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4-MeO-PCP and 3-MeO-PCMo, new dissociative drugs, produce
rewarding and reinforcing effects through activation of mesolimbic
dopamine pathway and alteration of accumbal CREB, deltaFosB,
and BDNF levels
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Abstract
Rationale A high number of synthetic dissociative drugs continue to be available through online stores, leading to their misuse.
Recent inclusions in this category are 4-MeO-PCP and 3-MeO-PCMo, analogs of phencyclidine. Although the dissociative
effects of these drugs and their recreational use have been reported, no studies have investigated their abuse potential.
Objectives To examine their rewarding and reinforcing effects and explore the mechanistic correlations.
Methods We used conditioned place preference (CPP), self-administration, and locomotor sensitization tests to assess the
rewarding and reinforcing effects of the drugs. We explored their mechanism of action by pretreating dopamine receptor (DR)
D1 antagonist SCH23390 and DRD2 antagonist haloperidol during CPP test and investigated the effects of 4-MeO-PCP and 3-
MeO-PCMo on dopamine-related proteins in the ventral tegmental area and nucleus accumbens. We also measured the levels of
dopamine, phosphorylated cyclic-AMP response element-binding (p-CREB) protein, deltaFosB, and brain-derived neurotrophic
factor (BDNF) in the nucleus accumbens. Additionally, we examined the effects of both drugs on brain wave activity using
electroencephalography.
Results While both 4-MeO-PCP and 3-MeO-PCMo induced CPP and self-administration, only 4-MeO-PCP elicited locomotor
sensitization. SCH23390 and haloperidol inhibited the acquisition of drug CPP. 4-MeO-PCP and 3-MeO-PCMo altered the levels
of tyrosine hydroxylase, DRD1, DRD2, and dopamine, as well as that of p-CREB, deltaFosB, and BDNF. All drugs increased the
delta and gamma wave activity, whereas pretreatment with SCH23390 and haloperidol inhibited it.
Conclusion Our results indicate that 4-MeO-PCP and 3-MeO-PCMo induce rewarding and reinforcing effects that are probably
mediated by the mesolimbic dopamine system, suggesting an abuse liability in humans.
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Introduction

The recreational use of new psychoactive substances (NPS)
has grown rapidly over the last several years (Hill and Thomas
2011; Baumeister et al. 2015). This phenomenon has resulted,
in part, from online marketing, as well as widespread avail-
ability in convenience stores and head shops (Hill and Thomas
2011). NPS are typically sold as research chemicals to circum-
vent governmental restrictions on the existing psychoactive
drugs (Hill and Thomas 2011; Baumeister et al. 2015). One
class of NPS is represented by dissociative anesthetics, which
includes ketamine (KET), methoxetamine, and other analogs
of phencyclidine (PCP) (Baumeister et al. 2015). These sub-
stances induce psychotomimetic effects, and based on reports,
they are used recreationally or outside the medical setting,
prompting authorities to impose legal restrictions on
their use (Liu et al. 2016; Halberstadt et al. 2016).
However, despite the ongoing legislative efforts, new
synthetic dissociative anesthetics are continuously syn-
thesized, thereby dramatically increasing their diversity
by introducing chemical modifications.

Two of the recent additions to the NPS market are 1-(1-(4
methoxyphenyl)cyclohexyl)piperidine (4-MeO-PCP) and
4-[1-(3-methoxyphenyl)cyclohexyl] morpholine (3-MeO-
PCMo). These substances have chemical structures similar
to that of PCP, except for a few parts. As shown in Fig. 1,
compared with PCP, 4-MeO-PCP has a 4-methoxy group in
the phenyl ring, whereas 3-MeO-PCMo has a 3-methoxy
group in the phenyl ring and a morpholine ring instead of
the piperidine ring. Both drugs were shown to have a lower
affinity to N-Methyl-D-aspartic acid (NMDA) receptors (4-
MeO-PCP Ki = 404 nM and 3-MeO-PCMo Ki = 252.9 nM)
than that of PCP (Ki = 59 nM), but higher than that of KET (Ki
= 659 nM) (Roth et al. 2013; Colestock et al. 2018;
Halberstadt et al. 2016). 4-MeO-PCP has been reported to
induce euphoric and hallucinogenic effects, which are some-
times accompanied by adverse effects such as dizziness, con-
fusion, psychomotor agitation, and cognitive impairment
(Roth et al. 2013; Stevenson and Tuddenham 2014;
McIntyre et al. 2015). Although limited information is avail-
able regarding its pharmacological profile, it has been
suspected that 3-MeO-PCMo produces dissociative effects
and is used recreationally (Colestock et al. 2018).
Nevertheless, 4-MeO-PCP and 3-MeO-PCMo are not

scheduled drugs in many countries, and to date, no studies
have investigated their abuse potential. Therefore, it is impor-
tant to examine their rewarding and reinforcing effects and
explore the possible underlying mechanisms.

In the present study, we investigated the abuse potential of
4-MeO-PCP and 3-MeO-PCMo using the conditioned place
preference (CPP) and self-administration (SA) paradigms.
The CPP test examines the rewarding value of a drug, by
measuring the time spent by study animals in the drug-
paired compartment (Prus et al. 2009). The SA test assesses
the reinforcing efficacy of the drugs, bymeasuring the number
of lever responses that result in drug infusion (Prus et al.
2009), under the two schedules of reinforcement, fixed ratio
(FR) and progressive ratio (PR). The FR schedule determines
the reinforcing effects, whereas the PR schedule measures the
reinforcing strength of a drug (dela Peña et al. 2012). We also
examined whether these two drugs induce locomotor sensiti-
zation after 7 days of treatment and drug challenge following
7 days of abstinence. Given that the abuse potential of most
drugs of abuse has been linked to the dopaminergic system
(Liu et al. 2016), we pretreated mice with a dopamine D1
(DRD1) SCH23390 and D2 (DRD2) haloperidol receptor an-
tagonists during the CPP test. We also measured the
dopamine-related proteins levels in the ventral tegmental area
(VTA) and nucleus accumbens (NAc), as well as the dopa-
mine levels in the NAc of the mice treated with drugs for 7
days. Furthermore, transcription factors, cyclic-AMP re-
sponse element-binding protein (CREB), and deltaFosB, and
neurotrophic factor brain-derived neurotrophic factor
(BDNF), proteins that are implicated in drug addiction-
related neuroplasticity (Nestler 2004; McClung and Nestler
2008; Barker et al. 2015), were analyzed in the NAc. In addi-
tion, we assessed the effects of these substances on the brain
wave activity using electroencephalography (EEG). Parallel
experiments were also performed using KET.

