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Abstract

In the present study, the effects of L-arginine, a nitric oxide (NO) precursor, and N ©-nitro-L-arginine methyl ester (.L-NAME), a nitric
oxide synthase (NOS) inhibitor, on apomorphine- or morphine-induced locomotor sensitization in male albino mice were investigated. Our
data showed that subcutaneous (s.c.) injection of apomorphine (2—10 mg/kg) or morphine sulphate (5—50 mg/kg) significantly increased
locomotor behaviour in a dose-dependent manner. Intraperitoneal (i.p.) administration of L-arginine (100 mg/kg) increased locomotor
activity, whereas L-NAME (20 mg/kg) decreased it. L-Arginine and L-NAME increased and decreased apomorphine- or morphine-induced
locomotions, respectively. The locomotor behavioural response was enhanced in mice pretreated with apomorphine (2 mg/kg, daily x 3
days) or morphine (10 mg/kg, daily X 3 days) alone, indicating that sensitization had developed. Administration of L-arginine 30 min before
each of three daily doses of apomorphine or morphine increased the development of sensitization, while administration of L-NAME 30 min
before each of three daily doses of apomorphine or morphine decreased the acquisition of sensitization induced by apomorphine or morphine.
Administration of L-arginine significantly increased and L-NAME significantly and dose-dependently decreased the expression of both
apomorphine- and morphine-induced sensitization. The results indicate that NO may be involved in the acquisition and expression of

apomorphine- or morphine-induced sensitization.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Intermittent repeated exposure to psychostimulant drugs
in humans can lead to dependence and addiction. In animals,
similar exposure to the same drugs can lead to the phenom-
enon of behavioural sensitization, which is manifested by
increased locomotor and other responses on subsequent
exposure to the drug (Morris et al., 1986). This enhanced
response appears to be related to changes in the mesolimbic
dopaminergic circuitry (Pierce and Kalivas, 1997; Kalivas
and Stewart, 1991; Weiss et al., 1992). This circuitry
includes the medial prefrontal cortex, ventral tegmental area
and nucleus accumbens. Following the expression of behav-
ioural sensitization to psychostimulants, dopamine transmis-
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sion is enhanced in the ventral tegmental area (Kalivas and
Duffy, 1993b) and nucleus accumbens and attenuated in the
medial prefrontal cortex (Kalivas and Duffy, 1993a).

The mesolimbic dopaminergic system seems to be of
importance for the development and maintenance of behav-
ioural sensitization. More specifically, the induction of
sensitization appears to require drug action at the level of
the ventral tegmental area, while the expression of sensi-
tized behaviour appears to depend predominantly on mech-
anisms within the nucleus accumbens (Kalivas and Stewart,
1991; Perugini and Vezina, 1994; Cador et al., 1995).

Although evidence suggests that enhanced dopamine
transmission in the nucleus accumbens and striatum is
associated with behavioural sensitization to psychostimulant
drugs, the role of glutamatergic transmission is also appar-
ent. Several studies indicate that pretreatment with N-meth-
yl-p-aspartate (NMDA) receptor antagonists prevents
behavioural sensitization to cocaine or amphetamine (Karler
et al., 1989, 1990, 1994; Wolf and Jeziorski, 1993; Wolf et
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al., 1994). An increase in excitatory amino acid transmission
in the nucleus accumbens (Pierce et al., 1996) and up-
regulation of the NMDA receptors (Ithzak and Stein, 1992)
may underlie some of the processes in the development of
sensitization.

