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Increased responsiveness to psychomotor stimulants can be produced by either chronic stimulant
administration or by chronic dopamine receptor blockade. This study examined the role of nitric
oxide in the development of neuroleptic-induced supersensitivity. No-nitro-L-arginine methyl ester
hydrochloride (L-NAME) administered during chronic intraperitoneal (ip) haloperidol treatment
(0.2 mg/kg/d for 14 d) was used to inhibit nitric oxide synthesis. Locomotor activity following a

cocaine,p challenge injection (10 mg/kg) administered at 3 and 10 d after cessation of haloperidol
treatment demonstrated the development of supersensitivity. Haloperidol animals pretreated with
L-NAME1p (30 mg/kg) showed significantly less cocaine-stimulated locomotor activity on both tests
than saline-pretreated animals. This finding suggests that nitric oxide is involved in
haloperidol-induced supersensitivity and that a common neural mechanism may underlie the
development of supersensitivity and stimulant-induced sensitization. This study also suggests that
treatment with a nitric oxide synthesis inhibitor may decrease the side effects accompanying
long-term treatment with antipsychotic medications.
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INTRODUCTION

Antipsychotic drugs (for example, haloperidol) block
dopamine receptors and are used in the treatment of schizo-
phrenia. However, neuroleptic medications frequently pro-
duce side effects such as tremor and rigidity (Seeman 1995),
and chronic neuroleptic treatment has been associated with
the development of a condition called supersensitivity
(Snyder and others 1974; Muller and Seeman 1978). Su-
persensitivity is caused by dopamine receptors that respond
to amounts of dopamine previously unable to elicit any
biological effects. This enhanced responsiveness can
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produce tardive dyskinesia (Muller and Seeman 1978; Tarsy
1983), which is characterized by unorganized and uncon-
trollable movements.

The molecular mechanisms that mediate the development
of supersensitivity remain unclear. However, a similar
neuroadaptive process thatmay help to identify the molecular
mechanisms that mediate the development of supersensi-
tivity is stimulant-induced sensitization. Sensitization is pro-
duced by repeated psychomotor stimulant administration (for
example, cocaine, amphetamine) and results in the progres-
sive enhancement of a stimulant's locomotor-activating ef-
fects (Robinson 1988; Robinson and Berridge 1993). Both
sensitization and supersensitivity produce increased respon-
siveness to the stimulatory action ofpsychomotor stimulants
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(VonVoigtlander and others 1975; Robinson 1988), but they
are produced by 2 distinctively different experimental treat-
ments (that is, chronic dopamine agonist administration and
chronic dopamine receptor antagonist administration,
respectively).

Several studies have shown administration ofthe noncom-
petitive N-methyl-D-aspartate (NMDA) receptor antagonist
MK-801 blocks behavioral sensitization to repeated stimu-
lant administration (Karler and others 1989; Kuribara and
others 1992; Pudiak and Bozarth 1993). In addition, NMDA
receptor activation has been implicated in the conversion of
L-arginine to nitric oxide by means of nitric oxide synthase
(Garthwaite 1993). Pudiak and Bozarth (1993) have recently
reported that L-NAME, a nitric oxide synthase inhibitor, is
also effective in inhibiting behavioral sensitization produced
by chronic cocaine treatment. These data suggest that both
NMDA receptor activation and nitric oxide formation are
involved in the development of sensitization to stimulants,
and they support the proposed role of nitric oxide in cellular
learning and adaptation (Garthwaite 1991; Snyder and Bredt
1992). The present study used the nitric oxide synthase
inhibitor L-NAME to determine if nitric oxide was involved
in the development of supersensitivity following chronic
neuroleptic treatment.

METHODS

Subjects and apparatus

Experimentally naive, male Long-Evans rats (Harlan
Sprague-Dawley, Indianapolis, USA) weighing 260 to 324 g
at the beginning of the experiment were used. The animals
were individually housed with free access to food and water,
except during behavioral testing. The animal colony was
maintained at 22 ± 2 °C during a 14-h lightIlO-h dark illumi-
nation cycle with lights on from 08:00 to 22:00. All behav-
ioral testing occurred during the light phase between 13:00
and 18:00.

Locomotor activity was measured using a 31 x 70 x 38 cm
high chamber constructed of aluminum and Plexiglas walls
with a tubular stainless steel floor. Infrared photocells were
placed 3.5 cm above the floor every 10 cm along the longi-
tudinal axis. Photocell arrays consisted of an infrared-
emitting diode (900 nm typical, 650 ,uW) with a photodar-
lington transistor positioned 31 cm across the test chamber.
Photodetectors were connected to an IBM-compatible com-
puter (8088-12 MHz) using a specially designed interface.
Each photocell beam interruption constituted one activity
count. Total counts per 5-min period were automatically
collected during 30-min test sessions. Each activity chamber
was placed in a dimly illuminated, sound-attenuating cham-
ber with an exhaust fan providing ventilation and noise
masking.

Drugs

L-NAME (Sigma Chemical, St Louis, USA) was dis-
solved daily in sterile physiological saline prior to injecting.
Cocaine hydrochloride (National Institute on Drug Abuse,
Rockville, USA) was prepared in physiological saline, ster-
ilized by filtration (0.22 ,um filter), and stored at room tem-
perature. Haloperidol (Sigma Chemical, St Louis, USA) was
dissolved in saline and glacial acetic acid and stored at 4 °C;
its pH was adjusted (pH = 6.4) by adding sodium hydroxide.
All the drugs were injected intraperitoneally, and all drug
dosages refer to the drug salts except for haloperidol, which
was used in the free base form.