Materials and methods

Animals

All animals were purchased from the Hanlim Animal
Laboratory Co. (Hwasung, Korea) and were housed in a
temperature- and humidity-controlled (22 ± 2 °C; 55% ±

Fig. 1 Comparison of the
chemical structures of a
phencyclidine, b 4-MeO-PCP, c
3-MeO-PCMo, and d ketamine
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5%) room with a 12-h light/dark (0700–1900 h light) sched-
ule. All the experiments were performed during 0900–1700 h.
Male C57BL/6 mice (6 weeks old), weighing 20–25 g, were
maintained at the density of 6 individuals per cage, and
Sprague Dawley rats (8 weeks old), weighing 250–300 g,
were maintained at a density of 4 individuals per cage. The
mice were used for the CPP, locomotor sensitization, and EEG
experiments, whereas rats were used for the SA test. After
arrival, the animals were acclimatized to the laboratory setting
for 5 days, before they were subjected to any experiments.
They had free access to food and water during the course of
habituation and experiments, except for rats during lever train-
ings and SA sessions. Animal care and maintenance were
carried out in compliance with the Principles of Laboratory
Animal Care (NIH publication No. 85–23, revised 1985) and
the Animal Care and Use Guidelines of SahmyookUniversity,
Korea (SYUIACUC2018-001).

Drugs

4-MeO-PCP hydrochloride and 3-MeO-PCMo hydrochloride
were synthesized (see supplementary) and generously provid-
ed by the Laboratory of Medicinal Chemistry at Kyunghee
University, Seoul, South Korea. KET was purchased from
BVSPharm Co., Hanam, South Korea. Haloperidol was pur-
chased from Sigma-Aldrich, St. Louis, MO, USA. SCH23390
HCl was purchased from TOCRIS Biosciences, Bristol, UK.
All the drugs were diluted with normal saline (SAL) (0.9% w/
v NaCl) and administered either intraperitoneally (CPP, loco-
motor sensitization, and EEG) or intravenously (SA).

4-MeO-PCP 4-MeO-PCP hydrochloride was synthesized from
cyclohexanone and 4-methoxymagnesium bromide (Wallach
et al. 2014). Its structure was confirmed by the following
spectroscopic analyses: 1H NMR (400 MHz, CD3OD) δ
7.57–7.54 (m, 2H), 7.09 (dd, J = 7.0 Hz, 2.2 Hz, 2H), 3.86
(s, 3H), 3.71 (d, J = 12.4 Hz, 2H), 3.01 (d, J = 12.4 Hz, 2H),
2.39–2.30 (m, 2H), 1.91–1.59 (m, 10H), 1.33–1.20 (m, 4H);
13C NMR (125 MHz, DMSO-d6) δ 159.97, 131.75(2C),
122.67, 114.54(2C), 70.58, 55.63, 47.03(2C), 30.46(2C),
25.10, 22.96(2C), 22.86(2C), 22.27; HR-MS calculated for
C18H28NO([M + H]+): 274.2165, observed: 274.2152.

3-MeO-PCMo 3-MeO-PCMo hydrochloride was synthesized
from cyclohexanone, morpholine, and 1,2,3-benzotriazole
by a procedure similar to that reported previously (Prashad
et al. 2005). Briefly, cyclohexanone was reacted with
morpholine in the presence of 1,2,3-triazole in toluene to yield
a solution of the corresponding triazolyl intermediate, which
was added to a solution of phenylmagnesium bromide to yield
4-(1-(3-methoxyphenyl)cyclohexyl)morpholine. The
resulting amine was treated with HCl to yield 3-MeO-PCMo
as an HCl salt. Its structure was confirmed by the following

spectroscopic analyses: 1H NMR (400 MHz, DMSO-d6) δ
7.47 (t, J = 8.2 Hz, 1H), 7.19 (d, J = 8.2 Hz, 1H), 7.16 (s,
1H), 7.10 (d, J = 8.2 Hz, 1.8 Hz, 1H), 3.98 (t, J = 12.1 Hz, 2H),
3.84 (dd, J = 12.1 Hz, 1.8 Hz, 2H), 3.83 (s, 3H), 3.50 (d, J =
12.1 Hz, 2H), 2.93 (d, J = 12.1 Hz, 2H), 2.43 (qd, J = 12.3 Hz,
2.7 Hz, 2H), 2.09 (t, J = 12.3 Hz, 2H), 1.73 (d, J = 12.3 Hz,
2H), 1.51 (d, J = 12.3 Hz, 1H), 1.19 (q, J = 12.3 Hz, 1H), 1.02
(q, J = 12.3 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) δ
159.70, 131.72, 130.04, 121.86, 116.31, 114.25, 70.50,
63.05(2C), 55.28, 45.85(2C), 29.57(2C), 24.53, 22.31(2C);
HR-MS calculated for C17H26NO2

+ [M + H]+: 276.1958, ob-
served: 276.1975.

Conditioned place preference test

The place preference apparatus consisted of two plexiglass
compartments (17.4 cm × 12.7 cm × 12.7 cm) made of
polyvinylchloride and separated by a guillotine door.
To provide a visual and tactile difference between the
compartments, one compartment was white in color with
a 6.352-mm stainless steel mesh floor, whereas the other
was black in color with a stainless-steel grid floor (3.2-
mm diameter rods placed 7.9 mm apart). The compart-
ments were covered and illuminated. Behavior was re-
corded and analyzed using a computer-based video
tracking system (Ethovision).

The CPP test consisted of three phases: habituation and
pre-conditioning, conditioning, and post-conditioning.
During habituation, the mice were allowed to explore both
compartments for 15 min once a day for 2 days. On the day
following habituation, the time spent on each side was record-
ed (pre-conditioning). To eliminate the side-preference bias,
the data from the pre-conditioning phase were used to group
the animals that spent similar amount of time in each compart-
ment. Mice that spent over 840 s in one compartment were
excluded from the test (n = 5). During the conditioning phase,
mice (n = 8/group) received 4-MeO-PCP, 3-MeO-PCMo (1, 3,
or 10 mg/kg), KET (10 mg/kg), or SAL, and were confined to
a randomly designated compartment for 30 min. Separate co-
horts of mice (n = 10/group) were injected with SCH23390
(0.5 mg/kg), haloperidol (0.2 mg/kg), or SAL, 30 min before
conditioning sessions with 4-MeO-PCP, 3-MeO-PCMo, KET
(10 mg/kg), or SAL, to examine the involvement of DRD1
and DRD2 in the rewarding effects of the drugs. On
alternate days, the mice received SAL and were placed
in the non-drug-paired compartment. The conditioning
lasted for 8 sessions (4 drug and 4 SAL conditioning
sessions). The post-conditioning phase started 24 h after
the final conditioning session. In this phase, the drug-
free mice were allowed free access to both compart-
ments for 15 min. The CPP score was calculated as
the difference in the time spent in the drug-paired com-
partment between the post- and pre-conditioning phases.
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Self-administration test

Rats were placed in standard operant conditioning chambers
(Coulbourn Instruments, Allentown, PA, USA), with ventila-
tion fans to mask the external noise. Each operant chamber
had a food pellet dispenser, two 4.5-cm-wide response levers
(left and right), a stimulus light located 6 cm above the left
lever, and a centrally positioned house light (2.5 W, 24
V) at the top of the chamber. Downward pressure (ap-
proximately equivalent to 25 g) on the levers resulted in
a programmed response (described below). Beside the
operant chamber, a motor-driven syringe pump was lo-
cated, which delivered the solutions at 0.01 mL/s.
Solutions flowed through polytetrafluoroethylene tubing con-
nected to a swivel, which was mounted on a counterbalanced
arm at the top of the chamber, allowing free movement of the
animals within the chamber. The tubing was connected to an
intravenous catheter implanted in the animal. The Graphic
State Notation software (Coulbourn Instruments) was used
to control the experimental parameters and collect data.

