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Abstract
Rationale Methamnetamine (MNA; PAL-1046) is a new psychoactive substance that acts as a full biogenic amine transporter
(BAT) substrate. BAT substrates promote neurotransmitter release from the nerve terminal and can be abused as stimulants.
However, scientific information on the abuse potential of methamnetamine is lacking.
Objective We evaluated the abuse liability of methamnetamine.
Methods The effective dose range of methamnetamine was determined using a climbing behavior test. The rewarding effect and
reinforcing effect of the test compound were evaluated in mice by conditioned place preference (CPP) testing and self-
administration (SA) testing at the selected doses. Dopamine level changes were analyzed using synaptosomes and in vivo
microdialysis to investigate the effects of methamnetamine on the central nervous system. Drug discrimination experiments
were used to examine the potential similarity of the interoceptive effects of methamnetamine and cocaine.
Results A significant response was observed in the climbing behavior test with 10 and 40 mg/kg intraperitoneally administered
methamnetamine. In the CPP test, mice intraperitoneally administered methamnetamine (10 and 20 mg/kg) showed a significant
preference for the drug-paired compartment. In the SA test, mice that intravenously received 1 mg/kg/infusion showed significant
active-lever responses. Dopamine was significantly increased in synaptosomes and in in vivo microdialysis tests. Furthermore,
methamnetamine showed cross-generalization with cocaine in a dose-dependent manner.
Conclusions Methamnetamine exhibits interceptive stimulus properties similar to those of cocaine and induces rewarding and
reinforcing effects, suggesting its dependence liability potential.

Keywords Conditioned place preference . Drug discrimination . Locomotor activity . Methamnetamine . Microdialysis .

Self-administration

Introduction

New psychoactive substances (NPSs) are a range of new un-
controlled drugs or psychotropic drugs, as defined by the
United Nations Office on Drugs and Crime (1961, New
York) or the United Nations Office on Drugs and Crime
(1971, Vienna; Merz 2018). The frequency of NPS use is

steadily increasing among younger generations (Spiller et al.
2011), and NPS abuse continues to increase globally. The sale
and purchase of NPSs over the internet is fast, unrestrict-
ed, and easy. To control the sale of drugs, legal regu-
lations are required. For MNA, an NPS with an amphet-
amine structure, there is currently insufficient scientific
evidence to prove its abuse potential.

NPSs are mostly produced by changing the chemical struc-
ture of existing psychoactive substances. MNA, also known
as PAL-1046, is such an analog of an existing drug that was
developed from amphetamine. Amphetamine-based drugs
such as methamphetamine (METH) and (+)-amphetamine in-
crease dopamine levels in the brain. MNA was originally de-
veloped as a medical drug, but has also been used for recrea-
tional purposes. Although the exact mechanism of action of
MNA is unknown, it can cause symptoms such as anxiety,
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sweating, depression, emotional change, and dehydration
(Hunt 1997). The first use of MNA in Denmark was reported
by the United Nations Office on Drugs and Crime, and the
drug was listed as an NPS by the European Union in 2015
(EMCDDA-Europol 2015).

Biogenic amine transporters such as dopamine, serotonin,
and norepinephrine transporters regulate the neurotransmis-
sion of biogenic amine neurotransmitters such as dopamine,
serotonin, and norepinephrine. Many stimulant drugs interact
with biogenic amine transporters and predominantly increase
dopamine release by targeting the dopamine transporter.
Am p h e t a m i n e s , i n c l u d i n g METH a n d 3 , 4 -
methylenedioxymethamphetamine (MDMA), act as not only
uptake inhibitors but also releasers of dopamine via the
dopamine transporter. Similar to (+)-amphetamine,
MNA promotes dopamine activity by affecting the do-
pamine transporter (Kahlig et al. 2005). It has been
reported to increase dopamine and serotonin (5-HT) in
a microdialysis study (Rothman et al. 2012).

Physical dependence on a particular drug leads to an un-
comfortable feeling when drug use is discontinued. Unlike
physical dependence, which disappears within a few days af-
ter drug use is stopped, psychological dependence lasts longer
and is one of the main causes of relapse. MNA likely
induces dependence via dopamine activity, but there is
currently no accurate information on the dependence
mechanism (Volkow et al. 2004).

The dependence potential of MNA has been studied in
accordance with guidelines for drug dependence in two-
s tage abuse s tud ies by the US Food and Drug
Administration (FDA) and European Medicines Agency
(EMA) (US FDA 2017; EMA 2006). First, in vivo receptor-
binding and microdialysis assay results are assessed based on
pharmacological data related to neurotransmitters. Second,
drug dependence potential is evaluated in two representative
experimental animal models through self-administration (SA)
and conditioned place preference (CPP) studies in behavioral
pharmacology research (Gorelick et al. 2004; Mucha et al.
1982). Drug discrimination (DD) determines the similarity
between existing and new substances of abuse.

