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Abstract

Repeated administration of methamphetamine (1.0 mg/kg) once daily for 7 consecutive days resulted in an augmentation of
the locomotor-activating effect of methamphetamine (0.5 mg/kg) challenged 72 h after the last injection. Administration of the
nitric oxide (NO) synthase inhibitor, N ©-nitro-L-arginine (10 and 30 mg/kg), before daily methamphetamine injections dose
dependently prevented the development of behavioral sensitization to subsequent methamphetamine challenge. The mice given
another NO synthase inhibitor, N -nitro-L-arginine methyl ester (100 mg/kg), before daily methamphetamine injections showed
significantly less locomotor activity in response to 0.5 mg/kg methamphetamine challenge than the mice given daily metham-
phetamine alone. Such effects were not observed when the inactive isomer, N ©-nitro-p-arginine methyl ester (100 mg/kg), was
administered daily prior to methamphetamine. Both NO synthase inhibitors exerted the acute effect to reduce spontaneous and
methamphetamine-stimulated locomotor activity, while neither spontaneous locomotion nor hyperlocomotion in response to 1.0
mg/kg methamphetamine was altered 72 h after repeated administration of N S-nitro-L-arginine (30 mg/kg) or N S-nitro-L-
arginine methyl ester (100 mg/kg) alone once daily for 7 days. On the other hand, pretreatment with the NMDA receptor
antagonist, MK-801 ((+)-5-methyl-10,11-dihydro-5H-dibenzo[ a,d Jcyclohepten-5,10-imine hydrogen maleate), at 0.2 mg/kg also
suppressed the development of sensitization to the locomotor-activating effect of methamphetamine. These findings suggest that
NO formation possibly mediated by NMDA receptors is involved in mechanisms underlying the development of behavioral
sensitization to methamphetamine.
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1. Introduction

It is well documented that activation of NMDA
receptors is an absolute requirement for induction of
hippocampal long-term potentiation, which models
synaptic plasticity and is hypothesized to be a neural
mechanism underlying memory formation (Collingridge
and Bliss, 1987; Bliss and Collingridge, 1993). The
sensitization, that refers to the increased responsive-
ness to certain drugs observed persistently after previ-
ous administration, can be considered to be a plasticity
in the central nervous system (CNS) at the behavioral
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level. It appears that the NMDA receptor-dependent
mechanism is also involved in behavioral sensitization
since the NMDA receptor antagonists MK-801 ((+ )-
5-methyl-10,11-dihydro-5 H-dibenzol a,d Jcyclohepten-

5,10-imine hydrogen maleate) and CPP ((+)-3-(2-car-
boxypiperazin-4-yl)-propyl-1-phosphonic acid) block the
development of behavioral sensitization to locomotor
activity and stereotypy induced in mice and rats by
CNS stimulant drugs, such as amphetamine and co-
caine (Karler et al., 1989, 1990, 1991; Wolf and Khansa,
1991; Kalivas and Alesdatter, 1993; Wolf and Jeziorsky,
1993). Recently, nitric oxide (NO) resulting from CaZ™*
influx in response to NMDA receptor activation has
been proposed to act as a retrograde neural messenger
in long-term potentiation (O’Dell et al., 1991; Schuman
and Madison, 1991; Fazeli, 1992). Processes mediated
by NO formation also play a role in memory perfor-
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mance in some learning tasks (Chapman et al., 1992;
Bohme et al.,, 1993; Estall et al.,, 1993; Ohno et al.,
1993). In contrast to considerable evidence for the
roles of NMDA receptors in behavioral sensitization to
CNS stimulants, there are few studies concerning the
involvement of NO synthesis in this phenomenon.

The purpose of the present study was to investigate
the effecs of the NO synthase inhibitors, N S-nitro-r-
arginine and N ©-nitro-L-arginine methyl ester (Rees et
al., 1990), on sensitization to the locomotor-stimulating
effect of methamphetamine in mice.

2. Materials and methods

The animals used were male ddY strain mice (Japan
SLC), weighing between 25-30 g at the start of the
experiment. The mice were housed under constant
temperature (23 +2°C) and a 12-h light/dark cycle
(light period: 07.00-19.00 h). The mice were allowed
free access to food and water throughout the experi-
ment.