Initially, rats were trained to press the active (drug-paired)
lever for a contingent food pellet reward, on a continuous
schedule of reinforcement that lasted for 30 min/day for 3
days. During training, the rats were food-restricted such that
no rat dropped below 85% of its starting body weight. Only
those rats that acquired at least 80 pellets during the last ses-
sion of training were selected and prepared for surgery. The
surgery was performed as described in our previous study (de
la Peña et al. 2012). After surgery, each rat was individually
housed in a transparent plastic cage and allowed to recover for
5 days. During the first 4 days following surgery, the rats
received an antibiotic treatment (gentamicin, 1 mg/kg i.p.).
Thereafter, the rats (n = 10/group) were subjected to the SA
experiment 2 h/day, under a FR1 schedule of reinforcement
for 7 days, FR2 schedule for 3 days, and FR3 for the last 2
days. During these sessions, two levers were provided, and a
press on the left lever (active lever) would result in an infusion
of 0.1 mL of 4-MeO-PCP, 3-MeO-PCMo (0.03, 0.1, or 0.3
mg/kg/infusion), KET (0.3 mg/kg/infusion), or SAL. At the
same time, the house light was switched off, and the stimulus
light was illuminated, which remained lit for another 20 s after
the end of the infusion (time-out period). Lever presses during
the time-out periods were recorded but did not exert the cor-
responding effects. As a control for general activity, presses on
the right lever (inactive lever) were recorded but not rein-
forced. Following the FR schedule, the rats (n = 8/group)
underwent a 6-h SA session using a PR schedule of reinforce-
ment for 4 days (note that the first 3 days served as training for
rats under the PR schedule). Similar to the FR schedule, drugs
were available after a lever response. The inactive lever was
not provided during these sessions. The number of responses
required to obtain each successive infusion of drug was deter-
mined using the following equation: responses per reinforcer

delivery = [5e(injection number × 0.2)] − 5, rounded to produce the
following sequence of required lever presses: 1, 2, 4, 6, 12, 15,
20, 25, 32, 40, and so on (Richardson and Roberts 1996).
Breakpoint was defined as the final ratio completed within
the 6-h session or until a period of 1 h with no infusion
(Botly et al. 2008). Dosages used for each drug were
similar under the FR schedule. Catheter patency was
assessed by injecting 0.1 mL of thiopental sodium (10
mg/kg) one day before and on the last day of the SA
testing period. Rats (5% of all operated rats) that did
not lose muscle tone within 3–5 s were excluded from
the experiments.

Locomotor sensitization test

The locomotor sensitization test was performed following our
previous studies (Botanas et al. 2018). The locomotor activity
was assessed in a square Plexiglas container (42 cm × 42 cm ×
42 cm) with white surface, between 1000 and 1700 h under
normal light condition (100 lx). The first 2 days were allowed
as the apparatus acclimation period for the mice (n = 10/
group) for 30 min. On the third day, their locomotor activity
was recorded and used as a baseline. Thereafter, the mice (n =
10/group) were treated with 4-MeO-PCP, 3-MeO-PCMo (1, 3,
10 mg/kg), KET (10 mg/kg), or SAL for 7 days and then
challenged with the same drug and dose after 7 days of absti-
nence. Locomotor activity was assessed for 30 min immedi-
ately after the first, third, and seventh days of drug treatment
and abstinence, as well as on the challenge day. A computer-
based video tracking system (Ethovision, Noldus I.T. B.V.,
Netherlands) was used to record the distance moved (cm) by
each mouse.

Western blotting

Mice (n = 6/group) injected with 4-MeO-PCP, 3-MeO-PCMo,
KET (10 mg/kg), or SAL were sacrificed by cervical disloca-
tion and decapitation 30 min after administration for protein
extraction and western blotting. Their brains were quickly and
carefully removed and placed in ice-cold saline to prevent
damage to the brain. The NAc and VTA were sliced into 1-
mm-thick sections using a mouse brain matrix. The areas were
then dissected from the appropriate slices and immediately
frozen at − 70 °C until further use. The tissue samples were
lysed with 300 μL homogenization buffer (RIPA buffer
[Biosesang Inc., Seongnam, Korea], cOmplete™ ULTRA
protease inhibitor cocktail tablets [05892791001; Sigma-
Aldrich], and PhosSTOP™ phosphatase inhibitor cocktail
tablets [04906845001, Sigma-Aldrich]). Tissue extract was
centrifuged at 16000 rpm at 4 °C for 20 min. The samples
were heated at 95 °C for 5 min. Thirty micrograms of protein
lysates for each sample were loaded into 12% sodium-dodecyl
sulfate/polyacrylamide gel electrophoresis (SDS/PAGE) gels,
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separated, and transferred to nitrocellulose membranes. The
blots were blocked with 5% dry milk in Tris-buffered saline in
0.1% Tween-20 (TBST) solution for 1 h and then incubated
overnight at 4 °C with specific primary antibodies (TH Rabbit
Polyclonal Antibody [Merck; AB152], DAT Mouse
Monoclonal Antibody [Thermo Fisher; MA5-18079], DRD1
Rabbit Polyclonal Antibody [#BS5692; Bioworld
Technology, Inc.], Rabbit Polyclonal Anti-Dopamine D2
Receptor Antibody [D2R-201AP; FabGennix International,
Inc.] , Phosphorylated CREB (p-CREB) (Ser133)
Monoclonal Antibody [#9197; Cell Signaling], CREB
Monoclonal Antibody [#9197; Cell Signaling], FosB
Monoclonal Antibody [ab184938; Abcam], BDNF
[EPR1292] Rabbit Monoclonal Antibody [Abcam;
ab108319], and Beta-Actin Mouse Monoclonal Antibody
[A5441; Bio-Rad]). On the following day, the blots were
washed thrice in TBST and incubated with horseradish per-
oxidase-conjugated anti-rabbit (1:3000) or anti-mouse
secondary antibodies (1:5000) for 1 h. After three final
washes with TBST, the blots were visualized using en-
hanced chemiluminescence (Clarity Western ECL; Bio-
Rad Laboratories, Hercules, CA, USA) and the
ChemiDoc Imaging System (Image Lab software, ver-
sion 6.0; Bio-Rad). The values for the phosphorylation-
independent levels of proteins were normalized to that of be-
ta-actin. Levels of the phosphorylated forms of proteins were
normalized to the phosphorylation-independent levels of the
same proteins. Fold change was calculated by normalizing the
values to that of the SAL group.