This is the first study to investigate the reinforcing and
reward effects of MNA. Dopamine signaling can be upregu-
lated as a rewarding and reinforcement response to a drug of
abuse. In this study, we analyzed dopamine release by isolated
synaptosomes in response to MNA and MNA-induced dopa-
mine levels in vivo using microdialysis experiments. Before
conducting the behavioral pharmacological study, the drug
dose range was determined based on a climbing test, as mice
are known to exhibit climbing behavior upon stimulation of
the dopamine receptor in the striatum (Protais et al. 1976). In
addition, the similarity to cocaine was evaluated using the DD
test. Based on these various experiments, the abuse potential
of MNA was evaluated.

Materials and methods

Animals

Male Sprague–Dawley (SD) rats (7–8 weeks old, weighing
180–220 g) and C57BL/6 mice (7 weeks of age, weighing
15–20 g) were used in this study. All animals were supplied
by Orientbio Animal Laboratory (Seongnam, Korea). The an-
imals were allowed to acclimatize for 1 week before the ex-
periments. They were maintained under a 12-h light/dark cy-
cle and controlled temperature (23 °C ± 1 °C) and humidity
(55% ± 5%), and were given ad libitum access to laboratory
animal food and water. Before the experiments, the animals
were randomly assigned to treatment groups. On the last day
of each experiment, the animals were euthanized according to
animal ethics guidelines. All procedures pertaining to animal
care, maintenance, and use in the present study were approved
by the National Institute of Food and Drug Safety Evaluation/
Ministry of Food and Drug Safety Animal Ethics Board (ap-
proval number: MFDS-19-007/009/010).

Chemical reagents

Racemic MNA (≥98.95% purity), synthesized at and pur-
chased from Kyunghee University (Seoul, Korea), was dis-
solved in vehicle (saline:DMSO:Tween-80 = 18:1:1). The nu-
clear magnetic resonance (NMR) data (for structural confir-
mation) and high-resolution mass spectrometry data (for ac-
curate mass check) are provided as Supplements 1 and 2,
respectively. (+)-methamphetamine hydrochloride (≥ 98%
pure; METH), obtained from Kyung Hee University
(Seoul, Korea), was dissolved in the vehicle. DMSO
and polyoxyethylene sorbitan mono-oleate (Tween-80)
were purchased from Sigma-Aldrich Inc. (St. Louis,
MO, USA). Hepar in was purchased from JW-
Pharmaceutical (Seoul, Korea).

Equipment

For the climbing action test, a stainless steel cylinder with
numerous vertical bars that the mice could use to go up was
used. The bottom diameter was 12 cm and the length of the
vertical bars was 24 cm. The locomotion test apparatus (ENV-
520; Med Associates, Inc., St. Albans, VT, USA) consisted of
a plastic box (43 cm × 43 cm floor area and 31 cm height),
with a sensor on the floor to measure movements. The CPP
apparatus (MED-CPP-3013AT;Med Associates) comprised a
black room and white room, which were separated by a guil-
lotine door. The white room had a mesh grid and the black
room had a bar grid. Both rooms were 16 cm × 13 cm × 12 cm
(W × D × H). Between the two rooms, there is a small gray
room measuring 6 cm × 13 cm × 12 cm. The rooms are
illuminated with low-intensity lighting (12 lx). The amount
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of time spent in each room by mice was recorded with an
infrared sensor control. The SA test equipment (MED-
307A-CT-B1) was also purchased from Med Associates.
The operant chamber was 43 cm × 43 cm × 31 cm. Each
chamber had two levers (an active lever and an inactive lever)
connected to an infusion pump. The infusion pump, connected
to a 1-mL syringe, was placed outside the operator chamber. A
computerized system (Med-PC) connected to the SA test
equipment (Med Associates) was used for data recording.

Climbing behavior test procedure

Climbing behavior experiments were conducted based on a
previous report (Protais et al. 1976) in a dark environment,
which is the optimal activity environment for experimental
animals. The mice were allowed to adapt to the climbing de-
vice for 30 min before the experiment, and were divided into
nine treatment groups: a negative control (vehicle, intraperito-
neal (i.p.)) group, a positive control (METH, 1 mg/kg) group,
and seven groups treated with different concentrations of
MNA (1, 10, 20, 40, 60, 80, and 100 mg/kg). To assess
climbing behavior, the time spent on the vertical bars with
all four feet was measured for 20 min after the drug treatment.

