
munoreactivity in the medial prefrontal cortex (Table 1, Fig. 24).
No changes in these subunits were observed in the other regions
studied. As shown in Figure 3, increased levels of NMDARI
protein in the striatum were accompanied by an increase in
mRNA levels for this protein as indicated by Northern blot anal-
ysis. Levels of GluR2 subunit immunoreactivity did not differ
between control and treated rats in any of the regions examined,



Table 2. Glutamate receptor subunit immunoreactivity after
chronic SCH 23390

Region NMDARI GluR1 GluR2
Frontal-parietal

cortex 63 + 4* 63 + 9% 107 + 9
Medial prefrontal

cortex 109 £ 5 66 = 12* 109 + 12
Posterior cingulate cortex 110 = 9 99 £ 15 90 =7
Striatum 67 + 104 97 = 10 103 = 11
Nucleus accumbens 153 = 16* 130 = 21 119 =+ 12
Hippocampus 104 +8 116 £ 10 107 + 6

Data are expressed as percentage of control * SEM.

* Significantly different from controls, p << 0.05 (Mann—Whitney U tests), N
= 8-9.

None of the changes in glutamate receptor subunit protein seen
after 30 d of treatment with haloperidol were observed after
shorter, subchronic (7 d) treatments (data not shown).

Pharmacological analysis of APD effects on glutamate
receptor subunits: regulation by chronic SCH 23390,
clozapine, mianserin, raclopride, and nigrostriatal lesions

In order to further understand the mechanisms underlying hal-
operidol’s effects on glutamate receptor subunits, we studied
several other drugs with varied pharmacological profiles and an-
tipsychotic efficacies. The first drug studied for comparison was
SCH 23390 which, unlike haloperidol, is a potent D,-like antag-
onist with some 5-HT, . antagonist properties. As shown in
Table 2 and Figure 2B, rats treated chronically with SCH 23390
showed significant decreases in NMDARI immunoreactivity in
the striatum and frontal/parietal cortex, but an increase in the
nucleus accumbens. GluR1 immunoreactivity was significantly
decreased in the PFC and frontal/parietal cortex. As with halo-
peridol, GluR2 subunit immunoreactivity was not altered by
SCH 23390 treatment in any of the brain regions examined.

Since the potent D,-like antagonist haloperidol and the D,-
like antagonist SCH 23390 had opposing actions on striatal
NMDARI subunit levels in the striatum, we examined the ef-
fects of unilateral lesions of the nigrostriatal DA pathway (a
treatment that removes DA D -like and D,-like receptor tone on
striatal neurons) on NMDARI levels. As shown in Figure 4,
complete lesions of the nigrostriatal pathway (as indicated by
>95% loss of striatal tyrosine hydroxylase immunoreactivity)
had no influence on levels of NMDARI. The lesions also had
no effect on GluR1 or GluR2 immunoreactivities.

We next examined clozapine, an atypical APD that lacks ex-
trapyramidal side effects (seen with all typical APDs) and ex-
hibits unique efficacy in reducing the negative symptoms of
schizophrenia (for reviews see Deutch et al., 1991; Meltzer,
1991). Like many APDs, clozapine has a broad pharmacological
profile and antagonizes a number of receptors including DA
D,-like and D,-like, muscarinic cholinergic, a-adrenergic, and
5-HT,,,. receptors. As seen with haloperidol, chronic clozapine
treatment significantly increased levels of GluR1 in the PEC
(Table 3). Unlike any of the other drug treatments, however,
clozapine increased GIuR2 subunit levels in the frontal/parietal
cortex, nucleus accumbens, and hippocampus. Also, unlike halo-
peridol and SCH 23390, clozapine did not alter NMDARI1 sub-
unit protein in the striatum or any of the other brain regions
examined. Furthermore, none of the changes in subunit levels
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Figure 4. Levels of striatal glutamate receptor immunoreactivity after
unilateral 6-OHDA lesioning of the nigrostriatal dopamine pathway.
Rats received virtually complete (=95%) unilateral 6-OHDA lesions to
the substantia nigra as measured by tyrosine hydroxylase (TH) immu-
noreactivity. Data are derived from 6-7 rats, and expressed as percent-
age of the unlesioned side (+SEM). Insets depict levels of glutamate
receptor subunit and TH immunoreactivities in the striatum contralateral
(C) and ipsilateral (/) to the side of the lesion.
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observed in chronically treated rats were observed after the
shorter, subchronic (7 d) regimen.

