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Chronic treatments with haloperidol and clozapine alter the level of
NMDA-R1 mRNA in the rat brain: an in situ hybridization study. K. OSSOW-
SKA, M. PIETRASZEK, J. WARDAS, M. DZIEDZICKA-WASYLEWSKA,
D. NOWICKA, S. WOLFARTH. Pol. J. Pharmacol., 2002, 54, 1–9.

The aim of the present study was to examine the influence of 3-month
administration of the typical neuroleptic haloperidol (1 mg/kg/day) and the
atypical one clozapine (30 mg/kg/day) on the expression of the NMDA-R1
mRNA in different brain structures using in situ hybridization in rats. A long-
-term treatment with haloperidol decreased the NMDA-R1 mRNA level in
intermediate and caudal parts of the caudate-putamen and in more caudally
localized regions of parietal and frontal cortices, but increased it in the CA1
region of the hippocampus. No significant changes in the nucleus accum-
bens, insular cortex, CA3 and dentate gyrus of the hippocampus were found
after haloperidol administration. Clozapine did not influence the NMDA-R1
mRNA expression in the hippocampus, as well as in the intermediate and
caudal regions of the caudate-putamen, but significantly increased it in the
rostral region of the latter structure, in the nucleus accumbens and insular
cortex. The present study suggests that both these neuroleptics influence the
expression of the mRNA of the NMDA-R1 subunit in brain structures which
are thought to be important for development of psychotic symptoms.
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Abbreviations: [�H]CGP 39653 – [�H]D,L-(E)-
-2-amino-4-propyl-5-phosphono-3-pentenoic acid,
[�H]MK-801 – dizocilpine – [�H](5R,10S)-(+)-5-
-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-
-5,10-imine, NMDA – N-methyl-D-aspartate

INTRODUCTION

Neuronal mechanisms underlying psychotic
symptoms in schizophrenia are still unknown. Al-
though dopamine is suggested to play a very im-
portant role in this disease [18, 36], contribution of
other neurotransmitter systems also seems to be es-
sential.

Recently, a hypofunction of glutamatergic neu-
rotransmission in the cerebral cortex and hippo-
campus has been suggested to contribute to the pa-
thophysiology of schizophrenia [cf. 3]. A reduced
level or release of glutamate, accompanied with an
increase in the level of NMDA (N-methyl-D-aspar-
tate) receptors, have been found in different corti-
cal regions and the hippocampus in schizophrenic
patients [7, 17, 37, 38, 40–42]. On this basis, it has
been suggested that the presynaptic hypofunction
leads to a compensatory up-regulation of glutamate
postsynaptic receptors [17, 40]. However, most schi-
zophrenics are treated with neuroleptics for many
years, hence it is not possible to exclude a possibil-
ity that the observed receptor changes result not
from the illness itself, but from a neuroleptic
therapy. Moreover, some animal studies indicate
that chronic neuroleptic administration influences
NMDA receptors. An increase in the [�H]MK-801
binding to the ion channel in the prefrontal cortex
[12], and elevation of the [�H]L-glutamate binding
[43] to a recognition site of the NMDA receptor
complex in the parietal cortex as a result of 3-week
haloperidol administration have been reported. In
contrast, McCoy and Richfield [27] and Tarazi et
al. [39] showed that a 3–4-week treatment with
typical (haloperidol and pimozide) or atypical (clo-
zapine and risperidone) neuroleptics decreased the
binding of [�H]MK-801 in medial prefrontal or
frontal cortices. Moreover, according to Tarazi et
al. [39], an 8-month treatment with either haloperi-
dol or clozapine did not change the binding of
[�H]MK-801. The above-cited data seem to suggest
that neuroleptics may differently influence various
binding sites of the NMDA receptor complex, and
that their effect may depend on the duration of

treatment. Our recent study confirms the above
conclusion. We found that haloperidol or clozapine
administered to rats in drinking water for 3 months
increased the number of NMDA receptors labeled
with the competitive antagonist [�H[CGP 39653,
but did not change the binding of [�H]MK-801 to
those receptors in different cortical areas [31].