The shell of the nucleus accumbens receives convergent
glutamatergic inputs from the prefrontal cortex, basolateral
amygdala and hippocampus (Sesack and Pickel, 1992) and
dopaminergic afferents from the ventral tegmental area
(Meredith et al., 1992; Gasbarri et al., 1994). Modulation
of local neurons by these predominantly limbic afferents is
thought to be the basis for the locomotor and motivational
behaviours associated with this brain region (Pulvirenti et
al., 1994). In addition, this is one of the regions in which the
diffusible gas, nitric oxide (NO), has been implicated in the
control of locomotor activity (Pudiak and Bozarth, 1993;
Kim and Park, 1995) and dopamine release (Pogun et al.,
1994). These functions are also thought to involve the
activation of NMDA-type glutamate receptors (Ohno et
al., 1995; Gracy and Pickel, 1997). Neuronal nitric oxide
synthase (nNOS) stimulation is associated with the activa-
tion of the NMDA type of glutamate receptors. The increase
in calcium influx caused by NMDA receptor activation
leads to the binding of calcium to calmodulin, which then
stimulates nNOS (Synder, 1992). The relationship between
activation of the NMDA receptor and stimulation of NOS
prompted investigators to study the effect of NOS inhibitors
on the development of sensitization. Thus, it has been
reported that NC'-nitro-L-arginine methyl ester (L-NAME)
attenuates the development of sensitization to the locomo-
tor-stimulating effect of cocaine (Pudiak and Bozarth,
1993). Some experimental studies also indicated a relation-
ship between NO and the development of physical depen-
dence to substances such as morphine (Vaupel et al., 1997)
and sensitization to apomorphine (Battisti et al., 2000b).
Furthermore, inhibition of the NO pathway by L-NAME
attenuated behavioural stereotypic activity evoked by am-
phetamine administration (Przewloca et al., 1996). There
may be also an interaction at the behavioural level between
NO- and dopamine-mediated effects of amphetamine (Fillip
and Przegalinski, 1998). Both morphine, which increases
dopamine transmission (Koob, 1992a,b), and apomorphine,
which directly activates dopamine receptors, may elicit NO
production (Kivastik et al., 1996; Gholami et al., 2002,
2003). Thus, we examined the effects of the NO precursor L-
arginine and L-NAME, a nonselective and potent inhibitor
of NOS, on the acquisition and expression of sensitization
of morphine- and apomorphine-induced locomotion.

2. Materials and methods
2.1. Animals

Male albino mice (Pasteur Institute, Iran), weighing
between 20 and 25 g, were used in our experiments. The

mice were housed in groups of seven with food and water
available ad libtum, under a 12-h light/dark cycle (light,
7:00 a.m. to 7:00 p.m.) and controlled temperature (22 & 2
°C). A total of 665 mice were used in the present study and
each animal was used once only. All procedures in this
study are in accordance with the guide for the Care and Use
of Laboratory Animals as adopted by the Ethics Committee
of the Faculty of Science, Tehran University (357: Nov.
2000).

2.2. Drugs

The following drugs were used: morphine sulphate
(Temad, Tehran, Iran), rL-arginine (Sigma, California,
USA), L-NAME (Sigma) and R(—)apomorphine HCI (Mac
Farlan Smith, England). The drugs were dissolved in saline,
except for apomorphine, which was dissolved in distilled
water with 0.1% ascorbic acid. All drug solutions were
prepared immediately prior to administration. Dosage was
calculated as milligrams of the drugs per kilogram of body
weight. Drugs were administered in a volume of 10 ml/kg
body weight. L-Arginine and L-NAME were administered
intraperitoneally (i.p.) but morphine and apomorphine were
administered subcutaneously (s.c.).

2.3. Measurement of locomotor activity

Locomotion was measured with an activity meter,
Animex, Type S (LKB Farrad). Each animal was placed
in a plastic cage (an activity cage in which measurements
were taken) for 15 min to acclimatize it to the environ-
ment. Immediately after the administration of apomor-
phine or morphine 30 min after the administration of L-
arginine or L-NAME, the Plexiglas plastic cage was
placed onto the floor of a clear Perspex container (30 X
25 %20 cm high). Horizontal movements were recorded
for 20 min by under-floor sensors. The number of sensor
activations gave a measure of the animals’ locomotion. A
trained observer, with the aid of a checklist, noted the
presence or absence of other behaviours but these were
not quantified.

2.4. Experimental design

2.4.1. Experiment 1: effects of apomorphine or morphine on
locomotor activity

In this experiment, we established a dose—response
function for apomorphine or morphine on locomotor activ-
ity. Either four doses of apomorphine (2, 5, 10 and 20 mg/
kg, s.c.) or four doses of morphine (5, 10, 20 and 50 mg/kg,
s.c.) were tested. Two separate groups of animals received
either vehicle (10 ml/kg, s.c.) or saline (10 ml/kg, s.c.) and
were used as controls. Apomorphine-treated animals were
compared with the vehicle control group and morphine-
treated animals were compared with the saline control

group.
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2.4.2. Experiment 2: effects of L-arginine and L-NAME on
locomotor activity in the absence or presence of apomor-
phine or morphine

2.4.2.1. Effects of L-arginine on locomotor activity. Ani-
mals were given three doses of L-arginine (25, 50 and 100
mg/kg, i.p.) and after 30 min received saline (10 ml/kg, s.c.),
apomorphine (10 mg/kg, s.c.) or morphine (20 mg/kg, s.c.)
and immediately were placed in test cages. Locomotor
behaviour was measured for 20 min. Control groups re-
ceived saline (10 ml/kg, i.p.) 30 min before the administra-
tion of apomorphine or morphine.