In order to clarify the extent to which serotonin and DA re-
ceptor antagonist properties alone may have contributed to the
adaptations produced by haloperidol, SCH 23390, or clozapine
in the striatum and PFC, we examined the effects of chronic
mianserin (a 5-HT,,,. antagonist without DA receptor antagonist
properties) and raclopride (a D,-like antagonist without seroto-
nergic receptor antagonist properties) on glutamate receptor sub-
unit levels in these brain regions. Raclopride significantly in-
creased NMDARI levels in the striatum whereas mianserin
tended to increase striatal NMDARI levels, although this effect

Table 3. Glutamate receptor subunit immunoreactivity after
chronic clozapine*

Region NMDAR1 GluR1 GluR2
Frontal-parietal

cortex 93 £3 1036 129 + 8*
Medial prefrontal

cortex 95 £ 5 133 £ 11 96 + 3
Posterior cingulate cortex 94 +5 105 £ 8 97 = 3
Striatum 115 + 8 98 + 6 101 = 4
Nucleus accumbens 103 =3 104 + 6 132 + S%#
Hippocampus 102 £5 101 £5 121 + 5%#

Data are expressed as percentage of control = SEM.
* Significantly different from controls (Mann-Whitney U tests, p < 0.05, N =
8-9).
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Figure 5. Pharmacological analysis of APD regulation of glutamate
receptor subunit levels in the PFC and striatum: effects of chronic ra-
clopride and mianserin treatments. Rats were treated chronically with
raclopride (DA D,-like antagonist; n = 8/group) or mianserin (5-HT,,,.
antagonist; n = 8-9/group). Crude homogenates were subjected to SDS-
polyacrylamide gel electrophoresis and immunoblotting as described in
Materials and Methods. Raclopride significantly increased (*p = 0.01,
Mann-Whitney U test) NMDARI levels in the striatum (STR), whereas
mianserin produced a nonsignificant increase (**p = 0.19, Mann~-Whit-
ney U test). Neither drug influenced GluR1 levels in the PFC.

did not achieve statistical significance. Neither raclopride nor
mianserin affected GluR1 levels in the PFC (Fig. 5). Moreover,
the ability of SCH 23390 to increase NMDARI levels in the
nucleus accumbens, and the ability of clozapine to increase
GluR2 levels in this brain region, were not mimicked by mian-
serin (data not shown).

Discussion

For the past 20 years, the antipsychotic and extrapyramidal po-
tencies of typical APDs (e.g., haloperidol) have been widely
attributed to the ability of these drugs to block DA D,-like re-
ceptors (Creese et al., 1976). The more recent development of
clinically effective atypical drugs (e.g., clozapine), which are
relatively less potent at DA D, receptors and demonstrate re-
duced extrapyramidal liability, has led to the examination of
additional or alternative mechanisms of APD action (see intro-
ductory remarks).

The findings of the present study suggest that one such ad-
ditional mechanism includes adaptations in central excitatory
amino acid function, since we found region-specific regulation
of glutamate receptor subunits by chronically administered typ-
ical and atypical APDs. In light of recent evidence that schizo-
phrenia, as well as the extrapyramidal side effects of typical
APDs (e.g., tardive dyskinesia), may involve abnormal DA-glu-
tamate interactions, it is conceivable that adaptations in gluta-
mate receptor function after chronic APD treatment may con-
tribute to the clinical effects of these drugs. These findings also
highlight an aspect of glutamate receptor regulation that has not
been easily assessed by classical radioligand binding techniques:
plasticity in glutamate receptor function may result directly from
the differential regulation of individual subunits. This suggestion
has important functional implications, considering that individ-

ual receptor subunits are differentially distributed in the brain at
the regional and cellular levels (Martin et al., 1993; Petralia et
al., 1994), and combine to form oligomeric channels with some-
times diverse electrophysiological properties (for review see
Hollmann and Heinemann, 1994),

One of the major findings of the present study is the plasticity
of striatal NMDARI1 subunit in response to a variety of drugs.
Haloperidol, predominantly a D,-like receptor antagonist, in-
creases NMDARI1 protein and mRNA levels in the striatum after
chronic treatment, while SCH 23390, predominantly a D,-like
receptor antagonist, has the opposite effect. These findings sug-
gest that D;- and D,-like receptors exert an opposite influence
on NMDARI1 subunit expression, an idea which is supported by
our observation that lesions of the nigrostriatal pathway have no
net effect on striatal NMDARTI levels. Our finding is consistent
with a recent report that these lesions do not affect NMDA re-
ceptor binding (Wiillner et al., 1993). However, since haloperi-
dol and SCH 23390 also interact with other receptors (albeit with
lower affinities) we examined the pharmacological specificity of
these responses by using the D,-like antagonist raclopride
(which lacks appreciable affinity for o sites and 5-HT,,,. recep-
tors) and the 5-HT,,,. antagonist mianserin (which lacks DA
receptor antagonist properties). Since raclopride significantly in-
creased NMDARI1 subunit levels in the striatum, while mian-
serin tended to produce an increase that was not statistically
significant, haloperidol’s effect is due largely to D,-like blockade
whereas SCH 23390’s effect is likely due to D,-like receptor
blockade. Clozapine produced a small and nonsignificant in-
crease (+15%) in striatal NMDARI levels. The failure of clo-
zapine to produce any significant striatal response may be due
to the opposite actions of D;-like and D,-like receptor blockade
(as seen with the 6-OHDA-treated rodent) on NMDARI levels
since clozapine reportedly binds D,-like and D,-like receptors in
vivo with nearly equal affinities (Andersen, 1988). It is also im-
portant to emphasize that interpretations of data based on com-
parisons of these various drugs must be viewed with caution
given the difficulty in establishing clinically equivalent doses in
the rat (see Materials and Methods).

