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Abstract

Novel psychoactive substances (NPSs) are new psychotropic drugs designed to evade substance regulatory policies.
25E-NBOMe (2-(4-ethyl-2,5-dimethoxyphenyl)-N-(2-methoxybenzyl)ethanamine) has recently been identified as an NPS,
and its recreational misuse has been reported to be rapidly increasing. However, the psychopharmacological effects and
mechanisms of 25E-NBOMe have not been studied. We examined the abuse potential of 25E-NBOMe using the conditioned
place preference in male mice and self-administration paradigms in male rats. Additionally, immunoblot assay, enzyme-
linked immunosorbent assay, and microdialysis were used to determine the molecular effects of 25E-NBOMe in the nucleus
accumbens (NAc). Our data demonstrated that 25E-NBOMe induces conditioned place preference, and the dopaminergic
signaling in the NAc mediates these. Following 25E-NBOMe administration, expression of dopamine transporter and dopa-
mine D1 receptor (D1DR) were enhanced in the NAc of male mice, and NAc dopamine levels were reduced in both male mice
and rats. Induction of intracellular dopaminergic pathways, DARPP32, and phosphorylation of CREB in the NAc of male
mice was also observed. Significantly, pharmacological blockade of D1DR or chemogenetic inhibition of D1DR-expressing
medium spiny neurons in the NAc attenuated 25E-NBOMe-induced conditioned place preference in male mice. We also
examined the hallucinogenic properties of 25E-NBOMe using the head twitch response test in male mice and found that this
behavior was mediated by serotonin 2A receptor activity. Our findings demonstrate that D1DR signaling may govern the
addictive potential of 25E-NBOMe. Moreover, our study provides new insights into the potential mechanisms of substance
use disorder and the improvement of controlled substance management.
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Introduction

Novel psychoactive substances (NPSs) are chemical deriv-
atives of established drugs and can induce psychological
effects, such as relaxation, euphoria, and hallucination. NPS
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can be flexibly synthesized to evade substance regulation.
This flexibility has resulted in the continual emergence of
these substances and a rapid increase in NPS abuse world-
wide (Chatwin 2017; UNODC 2022). The accelerating
speed of NPS emergence is causing a severe problem in
society, such as adverse health effects, morbidity, or mor-
tality, and identifying the psychoactive and pharmacologi-
cal properties of NPSs to respond is challenging (Corkery
et al. 2017). NPSs can be divided into several classes based
on their pharmacological properties, including phenethyl-
amines, piperazines, tryptamines, synthetic cathinones, syn-
thetic cannabinoids, and arylcyclohexylamines. In particu-
lar, phenethylamines activate serotonin (5-HT) receptors or
inhibit monoamine reuptake, producing hallucinogenic and
psychostimulant effects (Miliano et al. 2016). N-(2-meth-
oxybenzyl)phenethylamine (NBOMe) drugs are phenethyl-
amine derivatives used recreationally to induce psychedelic
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experiences (Halberstadt 2017; Zawilska et al. 2020). The
basic structure of NBOMe drugs, 2,5-dimethoxypheneth-
ylamine, has a high structural similarity with ecstasy and
mescaline, which produce psychological effects through
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their action on the serotonergic system (Passie and Ben-
zenhofer 2018). The structure-activity relationship analysis
revealed that the N-methoxybenzyl group in NBOMe drugs
remarkably increases their binding affinities to the serotonin
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«Fig. 1 The effect of 25E-NBOMe on CPP, self-administration, and
locomotor activity. A Chemical structure of 25E-NBOMe (2-(4-ethyl-
2,5-dimethoxyphenyl)-N-(2-methoxybenzyl)ethanamine). B The
binding affinity of ketanserin and 25E-NBOMe at 5-HT,, recep-
tor (n=3). C Experimental scheme for the 25E-NBOMe CPP test
and NAc dissection. CPP score of each male mouse group (saline,
25E-NBOMe 0.03, 0.1, 0.3, 1, 3 mg/kg, and methamphetamine 1 mg/
kg) in the 25E-NBOMe CPP test (n=10). D Experimental scheme
for the 25E-NBOMe self-administration test. E Number of infu-
sions, F active lever presses, and G inactive lever presses of each
male rat group (saline, 25E-NBOMe 0.01, 0.03, and 0.1 mg/kg/infu-
sion) from 7 days of 25E-NBOMe self-administration test (n=5). H
30 min of total locomotor activity of each male mouse group (saline,
25E-NBOMe 0.1, 0.3, 1, and 3 mg/kg) following acute 25SE-NBOMe
administration (n=6-7). Data are presented as means =+ standard error
of the mean. *P<0.05 and #+P<0.01 versus control. Sal saline,
METH methamphetamine, NAc nucleus accumbens, inf infusion