2.4.2.2. Effects of L-NAME on locomotor activity. ~Animals
were given three doses of L-NAME (5, 10 and 20 mg/kg,
i.p.) and after 30 min received saline (10 ml/kg, s.c.),
apomorphine (10 mg/kg, s.c.) or morphine (20 mg/kg,
s.c.) and immediately were placed in test cages. Locomotor
behaviour was evaluated for 20 min. Control groups re-
ceived saline (10 ml/kg, i.p.) 30 min before the administra-
tion of apomorphine or morphine.

2.4.3. Experiment 3: effects of apomorphine or morphine on
the induction of locomotor sensitization

Eighteen groups of animals were used in this experi-
ment. Mice were transported from the vivarium to the
laboratory. Nine groups of animals were given either
apomorphine (2 mg/kg, s.c.) or morphine (10 mg/kg,
s.c.), and placed in the “diff” cages for 20 min. “Diff”
cages were larger (50 X 30 X 30 cm) than the test cages and
had a different texture (Battisti et al., 2000a,b). At the end
of this period, they were returned to their home cages in
the vivaium. This period was repeated for day 2 and day 3.
Five days after the 3-day schedule of pre-exposure, mice
were transported to the laboratory, administered vehicle (10
ml/kg, s.c.), different doses of apomorphine (0.12, 0.25, 0.5
and 1 mg/kg, s.c.), saline (10 ml/kg, s.c.) or morphine
(1.25, 2.5 and 5 mg/kg, s.c.), placed in the test cages, and
evaluated for locomotor activity. Another nine groups of
animals received vehicle (10 ml/kg, s.c.) or saline (10 ml/
kg, s.c.) according to the 3-day schedule of pre-exposure
and on the test day were given vehicle, apomorphine,
saline or morphine as for the previous nine groups and
served as controls.

2.4.4. Experiment 4: effects of L-arginine or L-NAME on the
acquisition of sensitization induced by apmorphine or
morphine

Mice were injected with various doses of L-arginine (25,
50 and 100 mg/kg, i.p.), L-NAME (5, 10 and 20 mg/kg, i.p.)
or saline (10 ml/kg, i.p.), and immediately placed back in
their home cages in the vivarium. Thirty minutes later, mice
were transported from the vivarium to the laboratory, ad-
ministered either apomorphine (2 mg/kg, i.p.) or morphine
(10 mg/kg, i.p.) and placed in the “diff”” cages for 20 min. At
the end of this period, they were returned to their home cages

in the vivarium. This period was repeated for day 2 and day
3. All of the groups were transported to the laboratory 5 days
after the end of pre-exposure phase, administered a challenge
dose of apomorphine (1 mg/kg, s.c.) or morphine (5 mg/kg,
s.c.), immediately placed in the test cages, and evaluated for
locomotor activity. Control groups received L-arginine,
L-NAME or saline as for the previous groups in their home
cages in the vivarium and 30 min later were administered
either vehicle (10 ml/kg) or saline (10 ml/kg) and placed in
the “diff” cages for 20 min according to the 3-day schedule
of pre-exposure.

2.4.5. Experiment 5: effects of L-arginine or L-NAME on the
expression of sensitization induced by apomorphine or
morphine

Apomorphine (2 mg/kg, s.c. daily X 3 days) or morphine
(10 mg/kg, s.c. daily x 3 days) was administered during the
pretreatment phase, and a test for sensitization was performed
5 days later at the end of pretreatment. On the test day, mice
were injected with saline (10 ml/kg, i.p.), L-arginine (25, 50
and 100 mg/kg, i.p.) or L-NAME (5, 10 and 20 mg/kg, i.p.) in
their home cages. Thirty minutes later, the animals were
transported to the laboratory, administered the challenge dose
of apomorphine (1 mg/kg, s.c.) or morphine (5 mg/kg, s.c.),
placed in the test cages, and evaluated for locomotor activity.
Control groups were administered vehicle (10 ml/kg, s.c.
daily x 3 days) or saline (10 ml/kg, s.c. daily X 3 days) during
the pretreatment phase, and the test for sensitization was
performed as for the previous groups.