The NMDA receptor is a heterooligomeric pro-
tein complex composed of NMDA-R1 (8 splice
variants) and NMDA-R2 (A-D) subunits. Different
subunit combinations constitute various subpopula-
tions of NMDA receptors, which also differ with
respect to their affinity for competitive antagonists,
ion channel blockers or agonists [20, 21]. The
NMDA-R1 subunit is required for the normal func-
tion of the NMDA ionophore [29, 33]. NMDA-R2
subunits appear to serve a modulatory role in
NMDA channel function [16]. Recently, it has been
reported that knock-out mice expressing only 5%
of normal levels of the NMDA-R1 subunit display
schizophrenic-like behaviors (increased motor ac-
tivity, stereotypy and deficits in social and sexual
interactions) which can be ameliorated by neuro-
leptics [28]. These findings support the importance
of the NMDA-R1 subunit for neuronal mechanisms
underlying psychotic symptoms of schizophrenia
and the antipsychotic therapy.

The aim of the present study was to examine the
influence of a long-term (3 months) treatment of
rats with the typical neuroleptic haloperidol and the
atypical one clozapine on the expression of the
mRNA of the NMDA-R1 subunit in different corti-
cal regions and in some subcortical structures.

MATERIALS and METHODS

Animals

The experiment was performed on male Wistar
rats weighing 160–245 g at the beginning of the in-
vestigation. The animals were kept under an artifi-
cial light/dark cycle (12/12 h, the light on from
7 a.m. to 7 p.m.). The experiments were carried out
in compliance with the Animal Protection Bill of
August 21, 1997; (published in Dziennik Ustaw no.
111/1997 poz. 724), and according to the NIH
Guide for the Care and Use of Laboratory Animals.

Drug administration

Haloperidol base (RBI, USA) and clozapine
(Polfa, Starogard Gdañski, Poland) were dissolved
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in a small amount of 1% lactic acid and were then
diluted with tap water. Haloperidol (1 mg/kg/day)
and clozapine (30 mg/kg/day) were given to rats in
drinking water for 3 months and were withdrawn
afterwards. The weight of the rats rose throughout
the treatment (up to 365–505 g after 3 months). The
rats were weighed twice a week to adjust the
amount of drugs administered to their actual body
weight. The volume of a consumed liquid was esti-
mated for a few days before the start of treatment
with neuroleptics. Afterwards, drug solutions were
prepared in the volume to be consumed as a whole
during one day. The solution consumption was
checked every day, and was either slightly dimi-
nished or augmented on the following day, depend-
ing on the intake. Parallel to drug-drinking rats,
control groups of animals received tap water ad li-
bitum. Experimental groups consisted of 10 ani-
mals each.

Tissue preparation

On day 5 after the drug withdrawal, the rats
were sacrificed by decapitation, their brains were
rapidly removed, frozen on dry ice cold heptane
(–70°C) and stored at –70°C. Coronal 10 �m sec-
tions were cut up using a cryostat microtome
(–20°C). The sections were thaw-mounted on gela-
tine-coated microscopic slides, and stored for 1–4
days at –20°C before the assay.

In situ hybridization according to [44]

A mixture of two 46-mer synthetic deoxyoligo-
nucleotide probes (New England Nuclear), comple-
mentary to bases 375–420 and 1011–1056 of
mRNA of the NMDA-R1 subunit, were labeled
using [�,S]dATP (1200 Ci/mmol, New England
Nuclear) and terminal deoxynucleotidyl transferase
(Boehringer, Germany). Tissue sections were thawed
and fixed for 10 min in 4% paraformaldehyde in
phosphate-buffered saline (PBS). Afterwards, the
sections were rinsed in PBS for 5 min, acetylated in
0.1 M triethanolamine (pH 8.0)/acetic anhydride
(0.25%) for 10 min, dehydrated through graded
alcohols and allowed to air-dry. After fixing and
prehybridization, the sections were treated with
[�,S]dATP-labeled probes. The probes were diluted
in a hybridization buffer [50% (v/v) formamide,
10% (w/v) dextran sulphate, 4 × SSC (pH = 7.0),
1 × Denhardt’s solution (= 0.02% polivinylpyrro-
lidone/0.02% Ficoll/0.02% bovine serum albumin),
yeast tRNA (0.25 mg/ml), herring sperm DNA (0.2

mg/ml), 10 mM dithiothreitol] to yield a final con-
centration of 2 × 10- dpm/30 �l. All the sections
were made up with autoclaved 0.1% diethylpyro-
carbonate-treated water. The diluted probes (30 �l)
were applied to sections which were then covered
with Parafilm. The same probe was used for sec-
tions of control and neuroleptic-treated animals.
Hybridization occurred overnight in a humidified
chamber at 37°C. Following hybridization, the sec-
tions were washed in 1 × SSC for 10 min, then
4 times for 15 min each in 1 × SSC/50% formami-
de at 42°C, rinsed briefly in 1 × SSC and water at
a room temperature, and air-dried. The sections
were exposed to a �H-Hyperfilm (Amersham) for
4 weeks at 4°C.

