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Abstract

Background: N-methyl-1-(4-methoxyphenyl)-2-aminopropane (para-methoxymethamphetamine, PMMA) is a
structurally abbreviated congener of methamphetamine that is abused as a “designer drug”. The aim of the present
study was to investigate the behavioral and neurochemical properties of PMMA in mice.

Methods: Using conditioned place preference paradigm, the rewarding effect of PMMA were examined in the ICR
mice. As neurochemical study, we examined the effect of PMMA on monoamine transmission and monoamine oxidase
(MAO) activity in the mouse limbic forebrain tissue (containing the nucleus accumbens).

Results: PMMA (1-30 mg/kg) produced a significant heperlocomotion and conditioned place preference. The hyper
locomotion and rewarding effects of PMMAwere completely suppressed by the dopamine D1 receptor antagonist SCH23390,
but were not modified by the dopamine D2 receptor antagonist sulpiride or the 5-HT2 receptor antagonist ketanserin.

PMMA also significantly increased the dopamine and 3-methoxytyramine (3MT) contents in the limbic forebrain. On
the other hand, the levels of the dopamine metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and Homovanillic acid
(HVA) were markedly reduced by PMMA in a dose-dependent manner. Monoamine oxidase (MAQ) activities in the limbic
forebrain were suppressed by PMMA treatment (0.04-4mM).

Conclusion: The present findings demonstrated that the dopamine D1 receptors might be involved in the expression
of PMMA-induced heperlocomotion and the rewarding effects of the drug. Furthermore, the MAO-inhibitory effects of
PMMA may play an important role in the PMMA-induced elevation of dopamine transmission. These behavioral and

neurochemical data indicate that PMMA has a psychic dependence liability.

Keywords: Conditioned Place Preference; Monoamine Oxidase;
PMMA; Reward

Introduction

The  phenylisopropylamine  N-methyl-1-(4-methoxyphenyl)-
2-aminopropane (para-methoxymethamphetamine, PMMA) is a
structural congener of psycho stimulant methamphetamine (see
Figure 1). PMMA is sometimes sold on the clandestine market as
a substitute for MDMA and induces fatalities by overdose [1,2].
Previous drug discrimination studies have found that N-methyl-
1-(3,4-methylenedioxyphenyl)-2-aminopropane  (methylene dioxy
methamphetamine, MDMA) and PMMA substitute for one another,
suggesting that they produce similar discriminative stimulus effects
in rodents [3,4]. Furthermore, it was shown that MDMA induced
rewarding effects in the conditioned place-preference procedure and
reinforcing effects in self-administration studies indicating that MDMA
has abuse liability [5,6]. On the other hand, the rewarding effects of
PMMA have not yet been clearly characterized.

NH-CHs3 NH2 NH-CH3
CHs CHs CHs
OCHs3 OCHs
Methamphetamine PMA PMMA
Figure 1: Chemical structures of methamphetamine, PMA and PMMA.

It has been shown that PMMA modifies the functions of the
catecholaminergic system in the brain. In an in vivo microdialysis study,
PMMA produced an increase of dopamine and serotonin (5-HT) in
the striatum [7]. PMMA is a structural hybrid of two phenyl isopropyl
amine chemicals: methamphetamine and Para-methoxyamphetamine
(PMA, Figure 1). PMA is structurally and pharmacologically similar
to PMMA [4]. It has been shown that PMA potently inhibits Mono
Monoamine oxidase (MAO) activity [8]. It appears that PMA-induced
5-HT release and behavioral changes may be partially mediated through
its inhibition of MAO [9]. Thus, these previous reports indicate that
the central dopamine and/or the 5-HT system may be involved in the
expression of PMMA-induced behavioral changes. However, the exact
role that the dopamine system plays in PMMA-induced behavioral
changes has yet to be clearly elucidated. It is also unclear what influence
PMMA might have on the activities of MAO.