2A receptor (5-HT,,R), enhancing hallucinogenic effects
(Hansen et al. 2014; Halberstadt 2017; Eshleman et al.
2018). In particular, three NBOMe drugs commonly featured
in case reports, 25B-, 25C-, and 25I-NBOMe, exert potent
sub-nM binding affinities for the 5-HT,,R, with Ki=0.5,
0.7, and 0.6 nM respectively (Rickli et al. 2015).

25E-NBOMe (2-(4-ethyl-2,5-dimethoxyphenyl)-N-
(2-methoxybenzyl)ethanamine) is an NBOMe drug with
an ethyl substitution at the para- position of the benzene
ring (Fig. 1A). In the United Kingdom, Sweden, and South
Korea, 25E-NBOMe is a controlled substance under their
respective narcotic laws (UK Statutory Instruments 2014;
Swedish Code of Statutes 2018; Korean Law Informa-
tion Center 2019). In the United States, NBOMe drugs,
25B-, 25C-, and 25I-NBOMe, are listed on Schedule I
(Drug Enforcement Administration 2016). In addition,
25E-NBOMe is considered a controlled substance analogue
of NBOMe drugs and is treated under Federal law in Sched-
ule I (United States Code 2022). In case studies, NBOMe
drug users were reported to suffer mild psychological side
effects, such as confusion and agitation, to severe adverse
effects, including renal failure, rhabdomyolysis, seizure,
and death (Suzuki et al. 2015; Halberstadt 2017). A grow-
ing body of evidence supports the psychotropic impacts
of NBOMe drugs. It has been reported that 25I-NBOMe
exerts distinct serotonergic psychedelic behavior, such as
head twitch responses (Halberstadt and Geyer 2014; Elmore
et al. 2018), and induces sensorimotor impairments and
decreased acoustic responses mediated by the 5-HT path-
way (Miliano et al. 2019). Moreover, NBOMe drugs, such
as 25I-, 25N-, 25B-, 25H-, and 25D-NBOMe, have been
identified to exhibit abuse potential in rodents (Jeon et al.
2019; Seo et al. 2019; Custodio et al. 2020; Jo et al. 2022;
Lee et al. 2023). Although 25E-NBOMe has great potential
for abuse, its psychopharmacological effects and molecular
mechanisms have not yet been elucidated.

Substance use disorder is a debilitating brain disorder char-
acterized by an overwhelming compulsion to use drugs and
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loss of control over drug intake (Koob and Volkow 2010).
The dopamine system is highly associated with substance use
disorder. Exposure to addictive drugs reorganizes the neurocir-
cuitry involving the dopamine system, resulting in long-lasting
adaptations that lead to substance use disorder (Volkow et al.
2002, 2017). The nucleus accumbens (NAc) in the ventral part
of the mesolimbic region is a crucial structure in reward devel-
opment (Di Chiara et al. 2004). Dopamine from dopaminergic
neurons in the midbrain binds to dopamine receptors in the
NAc to transmit reward signals. To date, various NPSs such
as ecstasy, MDPV (synthetic cathinone), and JWH-018 (syn-
thetic cannabinoid) have been identified to affect dopaminergic
signaling in the NAc, suggesting a correlation with promot-
ing abuse potential (Miliano et al. 2016). Moreover, previous
studies reported that 25I- and 25B-NBOMe induce dopamine
contents in the NAc (Miliano et al. 2019; Custodio et al. 2020,
Herian et al. 2021; Wojtas et al. 2023). Dopamine receptors
are G protein-coupled membrane receptors and are divided
into two types, the dopamine D1 receptors (D1DR) and the
dopamine D2 receptors (D2DR), based on their pharmacologi-
cal properties. D1DR activates G, proteins to stimulate cyclic
adenosine monophosphate (cAMP) production, while D2DR
activates G;,, proteins to inhibit cAMP-dependent signaling
(Beaulieu and Gainetdinov 2011). Both D1DR and D2DR acti-
vation are associated with the establishment of reward-related
behaviors in drug use (Self 2010).