Autoradiographic analysis

After the exposure, the films were developed
with a Dectol developer (Kodak), fixed with a GBX
Fixer and Replenisher (Kodak), and dried. The op-
tical density of the resultant film images was deter-
mined using a computer-assisted image analysing
system (MCID, St. Catharines, Ontario, Canada).

The mRNA level of NMDA-R1 subunit was es-
timated at 4 levels: level I – A = 1.60 to 1.20 mm
from the bregma [frontal, parietal and insular
(agranular and disgranular regions) cortices, rostral
part of caudate-putamen – ventrolateral (VL) and
dorsolateral region (DL), nucleus accumbens –
shell and core]; level II – A = 0.20 to –0.26 mm
from the bregma [frontal, parietal and insular
(agranular and disgranular) cortices, intermediate
part of caudate-putamen – VL and DL]; level III –
A = –0.40 to –0.92 mm from the bregma [parietal
and insular (agranular and disgranular) cortices,
caudal part of caudate-putamen – VL and DL], and
level IV – A = –3.30 to –3.80 mm from the bregma
[the CA1, CA3 regions and dentate gyrus of the
hippocampus], according to the stereotaxic atlas of
Paxinos and Watson [32] (Fig. 1). The frontal and
parietal cortices were arbitrarily divided into outer
and inner layers. The outer and inner layers corre-
sponded approximately to 1–4, and 5–6 cortical
layers, respectively, according to the atlas of Paxi-
nos and Watson [32]. A single slice which repre-
sented each brain level for each rat was evaluated.
A mean value of both sides of the brain in each re-
gion was calculated and accepted as a value/ani-
mal. Slices of control and neuroleptic-treated ani-
mals were exposed at the same film. The data were
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Fig. 1. Distribution of mRNA of the
NMDA-R1 subunit in 4 frontal sections
of the brain. Level I: A = 1.60 to 1.20;
level II: A = 0.20 to –0.26; level III: A =
–0.40 to –0.92; level IV: A = –3.30 to
–3.80 from the bregma (according to the
stereotaxic atlas of Paxinos and Watson
[32]. CA1 – the CA1 region of the hippo-
campus, CA3 – the CA3 region of the
hippocampus, core – the core region of
the nucleus accumbens, CP – the cau-
date-putamen, DG – the dentate gyrus of
the hippocampus, DL – the dorsolateral
region of the caudate-putamen, Fr – the
frontal cortex, Ins – the insular cortex,
NA – the nucleus accumbens, Par – the
parietal cortex, shell – the shell region of
the nucleus accumbens, VL – the ventro-
lateral region of the caudate-putamen.
The left side of a rat’s brain is shown on
the right side of the figure

Fig. 2. The influence of long-term (3-month) clozapine or haloperidol administration on the level of mRNA of the NMDA-R1 subunit
in insular, frontal and parietal cortices. Level I: A = 1.60 to 1.20; level II: A = 0.20 to –0.26; level III: A = –0.40 to –0.92 (according to
the stereotaxic atlas of Paxinos and Watson [32]. Outer – outer layers; inner – inner layers. Each group consisted of 10 rats. ctx – the
cortex. The results are presented as a percentage of control values (mean ± SEM)



presented as a percentage (mean ± SEM) of the re-
spective control values (Figs. 2 and 3).

Statistics

A statistical analysis of the autoradiographic
data was carried out using the Kruskal-Wallis and
Mann-Whitney U-tests.

RESULTS

The influence of long-term treatments

with haloperidol and clozapine

on the level of the NMDA-R1 mRNA

in the cerebral cortex

Haloperidol given in drinking water for 3 months
significantly decreased the mRNA level of the
NMDA-R1 subunit in outer and inner layers of the
frontal (level II) and parietal (level III) cortices, but
did not change it in insular cortex (Fig. 2). Clo-

zapine administered for 3 months did not change
the mRNA level in the frontal, parietal and more
caudal regions of the insular cortex, but it signifi-
cantly increased the NMDA-R1 mRNA expression
in the rostral (level I) insular cortex (Fig. 2).

The influence of long-term treatments

with haloperidol and clozapine on the

level of the NMDA-R1 mRNA in the

caudate-putamen and nucleus accumbens

Haloperidol given in drinking water for 3 months
significantly decreased the mRNA level of the
NMDA-R1 subunit in a dorsolateral part of the in-
termediate (level II) and caudal (level III) regions
of the caudate-putamen (Fig. 3).