2.5. Statistical analysis

All results are presented as means = S.E.M. for seven
animals per group. Data were assessed by one- or two-way
analysis of variance (ANOVA). Following a significant F-
value, post hoc analysis (Tukey test) was performed for
assessing specific group comparisons and differences where
P<0.05 were considered statistically significant. Calcula-
tions were performed using the SPSS statistical package.

3. Results

3.1. Experiment 1: effect of apomorphine or morphine on
locomotor activity

Fig. 1 illustrates locomotion induced by subcutaneous
injection of different doses of apomorphine (2, 5, 10 and 20
mg/kg) or morphine (5, 10, 20 and 50 mg/kg) for 20 min post-
injection. Low doses of apomorphine (2 and 5 mg/kg) or
morphine (5 and 10 mg/kg) did not appear to affect locomotor
activity in mice, while higher doses of apomorphine (10 and
20 mg/kg) or morphine (20 and 50 mg/kg) produced signif-
icant locomotion. One-way ANOVA disclosed a significant
main effect for apomorphine [ 7(4,30)=6.4, P<0.001] and
morphine [ £(4,30)=21.4, P<0.0001].
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Fig. 1. Effects of subcutaneous (s.c.) injection of vehicle (10 ml/kg),
apomorphine (2, 5, 10 and 20 mg/kg), saline (10 ml/kg) or morphine (5, 10,
20 and 50 mg/kg) on locomotor activity evaluated 20 min post-injection.
Values are the means = S.E.M. for seven animals per group. **P<0.01,
compared with the vehicle control group. "P<0.05; *"*P<0.001,
compared with the saline control group.

3.2. Experiment 2: effects of L-arginine and -NAME on
locomotor activity in the absence or presence of apomor-
phine or morphine

Fig. 2 shows the effects of i.p. administration of L-arginine
on locomotor activity in the mice. At a higher tested dose (100
mg/kg), L-arginine induced locomotion [one-way ANOVA,
F(3,24)=17.5, P<0.01]. Animals exposed to 25 and 50 mg/kg
of the drug displayed the same locomotor activity as those
exposed to saline. Fig. 2 also shows the effects of i.p.
administration of L-arginine on the locomotion induced by
apomorphine or morphine in mice. Two-way ANOVA indi-
cated an interaction between apomorphine and L-arginine
[within-group comparison: treatment effect; F(1,48)=136.5,
P<0.001; dose effect, F(3,48)=28.3, P<0.001; interaction,
F(3,48)=3.1, P<0.05 ] or between morphine and L-arginine
[within-group comparison: treatment effect; F(1,48)=169.7,
P<0.001; dose effect, F(3,48)=32.0, P<0.001; interaction,
F(3,48)=3.4, P<0.05] in the induction of locomotion.
Further analysis showed that treatment with L-arginine 30
min before the test increased locomotion induced by apo-
morphine [one-way ANOVA, F(3,24)=23.8, P<0.0001] or
morphine [one-way ANOVA, F(3,24)=14.5, P<0.0001].

Fig. 3 shows the effects of i.p. administration of L-
NAME on locomotor activity in the mice. Low doses of L-
NAME (5 and 10 mg/kg) did not appear to affect loco-
motor activity in mice, while a higher dose (20 mg/kg)
produced a slight reduction in locomotor activity [one-way
ANOVA, F(3,24)=5.6, P<0.01]. Fig. 3 also shows the
effects of i.p. administration of L-NAME on the locomo-
tion induced by apomorphine or morphine in mice. Two-
way ANOVA indicated an interaction between apomor-
phine and L-NAME [within-group comparison: treatment
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Fig. 2. Effects of intraperitoneal (i.p.) injection of L-arginine (25, 50 and 100
mg/kg) on locomotor activity in the absence or presence of apomorphine or
morphine. Animals were injected with L-arginine and after 30 min received
saline (10 ml/kg, s.c.), apomorphine (10 mg/kg, s.c.) or morphine (20 mg/kg,
s.c.) and immediately were transported to test cages where the locomotor
activity of each animal was recorded for 20 min. Values are the
means = S.E.M. for seven animals per group. **P<0.01; ***P<0.001,
compared with the respective saline control group.