*Corresponding author: Masahiko Funada, Ph.D. Section Chief, Section of
Addictive Drugs Research,Department of Drug Dependence Research, National
Institute of Mental Health, National Center of Neurology and Psychiatry 4-1-1
Ogawa-higashi, Kodaira, Tokyo 187-8553, Japan, Tel: +81-42-346-1896; Fax: +81-
42-346-1954; E-mail: mfunada@ncnp.go.jp

Received December 19, 2013; Accepted January 27, 2014; Published February
11, 2014

Citation: Funada M, Aoo N, Wada K (2014) Rewarding Effects of N-Methyl-1-
(4-Methoxyphenyl)-2-Aminopropane (PMMA) in Mice: Roleof Modifications of
Dopamine System Mediated through its Monoamine Oxidase Inhibition. J Addict
Res Ther 5: 172. doi: 10.4172/2155-6105.1000172

Copyright: © 2014 Funada M, et al. This is an open-access article distributed under
the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and
source are credited.

J Addict Res Ther
ISSN:2155-6105 JART an open access journal

Volume 5 ¢ Issue 1 » 1000172



Citation: Funada M, Aoo N, Wada K (2014) Rewarding Effects of N-Methyl-1-(4-Methoxyphenyl)-2-Aminopropane (PMMA) in Mice: Roleof Modifications
of Dopamine System Mediated through its Monoamine Oxidase Inhibition. J Addict Res Ther 5: 172. doi: 10.4172/2155-6105.1000172

Page 2 of 6

In the present behavioral analysis study, we investigated the effects
of PMMA on locomotor activity and other rewarding effects in mice
and whether any of the associated effects discovered might be involved
with the dopamine receptors. Furthermore, we focused both on the
ability of PMMA to inhibit MAO activities and on changes in the
concentration of dopamine and dopamine metabolites in the mouse
limbic forebrain (containing the nucleus accumbens and olfactory
tubercle). Thus, the present studies were designed to evaluate the abuse
liability of PMMA in the relationship between induced behavioral
changes and the monoamine system.

Material and Methods

Animals

Male ICR mice (20-25 g) were obtained from Clea Japan, Inc.
(Tokyo, Japan). The mice were maintained on a 12-h light/dark schedule
(lights on at 0800h), and laboratory mouse chow and water were
provided ad libitum. The present study was conducted in accordance
with the Guidelines of the Ethics Review Committee for Animal
Experimentation of the National Center of Neurology and Psychiatry.
Mice were acclimatized to daily handling for about 1 week prior to the
experiment. All efforts were made to minimize the number of animals
used and their suffering.

Locomotor activity

To measure the locomotor activity in the mice, we utilized an
animal movement analyzing system (Actimo-100 system, Shintechno
Ltd., Fukuoka, Japan), which consisted of a rectangular enclosure
(30 x 20 cm), with a side wall equipped with photosensors located
at intervals of 2 cm. This photosensor system was interfaced with a
microprocessor, which automatically recorded the total number of
photocell beam breaks. Each pair of photosensors scanned animal
movement at 0.5 s intervals. In all of the experiments, mice were
habituated to plastic cages (TPX, 18 x 26 c¢m, Clea Japan, Inc.) for 3
h. For all tests, activity counts were recorded every 10 min during the
120-min period following the administration of the PMMA (5 - 30 mg/
kg, i.p.). For the antagonist study, SCH23390 (0.03 mg/kg s.c.), sulpiride
(50 mg/kg s.c.) or ketanserin (0.3 mg/kg s.c.) was administered 10 min
before the administration of the PMMA (30 mg/kg, i.p.). In the control
group, vehicle was administered 5 min before the administration of
the PMMA. All experiments were conducted between 9:00 and 16:00
hours.