CPP test procedure

The CPP test was conducted using male mice (n = 7–8), as
reported previously (de la Peña et al. 2012). The test was
conducted in five steps. (1) In the first 2 days (days 1 and 2),
the animals were allowed free movement in the two chambers
(white or black) for 30 min per day for acclimation. (2) After
measuring pre-conditioning for 15 min on day 3, the mice
with more than 10% difference in the time spent in one spe-
cific chamber were excluded, and the remaining mice (vehicle
group n = 7, other groups n = 8) were randomly assigned to
treatment groups. (3) On days 4–13, vehicle or MNA (1, 10,
20 mg/kg, i.p.) was administered every other day, and the
mice were placed in a specific chamber for 40 min after the
administration. (4) Post-conditioning was measured for 15
min. (5) The time difference between the test values (post-
conditioning) and baseline values (pre-conditioning) was cal-
culated as the CPP score. METH (1 mg/kg, i.p.) was used and
validated as a positive control for the CPP test.

SA test procedure

To train the lever-pressing behavior in the experimental ani-
mals, 45 mg of food pellets was set to fall on the plate of the
operator chamber when the animal pressed the active one of
the two levers. During the 2 days of this food training, food
outside the training time was restricted to 15 g of basal diet per
day. The animals were trained for 2 h per day until the test
criterion was achieved (100 food pellets were collected daily

for 3 days). Only mice that successfully achieved the test
criterion underwent canulation surgery. Mice (n = 8) were
anesthetized with sodium pentobarbital (50 mg/kg; Entobar
R, Hanlim Pharmaceuticals, Seoul, Korea) after which a cath-
eter was inserted into the jugular vein. After surgery, all mice
were given a 7-day recovery period in a controlled cage. After
the canulation surgery, the mice were allowed to self-
administer MNA (i.v.) or vehicle for 2 h according to the
fixed-ratio 1 (FR1) reinforcement schedule, and the timeout
time (i.e., the period when the lever was pressed and the drug
was not administered after drug administration) was set to 20
s. The SA test was validated using METH (0.1 mg/kg/infu-
sion, i.v.) as a positive control.

Measurement of the dopamine level in synaptosomes

The dopamine level in synaptosomes was measured using the
sucrose gradient method reported in previous studies (Birch
and Fillenz 1985; Kamat et al. 2014; McKenna et al. 1991).
Briefly, non-treated male SD rats were sacrificed with CO2,
and the striatum region of the brain (n = 3) was dissected
quickly. The striatum was homogenized in 0.32 M sucrose
solution and the lysate supernatant was diluted with Krebs–
HEPES buffer (1:1; 117 mM NaCl, 4.8 mM KCl, 2.5 mM
MgCl2, 25mMHEPES; pH 7.4). Themixture was centrifuged
at 10,000×g, 4 °C for 20 min. The pellet was mixed with 20
nM standard dopamine, incubated at 37 °C for 15 min, and
centrifuged at 10,000×g for 10 min to obtain a pellet.
Thereafter, 300 μL of METH (0.01, 0.05, 0.1, 1, and 10
μM) or MNA (0.01, 0.05, 0.1, 1, 10, and 100 μM) was added
to the pelleted synaptosomes, followed by incubation at 37 °C
for 15 min. The solution was then centrifuged at 4 °C
10,000×g for 10 min and the supernatant was collected.
Dopamine release level in the supernatant was measured by
high-performance liquid chromatography (HPLC). Vehicle
(Krebs–HEPES buffer) was used as a negative control. After
filtration through a PVDF syringe filter (0.22 μm), the super-
natant was analyzed using the Agilent Infinity 1260 HPLC
system (Agilent Technologies, Santa Clara, CA, USA),
Agilent 6460 Triple Quadrupole Mass Spectrometer (Agilent
Technologies, Santa Clara, CA, USA), and a liquid chroma-
tography mass spectrometer (LC-MS/MS). The HPLCmobile
phase consisted of tertiary distilled water with 2 mM ammo-
nium formate, 0.1% formic acid and acetonitrile with 2 mM
ammonium formate, and 0.1% formic acid. The flow rate was
set to 300 μL/min and the injection volume was 5 μL. A
reversed-phase Poroshell 120 EC-C18 column (100 mm ×
2.1 mm, 2.7 μm, Agilent) was used for separation. Sample
detection was conducted for 10 min. The LC-MS/MS condi-
tions were ionized in the ESI+ mode, and the multiple reaction
monitoring (MRM) mode was selected for sensitive quantita-
tive measurement.
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In vivo microdialysis procedure

After adaptation to cannula implantation for 24 h, dialysis
experiments were conducted while the SD rats (n = 3) were
free to move. Ringer’s solution (NaCl 145 mM, KCl 2.7 mM,
CaCl2 0.9 mM,MgCl2 0.1 mM, and Na2HPO4 2 mM; pH 7.4)
was perfused at a constant flow rate of 2 μL/min. Perfusion
solution was injected into the liquid chromatography system
every 20 min using an autoinjector. The dialyzed dopamine
was separated using a reversed-phase Poroshell 120 EC-C18
column (2.1 mm × 100 mm, 2.7 μm, Agilent) and detected
with a graphite electrode. The mobile phase consisted of
0.1 M phosphate buffer (pH 5.5) containing 500 mg/L sodium
decanesulfonate, 50 mg/L EDTA, and 1% methanol. Eighty
minutes before sample collection, the perfusion was started for
acclimation. Samples were collected for 40 min before drug
administration and for 120 min after drug administration.