Enzyme-linked immunosorbent assay

Dopamine ELISA (#KA1887, Abnova, Taiwan) was per-
formed to measure the total dopamine contents in the
NAc in mice (n = 5/group) treated with 4-MeO-PCP, 3-
MeO-PCMo, KET (10 mg/kg), or SAL, according to the
manufacturer’s instructions. Standards, controls, and
samples (protein lysates from NAc) were subjected to
acylation assay. The acylated standards, controls, and
samples were pipetted into the appropriate wells of the
dopamine microtiter strips and incubated with the dopa-
mine antiserum for 30 min at room temperature (20–25
°C) on a shaker (approx. 600 rpm). Thereafter, contents
were discarded, and wells were washed thrice with a
wash buffer. The conjugate was added into all wells
and incubated for 15 min, and the wells were washed
thrice with a wash buffer. The substrate was pipetted
into all wells and incubated for 15 min. After three
washes, the stop solution was added into the wells and
the absorbance was measured at 450 nm (EMax Plus
Microplate Reader - Molecular Devices; San Jose, CA,
USA). All measurements were performed in duplicate.

Electroencephalography

Mice were anesthetized with Zoletil (50 mg/mL)/xylazine
(100 mg/mL). A tethered three-channel system headmount
(8200-K3-iS/iSE) was implanted and secured with two stain-
less screws positioned in the frontal region (A/P − 1.0 mm,M/
L − 1.5 mm) and two screws over the posterior brain (A/P −
1.0 mm, M/L ± 1.5 mm) and fixed with dental cement. The
mice were given 7 days to recover after the surgery. A pream-
plifier unit was attached to the headmount that provided the
first stage amplification (100×) and initial high-pass filtering
(0.5 Hz). The signals were then transmitted to a data
conditioning/acquisition system through a tether and commu-
tator. The amplified/conditioning unit provided an additional
50× signal amplification, high-pass filtering, and an eighth-
order elliptic low pass filtering (50 Hz). The signals were
adjusted to 400 Hz, digitized using a 14-bit A/D converter,
and routed to a computer-based software package via USB
(Pinnacle Technology, Inc., Lawrence, KS). The mice were
habituated to the EEG apparatus for 2 h a day before the actual
recording. Baseline recording was carried out for 10 min,
followed by an i.p. injection of 4-MeO-PCP, 3-MeO-PCMo,
KET (10 mg/kg), or SAL (n = 6/group) and a further 60 min
of post-injection recordings. A separate group of mice was
treated with SCH23390 (0.5 mg/kg), haloperidol (0.2 mg/kg),
or SAL, 30 min before the drugs were provided.

Data analysis

All values were expressed as mean ± standard error of the
mean (SEM). Results from CPP and western blotting were
analyzed by one-way analysis of variance (ANOVA), follow-
ed by Dunnett’s test or Bonferroni’s multiple comparison test.
A two-way ANOVA followed by Bonferroni’s test was
used to analyze locomotor activity data in the CPP. Data from
the active lever responses and the number of infusions during
SA test under the FR schedule of reinforcement were analyzed
using a two-way repeated measures ANOVA, with treat-
ments as the between-subject factor and SA days as a
within-subject factor (note that data from each FR
schedule were analyzed separately). Bonferroni’s test
was used for further comparison. The number of infu-
sions and breakpoints under the PR schedule of rein-
forcement were analyzed using one-way ANOVA,
followed by Dunnett’s test. Data from the locomotor
sensitization and EEG were analyzed using a two-way
repeated measures ANOVA, with treatments as the
between-subject factor and treatment days/time as a
within-subject factor, with Bonferroni’s test for post
hoc analysis. Statistical significance was set at p <
0.05. All statistical analyses were performed using the
GraphPad Prism software v. 8.01 (San Diego, CA,
USA).
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Results

4-MeO-PCP and 3-MeO-PCMo induce CPP

Figure 2b shows the CPP scores of mice treated with 4-MeO-
PCP, 3-MeO-PCMo, KET, and SAL. A one-way ANOVA
revealed a significant difference among the treatment groups
[F (7,63) = 11.0, p < 0.001]. Furthermore, post hoc analyses
revealed that the mice conditioned with 3 and 10 mg/kg 4-
MeO-PCP, 10 mg/kg 3-MeO-PCMo, and 10 mg/kg KET
displayed a significant dose-dependent increase in CPP scores
compared with the SAL group.

4-MeO-PCP and 3-MeO-PCMo are self-administered
by rats under the FR schedule of reinforcement

Figure 3 displays the total number of active lever responses and
infusions obtained by rats treated with 4-MeO-PCP, 3-MeO-
PCMo, KET, and SAL (Fig. 3b). Under the FR1 schedule, a
significant difference among treatments [F (4,45) = 30.2, p <
0.001] but no effect of SA days [F (6,270) = 1.20, p > 0.05], and
the interaction between them [F (24,270) = 1.19, p > 0.05] was
observed in active lever responses in rats self-administering 4-
MeO-PCP (Fig. 3c). A significant difference in the number of
infusions among treatments [F (4,45) = 86.8, p < 0.001], SA
days [F (6,270) = 3.73, p < 0.01], and interaction between them
[F (24,270) = 2.39, p < 0.001] was observed (Fig. 3e). SA of 3-

MeO-PCMo led to a significant difference among treatments [F
(4,45) = 35.5, p < 0.001], SA days [F (6,270) = 9.43, p <
0.001], and the interaction between them [F (24,270) = 1.90,
p < 0.01] in active lever responses (Fig. 3f). There was also a
significant difference in the number of infusions among treat-
ments [F (4,45) = 95.1, p < 0.001], SA days [F (6,270) = 3.55, p
< 0.01], and the interaction between them [F (24,270) = 1.94, p
< 0.01]. Post hoc tests revealed that 4-MeO-PCP, 3-MeO-
PCMo, and KET increased the number of lever presses and
the number of infusions, when administered at dosages of 0.3
mg/kg/infusion, 0.1 mg/kg/infusion, and 0.03 mg/kg/infusion.

Under the FR2 schedule (Fig. 3b), there was a significant
difference in the active lever response among treatments for 4-
MeO-PCP [F (4,45) = 32.5, p < 0.001] and 3-MeO-PCMo [F
(4,45) = 31.7, p < 0.001], but not for the SA days and interaction
between them (Fig. 3c). For 4-MeO-PCP, SA led to a significant
difference in the number of infusions among treatments [F (4,45)
= 71.0, p < 0.001], SA days [F (2,90) = 15.9, p < 0.001], and
interaction between them [F (8,90) = 5.09, p < 0.001] (Fig. 3e).
Rats self-administering 3-MeO-PCMo showed a significant dif-
ference in the active lever response for treatments [F (4,45) =
31.7, p < 0.001] but not for the SA days and interaction between
them (Fig. 3f). Similarly, a significant effect of treatments [F
(4,45) = 37.4, p < 0.001] in the number of infusion was also
observed. Post hoc analyses showed that there was an increase
in lever pressing and the number of infusions of SA, upon expo-
sure to 0.3, 0.1, and 0.03 mg/kg/infusion.