Clozapine did not change the NMDA-R1 mRNA
expression in the intermediate (level II) and caudal
(level III) regions of the caudate-putamen, but in-
creased it in the shell and core of the nucleus ac-
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Fig. 3. The influence of long-term (3-month) clozapine or haloperidol administration on the level of mRNA of the NMDA-R1 subunit
in rostral (level I), intermediate (level II) and caudal (level III) parts of the caudate-putamen, in the nucleus accumbens – the shell and
core, and in the hippocampus – CA1, CA3 and the dentate gyrus. Level I: A = 1.60 to 1.20; level II: A = 0.20 to –0.26; level III: A = –0.40 to
–0.92; level IV: A = –3.30 to –3.80 (according to the stereotaxic atlas of Paxinos and Watson [32]). Each group consisted of 10 rats.
VL – the ventrolateral region, DL – the dorsolateral region. The results are presented as a percentage of control values (mean ± SEM)



cumbens and in the neighboring ventrolateral re-
gion (level I) of the caudate-putamen (Fig. 3).

The influence of long-term treatments

with haloperidol and clozapine on

the level of the NMDA-R1 mRNA in

the hippocampus

Haloperidol elevated the level of mRNA of the
NMDA-R1 subunit in CA1, CA3 and dentate gyrus
regions of the hippocampus. However, only in the
CA1 region that increase was significant (Fig. 3).

Clozapine did not significantly change the ex-
pression of the NMDA-R1 mRNA in the whole
hippocampus (Fig. 3).

DISCUSSION

The present study shows that a 3-month treat-
ment with the typical neuroleptic haloperidol and
with the atypical one clozapine affects differently
the expression of the NMDA-R1 mRNA in various
brain structures. Haloperidol decreased NMDA-R1
mRNA expression in intermediate and caudal parts
of the caudate-putamen and in more caudally loca-
lized regions of the parietal and frontal cortices, but
increased it in the CA1 region of the hippocampus.
Clozapine did not influence the level of NMDA-R1
mRNA in intermediate and caudal regions of the
caudate-putamen, but significantly increased its ex-
pression in the rostral region of that structure, in the
nucleus accumbens and insular cortex.

A different influence of haloperidol and cloza-
pine on the expression of the mRNA of NMDA-R1
subunit in intermediate and caudal regions of the
caudate-putamen may contribute to mechanisms
important for differentiation of typical and atypical
neuroleptics. In contrast to clozapine, haloperidol
affects several striatal processes. Haloperidol, but
not clozapine, increases the number of dopamine
D2 receptors in the caudate-putamen after chronic
administration [cf. 45], and, when injected acutely,
it activates c-fos expression in this structure [35].
The above-mentioned effects of haloperidol on stria-
tal functions are presumably related to its ability to
induce extrapyramidal side-effects, e.g. tardive
dyskinesia and parkinsonism, of which clozapine is
devoid.

Our earlier study showed that 6-week haloperi-
dol administration produced subsensitivity of NMDA
receptors in intermediate and caudal regions of the

caudate-putamen [30]. Such a treatment diminished

the number of contralateral head turns induced by

a unilateral intrastriatal injection of NMDA. The

present study seems to indicate that a decreased ex-

pression of at least one subunit of the NMDA re-

ceptor complex (NMDA-R1) may be responsible

for the above-mentioned behavioral effect of ha-

loperidol. Similar data were obtained by Chih-Hui

Chen et al. [4] who found a decline in mRNA level

not only of the NMDA-R1 but also of the NMDA-

-R2A, B and C subunits in subcortical structures,

including the caudate-putamen, after a 3-month

treatment with cis- and trans-optical isoforms of

flupenthixol, another typical neuroleptic. An oppo-

site effect, i.e. an increase in the NMDA-R1 sub-

unit immunoreactivity or in mRNA of that subunit

in the caudate-putamen, was reported after a con-

siderably shorter period (3–4 weeks) of haloperidol

administration [9, 34]. Moreover, the lack of effect

on mRNA in the striatum was reported by Brene

et al. [2] after 3-week or 6-month administration of

the latter neuroleptic. Such discrepancies may be

due to some methodological differences [Northern

blot [9] vs in situ hybridization (present study)], or

to the rat’s strain used [Sprague Dawley [2, 9, 34]