Procedure

Animals were tested in activity chambers for 30 min
following an injection ofphysiological saline (1 mL/kg). The
next day, all animals were given an injection of cocaine
hydrochloride (10 mg/kg) immediately before being placed
in activity chambers, and locomotor activity was measured
for 30 min. All animals received 2 daily injections and were
otherwise left undisturbed in their home cages for 14 con-
secutive days. One group ofanimals (n = 12) was pretreated
with physiological saline (1 mL/kg) and another group (n =
12) with L-NAME (30 mg/kg) 30 min prior to receiving a
daily injection ofhaloperidol (0.2 mg/kg). The animals were
not injected on days 15 and 16 of the study. Seventy-two
hours after their last haloperidol injection, all animals re-
ceived a challenge injection of cocaine hydrochloride
(10 mg/kg) immediately before being placed into activity
chambers for 30 min. Seven days later (that is, 10 d after their
last haloperidol injection), all animals were tested again in
activity chambers for 30 min immediately following an in-
jection ofcocaine hydrochloride (10 mg/kg). The day 10 test
ruled out any sedative or motor-impairing effects from the
daily L-NAME injections and also assessed the stability of
any changes in sensitivity to cocaine.

RESULTS

To assure that differences between the groups were due to
the experimental treatments and could not be attributed to
preexisting group differences in activity levels or responsive-
ness to a cocaine challenge, saline and cocaine pretest activ-
ity scores were measured for both groups of animals before
starting haloperidol treatment. Figure 1 compares locomotor-
activity scores for the 2 experimental groups after a saline
challenge and after a cocaine challenge before beginning the
chronic treatments. Independent t tests revealed that no dif-
ferences in activity levels (t[22] = 0.62, P > 0.05) or respon-
siveness to a cocaine challenge (t[22] = 0.92, P > 0.05)
existed between the 2 groups prior to the introduction ofthe
14-d injection sequence.
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Figure 1. Supersensitivity from chronic haloperidol
treatment. The figure shows the mean ± SEM
number of activity counts for the 4 locomotor
activity tests. The solid bars illustrate the group
pretreated daily with saline; the shaded bars
illustrate the group pretreated daily with L-NAME.
Sal = saline test; Coc pretest = 1st test with cocaine;
Coc Day-3 = cocaine test 72 h after termination of
the haloperidol treatment; Coc Day-10 = cocaine
test 10 d after termination of the haloperidol
treatment.

To avoid residual drug effects during the sensitization
tests, subjects received a challenge dose of cocaine hydro-
chloride 72 h and 10 d after their last drug treatments. The
day 10 test assured that any motor-impairing or sedative
effects that may have resulted from cumulative L-NAME
injections were absent. Dependent t tests were used to deter-
mine the effect of treatment on locomotor activity for the
2 treatment conditions. Chronic haloperidol treatment pro-
duced increased locomotor stimulation from cocaine. The
saline-pretreated group showed significantly more locomo-
tor activity on the day 3 test (t[l 1] = 3.66, P < 0.01 ) and on
the day 10 test (t[l 1] = 3.29, P < 0.01 ) than on the cocaine
pretest. The L-NAME-pretreated group showed slightly
more locomotor activity during the day 3 test (t4 1] = 2.15,
P< 0.05), but this effect was absent on the day 10 test (t[1 ]
= 1.22, P > 0.05). A 2 x 2 analysis of variance (ANOVA)
with repeated measures on 1 factor showed that L-NAME
pretreatment significantly inhibited the development of su-
persensitivity (treatment effect: [F(1,22) = 4.91, P < 0.05]);
the days effect and the days x treatment interaction were not
significant. Planned comparisons showed significant differ-
ences between the saline and L-NAME pretreated groups on

both day 3 (t[22] = 1.96, P< 0.05) and day 10 (t[22] = 1.89,
P < 0.05) tests.

DISCUSSION

Changes in neural sensitivity may contribute to the devel-
opment of mental illness and drug addiction. Chronic
neuroleptic treatment may not only result in motoric side
effects (Seeman 1995) and tardive dyskinesia (Kane and
Smith 1982; Meltzer and others 1986; Baldessarini 1990) but
may also be responsible for the increased incidence ofstimu-
lant abuse among individuals with schizophrenia (LeDuc and
Mittleman 1995). The incidence of stimulant abuse (for
example, cocaine) in people with schizophrenia is 2 to 5 times
higher than in the general population (LeDuc and Mittleman
1995). Thus supersensitivity following long-term neuroleptic
treatment may produce alterations in dopamine receptors that
result in an increased sensitivity both to the neurotransmitter
dopamine and to cocaine's reinforcing effects.
An understanding of the molecular mechanism underly-

ing supersensitivity could lead to more effective treatments
for schizophrenia, with an increased efficacy of long-term
antipsychotic medication. Although supersensitivity and
sensitization are produced by opposite experimental manipu-
lations (that is, chronic dopamine receptor antagonist admini-
stration and chronic dopamine agonist administration,
respectively), the molecular mechanisms underlying the de-
velopment of neuroleptic-induced supersensitivity and
stimulant-induced sensitization may in fact be very similar.
Data obtained from this study show that inhibition of nitric
oxide synthesis attenuates haloperidol-induced supersensi-
tivity to cocaine, suggesting that nitric oxide formation is
involved in the development of neuroleptic-induced su-
persensitivity.

These data suggest that drugs used to inhibit nitric oxide
synthesis may be useful for minimizing neuroleptic-induced
supersensitivity during the treatment of schizophrenia. The
prevention of neuroleptic-induced supersensitivity may re-
duce motoric side effects associated with long-term
neuroleptic administration and may decrease the incidence
of stimulant abuse among patients with schizophrenia.
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