Fig. 2 Effects of 4-MeO-PCP, 3-
MeO-PCMo, and KET on the
CPP test in mice. a CPP protocol
as described in the “Materials and
methods” section. b Each bar
represents the mean ± SEM of the
CPP score(s) calculated as the
difference in the time spent in the
drug-paired during the post-
minus pre-conditioning phases.
Values are mean ± S.E.M. n = 8
animals per group. **p < 0.01,
***p < 0.001 significantly
different from the SAL group
(Dunnett’s post-test)
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Under the FR3 schedule, two-way ANOVA revealed
a significant difference in the active lever responses
among treatments for 4-MeO-PCP [F (4,45) = 22.2,
p < 0.001] (Fig. 3b) and 3-MeO-PCMo [F (4,45) =
22.1, p < 0.001] (Fig. 3e), but not in the SA days
and interaction between them. In a similar manner,
SA of 4-MeO-PCP [F (4,45) = 30.0, p < 0.001]
(Fig. 3c) and 3-MeO-PCMo [F (4,45) = 24.6, p <
0.001] (Fig. 3f) showed a significant difference in
the number of infusions among treatments. Post hoc test re-
vealed an increase in lever pressing and the number of infu-
sions in the SA test among the 0.3, 0.1, and 0.03 mg/kg/infu-
sion groups. KET-treated rats also exhibited a significant in-
crease in active lever responses and the number of infusions,
with the post hoc tests revealing an increase in the lever press-
ing and number of infusions across all days of the 12-day test.

No significant difference was observed in the inactive lever
response (Fig. 3d, g) among treatments across all days of the
SA test.

Self-administration of 4-MeO-PCP and 3-MeO-PCMo
in rats under the PR schedule of reinforcement

Figure 4 shows the breakpoints and number of infusions ob-
tained by rats treated with 4-MeO-PCP, 3-MeO-PCMo, KET,
and SAL under the PR schedule. One-way ANOVA showed a
significant difference among treatments (4-MeO-PCP [F
(4,35) = 13.00, p < 0.001] and 3-MeO-PCMo [F (4,35) =
9.602, p < 0.001] in breakpoints. Dunnett’s test revealed that
0.1 and 0.3 mg/kg/inf of 4-MeO-PCP and 3-MeO-PCMo in-
duced higher breakpoint than SAL. Similarly, a significant
effect of 4-MeO-PCP [F (4,35) = 21.76, p < 0.001] and 3-
MeO-PCMo [F (4,35) = 17.26, p < 0.001] in the number of
infusion was observed. Post hoc tests showed a significant
increase in the number of infusions in the 0.1 and 0.3 mg/kg
4-MeO-PCP group and 0.03, 0.1, and 0.3 mg/kg 3-MeO-
PCMo group compared with that in the SAL group. KET-
treated mice also displayed a significant increase in
breakpoints and the number of infusions.

Fig. 3 Effects of 4-MeO-PCP, 3-MeO-PCMo, and KETon the SA test in
rats under the FR schedule. a SA protocol as described in the “Materials
and methods” section. The data show the b, e number of active (drug-
paired) lever responses, c, f number of drug infusions, and d, g inactive
lever presses for the SAL, 4-MeO-PCP (0.03, 0.1, 0.3 mg/kg/inf), 3-

MeO-PCMo (0.03, 0.1, 0.3 mg/kg/inf), and KET (0.3 mg/kg/inf)
groups during the 12-consecutive days 2 h SA sessions under the FR1
schedule for the first 7 days, FR2 for the next 3 days, and FR3 for the last
2 days. Values are mean ± S.E.M. n = 10 animals per group. *p < 0.05,
**p < 0.01, ***p < 0.001 relative to SAL group (Bonferroni’s test)
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4-MeO-PCP, but not 3-MeO-PCMo, induces locomotor
sensitization

Figure 5 illustrates the locomotor activity of the mice treated
with 4-MeO-PCP, 3-MeO-PCMo (1, 3, and 10 mg/kg), KET
(10 mg/kg), or SAL for a 7-day treatment and abstinence.
Figure 5b shows that there was a significant difference among
treatments [F (4,45) = 3.51, p < 0.05], treatment days [F
(6,270) = 5.79, p < 0.001], and the interaction between them
[F (24,270) = 3.29, p < 0.001]. Post hoc analyses showed that
10 mg/kg dose of 4-MeO-PCP increased the locomotor activity
of animals on the third and seventh days of treatment (Fig. 5c).
Furthermore, one-way ANOVA revealed that 4-MeO-PCP (10
mg/kg) challenge [F (9,90) = 10.22, p < 0.001] induced higher
locomotor activity in mice as compared to the first treatment. In
Fig. 5d, two-way ANOVA revealed a significant difference
between treatments [F (4,45) = 3.62, p < 0.05] and treatment
days [F (6,270) = 15.07, p < 0.001], but not for the interaction
between variables [F (24,270) = 1.04, p > 0.05]. However,
further analysis showed 3-MeO-PCMo did not alter the
locomotor activity of the mice (Fig 5e). No significant
difference was also observed between the on the first
treatment of 3-MeO-PCMo and its challenge. KET-
treated mice displayed a constant locomotor activity,
same as SAL, during the 7-day test.

SCH23390 and haloperidol inhibit the acquisition
of drug CPP

Figure 6b presents the effects of SCH23390 and haloperidol
pretreatment on the acquisition of 4-MeO-PCP, 3-MeO-
PCMo, and KET CPP in mice. One-way ANOVA revealed a
significant difference among treatment groups [F (11,119) =
17.28, p < 0.001]. Similar to the results above, 4-MeO-PCP, 3-
MeO-PCMo, and KET, without SCH23390 and haloperidol
pretreatment, led to increased CPP scores in mice.
Pretreatment with SCH23390 and haloperidol significantly
reduced the CPP scores in mice treated with compounds.

Figure 6c displays the locomotor activity of the mice in
SAL-paired and drug-paired compartment during the condi-
tioning phase of CPP. Two-way ANOVA showed that a sig-
nificant difference among treatments [F (11, 936) = 20.55, p <
0.001], compartments [F (1, 936) = 103.0, p < 0.001], inter-
action between treatments × compartments [F (11, 936) =
15.29, p < 0.001] was observed. Post hoc comparison revealed
that no significant difference between SAL-paired and drug-
paired compartment in SCH23990 + SAL and haloperidol +
SAL groups was observed; however, the haloperidol + SAL
group exhibited lower locomotor activity when compared to
SAL + SAL group in the drug-paired compartment.
SCH23390 pretreatment decreased the locomotor activity in

Fig. 4 Effects of 4-MeO-PCP, 3-
MeO-PCMO, and KETon the SA
test in rats under the PR schedule.
The data show the a, c breakpoint
and b, d mean number of
infusions obtained during 6 h,
1 day SA for rats self-
administering SAL, 4-MeO-PCP
(0.03, 0.1, 0.3 mg/kg/inf), 3-
MeO-PCMo (0.03, 0.1, 0.3
mg/kg/inf), and KET (0.3 mg/kg/
inf). n = 8 animals per group.
Values are mean ± S.E.M.
*p< 0.05, **p<0.01, ***p<0.001
significantly different from the SAL
group (Dunnett’s post-test)
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mice treated with 4-MeO-PCP, 3-MeO-PCMo, and KET.
Similarly, haloperidol reduced the locomotor activity of the
4-MeO-PCP and 3-MeO-PCMo groups but not of the KET
group (although a decreasing trend was observed).