The locomotor activity of the mice was measured in
a circular open-field apparatus (75 cm inner diameter
and 40 cm height) equipped with a video camera above
the center of the floor. The activity of each animal
during a 3-min period was monitored by a video track-
ing system (Muromachi Kikai, BTA-2A), and the dis-
tance traveled was recorded. Locomotor activity was
expressed as a percentage of that of the vehicle-in-
jected group.

The drugs used in this study were metham-
phetamine hydrochloride (Dainippon Pharm. Co.),
N C-nitro-L-arginine (Sigma Chemical Co.), N ©-nitro-
L-arginine methyl ester hydrochloride (Sigma Chemical
Co.), N S-nitro-p-arginine methyl ester hydrochloride
(Sigma Chemical Co.) and MK-801 ((+ )-5-methyl-
10,11-dihydro-5 H-dibenzol a,d Jcyclohepten-5,10-imine
hydrogen maleate; Research Biochemicals Interna-
tional). Methamphetamine and MK-801 were dissolved
in saline. NOS-Nitro-L-arginine, N S-nitro-L-arginine
methyl ester and N S-nitro-np-arginine methyl ester
were freshly prepared in saline for daily injections.

Methamphetamine (1.0 mg/kg i.p.) was adminis-
tered once daily for 7 consecutive days. N S-Nitro-L-
arginine, N S-nitro-L-arginine methyl ester, N C-nitro-
p-arginine methyl ester and MK-801 were adminis-
tered ip. daily 30 min before the methamphetamine
injections. Locomotor activity was measured 20 min
after methamphetamine was administered on day 1.
The mice received no injection on days 8 and 9 of the
experiment. Seventy-two hours after the last injection
(on day 10), the mice were given open-field testing 20
min after they had the methamphetamine (0.5 mg/kg
i.p.) challenge. Additional groups received a single

injection of N S-nitro-L-arginine, N C-nitro-L-arginine
methyl ester, N %-nitro-p-arginine methyl ester and
MK-801 50 min before test to evaluate the acute effect
of these drugs on locomotor activity. Furthermore, the
effects of repeated injections of N ®-nitro-L-arginine or
N S-nitro-L-arginine methyl ester alone on spontaneous
locomotor activity and on hyperlocomotion induced by
acute methamphetamine were examined: the mice re-
ceived N S-nitro-L-arginine or N S-nitro-L-arginine
methyl ester once daily for 7 consecutive days, and
then they were tested for the open-field activities 20
min after saline or 1.0 mg/kg methamphetamine was
administered on day 10. Drug administration and be-
havioral testing were performed between 10.00 and
14.00 h. After completion of the experiment, the ani-
mals were killed by exposure to a lethal level of ether
anesthesia.

The significance of differences between the groups
was determined by a one-way analysis of variance
(ANOVA) followed by Dunnett’s test when F ratios
reached significance (P < 0.05).
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Fig. 1. Effects of NO synthase inhibitors and MK-801 on metham-
phetamine-induced increase in locomotor activity. The open-field
activity was measured during a 3-min period, starting from 20 min
after methamphetamine was administered. N ©-Nitro-v-arginine (L-
NA), NS-nitro-L-arginine methyl ester (L-NAME), N S-nitro-p-
arginine methyl ester (D-NAME) and MK-801 were administered 30
min before methamphetamine. Each column represents the mean+
S.E. of locomotor activity for 9-10 animals expressed as a percentage
of that of the saline group. The significance of differences from the
saline group (*# P <0.01) and from the methamphetamine group
(*P<0.05 """ P<0.01) was determined by means of a one-way
ANOVA followed by Dunnett’s test.
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3. Results