Upregulation of NMDARI1 subunits by haloperidol and raclo-
pride may occur as a compensatory response to the chronic sup-
pression of the thalamocortical and corticostriatal glutamatergic
drive that predictably results from high-affinity DA D, receptor
blockade in the striatum (Albin et al., 1989; Gerfen, 1992). In-
deed, a preliminary report by Penney et al. (1993) noted that
striatal NMDA binding increased after cortical deafferentation.
Haloperidol-induced increases in NMDARI1 subunit levels in the
posterior cingulate cortex may provide additional compensation
in some corticofugal loops. Although the mechanism by which
D,-like receptor blockade by SCH 23390 downregulates striatal
NMDARI subunits remains unknown, our data suggest that DA
and cortical glutamate may differentially interact with function-
ally and anatomically segregated motor/limbic output pathways
(e.g., D,-mediated striatopallidal and D,-mediated striatonigral
pathways; Gerfen, 1992; Deutch, 1993; DiChiara et al., 1994).
The opposite actions of haloperidol (or raclopride) and SCH
23390 on NMDARTI levels may be a direct result of their vary-
ing influence on DA-mediated intracellular messengers [e.g.,
cAMP response element binding (CREB) protein, c-fos, and
cAMP], since the promoter of the NMDARI gene has CRE,
AP-1, and AP-2 regulatory elements (Bai and Kusiak, 1993).

Chronic haloperido! administration also has been shown to
increase resting extracellular levels of glutamate in the striatum



(Moghaddam, 1994). This finding, along with the observed in-
crease in NMDARU1 subunit levels, would suggest that there may
be a concerted upregulation in glutamate neurotransmission in
the striatum in the haloperidol-treated state. It would be inter-
esting to investigate this further as a mechanism for extrapyr-
amidal side-effects, perhaps even excitotoxicity, associated with
chronic haloperidol treatment.

A second major finding of the present study is the upregula-
tion of GluR1 subunit levels in the PFC by both haloperidol and
clozapine treatments, and a significant decrease in subunit levels
by SCH 23390 treatment. The inability of the 5-HT,,,, antago-
nist mianserin alone to mimic this effect suggests that, as seen
with the NMDARI subunit in the striatum, D,- and D,-like re-
ceptor blockade may have opposite effects on GluR1 subunit
expression in the PFC. However, this interpretation is not as
straightforward as for the striatum since raclopride conspicu-
ously failed to regulate the GluR1 subunit in the PFC. There are
at least two possibilities which could explain this result. Since
mianserin alone had no effect, it is possible that GluR1 regula-
tion requires concurrent D,-like/5-HT,,,. antagonism as provid-
ed by both haloperidol and clozapine. An alternative (and per-
haps the more intriguing) possibility is that haloperido! and
clozapine regulate GluR1 via blockade of cortical D, receptors,
while raclopride does not because it interacts with this receptor
with relatively low affinity (Seeman et al., 1993). Direct inves-
tigation of this possibility requires the development of a specific
D, receptor antagonist, and a detailed map of DA D, receptor
protein and RNA expression in rodent brain.