4-MeO-PCP and 3-MeO-PCMo alter DRD1, DRD2,
and TH protein levels in the NAc and VTA

Figure 7 shows the effects of repeated treatment of 4-MeO-
PCP, 3-MeO-PCMo, KET, or SAL on the protein expression
of DRD1, DRD2, TH, and DAT in the NAc and VTA. One-
way ANOVA revealed a significant difference among the
treatments in DRD1 [F (3,23) = 6.697, p < 0.01] (Fig. 7b),
DRD2-NAc [F (3,23) = 29.75, p < 0.001] (Fig. 7c), DRD2-
VTA [F (3,23) = 8.116, p < 0.001] (Fig. 7g), and TH [F (3,23)
= 9.419, p < 0.001] (Fig. 7f) protein levels. Dunnett’s post hoc
test showed that TH and DRD1 protein levels in the NAc were
increased, whereas DRD2 in both NAc and VTA was de-
creased by 4-MeO-PCP, 3-MeO-PCMo, and KET. However,
neither of the drugs altered the DAT protein levels.

4-MeO-PCP and 3-MeO-PCMo increase dopamine
concentrations in the NAc

Figure 8 shows the effects of repeated treatment of 4-MeO-
PCP, 3-MeO-PCMo, KET, or SAL on the total dopamine con-
centrations in the NAc. One-way ANOVA revealed signifi-
cant difference among the treatment groups for dopamine [F
(3,19) = 18.98, p < 0.001], and post hoc analyses indicated
that 4-MeO-PCP, 3-MeO-PCMo, and KET significantly in-
creased the dopamine levels, compared with the SAL group.

4-MeO-PCP and 3-MeO-PCMo alter phosphorylated
CREB, deltaFosB, and BDNF levels in the NAc

Figure 9 demonstrates the effects of repeated treatment of 4-
MeO-PCP, 3-MeO-PCMo, KET, or SAL on the protein ex-
pression of p-CREB/CREB, deltaFosB, and BDNF in the
NAc. One-way ANOVA revealed significant difference
among the treatment groups in (Fig. 9b) p-CREB [F (3,23)
= 134.2, p < 0.001] and post hoc analyses indicated that 4-

Fig. 5 Effects of 4-MeO-PCP, 3-
MeO-PCMo, and KET on the
locomotor sensitization
(distanced moved, cm) test in
mice. a Locomotor sensitization
protocol as described in the
“Materials and methods” section.
b, d The data show the locomotor
activity before drug treatment (0),
on the first, third, and seventh
days of treatment and on the first,
third, and seventh days of drug
abstinence. c, e Comparison of
locomotor activity during the first
day of drug treatment versus drug
challenge. Values are mean ±
S.E.M. n = 10 animals per group.
**p < 0.01, ***p < 0.001
significantly different from the
SAL group or treatment day 1
(Bonferroni’s post-test)
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Fig. 6 Effects of SCH23390, a DRD1 antagonist, and haloperidol, a
DRD2 antagonist, on the rewarding effects of 4-MeO-PCP and 3-MeO-
PCMo. a During the CPP test, SCH23390 (0.5 mg/kg) and haloperidol
(0.2 mg/kg) were administered 15 min before 4-MeO-PCP, 3-MeO-
PCMo, and KET (10 mg/kg) conditioning sessions. b Each bar
represents the mean ± SEM of the CPP score(s) calculated as the

difference in the time spent in the drug-paired during the post- minus
pre-conditioning phases. c Each bar indicates the locomotor activity of
mice in the SAL-paired and drug-paired compartments during the
conditioning phase of the CPP. n = 10 animals per group. ***p < 0.001
significantly different from the SAL, ###p < 0.001 compared to 4-MeO-
PCP, 3-MeO-PCMo, or KET pretreated with SAL (Bonferroni’s post-test)

Fig. 7 Effects of a 7-day treatment of 4-MeO-PCP, 3-MeO-PCMo, and
KET (10 mg/kg) on the dopamine-related protein levels. a, e
Representative blots of the target proteins. Protein levels of b DRD1, c
DRD2, and d DAT in the NAc and of f TH, g DRD2, and h DAT in the

VTA of the drug-treated mice. Values are mean ± S.E.M. n = 6 animals
per group. *p < 0.05, **p < 0.01, ***p < 0.001 significantly different
from the SAL group (Dunnett’s post-test)
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MeO-PCP, 3-MeO-PCMo, and KET significantly decreased
the p-CREB protein expression levels (Fig. 9c). In a similar
manner, one-way ANOVA revealed a significant difference
among the treatment groups [F (3,23) = 10.94, p < 0.001]

and post hoc analyses revealed that 4-MeO-PCP, 3-MeO-
PCMo, and KETsignificantly increased the deltaFosB protein
expression levels compared with the SAL group (Fig. 9d).
One-way ANOVA revealed a significant difference among
the treatment groups [F (3,23) = 5.035, p < 0.01] and post
hoc analyses revealed that 4-MeO-PCP, 3-MeO-PCMo, and
KET significantly reduced the BDNF protein expression
levels in mice, compared with the SAL group.

4-MeO-PCP and 3-MeO-PCMo increase the delta
and gamma wave power and are inhibited
by SCH23390 and haloperidol pretreatment

Figure 10 show the effects of 4-MeO-PCP, 3-MeO-PCMo,
and KET on delta and gamma wave frequency, as well as
the effects of SCH23390 and haloperidol on the alteration of
drug-induced delta and gamma wave in mice (Fig. 10b). In
delta wave, two-way repeated measures ANOVA revealed a
significant effect of treatments [F (11,60) = 4.77, p < 0.001],
recording time [F (7,420) = 3.19, p < 0.01], and their interac-
tion [F (77,420) = 5.42, p < 0.001]. Dunnett’s post hoc tests
revealed that there was an increase in delta waves at 10, 20,
30, 40, 50, and 60 min after administration of 3-MeO-PCMo.
KET increased the delta waves only at 10 and 20 min after
administration, whereas 4-MeO-PCP increased the delta
waves at 50 and 60 min after administration (Fig. 10c). In a
similar manner, a significant difference between treat-
ments [F (11,60) = 15.5, p < 0.001], recording time
[F (7,420) = 33.4, p < 0.001], and interaction between

Fig. 9 Effects of a 7-day
treatment of SAL, 4-MeO-PCP, 3-
MeO-PCMo, and KET (10
mg/kg) on CREB
phosphorylation, deltaFosB, and
BDNF levels in the NAc. a
Representative bands of the target
proteins per group. Protein levels
of b p-CREB/CREB, c
deltaFosB, and d BDNF in the
NAc in mice. Values are mean ±
S.E.M. n = 6 animals per group.
*p < 0.05, **p < 0.01, ***p <
0.001 significantly different from
the SAL group (Dunnett’s post-
test)

Fig. 8 Total dopamine content in mouse NAc following 7 days of SAL,
4-MeO-PCP, 3-MeO-PCMo, and KET (10 mg/kg) treatment, as
measured by ELISA. Data were presented as mean ± S.E.M. n = 5
animals per group. *p < 0.05, ***p < 0.001 as compared with the SAL
group (Dunnett’s post-test)
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treatments and recording time [F (77,420) = 6.97, p < 0.001]
was observed in gamma wave. Post hoc analyses showed that
gamma waves were increased by 4-MeO-PCP, 3-MeO-
PCMo, and KET, at 10, 20, 30, 40, 50, and 60 min after
administration. In contrast, treatment with SCH23390 and
haloperidol blocked the 4-MeO-PCP-, 3-MeO-PCMo-, and
KET-induced delta and gamma wave power elevation. 4-
MeO-PCP, 3-MeO-PCMo, and KET did not alter alpha, beta,
sigma, and theta waves (data were not shown).