Conditioned place preference paradigm

The experimental apparatus consisted of a shuttle box (15 x 30 x
15 cm: width x depth x height) made of an acrylic resin board and
divided into two equal-sized compartments (ATI, Neuroscience Co.,
Tokyo, Japan). One compartment was white with a textured floor,
while the other was black with a smooth floor. Place conditioning was
conducted as described previously [10,11]. Conditioning sessions (3 for
the drug and 3 for the vehicle) were conducted once a day for 6 days.
The treatment compartments of the shuttle box along with the order of
the administration of the drug and the vehicle were counterbalanced
[10,11]. The mice were injected with drug or vehicle and immediately
confined to either the black or white compartment of the apparatus for
40 min. During the conditioning sessions, PMMA (1 - 30 mg/kg, i.p.)
or vehicle was administered daily for 6 days. For the antagonist study,
SCH23390 (0.03 mg/kg s.c.), sulpiride (50 mg/kg s.c.) or ketanserin
(0.3 mg/kg s.c.) was administered 10 min before every PMMA
treatment during the conditioning sessions. In the controls, vehicle was
administered 5 min before every vehicle treatment. Test sessions were

carried out 1 day after the final training session with mice in a drug-
free state. The time a mouse spent in each compartment during the
900-s session was measured automatically in a blind fashion by using
an infrared beam sensor (Neuroscience Co., Ltd., Tokyo, Japan), as has
been previously described [10,11]. All sessions were conducted under
the conditions of dim illumination (18 Ix) and white noise.

Determination of monoamine contents

The concentrations of dopamine, 3,4-dihydroxyphenylacetic acid
Acid (DOPAC), Homovanillic acid (HVA), 3-methoxytyramine (3MT)
(3-MT), serotonin (5-HT) and 5-hydroxyindoleacetic acid (5HIAA)
were determined by using high-performance liquid chromatography
(HPLC) with Electro Chemical Detection (HPLC-ECD), as has
been previously described [11,12]. Mice were sacrificed by cervical
dislocation 30 min after administration of PMMA (5, 30 mg/kg, i.p.)
or vehicle. The whole brain was quickly removed, with the limbic
forebrain then dissected on an ice-cold glass plate. The tissues were
homogenized in 250 pul of 0.2 M perchloric acid containing 100 pM
EDTA (2Na) and 100 ng isoproterenol as the internal standard. The
homogenates were then centrifuged at 15,000 x g for 60 min at 4°C,
with the supernatants then maintained at pH 3.0 by using 1 M sodium
acetate. Samples were analyzed by HPLC-ECD. The HPLC system
consisted of a delivery system (EP-10, Eicom Co., Kyoto, Japan), an
analytical column (Eicompac, MA-50DS, Eicom Co.), and a guard
column (Eicom Co.). The column used to separate the dopamine and
its metabolites used a mobile phase containing sodium acetate (0.1
M), citric acid monohydrate (0.1 M), sodium 1-octane sulfonate (170
mg/1), EDTA (2Na) (10 mg/l), and 15% methanol. The mobile phase
was delivered at a flow rate of 0.23 ml/min. Identification of dopamine
and its metabolites was determined according to the retention times
of these standards, and the amounts were quantified by calculating the
peak area.

Monoamine oxidase activity

Mice were sacrificed by cervical dislocation. The whole brain was
immediately removed, with the limbic forebrain then dissected on an
ice-cold glass plate. The tissues were homogenized in 10 volumes of
ice-cold 50 mM Tris-buffered saline (pH 7.5). These homogenates were
centrifuged at 1,000 x g for 10 min. Subsequently, the supernatants were
centrifuged at 10,000 x g for 10 min with the pellets then resuspended
in Tris-buffered saline (pH 7.5). The protein concentrations of the
tissue homogenates were measured using the Bradford protein assay
[13]. Monoamine oxidase (MAO) activity was determined with the
Amplex Red Monoamine Oxidase Assay Kit (Molecular Probes, OR,
USA). The tissue homogenates were mixed in equal amounts with a
working solution composed of Amplex Red (200 uM), horseradish
peroxidase (1 U/ml) and MAO substrate (p-tyramine or benzylamine;
1 mM), and incubated at 37°C for 1 h. Assays for total MAO (MAO-A
and MAO-B) activities were conducted using p-tyramine as the
substrate for both MAO-A and MAO-B. MAO-B activity was detected
using benzylamine for the MAO-B substrate. The fluorescence intensity
was measured using a fluorescence plate reader (Infinite F200, Tecan,
Salzburg, Austria) at an excitation wavelength of 535 nm and an
emission wavelength of 590 nm.