effect; F(1,48)=50.5, P<0.001; dose effect, F(3,48)=
27.8, P<0.0001; interaction, F(3,48)=3.2, P<0.05 ] or
between morphine and L-NAME [within-group compari-
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Fig. 3. Effects of intraperitoneal (i.p.) injection of L-NAME (5, 10 and 20
mg/kg) on locomotor activity in the absence or presence of apomorphine or
morphine. Animals were injected with L-NAME and after 30 min received
saline (10 ml/kg, s.c.), apomorphine (10 mg/kg, s.c.) or morphine (20 mg/
kg, s.c.) and immediately were transported to test cages where the
locomotor activity of each animal was recorded for 20 min. Values are the
means = S.E.M. for seven animals per group. **P<0.01; ***P<0.001,
compared with the respective saline control group.
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Fig. 4. Effects of apomorphine (graph A) or morphine (graph B) on the
development of locomotor sensitization. Nine groups of animals received
s.c. injection of either 2 mg/kg apomorphine (®) or 10 mg/kg morphine (M)
daily x 3 days (in “diff” cage), and 5 days later received vehicle (10 ml/kg,
s.c.), apomorphine (0.12, 0.25, 0.5 and 1 mg/kg, s.c.), saline (10 ml/kg, s.c.)
or morphine (1.25, 2.5 and 5 mg/kg, s.c.) in the test cage and were
evaluated for locomotor activity for 20 min. Another nine groups of animals
received vehicle (O) or saline (O) according to the 3-day schedule of pre-
exposure and on the test day were given vehicle, apomorphine, saline or
morphine as for previous nine groups and served as controls. Values are the
means = S.E.M. for seven animals per group. **P<0.01; ***P<0.001,
compared with the respective control group.

son: treatment effect; F(1,48)=9.4, P<0.001; dose effect,
F(3,48)=23.2, P<0.001; interaction, F(3,48)=2.9,
P<0.05] in the induction of locomotion. Further analysis
showed that administration of L-NAME 30 min before the
test decreased locomotion induced by apomorphine [one-
way ANOVA, F(3,24)=28.4, P<0.0001] or morphine
[one-way ANOVA, F(3,24)=19.4, P<0.0001].

3.3. Experiment 3: effects of apomorphine or morphine on
the induction of locomotor sensitization

As shown in Fig. 4, locomotor activity significantly
increased in mice pretreated with apomorphine (2 mg/kg,
s.c.), compared with mice pretreated with vehicle [ (9,60)
=4.5, P<0.001]. The animals pretreated with morphine (10
mg/kg, s.c.) showed a significant increase in locomotor
activity in response to 5 mg/kg of morphine, compared with
mice pretreated with saline [ F(7,48)=15.0, P<0.0001].

3.4. Experiment 4: effects of L-arginine or L-NAME on the
acquisition of sensitization induced by apmorphine or
morphine

The NO precursor L-arginine (Figs. 5 and 6) increased in a
dose-dependent manner the acquisition of sensitization in-
duced by apomorphine [two-way ANOVA, within-group
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Fig. 5. Effects of various doses of L-arginine (graph A) or L-NAME (graph
B) on the development of sensitization induced by apomorphine. Mice were
injected with saline (10 ml/kg, i.p.), L-arginine (25, 50 and 100 mg/kg, i.p.)
or L-NAME (5, 10 and 20 mg/kg, i.p.) 30 min prior to pretreatment with 2
mg/kg of apomorphine daily X 3 days (in “diff” cage). Control groups
were injected with saline, L-arginine or L-NAME 30 min prior to
pretreatment with 10 ml/kg of vehicle daily X 3 days. Five days later, all
mice received an apomorphine challenge (1 mg/kg, s.c.) in the test cage and
were evaluated for locomotor activity. Values are the means + S.E.M. for
seven animals per group. *P<0.05; **P<0.01; ***P<0.001, compared
with the apomorphine-treated group.