Fig. 1A shows the acute effect of N S-nitro-L-
arginine on locomotor activity in response to 1.0 mg /kg
methamphetamine on day 1. Methamphetamine at 1.0
mg/kg increased significantly locomotor activity
(F(1,17) =14.32, P <0.01), as compared with that of
the saline-injected group (1690 + 93 cm, mean + S.E.;
n = 10). Pretreatment with N C-nitro-L-arginine at
doses of 10 and 30 mg/kg almost completely abolished
the methamphetamine-induced increase in locomotor
activity (F(2,24) = 8.96, P < 0.01). As shown in Fig. 1B,
N C-nitro-L-arginine methyl ester at 30 and 100 mg/kg
also suppressed dose dependently the locomotor-
activating effect of 1.0 mg/kg methamphetamine
(F(227) = 22.81, P < 0.01). NGS-Nitro-p-arginine
methyl ester at 100 mg/kg had no effect on locomotor
activity in response to methamphetamine. As shown in
Table 1, N S-nitro-L-arginine at 10 and 30 mg/kg de-
creased locomotion in an open-field test when adminis-
tered alone (F(2,21) =3.82, P <0.05), an effect that
was significant only for the 30 mg/kg dose (P < 0.05).
N S-Nitro-L-arginine methyl ester at 30 and 100 mg/kg
also reduced significantly locomotor activity when ad-
ministered alone (F(2,21) = 6.05, P <0.01), but N°-
nitro-p-arginine methyl ester at 100 mg/kg had no
effect. MK-801 at 0.2 mg/kg produced almost as great
a stimulation of locomotor activity as 1.0 mg/kg
methamphetamine (F(1,14) = 10.41, P <0.01). How-
ever, the combination of 0.2 mg/kg MK-801 and 1.0
mg/kg methamphetamine produced approximately the
same increase in locomotion as either drug adminis-
tered alone (Fig. 1B).

Fig. 2A shows the results obtained when rats given
methamphetamine alone or together with N S-nitro-L-
arginine once daily for 7 days were challenged with 0.5
mg/kg methamphetamine on day 10. The 1.0 mg/kg
methamphetamine-treated group exhibited signifi-
cantly greater locomotor activity in response to 0.5
mg/kg methamphetamine than the saline-treated
group (F(1,17) = 40.31, P < 0.01), indicating the devel-

opment of behavioral sensitization to metham-
phetamine. Treatments with N C-nitro-L-arginine (10
and 30 mg/kg) before daily injections of 1.0 mg/kg
methamphetamine blocked dose dependently the de-
velopment of sensitization to the locomotor-stimulating
effect of methamphetamine (F(2,24) = 9.50, P < 0.01).
As shown in Fig. 2B, the mice given N C-nitro-L-
arginine methyl ester (30 and 100 mg /kg) prior to daily
methamphetamine injections showed less locomotor
activity following 0.5 mg/kg methamphetamine chal-
lenge than the mice given daily methamphetamine
alone (F(2,27) = 4.77, P < 0.05), an effect that reached
significance only for the 100 mg/kg dose (P <0.05).
N S-Nitro-p-arginine methyl ester (100 mg/kg), when
administered repeatedly before 1.0 mg/kg metham-
phetamine, did not affect locomotor activity in re-
sponse to 0.5 mg/kg methamphetamine challenge. Re-
peated treatment with MK-801 at 0.2 mg/kg before 1.0
mg /kg methamphetamine suppressed significantly the
development of behavioral sensitization to subsequent
challenge with 0.5 mg/kg methamphetamine (F(1,18)
=23.36, P < 0.01).

Repeated administration of N C-nitro-L-arginine (30
mg/kg) or N S-nitro-L-arginine methyl ester (100
mg/kg) alone once daily for 7 days did not affect
spontaneous locomotor activity or hyperlocomotion in
response to 1.0 mg/kg methamphetamine, as was as-
sessed 72 h after the last administration of the NO
synthase inhibitors (Fig. 3).

4. Discussion

The present study showed that the NO synthase
inhibitors, N C-nitro-L-arginine and N ®-nitro-L-argi-
nine methyl ester, administered before daily metham-
phetamine injections, suppressed the development of
sensitization to the locomotor-activating effect of
methamphetamine in mice, whereas the inactive iso-
mer, N C-nitro-p-arginine methyl ester, had no effect.
In contrast, Stewart et al. (1994) reported that N ©-

Table 1
Effects of NO synthase inhibitors and MK-801 on locomotor activity in an open-field test
Drug mg/kg (i.p.) n Locomotor activity (%)
Saline - 8 100.0+ 9.0
N S-Nitro-L-arginine 10 8 76.0+ 9.8
30 8 642+ 9.2°

N S-Nitro-L-arginine methyl ester 30 8 623+ 13472

100 8 551+ 52°
N C-Nitro-p-arginine methyl ester 100 8 96.6 + 13.0
MK-801 0.2 8 1658 + 183 °