Locomotor activity

For acclimation, the mice (n = 6) were allowed to move freely
for 120 min in a small-animal activity monitor device
(ENV520; Med Associates) for 3 days, without interference.
The travel distance and number of jumps were automatically
measured using a laser sensor installed on the floor, and all
values were recorded using an SWActivity Monitor SOF-812
(Med Associates). On day 4 after adaption, migration was
measured every 5 min after i.p. administration of MNA (0,
10, and 20 mg/kg) for 60 min. It was verified by treatment
with METH (1 mg/kg i.p.) as a positive control for measuring
exercise activity.

DD test procedure

For fasted rats to react to the food, they were trained to press
the active lever for 45mg of food pellets, according to the FR1
reinforcement schedule, for 1 h every day. Each daily session
started with the lighting of a cue lamp located above the lever
of the operant chamber. The food pellets (45 mg) were deliv-
ered after each lever press. When the rat ate 30 pellets, one
lever was deactivated and the other was activated. All rats
were trained to FR10, in which each 10th response produced
a pellet. Whenever food pellet was delivered, the lever was
deactivated for a 5-s timeout period during which the cue
indicator lamp was turned off. Lever-press training was con-
ducted until the criterion of acquiring 60 pellets for 3 consec-
utive days within one session according to the FR10 reinforce-
ment schedule was achieved.

DD training was conducted to differentiate between co-
caine (10 mg/kg) and vehicle. Rats received an i.p. adminis-
tration of drugs or saline before they were placed in the cham-
ber. Thereafter, the cue light was turned on, the two levers
were activated in the chamber, and the 15-min training

sessions were started. Food pellets were delivered when co-
caine was administered after the FR10 requirement was met
on one of the levers. Subsequently, there was a 5-s timeout
period during which the chamber light was turned on and the
levers were retracted. When the vehicle was administered dur-
ing the training session, the food pellets were delivered in the
same way if the FR10 requirement was achieved on the other
lever.When the wrong lever was pressed, no food pellets were
provided, and only the number of presses was recorded.
Cocaine or vehicle was administered randomly every other
day. In the training phase, the number of days of drug
(cocaine) and vehicle training was shifted for three consecu-
tive days. Training was terminated 15 min after the start of the
daily session or after the rats had obtained 20 food pellets.
Training was continued until more than 85% of the responses
occurred on the correct lever for 3 consecutive sessions.

The test session proceeded in the same way as the training
session, except that the food pellets were delivered when the
lever was pressed 10 times on either lever. After a 3-day train-
ing period (drug [cocaine] and vehicle), the reaction to the test
drug was evaluated. Training periods and tests were repeated
until all doses were tested. Graphs for percent drug-
appropriate responding were plotted as a function of test com-
pound dose (log scale).

Statistical analysis

All data are expressed as mean and standard error of the mean
(± SEM) and were analyzed using Prism 6.0 software
(GraphPad Software, Inc., San Diego, CA, USA). Data from
the climbing behavior, CPP, SA, and locomotion tests and
LC/MS/MS and microdialysis were analyzed using one- or
two-way analysis of variance (ANOVA) followed by the rel-
evant post hoc tests. The climbing behavior and CPP test
results were analyzed using Dunnett’s post hoc test, and the
SA, microdialysis, and locomotor test results were analyzed
using Tukey’s post hoc test. Statistical significance was set at
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 com-
pared with the vehicle-treated group.

Results

MNA promotes climbing behavior

The climbing behavior test was conducted to predict the range
of effective doses of drugs for dopamine pathway activation.
In the group that received i.p.MNA (40mg/kg), the time spent
on the apparatus significantly increased. The one-way
ANOVA revealed significant differences between the experi-
mental groups [F (7,56) = 10.20, p < 0.001]. Dunnett’s post
hoc tests revealed that MNA at 10mg/kg (q = 2.825, p < 0.05)
and 40 mg/kg (q = 3.047, p < 0.05) increased the time spent
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on the apparatus (Fig. 1a). The movement of the mice sharply
decreased by MNA at a dose of 60 mg/kg or higher, and it
completely stopped at 100 mg/kg dose. At 40 mg/kg, a high
climbing behavior response was observed, but convulsions
and abnormal behavior were also observed. METH (1 mg/kg)
used as a positive control also induced a significant increase in
climbing behavior (Fig. 1b).