The functional implications of APD regulation of GluR1 lev-
els in the PFC are enhanced upon considering the cellular lo-
calization of this subunit in the PFC in relation to the current
hypotheses regarding the pathophysiology of schizophrenia.
Glutamatergic pyramidal neurons that project to subcortical tar-
gets are regulated by most major neurotransmitters including
DA. As depicted in Figure 6, cortical DA inhibits these pyra-
midal neurons directly, or indirectly by increasing GABA re-
lease from interneurons (Retaux et al., 1991; Deutch, 1993; Gell-
man and Aghajanian, 1993; Grobin and Deutch, 1994). The
removal of cortical DA, therefore, would be expected to increase
DA release and metabolism in the nucleus accumbens and stria-
tum by increasing the activity of glutamatergic pyramidal neu-
rons which project to the vicinity of DA nerve terminals in these
regions. Indeed, this has been observed in rodents, particularly
those that are challenged with acute stress or haloperidol
(Deutch, 1993). A possible role for dysfunctional corticostriatal/
accumbens circuits in schizophrenia gained support when Wein-
berger and colleagues, based on behavioral and imaging data,
postulated that functional denervation of PFC DA may accom-
pany enhanced subcortical DA function in schizophrenic patients
(Weinberger, 1987; Berman and Weinberger, 1990). Evidence for
reductions in the number of GABAergic interneurons (Benes et
al., 1991; Akbarian et al., 1993) and compensatory increases in
GABA, receptors (Benes et al., 1992) in the PFC of schizo-
phrenic patients on autopsy further supports this notion of cor-
ticofugal disinhibition. Moreover, there is evidence in rodents
that haloperidol increases GABA immunoreactivity in terminals
that synapse with PFC pyramidal neurons (Vincent et al., 1994).
To the extent that diminished GABAergic and/or DA inhibition
is operative in schizophrenia, this finding suggests that haloper-
idol may have the functional effect of reasserting GABAergic
inhibition in the PFC. This increase in GABAergic tone in some
interneuron populations in the PFC could be the functional
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PFC

SNc

Figure 6. Schematic depiction of cortical glutamate regulation of sub-
cortical dopamine pathways. DA derived from ventral tegmental neu-
rons exerts an inhibitory influence on glutamate-containing pyramidal
neurons in the PFC either directly, or indirectly via stimulation of
GABA release from interneurons. According to current hypotheses
about schizophrenia, decreased cortical DA or decreased GABA (e.g.,
due to fewer interneurons in the PFC) would predictably increase cor-
ticostriatal/accumbens glutamatergic output and, consequently, subcor-
tical DA function. Haloperidol- and clozapine-induced increases in the
levels of GluR1, which is enriched in GABAergic interneurons, would
be expected to increase inhibition of corticostriatal/accumbens output
and thereby oppose the hypothetical abnormalities in schizophrenia.
Some of the anatomical relations depicted are not definitive. VTA, ven-
tral tegmental area; SNc, substantia nigra pars compacta; GABA, y-am-
inobutyric acid; GLU, glutamate; STR, striatum; NAc, nucleus accum-
bens; +, —, excitatory, inhibitory synapses, respectively.

VTA

equivalent of the increases in GluR1 levels observed selectively
in this brain region in the present study. It has been shown re-
cently in monkey (Vickers et al., 1993) and rat (Martin et al.,
1993; Fitzgerald et al., unpublished results) that immunoreactive
GluR1 (but not other AMPA subunits) is enriched in a subpop-
ulation of GABAergic interneurons in the PFC with only faint
staining observed in pyramidal neurons. This observation raises
the possibility that the clozapine- and haloperidol-induced in-
creases in GluR1 may be localized to PFC interneurons, the
functional consequence of which may be to enhance GABAergic
inhibition of pyramidal output to subcortical DA systems.
Finally, a third major finding of the present study is that clo-
zapine regulated GluR2 protein levels in several brain regions;
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this was the only drug tested that regulated this subunit. The
GluR2 subunit has recently gained significant attention because
it appears to be an important determinant of Ca** flux through
AMPA channels. Recombinant AMPA channels that assemble
from GluR1 or GluR3 subunits are permeable to Ca?* and in-
wardly rectify; however, when GluR2 is expressed in combina-
tion with GluR1 or GIuR3, the resulting AMPA channels are
considerably less permeable to Ca?* and show linear current—
voltage relations (for review see Hollmann and Heinemann,
1994). The ability of chronic clozapine to increase GluR2 levels
in the nucleus accumbens, frontal-parietal cortex, and hippocam-
pus may represent a regulatory shift toward producing nascent
channels that are impermeable to Ca?" in certain subsets of neu-
rons. This conclusion complements a recent finding that chronic
clozapine also downregulates the metabotropic glutamate recep-
tor subunit mGluR1 in the nucleus accumbens (L. W. Fitzgerald
and E. J. Nestler, unpublished observations), a subunit which is
known to mediate inositol-phosphate-induced increases in intra-
cellular Ca?+ (for review see Hollmann and Heinemann, 1994).

In summary, chronic treatment with APDs produces region-
specific regulation of at least three of the known 16 glutamate
receptor subunits. While further work is needed to define the
functional impact these changes have on basal ganglia and cor-
tical function and the pathophysiology of psychotic disorders,
our findings indicate that adaptations in excitatory amino acid
receptors may represent an important and novel mechanism
through which APDs exert some of their long-term effects on
brain function.
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