Drugs

PMMA was synthesized by Drs. Hanajiri and Goda (Department
of Pharmacognosy, Phytochemistry and Narcotics, National Institute
of Health Sciences, Tokyo, Japan). R-(+)-7-chloro-8-hydroxy-3-
methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrochloride
(SCH23390), (-)-sulpiride and ketanserin were purchased from Sigma
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Chemical Co. (St. Louis, MO, USA). SCH23390, sulpiride and
ketanserin were initially dissolved in a minimum volume of 0.1 N HCI]
and were then diluted with distilled water (the pH of each solution was
adjusted to about 4 with NaHCO3).

Statistical Analysis

For all data, statistical analyses were performed using the
software Graph Pad Prism 4.0 (San Diego, CA, USA). Behavioral and
neurochemical data are presented as means + S.E.M. In the conditioned
place-preference study, conditioning scores represent the time spent
in the drug-paired compartment minus the time spent in the vehicle-
paired compartment, with these scores presented as means + S.E.M.
The ED50 values with confidence intervals (Cls) for substitution were
calculated by a nonlinear regression analysis (variable slope) of the
dose-response curves using the software Graph Pad Prism 4.0.

The statistical significance of the differences between the groups
was determined by using one-way ANOVA followed by a post hoc
Bonferroni’s multiple comparison test. Significance was ascribed for
results with a P< 0.05.

Results

Locomotor activity

Figure 2A shows the total activity counts for 120 min following
the PMMA treatment in mice. Administration of PMMA produced
a significant increase in the locomotor activity in a dose-dependent
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Figure 2: Effect of acute treatment with PMMA on locomotor activity in mice.
(A) Total locomotor activity counts after acute administration of PMMA (5-30
mg/kg, i.p.) in mice. Each column represents the mean total locomotor activity
counts with the S.E.M. of 13-14 animals at 120 min after drug treatment. (B)
Effect of pretreatment with dopamine D1 receptor antagonist SCH23390,
dopamine D2 receptor antagonist sulpiride, or 5-HT2 receptor antagonist
ketanserin on the PMMA-induced hyperlocomotion in mice. For the antagonist
study, SCH23390 (SCH, 0.03 mg/kg, s.c.), sulpiride (SUL, 50 mg/kg, s.c.) or
ketanserin (KET, 0.3 mg/kg, s.c) was administered 10 min before treatment with
PMMA (30 mg/kg). Each column represents the mean total locomotor activity
counts with the S.E.M. of 12-14 animals at 120 min after drug treatment. (A)
*P<0.05, **P<0.01 vs. saline (SAL)-treated group. (B) *P<0.05, **P<0.01 vs.
vehicle (Veh)-saline (SAL)-treated group. ##P<0.01 vs. vehicle (Veh)-PMMA-
treated group.
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Figure 3: (A) Effects of PMMA (1 -30 mg/kg) on place conditioning in mice.
Three conditioning sessions each for the drug and the saline groups were
conducted. On day 7, testing of the conditioning was performed. Conditioning
scores (CPP score) represent the time spent in the drug-paired place minus
the time spent in the saline-paired place. Each point represents the mean
conditioning score with the S.E.M. of 10-14 animals. (B) Effect of pretreatment
with dopamine D1 receptor antagonist, SCH23390, dopamine D2 receptor
antagonist sulpiride, or 5-HT2 receptor antagonist ketanserin on the PMMA-
induced place preference in mice. For the antagonist study, SCH23390 (SCH,
0.03 mg/kg, s.c.), sulpiride (SUL, 50 mg/kg, s.c.) or ketanserin (KET, 0.3 mg/
kg, s.c) was administered 10 min before PMMA (5 mg/kg) treatment during
conditioning sessions. Each column represents the mean conditioning score
with the S.E.M. of 12-14 animals. (A) **P<0.01 vs. saline (SAL)-treated group.
(B) *P<0.05, **P<0.01 vs. vehicle (Veh)-pretreated SAL group. #P<0.05 vs.
vehicle (Veh)-pretreated PMMA group.