MNA promotes the CPP

Pre-recording was checked, and the mice that showed bias
(when the time spent in a specific room was more than 75%
of the total measurement time) were excluded. The CPP
scores and times measured in the drug-paired period are indi-
cated in Fig. 2. The system was validated using METH (1
mg/kg, i.p.) as the positive control, before the drug study.
Various doses of MNA (1, 10, and 20 mg/kg) were adminis-
tered to the mice. In the pre-conditioning phase, there was no
significant difference in the time spent in the drug-paired room
between the groups (Fig. 2a). The group administered 10 or 20
mg/kgMNA showed a significant increase in the time spent in
the drug-paired room compared with that during the pre-
conditioning phase of each group. The group that received
METH (1 mg/kg) as the positive control also showed a signif-
icant increase in the time spent in the drug-paired room com-
pared with the vehicle group. The CPP scores were signifi-
cantly increased in the 10 and 20 mg/kg MNA treatment
groups compared with those in the vehicle group. One-way
ANOVA revealed significant differences between the experi-
mental groups [F (4,34) = 13.89, p < 0.0001]. Dunnett’s post
hoc tests revealed that MNA 10mg/kg (q = 4.437, p < 0.001),
MNA 20 mg/kg (q = 4.063, p < 0.01), and METH 1 mg/kg (q
= 5.995, p < 0.0001) induced significant effects (Fig. 2b).
However, the CPP scores in the 10 mg/kg and 20 mg/kg
MNA-treated groups did not show differences. MNA (10
mg/kg) increased the CPP scores to approximately 65% of
the scores induced by METH.

MNA promotes the SA

The SA test was conducted for 2 h per session per day with an
FR1 schedule, and MNA (1 mg/kg/infusion, i.v.) was self-
administered for 7 days. Figure 3a and d presents the average
number of drug injections per day during the SA period. The
two-way ANOVA followed by Tukey post hoc test was used
to analyze the statistical significance of the differences be-
tween the experimental groups. For MNA, the two-way
ANOVA revealed significant effects of day [F (6,70) =
3.482, p < 0.01] and treatment [F (1,70) = 69.02, p <
0.001]. However, there were no interactions between the
two factors [F (6,70) = 1.589, p > 0.05]. A post hoc analysis
revealed that significant differences were apparent from ses-
sion 2 onwards (days 2 and 5, p < 0.001; days 3 and 7, p <
0.01; days 4 and 6, p < 0.05) (Fig. 3a). ForMETH (0.1 mg/kg/
infusion, i.v.), the two-way ANOVA revealed a significant
effect of day [F (6,70) = 4.688, p < 0.001] and interaction [F
(6,70) = 5.641, p < 0.001]. However, there was no significant
effect of treatment [F (1,70) = 2.652, p > 0.05]. The post hoc
analysis revealed that the number of injections increased on
the day 6 (p < 0.05) and day 7 (p < 0.01) (Fig. 3d).

Figure 3b and e shows the average number of active lever
presses during the 2-h SA session. There was no significant
difference in the number of operations of the inactive lever
between theMNA group and the vehicle group. ForMNA, the
two-way ANOVA revealed a significant effect of day [F
(6,70) = 6.147, p > 0.001] and treatment [F (1,70) = 22.13,
p < 0.001]. However, there were no interactions between the
two factors [F (6,70) = 1.034, p > 0.05]. The post hoc analysis
revealed that no significant differences were apparent (Fig.
3b). For METH, the two-way ANOVA revealed a significant
effect of day [F (6,70) = 7.151, p < 0.001], treatment [F (1,70)
= 7.844, p < 0.01], and interaction [F (6,70) = 5.388, p <
0.001]. The post hoc analysis revealed that no significant dif-
ferences were apparent (Fig. 3e).

Figure 3c and f shows the average number of inactive lever
presses during the 2-h SA session. There was no significant

Fig. 1 Changes in climbing
behavior time after the
administration of MNA and
METH. Mice were placed in the
apparatus and their climbing
behavior time was recorded for
20 min after the injection of a
MNA and b METH. Data are
presented as mean ± SEM (n = 8
for each group). *p < 0.05 versus
vehicle (one-way ANOVA
followed by Dunnett’s post hoc
test). METH, methamphetamine
treatment group; MNA,
methamnetamine treatment group
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Fig. 2 Effects of MNA and METH on CPP in mice. a Bars indicate the
mean time spent in the drug-paired compartment during pre- and post-
conditioning phases. Data are presented as mean ± SEM (n = 7–8 for each
group). ***p < 0.001 versus vehicle (two-way ANOVA followed by
Tukey’s post hoc test). b Difference in time spent in drug-paired
compartment between the drug treatment group and the negative

control group during pre- and post-conditioning phases. Data are
presented as mean ± SEM (n = 7–8 for each group). **p < 0.01; ***p <
0.001 versus vehicle (Dunnett’s post hoc test). METH,methamphetamine
treatment group;MNA,methamnetamine treatment group; vehicle, saline
treatment group