Discussion

Our results show that 4-MeO-PCP and 3-MeO-PCMo in-
duced CPP, indicating that these substances may induce re-
warding effects. 4-MeO-PCP and 3-MeO-PCMo also support-
ed SA under the FR schedule of reinforcement, which sug-
gests their reinforcing effects. These results are consistent with
previous findings showing that other dissociatives elicit place
preference and induce SA in animals (Marglin et al. 1989;
Trujillo et al. 2011; de la Peña et al. 2012; Botanas et al.
2015). The findings for the PR schedule with 4-MeO-PCP
and 3-MeO-PCMo indicate a positive relationship between
the dose of each drug and its reinforcing efficacy. However,
it is noteworthy that KETappears to induce higher breakpoints
and number of infusions than 4-MeO-PCP and 3-MeO-PCMo
at the same dose. As the PR schedule is used to assess the
reinforcing strength of drugs with abuse liability (dela Peña

et al. 2012), our data suggest that KET likely has a greater
reinforcing efficacy than the two drugs. This is an interesting
result, given that 4-MeO-PCP and 3-MeO-PCMo have a
greater binding affinity to NMDA receptors and induce higher
dopamine levels (Fig. 8) than KET. A plausible explanation
for this is the high affinity of 4-MeO-PCP and 3-MeO-PCMo
to serotonin transporters (Roth et al. 2013; Colestock et al.
2018). Previous studies suggest that the serotonergic system
can inversely affect the reinforcing effects of some drugs
(Rickli et al. 2015; Loh and Roberts 1990; Mueller and
Homberg 2015). Additional studies are warranted to verify
this hypothesis. Nevertheless, we suggest that 4-MeO-PCP
and 3-MeO-PCMo can induce rewarding and reinforcing
effects.

We also found that repeated 4-MeO-PCP and 3-MeO-
PCMo injection differentially affected the locomotor activity
in mice. 4-MeO-PCP at 10 mg/kg increased the locomotor
activity during the third and seventh drug treatments as well
as on the challenge day, whereas 3-MeO-PCMo did not, sug-
gesting that 4-MeO-PCP can induce locomotor sensitization.
This is in line with previous PCP studies that reported an
increased locomotor activity in rodents after repetitive drug
administrations and further enhance locomotor activation up-
on drug challenge (Phillips et al. 2001; Halberstadt et al.
2016). Locomotor sensitization is a common effect of abused
drugs or psychostimulants during repetitive drug administra-
tions and/or to subsequent drug challenges (Valjent et al.
2010). It is attributed to the pharmacological action of drugs

Fig. 10 Effects of a single treatment of SAL, 4-MeO-PCP, 3-MeO-
PCMo, and KET (10 mg/kg) on the EGG activity in mice. In addition,
effects of SCH23390, a DRD1 antagonist, and haloperidol, a DRD2
antagonist, on the 4-MeO-PCP-, 3-MeO-PCMo-, and KET-induced
EGG activity were examined. a EEG protocol as described in the
“Materials and methods” section. The data show the b delta [0.5–4 Hz]

and c gamma [35–45 Hz] band power in drug-treated mice. Data are
expressed as the mean ± SEM. n = 6 animals per group. The EEG
frequencies were recorded and analyzed for a total of 70 min.
*p < 0.05, **p < 0.01 and ***p < 0.001 significantly different
from the SAL group (Bonferroni’s post-test)
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and learned associations with the drug experience and is be-
lieved to be a consequence of a sensitized reward system in the
brain that plays a role in certain components of drug addiction
(Steketee and Kalivas 2011). Therefore, our results for 4-
MeO-PCP may correspond with the observed rewarding and
reinforcing effects of the drug. The lack of locomotor effects
for 3-MeO-PCMo and KET are in line with previous studies
showing that KET does not alter locomotor activity in rodents
(Trujillo et al. 2011; Halberstadt et al. 2016). It indicates that
the rewarding effects of 3-MeO-PCMo are independent of
increases in locomotor activity. Nevertheless, the differential
locomotor effects of 4-MeO-PCP and 3-MeO-PCMo high-
light the pharmacological variation between the two sub-
stances, which could be a worthwhile focus for future studies.

Pretreatment with SCH23390 and haloperidol blocked the
acquisition of 4-MeO-PCP and 3-MeO-PCMo CPP, suggest-
ing that DRD1 and DRD2 are associated with the rewarding
effects of these substances. Similar results were also observed
for KET. Previous study reported that acquisition of ketamine-
CPP was blocked by l-THP, a DRD1, and DRD2 antagonist,
suggesting that the dopamine receptors are involved in keta-
mine reward (Du et al. 2017). However, SCH23390 and hal-
operidol decreased the locomotor activity of the mice treated
with 4-MeO-PCP and 3-MeO-PCMo during the conditioning
phase of CPP, in addition to the locomotor-reducing effect
induced by haloperidol itself. Therefore, caution may be
exercised when interpreting the CPP result as the decrease in
CPP might be a nonspecific effect. Alternatively, some studies
showed that despite the locomotor suppression induced by
pharmacological blockings (e.g., haloperidol, pregabide, cys-
teamine) during conditioning, CPP was not affected (Di Scala
et al. 1985; Mithani et al. 1986; Martin-Iverson et al. 1986).
Nevertheless, SCH23390 and haloperidol even at the doses
lower than the dose used in the present study have been shown
to block or reduce the locomotor effects of some drugs in
rodents (Mithani et al. 1986; Lapin and Rogawski 1995;
Lisek et al. 2012; Pina and Cunningham 2014; Oh et al.
2018). Additional studies are needed to clarify the present
CPP findings.