comparison: treatment effect: F(1,48)=131.0, P<0.001,
dose effect: F(3,48)=8.8, P<0.001, interaction:
F(3,48)=8.5, P<0.001] or morphine [two-way ANOVA,
within-group comparison: treatment effect: F(1,48)=512.4,
P<0.001, dose effect: F(3,48)=3.7, P<0.05, interaction:
F(3,48)=2.9, P<0.05]. .-NAME (Figs. 5 and 6) decreased
significantly and dose-dependently the acquisition of sensi-
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Fig. 6. Effects of various doses of L-arginine (Graph A) or L-NAME (Graph
B) on the development of sensitization induced by morphine. Mice were
injected with saline (10 ml/kg, i.p.), L-arginine (25, 50 and 100 mg/kg, i.p.)
or L-NAME (5, 10 and 20 mg/kg, i.p.) 30 min prior to pretreatment with 10
mg/kg of morphine daily X 3 days (in “diff”” cage). Control groups were
injected with saline, L-arginine or L-NAME 30 min prior to pretreatment
with 10 ml/kg of saline daily X 3 days. Five days later, all mice received a
morphine challenge (5 mg/kg, s.c.) in the test cage and were evaluated for
locomotor activity. Values are the means = S.E.M. for seven animals per
group. ¥*P<0.05; **P<0.01, compared with the morphine-treated group.
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tization induced by apomorphine [two-way ANOVA, within-
group comparison: treatment effect: F(1,48)=38.6,
P<0.001, dose effect: F(3,48)=3.8, P<0.05, interaction:
F(3,48)=5.3, P<0.01] or morphine [two-way ANOVA,
within-group comparison: treatment effect: F(1,48)=123.3,
P<0.001, dose effect: F(3,48)=3.3, P<0.05, interaction:
F(3,48)=3.6, P<0.05]. That is, mice injected with L-NAME
30 min prior to apomorphine or morphine pretreatment failed
to demonstrate an enhanced locomotor response to subse-
quent apomorphine or morphine challenge.

3.5. Experiment 5: effects of L-arginine or L-NAME on the
expression of sensitization induced by apomorphine or
morphine

Fig. 7 shows the effects of i.p. administration of L-arginine
30 min before the test on the expression of locomotor
sensitization induced by apomorphine or morphine in mice.
Two-way ANOVA indicated an interaction between apomor-
phine and rL-arginine [within-group comparison: treatment
effect; F(1,48)=121.3, P<0.001; dose effect, F(3,48)=53.0,
P<0.001; interaction, F(3,48)=2.9, P<0.05 ] or between
morphine and L-arginine [within-group comparison: treat-
ment effect; F(1,48)=439.8, P<0.001; dose effect,
F(3,48)=27.9, P<0.001; interaction, F(3,48)=5.8,
P<0.01] on the expression of locomotor sensitization. Fur-
ther analysis showed that treatment with L-arginine 30 min
before the test increased locomotor sensitization induced by
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Fig. 7. Effects of L-arginine on the expression of sensitization induced by
apomorphine or morphine. Mice were pretreated with 2 mg/kg of
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sensitization 5 days later. On the test day, mice were injected with saline (10
ml/kg, i.p.) or three doses of L-arginine (25, 50 and 100 mg/kg, i.p.) 30 min
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apomorphine [one-way ANOVA, F(3,24)=28.3, P<0.0001]
or morphine [one-way ANOVA, F(3,24)=28.0, P<0.0001].

Fig. 8 shows the effects of i.p. administration of L-NAME
30 min before the test on the expression of locomotor
sensitization induced by apomorphine or morphine in mice.
Two-way ANOVA indicated an interaction between apomor-
phine and L-NAME [within-group comparison: treatment
effect; F(1,48)=52.0, P<0.001; dose effect, F(3,48)=
34.1, P<0.001; interaction, F(3,48)=6.4, P<0.01 ] or
between morphine and L-NAME [within-group comparison:
treatment effect; F(1,48)=137.4, P<0.001; dose effect,
F(3,48)=52.0, P<0.001; interaction, F(3,48)=15.6,
P<0.001] on the expression of locomotor sensitization.
Further analysis showed that administration of L-NAME 30
min before the test decreased locomotor sensitization induced
by apomorphine [one-way ANOVA, F(3,24)=36.0,
P <0.0001] or morphine [one-way ANOVA, F(3,24)=69.8,
P<0.0001].