manner (F(4,62)=6.39, P<0.0001). PMMA at the dose of 30 mg/kg
produced a significant increase in locomotor activity compared to the
control (P<0.01). The influence of the dopamine receptor antagonists
on PMMA-induced hyperlocomotion is shown in Figure 2B.

The mean total activity counts for PMMA (30 mg/kg) for 120
min were significantly reduced when mice were pretreated with the
dopamine D1 receptor antagonist SCH23390 (F(4,63)=6.23, P<0.0003).
The significant hyper locomotive effects of PMMA (30 mg/kg) compared
to saline treatment were not, however, suppressed by pretreatment with
the dopamine D2 receptor antagonist sulpiride or the 5-HT?2 receptor
antagonist ketanserin.

Place conditioning

During the conditioning sessions and at the test sessions, there were
no significant differences observed in the PMMA-treated group for
gross behavior or body weight as compared to the saline-treated group.
In addition, the saline-treated group exhibited no preference for either
compartment. The mean conditioning score was -14.6 + 13.3 s (n=14).
Place conditioning by PMMA (1 - 30 mg/kg, i.p.) is shown in Fig. 3A.
Administration of PMMA produced a dose-dependent preference for
the drug-associated compartment (F(5,69)=7.70; P<0.0001, Fig. 3A).
Significant conditioning scores were observed at doses of 5, 10 and 30
mg/kg.

To determine whether the PMMA-induced place preference
is mediated by the dopamine system, we examined the effect of
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pretreatment with the dopamine D1 receptor antagonist SCH23390 or
the dopamine D2 receptor antagonist sulpiride on the place conditioning
by PMMA. As shown in fig. 3B, the place preference produced by
PMMA (5 mg/kg) was significantly suppressed by pretreatment with
SCH23390 (mean conditioning score of -7.47 + 21.1 s, n=12). On
the other hand, PMMA (5 mg/kg)-induced place preference was not
suppressed by pretreatment with sulpiride (mean conditioning score of
100.8 £ 30.0 s, n=11) or ketanserin (mean conditioning score of 109.0
+26.0 5, n=12). The SCH23390 (0.03 mg/kg, i.p.), sulpiride (50 mg/kg,
i.p.) or ketanserin (0.3 mg/kg) pretreated saline group exhibited neither
place preference nor place aversion [The mean conditioning score:
SCH23390 (0.03 mg/kg) = -22.4 + 23.7 s (n=14), sulpiride (50 mg/kg) =
-1.9 £ 19.9 s (n=14) and ketanserin (0.3 mg/kg) = -2.7 £ 41.3 s (n=12)].

Monoamine levels

To determine the involvement of the monoaminergic system
on PMMA-induced behavioral changes, we examined the levels of
dopamine, 5-HT and its metabolites in the limbic forebrain. In saline-
treated mice, monoamine concentrations (ng/mg of tissue) in the
limbic forebrain were as follows: dopamine, 8.24 + 0.46; DOPAC, 7.94 +
0.35; HVA, 3.16 £ 0.16; 3MT, 0.52 + 0.05; 5HT, 2.57 + 0.22; and 5HIAA,
2.59 + 0.13. As shown in Figure 4, the administration of PMMA (5 and
30 mg/kg) significantly elevated the levels of dopamine (F(2,15)=17.8,
P=0.0047) and its metabolite, 3MT (F(2,15)=51.0, P<0.0001). Levels of
3MT were significantly more elevated by PMMA at dose of 30 mg/kg
than PMMA at dose of 5 mg/kg. On the other hand, the levels of the
dopamine metabolites DOPAC and HVA were markedly reduced by
PMMA (DOPAC, F(2,15)=143.1, P<0.0001, and HVA, F(2,15)=223.1,
P<0.0001). Levels of DOPAC and HVA were significantly lower in
the 30-mg/kg PMMA group than the 5-mg/kg group. Similarly, the
administration of PMMA significantly increased the level of 5-HT
(F(2,15)=53.3, P<0.0001), accompanied with significant reductions of
the level of the 5-HT metabolite 5-HIAA (F(2,15)=316.2, P<0.0001).
The level of 5HIAA was significantly lower in the 30-mg/kg PMMA
group than in the 5-mg/kg group.