Despite these insights, the mechanisms by which
25E-NBOMe promotes substance use disorder and its
action on the dopamine system remain largely unknown. In
this study, we first confirmed whether 25E-NBOMe exerts
binding affinity to 5-HT,,R using an in vitro binding assay
and examined the abuse potential of 25E-NBOMe using
the conditioned place preference (CPP) in male mice and
self-administration paradigms in male rats to evaluate the
rewarding and reinforcing properties of the drug, respec-
tively. We then investigated the influence of 25E-NBOMe
on dopaminergic signaling in the NAc of both male mice
and rats. We applied pharmacological approaches and
designer receptors exclusively activated by designer drugs
(DREADD)-based chemogenetic tools in male mice to deter-
mine the neuronal mechanisms underlying the acquisition
of 25E-NBOMe reward. Finally, we examined the halluci-
nogenic effect of 25E-NBOMe by measuring head twitch
responses in male mice and determining its association with
serotonergic activity.

Materials and methods
Animals

Experimental animals were selected based on previous stud-
ies with consideration of the sensitivity and advantage of
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each experiment model (Ellenbroek and Youn 2016; Homb-
erg et al. 2017). Male C57BL/6J mice were purchased from
Dae Han Biolink Co., Ltd. (Eumseong, Korea) and were
used in the CPP test, locomotor test, immunoblot analysis,
enzyme-linked immunosorbent assay (ELISA), and head
twitch response test. Male Sprague Dawley rats were pur-
chased from Orient Bio Co., Ltd. (Seongnam, Korea) and
were used in self-administration and microdialysis tests.
Male D1R-Cre bacterial artificial chromosome (BAC)
transgenic mice (B6.FVB(Cg)-Tg(Drd1-cre) EY217Gsat/
Mmucd) were obtained from the Mutant Mouse Resource
and Research Center (MMRRC) and were used to investigate
the cell type-specific effects on reward-related behaviors.
Only male animals were used in experiments for the facilita-
tion of data interpretation. All experiments were performed
in 8- to 10-week-old mice or rats. Ten mice were housed per
cage (26 xX42x 18 cm), and the rats were housed individu-
ally. Both mice and rats were acclimatized in the laboratory
animal facility at a temperature of 24+ 1 °C and 55+5%
humidity under a 12/12 h light/dark cycle. Animals were
allowed access to food and water ad libitum, except dur-
ing the food training period for rats. All animal care proce-
dures and experimental protocols carried out in this study
were conducted in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Ani-
mals and approved by the Institutional Animal Care and
Use Committee of Sungkyunkwan University (SKKUIA-
CUC2019-01-26-2, SKKUIACUC2019-12-08-1, and
SKKUIACUC2022-01-01-1).

Drugs

25E-NBOMe hydrochloride (97.57% HPLC purity) was
synthesized and provided by Professor Yong-Sup Lee at
the Laboratory of Medicinal Chemistry, College of Phar-
macy of Kyung Hee University (Seoul, Korea). Metham-
phetamine hydrochloride, SCH23390 hydrochloride (D1DR
antagonist), and raclopride tartrate (D2DR antagonist) were
purchased from Sigma Aldrich (St. Louis, MO, USA). CNO
(Clozapine N-oxide, DREADD ligand) and ketanserin tar-
trate (5-HT,,R antagonist) were purchased from Tocris Bio-
science (Bristol, UK). All drugs used in vivo studies were
dissolved in saline (0.9% NaCl) or vehicle (5% DMSO, 5%
Tween 80, 90% saline).

5-HT,,R binding assay

5-HT,,R binding assay was performed in HEK-293 cells,
which stably express 5-HT,,R. Human embryonic kid-
ney-293 (HEK-293) cells were cultured in a minimal essen-
tial medium supplemented with 8% fetal bovine serum, 100
U/ml penicillin, and 100 pg/ml streptomycin in a humidi-
fied atmosphere of 5% CO,. Using the calcium phosphate

method, the cells were transfected with a 5-HT,,R cDNA
in pRC/CMV. After 24 h of transfection, the medium was
removed, and the cells were then incubated for 120 min at
4 °C with serum-free media containing the test drugs (0-1
uM) and 1 nM [*H]-methylspiperone. To measure binding
affinity, the cells were rinsed with 1 ml of ice-cold serum-
free media three times and then solubilized in 0.5 ml of 1%
SDS. Subsequently, the radioactivity was measured by liquid
scintillation counting (Wallac 1450, Perkin Elmer, Waltham,
MA, USA).