Repeated KET, 4-MeO-PCP, and 3-MeO-PCMo treat-
ments increased DRD1 levels in the NAc, even though these
drugs decreased the DRD2 levels. Repeated KET administra-
tion has been shown to decrease DRD2 mRNA expression in
the brain (Li et al. 2015). Likewise, repeated exposure to dif-
ferent drugs of abuse is shown to downregulate DRD2 in the
striatum, including the NAc, which has been associated with
animals that show a propensity to self-administer drugs
(Ikemoto et al. 1997; Krasnova et al. 2013, 2016). KET, 4-
MeO-PCP, and 3-MeO-PCMo increased the TH levels in the
VTA, similar to previous studies that reported an approximate-
ly twofold increase in TH mRNA levels and TH immunore-
activity in the midbrain of mice chronically treated with KET
(Tan et al. 2012; Xu and Lipsky 2015). As TH is the rate-

limiting enzyme that controls dopamine synthesis, changes
in its synthesis likely affect the production of dopamine; there-
fore, increases in TH would result in increased dopamine pro-
duction (Lu et al. 2003; Nestler 2005). Indeed, KET, 4-MeO-
PCP, and 3-MeO-PCMo elevated the dopamine levels in the
NAc, corresponding to the increased TH levels. The reduction
of DRD2 levels in the VTA could also have contributed to the
increased dopamine levels, given that DRD2 in the VTA acts
as an auto-inhibitory receptor and regulator of the production
and release of dopamine (De Jong et al. 2015). KET can in-
crease dopamine levels in the mesolimbic area by blocking the
NMDA receptors in gamma-aminobutyric acid (GABA) neu-
rons inside the thalamic reticular nucleus, which decreases
GABA release and disinhibits dopaminergic neurons, leading
to excessive dopamine production (Tan et al. 2012; Liu et al.
2016). Based on this, we speculate that 4-MeO-PCP and 3-
MeO-PCMo activate the mesolimbic dopamine system in a
manner similar to KET. The lack of effect on DAT is consis-
tent with previous finding showing that KET does not induce
a significant change in DATavailability within the brain (Roth
et al. 2013). Overall, we suggest that 4-MeO-PCP and 3-
MeO-PCMo activate themesolimbic dopamine system, which
likely mediates the rewarding and reinforcing effects of these
substances.

Studies have shown that the neuroadaptive changes that
develop during repeated exposure to drugs of abuse lead to
drug addiction, likely through regulation of gene expression
via transcription regulation, among others (Chao and Nestler
2004; Nestler 2008). The two transcription factors implicated
in these neuroadaptations are CREB and deltaFosB (Nestler
2004; McClung and Nestler 2008). CREB is widely expressed
in the brain and can be activated through the cyclic adenosine
3,5-monophosphate (cAMP) pathway and other second mes-
senger systems (Nestler 2004). Its activity, particularly in the
NAc, can be altered by repeated exposure to several drugs of
abuse (Nestler 2004, 2005, 2012). DeltaFosB is a member of
the Fos family of transcription factors that accumulate in the
NAc and dorsal striatum after chronic exposure to abused
drugs (Nestler et al. 2001; McClung et al. 2004). These chang-
es in CREB and deltaFosB have been linked to drug reward
and addiction (Nestler 2004, 2005, 2012). We found that re-
peated 4-MeO-PCP, 3-MeO-PCMo, and KET treatments de-
creased the p-CREB levels in the NAc, similar to previous
findings that showed decreased levels of CREB phosphoryla-
tion after repeated cocaine administration in animals. Reduced
CREB function in the striatum, particularly in the NAc, is
reported to potentiate behavioral responses to drugs of abuse
(e.g., cocaine and morphine) (Barrot et al. 2002; Carlezon
et al. 1998; McClung and Nestler 2003). Thus, the drug-
induced reduction of p-CREB in this study might have con-
tributed to the rewarding effects of 4-MeO-PCP, 3-MeO-
PCMo, and KET. Furthermore, all drugs enhanced the
deltaFosB levels, indicating the involvement of deltaFosB,
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in addition to that of CREB, in the rewarding effects of the
drugs.

As a transcription factor, CREB produces its behavioral
effects via regulation of target genes, including BDNF
(Wang et al. 2018). BDNF is a neurotrophic factor that sup-
ports the survival of existing neurons and promotes the growth
and differentiation of new neurons and synapses (Park and
Poo 2013). Increased BDNF expression has been associated
with drug self-administration and drug craving and seeking
behaviors (Barker et al. 2015). Conversely, 4-MeO-PCP, 3-
MeO-PCMo, and KET reduced the BDNF levels in the
NAc, which may be attributed to the reduced p-CREB given
that BDNF expression can be influenced by CREB activity.
Alternatively, it may indicate that the BDNF and neuroprotec-
tive functions were impaired after repeated drug treatments.
Previous studies had found that serum BDNF levels are re-
duced inmethamphetamine abusers during the first 3 weeks of
withdrawal (Chen et al. 2014), although a similar study also
reported increased BDNF levels after 1 month of withdrawal
(Ren et al. 2016). These data indicate that BDNF levels are
initially decreased and then increased after drug withdrawal,
suggesting that repeated drug exposures first impair neuropro-
tective function, followed by a neuroadaptive process. The
inconsistent results between the previous studies and the cur-
rent one may be attributed to methodological differences (i.e.,
time points when brain tissue was collected after the last drug
treatment and duration of treatment). Altogether, the alter-
ations in CREB, deltaFosB, and BDNF activity in the NAc
may reflect adaptive changes in the brain caused by repeated
4-MeO-PCP and 3-MeO-PCMo treatments, which may play
an important role in the rewarding and reinforcing effects of
the drugs.

Lastly, 4-MeO-PCP, 3-MeO-PCMo, and KET increased
the delta and gamma wave activity in the brain. Delta wave
is associated with many basic biological processes and higher-
order functions, including motivation and cognition (Knyazev
2012; Hunt and Kasicki 2013). Methamphetamine users or
those recently withdrawn from its use, and MDMA abusers
have been reported to have increased delta wave activity
(Newton et al. 2003). In line with this, the increased delta
wave activity in our present study may correlate with the re-
warding and reinforcing effects of the drugs. Besides, KET
has been shown to increase the delta wave activity in monkeys
(Keavy et al. 2016). Gamma wave is associated with informa-
tion processing, consciousness, and attention (Lazarewicz
et al. 2010). NMDA receptor antagonism has often been
linked to increases in gamma wave activity, which is sug-
gested to represent aberrant diffuse network noise and a po-
tential electrophysiological correlate of a psychotic-like state
(Lee et al. 2003; Jones et al. 2012). Based on this information,
the increased gamma wave activity may correlate with the
reported dissociative effects of 4-MeO-PCP, 3-MeO-PCMo,
and KET. Conversely, SCH23390 and haloperidol inhibited

the effects of 4-MeO-PCP, 3-MeO-PCMo, and KET on the
delta and gamma wave activity, indicating that the dopaminer-
gic system may be associated with the effects of these sub-
stances in delta and gamma wave activity. Overall, we suggest
that 4-MeO-PCP and 3-MeO-PCMo can alter the brain wave
activity, which may contribute to their rewarding and pharma-
cological effects.

In summary, the present study showed that 4-MeO-PCP
and 3-MeO-PCMo induce rewarding and reinforcing effects,
which are likely mediated via the mesolimbic dopamine sys-
tem. These drugs can also induce neuroplastic changes and
affect brain wave activity, which likely contribute to their re-
warding and reinforcing effects. Taken together, our results
suggest that 4-MeO-PCP and 3-MeO-PCMo have a high
abuse liability in humans. More importantly, this study pro-
vides significant insights that can be useful for the develop-
ment of appropriate legislative measures on these substances
and for predicting the abuse potential of future synthetic
dissociative drugs.
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