vs Wistar (present study) rats]. However, they may

also suggest that the striatal expression of the

NMDA-R1 subunit varies during a neuroleptic the-

rapy.
Clozapine increased the mRNA level of the

NMDA-R1 subunit in the nucleus accumbens,

neighboring ventrolateral part of the rostral cau-

date-putamen and rostral region of agranular and

disgranular insular cortices. Haloperidol signifi-

cantly increased the expression of the NMDA-R1

mRNA in the CA1 of the hippocampus. All these

structures belong to a corticosubcortical circuit

which is related to the ventral striatopallidal system

[14]. The hippocampus is a part of an allocortical

area, and the agranular insular cortex of a periallo-

cortical area, which send glutamatergic projections

to the nucleus accumbens [5, 11, 13, 19] which, to-

gether with the adjacent ventral part of the caudate-

-putamen and tuberculum olfactorium, constitutes

the ventral striatum [14]. From there neuronal im-

pulses are coveyed, via a ventral extension of the

pallidum and mediodorsal thalamic nucleus, to the

prefrontal cortex [14]. The malfunctioning of that

circuit is suggested to be involved in neuropsychia-

tric disorders, including psychotic symptoms of

schizophrenia [8, cf. 12, cf. 14, 26]. Therefore, it
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may be speculated that an increase in the expres-
sion of the NMDA-R1 mRNA within that neuronal
circuit induced by both haloperidol and clozapine
may be important for antipsychotic action of these
drugs. However, differential contribution of indi-
vidual brain structures to that effect may reflect dif-
ferences in their pharmacological and clinical pro-
file.

Our recent study showed that a 3-month treat-
ment with haloperidol and clozapine increased the
number of NMDA receptors labeled with [�H]CGP
39653 in insular and parietal cortices [31]. Halo-
peridol also augmented their number in the frontal
cortex [31]. Surprisingly, neither clozapine nor ha-
loperidol increased the NMDA-R1 mRNA expres-
sion in frontal and parietal cortices. Contrariwise,
haloperidol decreased it in both those cortical re-
gions. Furthermore, only clozapine significantly in-
creased that mRNA expression in the insular cor-
tex. Therefore, the present study suggests that
changes in the mRNA level of the NMDA-R1
subunit may not account for the increased number
of NMDA receptors in the above-mentioned corti-
cal regions. Other authors did not find any in-
creases in the expression of the NMDA-R1 subunit
in those cortical regions, either. According to Fitz-
gerald et al. [9] and Riva et al. [34], neither clozapi-
ne nor haloperidol administered for a shorter period
of time (3–4 weeks) influenced the level of mRNA
or the protein of the NMDA-R1 subunit in the fron-
tal or parietal cortex. Moreover, in line with the
present study, Chih-Hui Chen et al. [4] reported its
decrease in the frontal cortex as a result of 6-month
administration of cis- or trans-flupenthixol.

It is difficult to speculate about the cause of ele-
vation of the [�H]CGP 39653 binding in these
structures. Alteration of subunit composition of the
NMDA receptor by long-term treatment with neu-
roleptics may be a possible explanation. [�H]CGP
39653, a competitive antagonist, binds preferen-
tially to the combination of NMDA-R1a/NMDAR-
-2A subunits [20, 21, 24]. However, there are no
data available on changes in the expression of
subunits belonging to the other family (NMDA-
-R2A, B and C) after 3-month administration of
haloperidol or clozapine. Moreover, data obtained
in experiments in which neuroleptics were admin-
istered for much shorter periods of time did not of-
fer any additional explanation, either. According to
Riva et al. [34], 3-week treatments with haloperidol
or clozapine did not change the mRNA level of the

NMDA-2A and 2B subunits in the frontal cortex.
However, the lack of effect of neuroleptics on the
mRNA level does not exclude a possibility that
they may alter the level of the above mentioned
subunits by affecting posttranslational processes.
Further studies using a Western blot analysis for di-
rect estimation of NMDA-R subunit levels may
help to solve this problem.

A question arises whether the influence of chro-
nic haloperidol and clozapine on the expression of
the mRNA of the NMDA-R1 subunit is a direct
one, or rather results from the action of these neu-
roleptics on other neurotransmitter systems. In the
light of the present knowledge, a direct influence of
these drugs does not seem unlikely. It is known that
acute administration of both haloperidol and clo-
zapine, as well as of some other neuroleptics influ-
ences directly the NMDA receptor complex. It has
been suggested that these compounds may act as
partial agonists of a glycine or another modulatory
site of the NMDA receptor complex [1, 6, 10, 15,
23, 25]. In in vitro experiments, haloperidol and
clozapine given at micromolar concentrations have
been found to displace [�H]MK-801, [��,I]MK-801,
[�H]ifenprodil or [�H]TCP from the binding to
NMDA receptors [1, 6, 22, 25]. It has also been
suggested that haloperidol binds with a high affin-
ity to a combination of the NMDA-R1a/NMDA-
-R2B subunits [25].