4. Discussion

In the present experiments, we examined the involve-
ment of NO on the acquisition and expression of locomotor
sensitization induced by apomorphine or morphine. In
accordance with previous studies, our data also showed that
subcutaneous injections of apomorphine (Battisti et al.,
2000a,b) or morphine increased locomotion (Calignano et
al., 1993). In a preliminary study, we observed that the
response to both drugs was most prominent for the first 20
min following injection and gradually weakened thereafter.
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Thus, we used a 20-min observation period for evaluating
the effects of the drugs.

The psychomotor stimulant and euphoric effects of
psychostimulant drugs are generally attributed to their
effects on dopaminergic transmission (Koob, 1992c¢). Stria-
tal dopaminergic transmission has largely been implicated
in the control of locomotion (Angulo and McEven, 1994).
However, increasing evidence supports the link between
glutamatergic and dopaminergic systems (Ohno et al.,
1995; Pulvirenti et al., 1994). There is also evidence
supporting the involvement of glutamatergic input in the
control of locomotor activity involving mesolimbic and
mesostriatal dopamine release (Witkin, 1993). Moreover,
NO modulates the glutamate-induced release of dopamine
(Hanbauer et al., 1992) and is formed by the action of NO
synthase on L-arginine, following the activation of NMDA
receptors (Bhargava and Bian, 1997; Bhargava et al.,
1998).

In order to evaluate the involvement of NO in locomotor
behaviour, we tested the effect of either L-arginine, a pre-
cursor of NO, or L-NAME, an inhibitor of NOS, on loco-
motor activity in mice. Two major findings arose from this
experiment. The first was the significant induction of loco-
motion after the administration of a high dose of L-arginine
(100 mg/kg). The second was that a higher dose of L-NAME
(20 mg/kg) produced a reduction in locomotion. These
findings are in agreement with previous studies. Pogun et
al. (1994) reported that sodium nitroprusside, a generator of
NO, decreased [*H]dopamine uptake in synaptosomal prep-
arations of the nucleus accumbens and the striatum of rats,
suggesting that the NO inhibition of dopamine transporter
function contributes to the increase in dopamine efflux. Also,
it has been reported that L-arginine induces dopamine release
from the striatum in vivo and that this release can be
markedly reduced by NOS inhibitors (Strasser et al.,
1994). Since NO is a membrane-permanent gas, which can
diffuse out to act on neighbouring neurons, it is likely that
NO synthesized in neurons postsynaptic to mesolimbic
dopamine fibres may influence presynaptic processes and
thus stimulate dopamine release in the nucleus accumbens
(Garthwaite, 1991; Bredt and Synder, 1992). Also, previous
studies have demonstrated that morphine increases the syn-
aptic dopamine concentration in the mesolimbic system (Di
Chiara and Imperato, 1988; Di Chiara and North, 1992).
Therefore, the NO-dependent increase in extracellular dopa-
mine in the nucleus accumbens is similar to the effect of
morphine in this regions and thus our data may be in
agreement with a previous report that showed that NO
stimulates dopamine release in the nucleus accumbens
(Ohno et al., 1995). Our results indicate that systemic
administration of L-NAME decreased the locomotor activity
of mice. Since L-NAME treatment increases blood pressure
and decreases heart rate, the possibility exists that these
peripheral effects account for the behavioural modifications.
However, the response to intracerebroventricular adminis-
tration of L-NAME, a treatment that does not affect periph-

eral blood pressure and also reduces the startle response
(Moore et al., 1991), may suggest an effect within the central
nervous system. Therefore, a possible explanation for our
results is that inhibition of NO synthesis could result in
decreased locomotor activity by interfering with dopaminer-
gic transmission. In fact, L-NAME has also been proven to
reduce the dopamine-mediated morphine effect on locomo-
tion (Calignano et al., 1993).