Fig. 3 Intravenous SA of MNA
and METH. Data are presented as
mean number of drug injections
(a, d), active lever presses (b, e),
and inactive lever presses (c, f)
following the administration of
MNA (1 mg/kg) and METH (0.1
mg/kg). Responses were
measured for 7 sessions (2 h/day)
according to a fixed-rate 1 (FR =
1) schedule. Data are presented as
mean ± SEM of eight independent
measurements. *p < 0.05, **p <
0.01, ***p < 0.001 versus vehicle
(two-way ANOVA followed by
Tukey’s post hoc test). METH,
methamphetamine treatment
group; MNA, methamnetamine
treatment group; vehicle, saline
treatment group
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difference in the number of operations of the inactive lever
between the MNA group and vehicle group. For MNA, the
two-way ANOVA revealed a significant effect of treatment [F
(1,70) = 6.396, p < 0.05]. However, there was no significant
effect of day [F (6,70) = 1.242, p > 0.05] and interaction [F
(6,70) = 0.8238, p > 0.05]. The post hoc analysis revealed that
no significant differences were apparent (Fig. 3c). For METH,
the two-way ANOVA revealed a significant effect of treat-
ment [F (1,70) = 29.99, p < 0.001]. However, there was no
significant effect of day [F (6,70) = 0.7271, p > 0.05] and
interaction [F (6,70) = 0.9464, p > 0.05]. The post hoc anal-
ysis revealed that significant differences were apparent from
session 2 (p < 0.01) and session 3 (p < 0.05) (Fig. 3f).

In vitro dopamine release from synaptosomes

After the treatment of striatal synaptosomes isolated from the
brains of SD rats with MNA, the changes in dopamine release
were evaluated. To determine the presence of synaptosomes,
N-methyl D-aspartate receptor subunit 2A (NMDAR-2A) was
detected by western blotting. The isolated synaptosomes
showed complete differences from the cytoplasm in the pres-
ence of NMDAR-2A (Fig. 4a). MNA treatment at doses of

0.05–100 μM increased dopamine release levels in a dose-
dependent manner; METH treatment at doses of 0.05–
10 μM also increased dopamine release levels. The one-way
ANOVA revealed significant differences between the experi-
mental groups [F (6,14) = 553.2, p < 0.0001]. According to
Dunnett’s post hoc tests, MNA (0.05, 0.1, 1, 10, and 100 μM)
induced statistically significant effects (p < 0.0001 for all
concentrations). METH also induced significant effects [F
(5,12) = 47.67, p < 0.0001] at 0.05 (p < 0.05), 0.1 (p <
0.01), 1 (p < 0.0001), and 10 μM (p < 0.0001) (Fig. 4b and
c). MNA more strongly induced dopamine release than
METH at the same concentration.

Dopamine changes in the microdialysis study in vivo

The dopamine level peaked 40 min after the administration of
MNA (20 mg/kg, i.p.) and was approximately 32.67 times the
level in the control group (p < 0.001) at this point. The two-
way ANOVA revealed significant differences in response
time [F (8,36) = 3.663, p < 0.01] and drug [F (1,36) =
33.25, p < 0.0001] among the experimental groups (Fig.
5a). METH (5 mg/kg, i.p.) also induced a peak in dopamine
at 40 min (p < 0.001), with an approximately 95.56-fold

Fig. 4 Changes in the dopamine level induced by MNA and METH.
Protein expression of NMDA2A in the cytosol and synaptosome of rat
neurons was analyzed by western blotting (a). Changes in the dopamine
level induced by various concentrations of MNA (0.01, 0.05, 0.1, 1, 10,
and 100 μm) and METH (0.01, 0.05, 0.1, 1, and 10 μm) (b, c). Changes
in the dopamine level in the synaptosome as measured byHPLC. Data are
presented as mean ± SEM of more than 10 independent measurements.

HPLC analysis was conducted after culturing synaptosomes at 37 °C for
15 min using an HPLC-MS/MS detector (flow rate: 300 μL/min,
injection amount: 5 μL). *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001 versus vehicle (one-way ANOVA followed by Dunnett’s post
hoc test). METH, methamphetamine treatment group; MNA,
methamnetamine treatment group; vehicle, 5% dimethyl sulfoxide-
treated group
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increase (Fig. 5b). The MNA-induced dopamine peak was
approximately 54.7% of the peak level induced by METH.