Stereotaxic surgery

Stereotaxic surgery for the implantation of microdialysis
probes was performed in 8-week-old rats. Animals were
anesthetized with pentobarbital (50 mg/kg, i.p.) and placed
on a stereotaxic frame (Stoelting Co., Wood Dale, IL,
USA). Microdialysis probe guide cannula (CMA microdi-
alysis, Kista, Sweden) was implanted unilaterally into the
NAc (AP+ 1.7 mm, ML + 0.8 mm, and DV — 6.0 mm from
the bregma; 0° angle). Two screws were anchored into the
skull at the rear of the guide cannula to help fix its posi-
tion, and dental cement was applied around the cannula and
screws. The rats were allowed to recover for six days before
the experiments. Stereotaxic surgery for cell type-specific
viral manipulation was performed in 8-week-old DIR-Cre
mice. Anesthesia was induced with pentobarbital (50 mg/
kg, i.p.), and the mice were placed on a stereotaxic frame.
For selective inactivation of D1R- medium spiny neurons
(MSNs5) in the NAc with CNO, 0.5 pl of AAV1-hSyn-DIO-
hM4D(Gi)-mCherry (7 X 10'2 vg/ml; #44362, Addgene,
Watertown, MA, USA) was injected bilaterally into the
NAc (AP+ 1.5 mm, ML + 1.0 mm, and DV —4.5 mm from
the bregma; 0° angle) of D1R-Cre mice at a rate of 0.1 ul/
min using a 33-gauge syringe needle (Hamilton, Reno, NV,
USA). The needle was left in place for an additional 10 min
to allow virus diffusion and then slowly removed. The mice
were allowed to recover and express the virus for at least
3—4 weeks before the experiments. Seven days post-surgery,
mice were administered daily injections of the antibiotic
gentamicin sulfate (0.32 mg/kg, i.p.; Shin Poong Pharm Co.,
Ltd., Seoul, Korea).

Conditioned place preference (CPP) test

The CPP apparatus comprised two chambers (15 cm X
15 cm X 15 cm) separated by a closable guillotine door. One
chamber had white walls with a stainless steel grid floor,
while the other had black walls with a striped floor. Both
chambers were illuminated with dim lighting (12-13 1x).
The CPP procedure included a baseline test (day 1), a con-
ditioning phase (days 2-9), and a preference test (day 10).
For the baseline and preference tests, mice were allowed free
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access to both chambers, and the amount of time spent on
each side was recorded for 20 min using video tracking soft-
ware (NeuroVision, Busan, Korea). The baseline test data
were used to assign mice into groups to ensure equal mean
times spent in each chamber across groups. Subsequently,
the conditioning phase was carried out using a biased pro-
cedure and performed daily for eight consecutive days. Each
mouse was randomly placed in a drug-paired chamber for
45 min. For the 25E-NBOMe conditioning phase, mice were
injected with saline or 25E-NBOMe (0.03, 0.1, 0.3, 1, or
3 mg/kg, i.p.) and put in the drug-paired chambers every
other day. The mice received saline on alternate days and
were placed in the opposite unpaired chambers. The CPP
score was calculated as the difference between the time spent
in the drug-paired chamber during the baseline and prefer-
ence tests.

CPP test with inhibition of the dopamine D1 or D2
receptor

For the 25SE-NBOMe CPP with dopamine D1 or D2 receptor
inhibition, mice were first injected with SCH23390 (0.5 mg/
kg, i.p.), raclopride (1 mg/kg, i.p.), or saline and placed in
their home cages. After 30 min, mice were injected with
saline or 25E-NBOMe (0.1 mg/kg, i.p.) and placed in the
drug-paired chambers for 45 min. The mice received saline
treatments on alternate days and were put in the oppo-
site unpaired chambers. The CPP test was performed as
described above, except the amount of time spent on each
side was recorded using Ethovision software (Noldus, Wage-
ningen, Netherlands).