Open-field activity was measured during a 3-min period, starting from 50 min after drugs were administered. Each value is the mean + S.E. of
locomotor activity expressed as a percentage of that of the saline group. The significance of differences from the saline group was determined by
means of a one-way ANOVA followed by Dunnett’s test, ® P < 0.05, ®p<0.01.
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nitro-L-arginine methyl ester (50 mg/kg) failed to in-
terfere with the development of sensitization to the
behavioral activating effect of amphetamine in rats.
Recently, it has been demonstrated that N S-nitro-L-
arginine methyl ester acts not only as an inhibitor of
NO synthase but also as a muscarinic receptor antago-
nist (Buxton et al., 1993). Blockade of muscarinic re-
ceptors augments amphetamine behavioral sensitiza-
tion, since chronic administration of the muscarinic
antagonist, scopolamine, enhances hyperlocomotion in
response to amphetamine (Martin-Iverson et al., 1983).
From these findings, it is reasonable to speculate that
the antimuscarinic activity of N C-nitro-L-arginine
methyl ester offsets the ability of this compound to
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Fig. 2. Effects of NO synthase inhibitors and MK-801 on the devel-
opment of behavioral sensitization to methamphetamine. The mice
received saline or 1.0 mg/kg methamphetamine once daily for 7
consecutive days. N S-Nitro-L-arginine (L-NA), N C-nitro-L-arginine
methyl ester (L-NAME), N C-nitro-p-arginine methyl ester (D-
NAME) and MK-801 were repeatedly administered 30 min before
daily methamphetamine injections. After a 72-h period of abstinence
(on day 10), the mice received a challenge dose of 0.5 mg/kg
methamphetamine. The open-field activity was measured during a
3-min period, starting from 20 min after the methamphetamine
challenge. Each column represents the mean+S.E. of locomotor
activity for 9-10 animals expressed as a percentage of that of the
saline group. The significance of differences from the
saline /methamphetamine challenge group (*# P <0.01) and from
the methamphetamine /methamphetamine challenge group (* P <
0.05, ** P <0.01) was determined by means of a one-way ANOVA
followed by Dunnett’s test.
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Fig. 3. Effects of repeated administration of NO synthase inhibitors
on spontaneous locomotor activity and methamphetamine-induced
hyperlocomotion. The mice received saline, N ©-nitro-L-arginine (L-
NA) or N C-nitro-L-arginine methyl ester (L-NAME) once daily for 7
consecutive days. After a 72-h period of abstinence (on day 10), the
mice received saline or 1.0 mg/kg methamphetamine. The open-field
activity was measured during a 3-min period, starting from 20 min
after the administration. Each column represents the mean+ S.E. of
locomotor activity for 8 animals expressed as a percentage of that of
the saline/saline group. The significance of differences from the
saline group was determined by means of a one-way ANOVA
followed by Dunnett’s test, * P < 0.05, "~ P < 0.01.
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prevent behavioral sensitization by inhibiting NO for-
mation. In fact, another NO synthase inhibitor, N ©-
nitro-L-arginine (30 mg/kg), which was devoid of an-
timuscarinic activity (Buxton et al., 1993), was able to
almost completely attenuate methamphetamine behav-
ioral sensitization, while N ®-nitro-L-arginine methyl
ester significantly but only partially suppressed sensiti-
zation even when the higher dose of 100 mg/kg was
administered in this experiment. Taken together, these
results suggest that NO formation is involved in mech-
anisms underlying the development of behavioral sensi-
tization to methamphetamine.

NS-Nitro-L-arginine and N ©-nitro-L-arginine methyl
ester, but not N S-nitro-p-arginine methyl ester, de-
creased both spontaneous and methamphetamine-
stimulated locomotor activity in mice. N ©-Nitro-L-
arginine methyl ester has also been reported to reduce
spontaneous locomotor activity and amphetamine- or
cocaine-induced locomotor stimulation in rats (Pudiak
and Bozarth, 1993; Stewart et al., 1994). Stewart et al.
(1994) showed, using in vivo microdialysis, that N ©-
nitro-L-arginine methyl ester did not reduce the basal
or amphetamine-stimulated dopamine release in the
nucleus accumbens, a brain structure known to be
involved in the acute behavioral activating effects of
CNS stimulants. Thus, it is not conceivable that the
acute depressant effect of the NO synthase inhibitor
on the CNS stimulant-induced hyperlocomotion results
from reduced dopamine release; this effect may be
caused by the independent motor suppression. In the
present study, behavioral sensitization was evaluated
by methamphetamine challenge 72 h after termination
of the daily drug injections. It was unlikely that the
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locomotor-depressant effects of N C-nitro-L-arginine
and N C-nitro-L-arginine methyl ester accounted for
their effectiveness to block methamphetamine behav-
ioral sensitization, since the locomotor activity or hy-
perlocomotion in response to methamphetamine was
not altered 72 h after repeated administration of the
NO synthase inhibitors alone. On the other hand, the
NMDA antagonist, MK-801, also prevented metham-
phetamine sensitization, but MK-801 by itself stimu-
lated locomotor activity. Thus, it appears that the NO
synthase inhibitors and MK-801 exert their acute ef-
fects on locomotion through different mechanisms for
affecting methamphetamine sensitization.