Summing up, the present results give further
support to the notion that a long-term treatment
with neuroleptics influences NMDA receptors in
brain structures that are thought to be important for
the development of psychotic symptoms. However,
the exact meaning of the above-described altera-
tions is still obscure.

Acknowledgments. This study was supported by the
statutory funds of the Institute of Pharmacology. The authors
wish to express their thanks to Polfa, Starogard Gdañski
(Poland), for the generous gift of clozapine.

REFERENCES

1. Banerjee S.P., Zuck L.G., Yablonsky-Alter E., Lidsky
T.I.: Glutamate agonist activity: implications for an-
tipsychotic drug action and schizophrenia. NeuroRe-
port, 1995, 6, 2500–2504.

2. Brene S., Messer C., Nestler E.J.: Expression of mes-
senger RNAs encoding ionotropic glutamate receptors
in rat brain: regulation by haloperidol. Neuroscience,
1998, 84, 813–823.

���� ���(
-((� 7

�'��
.� �.��'/�0��1%� 23 4��/�%.��/� ��� 5�/6����%



3. Bunney B.G., Bunney W.E. Jr, Carlsson A.: Schizo-
phrenia and glutamate. In: Psychopharmacology. The
Fourth Generation of Progress. Eds. Bloom F.E., Kup-
fer D.J., Raven Press Ltd., New York, 1995, 1205–1214.

4. Chih-Hui Chen A., McDonald B., Moss S.J., Gurling
H.M.D.: Gene expression studies of mRNAs encoding
the NMDA receptor subunits NMDAR1, NMDAR2A,
NMDAR2B, NMDAR2C and NMDAR2D following
long-term treatment with cis- and trans-flupenthixol
as a model for understanding the mode of action of
schizophrenia drug treatment. Mol. Brain Res., 1998,
54, 92–100.

5. Christie M.J., Summers R.J., Stephenson J.A., Cook
C.J., Beart P.M.: Excitatory amino acid projections to
the nucleus accumbens septi in the rat: a retrograde
transport study utilizing D[�H]aspartate and [�H]GABA.
Neuroscience, 1987, 22, 425–439.

6. Coughenour L.L., Cordon J.J.: Characterization of ha-
loperidol and trifluperidol as subtype-selective N-me-
thyl-D-aspartate (NMDA) receptor antagonists using
[�H]TCP and [�H]ifenprodil binding in rat brain mem-
branes. J. Pharmacol. Exp. Ther., 1997, 280, 584–592.

7. Deakin J.F.W., Slater P., Simpson M.D.C., Gilchrist
A.C., Skan W.J., Royston M.C., Reynolds G.P., Cross
A.J.: Frontal cortical and left temporal glutamatergic
dysfunction in schizophrenia. J. Neurochem., 1989,
52, 1781–1786.

8. Deutch A.V.: Prefrontal cortical dopamine systems
and the elaboration of functional corticostriatal circuits:
implications for schizophrenia and Parkinson’s disease.
J. Neural Transm.-Gen. Sect., 1993, 91, 197–221.

9. Fitzgerald L.W., Deutch A.Y., Gasic G., Heinemann
S.F., Nestler E.J.: Regulation of cortical and subcorti-
cal glutamate receptor subunits expression by antipsy-
chotic drugs. J. Neurosci., 1995, 15, 2453–2461.

10. Fletcher E.J., MacDonald J.F.: Haloperidol interacts
with the strychnine-insensitive glycine site at the NMDA
receptor in cultured mouse hippocampal neurones.
Eur. J. Pharmacol., 1993, 235, 291–295.

11. Fonnum F., Karlsen R.L., Malthe-Sørenssen D.,
Skrede K.K., Walaas I.: Localization of neurotrans-
mitters, particularly glutamate, in hippocampus, sep-
tum, nucleus accumbens and superior colliculus. In:
Development and Chemical Specificity of Neurons.
Progress in Brain Research, vol. 51. Eds. Cuénod M.,
Kreutzberg G.W., Bloom F.E., Elsevier/North-Holland
Biom. Press, Amsterdam, New York, Oxford, 1979,
167–191.

12. Gandolfi O., Dall’Olio R.: Modulatory role of dopa-
mine on excitatory amino acid receptors. Prog. Neuro-
-Psych. Biol. Psych., 1996, 20, 659–671.