CPP test with DREADD-induced inhibition
of D1R-MSNs

For the 25E-NBOMe CPP with DREADD-induced inhi-
bition of D1IR-MSNs, D1R-Cre mice were microinjected
with AAV1-hSyn-DIO-hM4D(Gi)-mCherry into the NAc
and were allowed to recover for 3—4 weeks before CPP
conditioning. Mice were first injected with CNO (5 mg/kg)
or saline and placed in a home cage. After 30 min, mice
were injected with saline or 25E-NBOMe (0.1 mg/kg, i.p.)
and placed in the drug-paired chambers for 45 min. The
mice received saline treatments on alternate days and were
placed in the opposite unpaired chambers. The CPP test was
performed as described above, except the amount of time
spent on each side was recorded using Ethovision software.
Following the preference test, mice were anesthetized with
pentobarbital (50 mg/kg, i.p.) and intracardially perfused
with 4% paraformaldehyde in 0.1 M phosphate-buffered
saline (PBS). The brains were rapidly dissected and fixed for
4 h with ice-cold 4% paraformaldehyde in 0.1 M PBS. The
brains were then dehydrated in 30% sucrose in 0.1 M PBS
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for 2 days at 4 °C, after which they were frozen at — 80 °C.
The NAc regions were sectioned coronally into 50-um-thick
sections using a cryostat (Leica, Nussloch, Germany). NAc
slices were washed once with PBS and mounted onto micro-
scope slides with H-1400 mounting medium (Vector Labo-
ratories, Burlingame, CA, USA) to confirm the location of
expression of the Cre-inducible DREADD virus. Digital
images were acquired using a DP digital camera (Olympus
Optical, Tokyo, Japan) connected to a fluorescence micro-
scope (BX51, Olympus).

Self-administration test

Self-administration tests were conducted using operant
conditioning chambers (28 X26 X 20 cm), placed inside
light- and sound-attenuating cubicles (Med Associates,
ST. Albans, VT, USA). A house light, two response levers
(active and inactive levers), and two cue lights above each
response lever were placed in the operant chambers. For
food training, rats were initially trained to perform active
lever presses to dispense 45-mg food pellets (FO021, Bio-
Serv, Flemington, NJ, USA) on a fixed-ratio 1 (FR1) sched-
ule until they obtained 80 food pellets during a 1-h session.
Each animal had one session daily for three consecutive
days. After food training, rats were implanted with a venous
catheter. Rats were anesthetized with pentobarbital (50 mg/
kg, i.p.), and the catheter (0.3 mm ID X 0.64 mm OD; Dow
Corning, Midland, TX, USA) was inserted into their jugular
vein. The distal end of the catheter was connected to the
back of the rat and exited the skin through a 22-gauge guide
cannula (P1 Technologies, Roanoke, VA, USA) anchored
with Mersilene surgical mesh (Ethicon Inc., Somerville,
NJ, USA). During recovery, rats were intravenously injected
daily with 0.2 ml of heparin (20 IU/ml) and the antibiotic
gentamicin sulfate (0.32 mg/ml) for seven days. Following
the recovery period, rats were trained to self-administer
25E-NBOMe via 2 h daily saline or 25E-NBOMe (0.01,
0.03, or 0.1 mg/kg/infusion, i.v.) self-administration sessions
with an FR1 schedule for seven consecutive days. An active
lever press resulted in the presentation of a drug infusion and
then a 20 s time-out period during which lever presses were
recorded but had no consequences. All behavioral data were
recorded using Med Associates software (Med Associates).

Locomotor activity test

Locomotor activity was measured in opaque black plastic
boxes (30 cm X 30 cm X 30 cm). For the acute 25E-NBOMe
locomotor activity test, mice were treated with saline or
25E-NBOMe (0.1, 0.3, 1, or 3 mg/kg, i.p.) and placed in
the test box. Immediately after treatment, locomotor activ-
ity was recorded for 30 min using video tracking software
(EthoVision).