The NMDA receptor antagonists, including MK-801
and CPP, have been reported to block the develop-
ment of sensitization to locomotor-stimulant and
stereotypic effects of amphetamine and cocaine in mice
and rats (Karler et al., 1989, 1990, 1991; Wolf and
Khansa, 1991; Kalivas and Alesdatter, 1993; Wolf and
Jeziorski, 1993). In the present study, MK-801 was also
effective to prevent methamphetamine behavioral sen-
sitization. Thus, it appears that behavioral sensitization
to CNS stimulants develops through activation of
NMDA receptors. It has been found that some central
effects of NMDA are likely to be mediated by the
activation of NO synthase with the subsequent release
of NO (Garthwaite, 1991; Snyder and Bredt, 1991;
Bredt and Snyder, 1992). Pudiak and Bozarth (1993)
recently reported that not only blockade of NMDA
receptors but also inhibition of NO synthesis attenu-
ated the development of sensitization to the locomo-
tor-stimulating effect of cocaine in rats. In this study,
similar results were obtained with regard to metham-
phetamine behavioral sensitization in mice. Further-
more, both NO synthase inhibitors and NMDA recep-
tor antagonists have been demonstrated to block the
development of morphine analgesic tolerance and de-
pendence in mice and rats (Trujillo and Akil, 1991;
Kolesnikov et al., 1993; Tiseo and Inturrisi, 1993; Ma-
jeed et al., 1994; Rauhala et al., 1994). Taken together,
these findings suggest a common role for NMDA re-
ceptor activation followed by the subsequent NO re-
lease in mediating long-lasting changes in the neuronal
responsiveness to CNS stimulants and morphine result-
ing from the repeated administration.

The NO synthase inhibitors were administered re-
peatedly before daily methamphetamine injections for
7 days, but were not given before the sensitization test
challenged with methamphetamine on day 10. How-
ever, the inhibition of NO synthase activity may still be
significant 72 h after the last administration, since it is
found that the effect of N C-nitro-L-arginine is irre-
versible, and that brain NO synthase activity does not
return to normal levels for at least 5 days after intra-
peritoneal injections of N C-nitro-L-arginine (Dwyer et
al., 1991). Thus, it was possible that the NO synthase

inhibition affected not only the development but also
the expression of behavioral sensitization to metham-
phetamine in this experiment. Since a mechanism un-
derlying the expression of behavioral sensitization to
the CNS stimulant drugs is hypothesized to be an
enhanced release of dopamine (Robinson and Becker,
1986), it is interesting to note that NO stimulates
dopamine release from striatal slices (Zhu and Luo,
1992; Lonart et al., 1993). Likewise, Ishida et al. (1994)
demonstrated that N C-nitro-L-arginine, but not N ©-
nitro-n-arginine, perfused through the microdialysis
probe, substantially suppressed NMDA-evoked in-
crease in striatal dopamine release in unanesthetized,
freely moving rats, suggesting the involvement of NO
formation in the dopamine release resulting from
NMDA receptor activation. Taken together, these find-
ings suggest that amphetamine or methamphetamine
activates NMDA receptors by releasing glutamate
(Moroni et al., 1981), which in turn leads to NO
formation, releasing a quantity of dopamine in addition
to that normally released by the CNS stimulant. Al-
though further study will be necessary to clarify the
precise mechanism, the functional interactions be-
tween the dopaminergic and excitatory amino acid
systems via NO formation may, at least in part, con-
tribute to the development and/or expression of be-
havioral sensitization to methamphetamine.
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