13. Groenewegen H.J., Berendse H.W., Wolters J.G., Loh-
man A.H.M.: The anatomical relationship of the pre-
frontal cortex with the striatopallidal system, the
thalamus and the amygdala: evidence for a parallel or-
ganization. In: The Prefrontal Cortex: Its Structure,
Function and Pathology. Progress in Brain Research,
vol. 85. Eds. Uylings H.B.M., Van Eden C.G., De

Bruin J.P.C., Corner M.A., Feenstra M.G.P., Elsevier
Science Pub., B.V. (Biom. Div.), 1990, 95–118.

14. Heimer L., Alheid G.F., De Olmos J.S., Groenewegen
H.J., Haber S.N., Harlan R.E., Zahm D.S.: The ac-
cumbens: beyond the core-shell dichotomy. J. Neu-
ropsychiatr. Clin. Neurosc., 1997, 9, 354–381.

15. Ilyin V.I., Whittemore E.R., Guastella J., Weber E.,
Woodward R.M.: Subtype-selective inhibition of
N-methyl-D-aspartate receptors by haloperidol. Mol.
Pharmacol., 1996, 50, 1541–1550.

16. Ishii T., Moriyoshi K., Sugihara H., Sakurada K., Ka-
dotani H., Yokoi M., Akazawa C., Shigemoto R., Mi-
zuno N., Masu M., Nakanishi S.: Molecular charac-
terization of the family of the N-methyl-D-aspartate
receptor subunits. J. Biol. Chem., 1993, 268, 2836–
–2843.

17. Ishimaru M., Kurumaji A., Toru M.: NMDA-associa-
ted glycine binding site increases in schizophrenic
brains. Biol. Psychiat., 1992, 32, 379–381.

18. Kahn R.S., Davis K.L.: New developments in dopa-
mine and schizophrenia. In: Psychopharmacology.
The Fourth Generation of Progress. Eds. Bloom F.E.,
Kupfer D.J., Raven Press, Ltd., New York, 1995,
1193–1201.

19. Kelley A.E., Domesick V.B.: The distribution of the
projection from the hippocampal formation to the nu-
cleus accumbens in the rat: an anterograde- and retro-
grade-horseradish peroxidase study. Neuroscience,
1982, 7, 2321–2335.

20. Kendrick S.J., Lynch D.R., Pritchett D.B.: Characteri-
zation of glutamate binding sites in receptors assem-
bled from transfected NMDA receptor subunits.
J. Neurochem., 1996, 67, 608–616.

21. Laurie D.J., Seeburg P.H.: Ligand affinities at recom-
binant N-methyl-D-asparate receptors depend on sub-
unit composition. Eur. J. Pharmacol. – Molec. Pharm.,
1994, 268, 335–345.

22. Lidsky T.I., Yablonsky-Alter E., Zuck L., Banerjee
S.P.: Anti-glutamatergic effects of clozapine. Neuro-
sci. Lett., 1993, 163, 155–158.

23. Lidsky T.I., Yablonsky-Alter E., Zuck L.G., Banerjee
S.P.: Antipsychotic drug effects on glutamatergic ac-
tivity. Brain Res., 1997, 764, 46–52.

24. Lynch D.R., Anegawa N.J., Verdoorn T., Pritchett D.B.:
N-Methyl-D-aspartate receptors: different subunit re-
quirements for binding of glutamate antagonists, gly-
cine antagonists and channel-blocking agents. Mol.
Pharmacol., 1994, 45, 540–545.

25. Lynch D.R, Gallagher M.J.: Inhibition of N-methyl-
D-aspartate receptors by haloperidol: developmental
and pharmacological characterization in native and re-
combinant receptors. J. Pharmacol. Exp. Ther., 1996,
279, 154–161.

26. Mathysse S.: Antipsychotic drug actions: a clue to the
neuropathology of schizophrenia? Feder. Proc., 1973,
32, 200–205.

27. McCoy L., Richfield E.K.: Chronic antipsychotic treat-
ment alters glycine-stimulated NMDA receptor bind-
ing in rat brain. Neurosci. Lett., 1996, 213, 137–141.

8 Pol. J. Pharmacol., 2002, 54, 1–9

K. Ossowska, M. Pietraszek, J. Wardas, M. Dziedzicka-Wasylewska, D. Nowicka, S. Wolfarth



28. Mohn A.R., Gainetdinov R.R., Caron M.G., Koller
B.H.: Mice with reduced NMDA receptor expression
display behaviors related to schizophrenia. Cell, 1999,
98, 427–436.