The dopamine levels gradually decreased over time. The areas
under the curves (AUCs) for dopamine level changes induced
by the drugs were measured, and they are shown in Fig. 5c.
The one-way ANOVA revealed significant differences be-
tween the experimental groups [F (1,6) = 13.64, p < 0.01].
Dunnett’s post hoc tests revealed that 20 mg/kg MNA (q =
2.997, p < 0.05) and 5 mg/kg METH (q = 5.203, p < 0.01)
induced significant effects. The drug response time and drug
decay were similar between MNA and METH (Fig. 5).

MNA stimulates locomotor activity in mice

The travel distance during the first 40 min was signifi-
cantly longer in all drug treatment groups than in the
vehicle group. The group treated with MNA at 10
mg/kg showed a significant increase in the locomotor
activity over time (Fig. 6a), whereas the group treated
with MNA at 20 mg/kg showed a rapid increase in the
locomotor activity, which then decreased in a manner
s imi lar to that in the posi t ive control group.
Furthermore, the travel distance in this group was sim-
ilar to that in the positive control group (Fig. 6b and c).
In addition, a peak in the locomotor activity was mea-
sured at 20 min, and the activity at this point was 5.81-
fold that in the vehicle group (Fig. 6b). After 60 min,
the total travel distance in the MNA (20 mg/kg) and
positive control groups was approximately 4 times that
in the vehicle group (p < 0.001). The one-way ANOVA
revealed significant differences between the experimen-
tal groups [F (3,20) = 23.63, p < 0.0001]. Dunnett’s
post hoc tests revealed that 20 mg/kg MNA (q =
7.157, p < 0.0001) and 1 mg/kg METH (q = 6.404, p
< 0.0001) induced significant effects (Fig. 6d). After
drug administration, the mice did not jump at the be-
ginning of the experiment, but jumps gradually in-
creased over time, unlike the observation for travel dis-
tance. After 20 min, the number of jumps in the MNA
(20 mg/kg) and positive control groups was significantly
lower than that in the vehicle group. However, between
40 and 60 min, jumps in the MNA (20 mg/kg) group
significantly increased compared to those in the vehicle
group. There was no significant difference in the num-
ber of jumps between the vehicle and MNA (10 mg/kg)
groups (Fig. 6e). After 60 min, there was no significant
difference in the total number of jumps between the
groups, although the mice in the METH group tended
to jump less than mice in other groups (Fig. 6f).

DD study

Figure 7 shows the drug lever responses to discriminative
stimulus effects of cocaine or MNA in SD rats trained to
distinguish 10 mg/kg cocaine. MNA was associated with

Fig. 5 Extracellular dopamine level changes in the striatum afterMNA or
METH administration. a Changes in dopamine after i.p. injection of
vehicle or MNA (20 mg/kg). b Changes in the dopamine concentration
after i.p. injection of vehicle or METH (5 mg/kg,). Arrows indicate the
time of drug infusion. Data are presented as mean ± SEM of 8
independent measurements. **p < 0.01, ***p < 0.001 versus vehicle
(two-way ANOVA followed by Tukey’s post hoc test). c Average area
under the curve of dopamine for 180 min after i.p. injection of vehicle,
MNA, or METH. Data are presented as mean ± SEM of eight
independent measurements. *p < 0.05, **p < 0.01 versus vehicle (one-
way ANOVA followed by Dunnett’s post hoc tests). METH,
methamphetamine treatment group; MNA, methamnetamine treatment
group
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a percent response of 20.5% to 1 mg/kg cocaine and
72.23% to 10 mg/kg cocaine. MNA induced the highest
drug lever response at 20 mg/kg (79.8%), and the effect of

MNA was dose dependent. The median effective dose
(ED50) value of MNA (~8.14 mg/kg) in SD rats trained
with cocaine was approximately 4 times higher than that
of cocaine (1.9 mg/kg). MNA was nearly fully general-
ized as a discriminative stimulus of cocaine.

Discussion

The pharmacological effects on NPS-related behaviors and
the central nervous system are understudied. Therefore, sub-
stance abuse remains a source of social and health problems
(Baumann et al. 2014; Schifano et al. 2015; Van Hout and
Hearne 2017). The control of drug abuse requires pharmaco-
logical and scientific data for new substances that have the
potential to cause problems. MNA was reported as an NPS
used in Europe in 2017; however, its abuse potential and ad-
verse effects have not been sufficiently researched to date
(Richeval et al. 2019). Moreover, as MNA is currently sold
online and sales are not controlled, it is necessary to provide a
basis for its abuse control through scientific research. MNA
has an amphetamine structure and strongly stimulates the re-
lease of dopamine from synaptosomes. However, the physio-
logical characteristics of these stimuli are not well known. In