The results of the present study also clearly show that
the apomorphine- and morphine-induced locomotor hyper-
activity of mice is increased by L-arginine and attenuated
by L-NAME. Our result are in agreement with previous
studies that showed that the hyperactivity induced by
amphetamine and cocaine was potentiated by molsidomine
(a NO donor) and that the locomotor hyperactivity evoked
by amphetamine (Celik et al., 1999; Przegalinski and Fillip,
1997), cocaine, SKF 38393 (a dopamine D1 receptor
agonist) and bromocriptine (a dopamine D2 receptor ago-
nist) was attenuated by NO synthase inhibitors (Przegalin-
ski and Fillip, 1997). The present findings provide further
evidence for an interaction at the behavioral level between
NO- and dopamine-mediated effects of apomorphine and
morphine.

Our present data are consistent with previous findings
that behavioural sensitization to the locomotor-stimulating
effects of apomorphine (Battisti et al., 2000a,b) or morphine
(Kim et al., 1998) may be induced by a schedule of
intermittent presentation. Previous investigators have dem-
onstrated a postsynaptic increase in dopamine receptor
sensitivity following the chronic administration of psychos-
timulant drugs (Kalivas and Duffy, 1993b). Local changes
in activity of dopamine pathways may contribute to sensi-
tization. It is suggested that the efficacy of dopamine system
may be due to an increase in the sensitivity of post synaptic
dopamine D1 and D2 receptors, or by a decrease in the
sensitivity of dopamine D2 autoreceptors, both in the
nucleus accumbens and ventral tegmental area (Kalivas
and Duffy, 1993b; Muscat et al., 1996).

Since NO is involved in dopamine release in the
mesolimbic system, we examined the effects of both
L-arginine and L-NAME on the acquisition of apomor-
phine- or morphine-induced sensitization when they were
administered 30 min before apomorphine or morphine
pretreatment. Our results showed that L-arginine increased
the acquisition of apomorphine- and morphine-induced
sensitization. Several studies have suggested that the
activation of NO synthase stimulates the release of dopa-
mine and glutamate (West and Galloway, 1997; Schulman,
1997). These neurotransmitters are known to be essential
for the induction of sensitization to psychostimulants
(Pierce and Kalivas, 1997; Wolf, 1998). Therefore, it is
possible that L-arginine, in combination with apomorphine
or morphine, increases dopamine release in the nucleus
accumbens and thus potentiates the effect of these drugs on
the induction of sensitization. In contrast to the effect of
L-arginine, NOS inhibition by L-NAME decreased signifi-
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cantly and dose-dependently the acquisition of both apo-
morphine- and morphine-induced sensitization. According-
ly, it is likely that the inhibition of NOS attenuates
dopamine release, and therefore NOS deficiency may
prevent the development of sensitization to apomorphine
or morphine. Previous studies have also reported that
inhibitors of NOS prevented the development of sensitiza-
tion (Pudiak and Bozarth, 1993; Kim and Park, 1995;
Ithzak, 1997; Haracz et al., 1997). These inhibitors also
blocked the acute effects of psychostimulant drugs in the
present study. Since the initial expression of a drug-induced
response is important for the development of sensitization
to the drug response (Kuribara, 1997; Battisti et al., 1999),
our data may indicate a role for NO in the development of a
sensitized response to apomorphine or morphine.

Finally, in order to assess the role of NO, we also
examined the effects of both r-arginine and L-NAME on
the expression of apomorphine- or morphine-induced sen-
sitization. The results showed that L-arginine, when admin-
istered 30 min before the test, increased apomorphine- and
morphine-induced locomotion. In contrast, pretreatment
with L-NAME 30 min before the test decreased both
apomorphine- and morphine-induced sensitization. Since
dopamine is the most important neurotransmitter in the
expression of locomotion induced by psychostimulants,
enhancement of extracellular dopamine after the adminis-
tration of L-arginine on the test day may potentiate the
apomorphine or morphine response. Thus NO production
also appears to play an essential role in the expression of the
locomotor sensitization induced by apomorphine and mor-
phine. This is consistent with supported by previous reports
showing that the relatively selective competitive inhibitor of
neuronal NOS, 7-nitroindazole (Moore et al., 1993; Moore
and Handy, 1997), blocked the expression of sensitization
induced by amphetamine and apomorphine. In addition,
L-NAME attenuates the expression of sensitization of meta-
mphetamine-induced locomotor activity (Inoue et al., 1996).

In summary, the role of NO in the sensitization of the
dopaminergic response to apomorphine or morphine was
similar regarding both acquisition and expression. This may
lead us to conclude that NO production is needed at sites
downstream from the dopamine synapse.
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