29. Moriyoshi K., Masu M., Ishii T., Shigemoto R., Mi-
zuno N., Nakanishi S.: Molecular cloning and charac-
terization of the rat NMDA receptor. Nature, 1991,
354, 31–37.

30. Ossowska K.: The subsensitivity of striatal glutamate
receptors induced by chronic haloperidol in rats. Eur.
J. Pharmacol., 1995, 294, 685–691.

31. Ossowska K., Pietraszek M., Wardas J., Nowak G.,
Wolfarth S.: Chronic haloperidol and clozapine admi-
nistration increases the number of cortical NMDA re-
ceptors in rats. Naunyn-Schmied. Arch. Pharmacol.,
1999, 359, 280–287.

32. Paxinos G., Watson C.: The Rat Brain in Stereotaxic
Coordinates, Acad. Press Inc., New York, N Y, 1986.

33. Petralia R.S., Yokotani N., Wenthold R.J.: Light and
electron microscope distribution of the NMDA recep-
tor subunit NMDAR1 in the rat nervous system using
a selective anti-peptide antibody. J. Neurosci., 1994,
14, 667–696.

34. Riva M.A., Tascedda F., Lovati E., Racagni G.: Regu-
lation of NMDA receptor subunit messenger RNA
levels in the rat brain following acute and chronic ex-
posure to antipsychotic drugs. Mol. Brain Res., 1997,
50, 136–142.

35. Robertson G.S., Matsumura H., Fibiger H.C.: Induc-
tion patterns of Fos-like immunoreactivity in the fore-
brain as predictors of atypical antipsychotic activity.
J. Pharmacol. Exp. Ther., 1994, 271, 1058–1066.

36. Seeman P.: Dopamine receptors and the dopamine hy-
pothesis of schizophrenia. Synapse, 1987, 1, 133–152.

37. Sherman A.D., Davidson A.T., Barnah S., Hegwood
T.S., Waziri R.: Evidence of glutamatergic deficiency
in schizophrenia. Neurosci. Lett., 1991, 121, 77–80.

38. Simpson M.D.C., Slater P., Royston M.C., Deakin
J.F.W.: Alterations in phencyclidine and sigma bind-
ing sites in schizophrenic brains. Effect of disease pro-
cess and neuroleptic medication. Schizophr. Res.,
1992, 6, 41–48.

39. Tarazi F.I., Florijn W.I., Creese I.: Regulation of iono-
tropic glutamate receptors following subchronic and
chronic treatment with typical and atypical antipsy-
chotics. Psychopharmacology, 1996, 128, 371–379.

40. Toru M., Kurumaji A., Kumashiro S., Suga I., Ta-
mashima M., Nishikawa T.: Excitatory amino acider-
gic neurons in chronic schizophrenic brain. Mol. Neu-
ropharmacol., 1992, 2, 241–243.

41. Toru M., Watanabe S., Shibuya H., Nishikawa T.,
Noda K., Mitsushio H., Ichikawa H., Kurumaji A.,
Takashima M., Mataga N., Ogawa A.: Neurotransmit-
ters, receptors and neuropeptides in postmortem brains
of chronic schizophrenic patients. Acta Psychiat.
Scand., 1988, 78, 121–137.

42. Tsai G., Passani L.A., Slusher B.S., Carter R., Baer L.,
Kleinman J.E., Coyle J.T.: Abnormal excitatory neu-
rotransmitter metabolism in schizophrenic brains.
Arch. Gen. Psychiat., 1995, 52, 829–836.

43. U³as J., Nguyen L., Cotman C.W.: Chronic haloperi-
dol treatment enhances binding to NMDA receptors in
rat cortex. NeuroReport, 1993, 4, 1049–1051.

44. Wisden W., Morris D.J.: In Situ hybridization with
synthetic oligonucleotide probes. In: Biological Tech-
niques. In Situ Hybridization Protocols for the Brain.
Eds. Wisden W., Morris D.J., Academic Press, Har-
court & Company Publishers, 1994, 9–33.

45. Wolfarth S., Ossowska K.: Can the supersensitivity of
rodents to dopamine be regarded as a model of tardive
dyskinesia? Prog. Neuro-Psych. Biol. Psych., 1989,
13, 799–840.

Received: December 10, 2001; in revised form: January 4,
2002.

���� ���(
-((� 9

�'��
.� �.��'/�0��1%� 23 4��/�%.��/� ��� 5�/6����%