MAQO activity

Administration of PMMA markedly reduced the level of the
dopamine metabolites DOPAC and HVA in the limbic forebrain.
Therefore, we investigated the effects of PMMA on basal MAO activity
in the mouse limbic forebrain. As shown in Figure 5A, the total
MAO (MAO-AB) activity was significantly decreased by PMMA in a
concentration-dependent manner (F(5,30)=623, P<0.0001). The MAO-
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Figure 4: Effect of PMMA on monoamine levels in the mouse limbic forebrain.
Mice were sacrificed 30 min after PMMA (5 and 30 mg/kg, i.p.) injection. The
concentrations of the monoamines [dopamine (DA), 3,4-dihydroxyphenylacetic
acid (DOPAC), homovanillic acid (HVA), 3-methoxytyramine (3MT), serotonin
(5-HT) and 5-hydroxyindoleacetic acid (5HIAA)] were analyzed using an HPLC
system. Each column represents the mean with the S.E.M. of 6 animals.
*P<0.05, **P<0.01 vs. saline (SAL)-treated group. #P<0.05 vs. PMMA (5 mg/
kg)-treated group.
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Figure 5: Effects of PMMA on Monoamine Oxidase (MAO) activity in the
mouse limbic forebrain. (A) For total MAO activity (MAO-AB) assay, each
reaction used 1 mM p-tyramine as the substrate. After the PMMA (0.04
-4 mM) treatment, samples were incubated for 60 min. (B) For the MAO-B
activity assay, each reaction used 1 mM benzylamine as the substrate. After
the PMMA (0.04 -4 mM) treatment, samples were incubated for 60 min. Each
column represents the mean with the S.E.M. of 6-7 animals. **P<0.01 vs. the
vehicle (Veh)-treated group. (C) Effects of selective MAO-B inhibitor, pargyline,
on monoamine oxidase (MAO) activity in the mouse limbic forebrain. Each
reaction used 1 mM p-tyramine as the substrate; after the pargyline (Parg, 1
uM) treatment, samples were incubated for 60 min. For MAO-A activity assay,
each reaction included the MAO-B inhibitor, pargyline (Parg, 1 pM), with 1
mM p-tyramine as the substrate; after the PMMA (0.4 mM) treatment, samples
were incubated for 60 min. Each column represents the mean with the S.E.M.
of 9 animals. **P<0.01 vs. vehicle (Veh)-treated group. ##P<0.01 vs. pargyline
(Parg)-pretreated group.

AB inhibitory effects of PMMA were significant at concentrations
of 0.04 -4 mM. The EC50 value of the MAO-AB inhibitory effect of
PMMA was 0.96 (0.63 -1.31) mM (y=-29.6 X log(x)+35.7, R2=0.998).