Fig. 6 Locomotor responses in
mice following the administration
of MNA and METH. Mice
injected with vehicle, MNA, or
METH were placed in a
locomotor activity test chamber. a
MNA (10 mg/kg), b MNA (20
mg/kg), and c METH (1 mg/kg)
were administered and the
migration length (in meters) was
measured at 5-min intervals. Data
are presented as mean ± SEM of
eight independent measurements.
**p < 0.01, ***p < 0.001 versus
vehicle (two-way ANOVA
followed by Tukey’s post hoc
test). d Total migration length
during 60 min. Number of jumps
during 60 min are expressed as
mean ± SEM of eight independent
measurements (***p < 0.001
versus vehicle, one-way ANOVA
followed by Dunnett’s post hoc
test) e in 5-min units and f as the
total number of jumps. METH,
methamphetamine treatment
group; MNA, methamnetamine
treatment group; vehicle, saline
treatment group

Fig. 7 Effects of MNA and cocaine on the percentage of responses to the
cocaine lever in rats trained to discriminate cocaine from saline. Data are
presented as mean for 7–8 rats; cocaine (n = 7) and MNA (n = 8) were
tested at each dose. Numbers refer to the doses of drugs during
substitution sessions, expressed as milligrams per kilogram on a scale.
The ordinate provides the percentage of total responses of the rats on the
cocaine-appropriate lever
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addition, although no preclinical and clinical studies on toxic-
ity have been conducted, the adverse effects of MNA can be
deduced based on its structural similarity with METH.
Amphetamines are highly addictive and cause euphoria,
and they are also associated with adverse effects such as
delusions, anxiety, insomnia, and paranoia (Murray
et al. 2012). Similar to cocaine, METH exerts stimula-
tory effects and has detrimental sympathetic nerve-
stimulatory effects, such as addiction and hypertension.
Neurotransmitter release induced by amphetamine-based
drugs is referred to as “the release effect” (Rothman
et al. 2012). The EC50 and EMAX values of MNA,
which is a full release agent with strong neurotransmit-
ter release effects, are 10 nm and 101%, respectively
(Reith et al. 2015). Therefore, it can lead to increased
dopamine secretion, which may increase drug-related
adverse effects and reactions.

In this study, the CPP and SA tests and microdialysis were
used to evaluate rewarding and reinforcing effects, and re-
sponses to dopamine in rodents (Bardo and Bevins 2000;
Carney et al. 1991). MNA was associated with a statistically
significant place preference for the conditional compartment
and induced a significant increase in the frequency of SA.
Based on these two experiments, behavioral pharmacological
preference and addiction symptoms were identified. To inves-
tigate the mechanism of this behavioral change, the levels of
dopamine, a neurotransmitter in the synaptosomes, were de-
termined. It was confirmed that MNA induced a dose-
dependent increase in the dopamine level in the synaptosomes
and even in the striatum, a site of dopamine action in the brain.
Dopamine presumably is closely related with the behavioral
alteration caused by MNA. Considering that the CPP or SA
test results have not been previously reported for MNA, these
data can be used as a paradigm for the rewarding and reinforc-
ing effects of MNA. Dopamine stimulates the locomotor ac-
tivity and is closely related to control, motivation, reward, and
reinforcing behavior and excitement (Estakhr et al. 2017;
Howe and Dombeck 2016; Pijnenburg et al. 1976). In addi-
tion, euphoria is correlated with dopamine release (Drevets
et al. 2001). Reward affects behavior and emotions, but it is
difficult to investigate emotions in animals. However, they
can be objectively evaluated as a selection behavior associated
with subjective reward preference in animal behavior experi-
ments (Schultz 2015). It has been confirmed that MNA
and METH have similar drug reaction times and induce
similar activity changes as dopamine. MNA stimulates
locomotor activity and dopamine release. Here, discrimi-
native stimulus effect tests of new substances were con-
ducted in rats trained to differentiate cocaine. The results
of the DD experiment suggested that the interceptive cues
of MNA were similar to cocaine signals. In addition, the
ED50 value of MNA was 4-fold that of cocaine, indicating
that its potency is lower than that of cocaine.

Overall, MNA was associated with dependence potential
and dopamine level changes, and had similarities to cocaine.
This study represents the first attempt to assess the depen-
dence potential ofMNA through in vivo study; however, there
were some limitations to the study. This study was limited to
animal experiments, and the effects of MNA cannot be simply
generalized to humans. Finally, in the DD test, amphetamine
and cocaine should have been included for comparison.

In conclusion, the data indicating the dependence potential
of MNA presented in this study provide a scientific basis for
the control of this NPS worldwide. Our findings will have a
significant effect on drug policies and are relevant for future
research on addiction.
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