J Addict Res Ther
ISSN:2155-6105 JART an open access journal

Volume 5 ¢ Issue 1 » 1000172



Citation: Funada M, Aoo N, Wada K (2014) Rewarding Effects of N-Methyl-1-(4-Methoxyphenyl)-2-Aminopropane (PMMA) in Mice: Roleof Modifications
of Dopamine System Mediated through its Monoamine Oxidase Inhibition. J Addict Res Ther 5: 172. doi: 10.4172/2155-6105.1000172

Page 5 of 6

Similarly, the MAO-B activity was significantly decreased by PMMA
in a concentration-dependent manner (F(5,30)=421.8, P<0.0001)
(Fig. 5B). The MAO-B inhibitory effects of PMMA were significant at
concentrations of 0.04 -4 mM. The EC50 value of the MAO-B inhibitory
effect of PMMA was 2.89 (1.97 -5.20) mM (y=-25.1 X log(x)+60.6,
R2=0.921). To determine whether PMMA has an inhibitory effect on
MAO-A, the influences of a selective MAO-B inhibitor, pargyline,
were examined. As shown in Figure 5C, the total MAO (MAO-AB)
activity in the mouse limbic forebrain was markedly inhibited by the
selective MAO-B inhibitor pargyline (1pM, 100+2.1% to 45.8+5.2%,
F(1,12)=98.9, P=0.001). Although the basal MAO activity was markedly
decreased following treatment by the MAO-B inhibitor pargyline
(1uM), the inhibitory effect of PMMA (0.4 mM) was still observed,
indicating that PMMA has MAO-A inhibitory effects.

Discussion

The major objective of the present study was to analyze the
behavioral and neurochemical properties of PMMA. We constructed
an experimental system in animals that could be used to clarify
the physiological mechanisms of the action for methamphetamine
derivative PMMA and their risks.

The present findings demonstrate that the administration of PMMA
induced hyperlocomotion and rewarding effects in a conditioned
place-preference paradigm. A great deal of evidence has suggested
that psychostimulant-induced hyperlocomotion and rewarding effects
may be mediated by the enhancement of the central dopaminergic
system [14,15].Thus, the search for the substrates of the prototypic
psychostimulant amphetamine, which induces hyperlocomotion and
place preference, have centered on the mesolimbic dopamine system.
For example, amphetamine-induced hyperlocomotion is inhibited
by intra-accumbens administration of dopamine antagonists or
6-hydroxydopamine (6-OHDA) [16-20]. Similarly, the rewarding
effects of amphetamine are inhibited by either D1 or D2 receptor
antagonists or by 6-OHDA lesions of the nucleus accumbens [20-23].
Furthermore, administration of amphetamine elevates extracellular
levels of dopamine in the nucleus accumbens [24]. In the present study,
we examined both the role of dopamine receptors in PMMA-induced
hyperlocomotion and rewarding effects and the effect of PMMA on the
level of monoamines in the limbic forebrain, a terminal region of the
ventral tegmental area (VTA).

The present results demonstrate that PMMA produced
hyperlocomotion in mice. These findings are consistent with
those of a previous report [25]. The expression of PMMA-induced
hyperlocomotion was completely abolished by pretreatment with the
dopamine D1 receptor antagonist SCH23390. On the other hand,
PMMA-induced hyperlocomotion was not suppressed by the dopamine
D2 receptor antagonist sulpiride. A previous study showed that the
dopamine D1 receptor antagonist SCH23390 completely reduced the
hyper locomotion produced by psycho stimulants such as amphetamine
and cocaine, whereas the dopamine D2 receptor antagonist raclopride
only partially attenuated the effect of these psycho stimulants [26].
It has been shown that SCH23390 is a highly potent and selective
dopamine D1-like receptor antagonist, and binds to the 5-HT2 receptor
subtypes in vitro [27]. However, the doses required to induce a similar
response in vivo are greater than 10-fold higher than those required
to induce a D1-mediated response [28]. Indeed, the present results
indicated that PMMA-induced hyper locomotion was not modified by
pretreatment with the 5-HT2 receptor antagonist ketanserin (0.3 mg/
kg) in mice, even though we used an adequate dose to block the 5-HT2
receptor [29-31]. Our present results suggest that the activation of the

dopamine receptors, especially the D1 receptors, may be involved in the
expression of PMMA-induced hyper locomotion.

Using the conditioned place-preference paradigm, the present
results also demonstrated that PMMA produced rewarding effects in
mice. The mesolimbic dopamine system has been identified as one of
the important structures with regard to rewards that are associated
with psycho stimulants such as amphetamine, methamphetamine and
cocaine [20,22,23,32]. In the present investigation, pretreatment with
the dopamine D1 receptor antagonist SCH23390 completely abolished
the expression of place preference produced by PMMA. On the other
hand, the PMMA-induced place preference was not suppressed by the
dopamine D2 receptor antagonist sulpiride, even though we used an
adequate dose to block central D2 receptors [33]. Furthermore, the
present results indicated that PMMA-induced rewarding effects were
not modified by pretreatment with the 5-HT2 receptor antagonist
ketanserin (0.3 mg/kg) in mice. The present findings suggest that
activation of dopamine receptors, especially D1 receptors, may be
involved in the expression of the rewarding effects of PMMA.

In our neurochemical study, we examined the influences of PMMA
on the contents of the monoamines in the limbic forebrain, a terminal
region of the VTA. After the administration of PMMA, there was an
increase in the levels of dopamine and 3MT in the limbic forebrain.
Especially, after a high dose of PMMA (30 mg/kg) treatment, there
was an approximate 2.5-fold increase in the levels of 3MT. It has been
previously suggested that changes of 3MT in brain tissue may be a
specific reference for dopamine transmission. In fact, one study has
proposed that changes in 3MT levels of the brain tissue are an indicator
of dopamine release [34]. In a previous micro dialysis study, PMMA also
increased the extracellular levels of dopamine in the striatum [7]. When
taken in conjunction with this previous report, our present results seem
to indicate that PMMA indeed enhances the dopamine transmission in
the limbic forebrain. On the other hand, PMMA decreased the levels
of dopamine metabolites (DOPAC and HVA) and the 5-HT metabolite
(5-HIAA). It is well known that MAO-A preferentially oxidizes 5-HT
and norepinephrine, whereas MAO-B preferentially oxidizes phenyl
ethylamine and benzyl amine [35]. Furthermore, both MAO-A and
MAO-B metabolize dopamine to DOPAC and HVA in human and
rodents [36]. PMMA is a structural hybrid of two phenyl isopropyl
amine chemicals: methamphetamine and para-methoxy amphetamine
(PMA).

PMA is structurally and pharmacologically similar to PMMA [4].
It has been shown that PMA, which is structurally similar to PMMA,
potently inhibits MAO activity [8]. Our results indicated that PMMA
has the ability to inhibit the activities of both MAO-A and MAO-B
in the limbic forebrain. Thus, enhancement of the catecholaminergic
activity produced by PMMA may occur via the inhibitory effect that
PMMA has on both MAO-A and MAO-B activities. It should be
noted that the selective MAO-A inhibitor clorgyline increased striatal
dopamine release and decreased striatal DOPAC and HVA levels in
MAO-B knockout mice, actions that were not seen when using the
selective MAO-B inhibitor I-deprenyl [37]. This appears to indicate that
both MAO-A and MAO-B metabolize dopamine in the mouse brain
[37,38]. Since our present findings suggest that inhibition of MAO-A
and MAO-B activities by PMMA may be involved in the enhancement
of the dopamine transmission in the limbic forebrain, the elevation
of dopaminergic neuron activity produced by PMMA may play an
important role in the expression of its hyper locomotion and rewarding
effects as well.

In conclusion, the present findings show that PMMA produces
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hyper locomotion and rewarding effects. The monoamine system,
which is mainly the dopamine system, may play an important role in
the expression of the PMMA-induced psycho stimulant-like effects.
These hyper locomotive and rewarding effects of PMMA may occur
via the dopamine D1 receptors. Furthermore, the enhancement of
the catecholaminergic activity produced by PMMA may also be due
to PMMAs inhibitory effect on MAO activity. These behavioral and
neurochemical data indicate that PMMA has a psychic dependence
liability.
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