The novel psychoactive substance 25E-NBOMe induces reward-related behaviors via dopamine... 365

Immunoblot analysis

For immunoblotting, the mouse brains were rapidly dis-
sected immediately after 25E-NBOMe CPP tests, and the
NAc was sectioned coronally to produce 800-um-thick
sections using a cryostat (Leica). The NAc was isolated
with a 17-gauge stainless steel punch, and NAc tissues
were homogenized in a MagNA Lyser (Roche Diagnostics,
Indianapolis, IN, USA) with ice-cold lysis T-PER (Tis-
sue Protein Extraction Reagent, Thermo Fisher Scientific,
Rockford, IL, USA) containing phosphatase and protease
inhibitor cocktails (Roche Diagnostics). The supernatant
was collected after centrifugation at 13,000xg for 15 min.
Protein concentrations were determined using a Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific). Using 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), 4 pg of protein was separated and transferred
onto a polyvinylidene difluoride membrane (Merck Milli-
pore, Burlington, MA, USA). Each membrane was blocked
in Tris-buffered saline with 0.1% Tween 20 (TBST) con-
taining 5% nonfat milk for 1 h at room temperature. The
membranes were then incubated with primary antibodies
against DAT (rabbit, 1:3000, AB2231, Merck Millipore),
DI1DR (rabbit, 1:2000, ab20066, Abcam, Cambridge, UK),
D2DR (rabbit, 1:1000, ab85367, Abcam), DARPP32 (rab-
bit, 1:1000, Cat#2306, Cell Signaling, Danvers, MA, USA),
CREB (rabbit, 1:1000, ab32515, Abcam), p-CREB (rabbit,
1:500, E-AB-20849, Elabscience, Houston, TX, USA), and
B-actin (mouse, 1:2000, SC-47778, Santa Cruz) overnight at
4 °C. After washing the membranes five times with TBST,
the blots were incubated with the corresponding horserad-
ish peroxidase-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories Inc., West Grove, PA, USA)
for 1 h at room temperature. After washing five times with
TBST, antibody binding was visualized using the enhanced
chemiluminescence detection method (Dongin LS., Seoul,
Korea), and the membranes were exposed to a photographic
film. Protein bands were quantified by densitometry analysis
using ImageJ software (NIH, Bethesda, MD, USA).

Dopamine enzyme-linked immunosorbent assay
(ELISA)

For dopamine ELISA, mice received saline or 25E-NBOMe
(0.1 mg/kg, i.p.) injections on alternating days for eight days
following the experimental scheme used in the CPP test. The
brains were rapidly dissected 30 min after the last injection.
The isolated NAc tissues were homogenized with ice-cold
lysis T-PER (Thermo Fisher Scientific) containing phos-
phatase and protease inhibitor cocktails (Roche Diagnos-
tics). To prevent the degradation of catecholamines, 1 mM
EDTA and 4 mM sodium metabisulfite were added. After
centrifugation at 13,000xg for 15 min, the supernatant was

collected, and the protein concentrations were determined
using a Pierce BCA Protein Assay Kit (Thermo Fisher Sci-
entific). Dopamine level was determined quantitatively using
a dopamine ELISA kit (BA E-5300, ImmuSmol, Talence,
France). 4 ug of protein was extracted and acylated. 90 ul
of extracted samples were placed into wells of a microtiter
plate, and 25 pl of enzyme solution (mixture of enzyme and
coenzyme) were added to each well. The plate was incubated
for 2 h at 37 °C. 100 pl of supernatant was transferred into
pre-coated dopamine microtiter plates, and 50 ul of dopa-
mine antiserum was added. The plate was incubated for 20 h
at 4 °C. After washing the plate four times with wash buffer,
the plate was incubated with 100 ul of enzyme conjugate for
30 min on a shaker (600 rpm) at room temperature. After
four washes with wash buffer, the plate was incubated with
100 pl of substrate for 30 min on a shaker at room tempera-
ture and without exposure to light. After adding 100 pl of
stop solution, the absorbance of the solution was measured
at 450 nm on a microplate reader (SpectraMax M2, Molecu-
lar Devices, San Jose, CA, USA). Dopamine levels were
quantified using a corresponding standard curve.

Microdialysis

The microdialysis tests were performed using the experi-
mental method of the previous studies with minor modifi-
cations (Kim et al. 2016, 2017, 2019; Lee et al. 2023). For
dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC), and
homovanillic acid (HVA) microdialysis, rats were implanted
with a microdialysis probe guide cannula into the NAc and
were allowed to recover for six days. A microdialysis probe
(6 kD cut-off molecular weight, 2 mm membrane length;
CMA 11, CMA microdialysis) was inserted into the NAc
through a guide cannula. Artificial cerebral spinal fluid (150
mM NaCl, 3 mM KCl, 1.4 mM CaCl,, 0.8 mM MgCl, in
10 mM phosphate buffer, pH 7.4; aCSF) was perfused at
a flow rate of 1.5 pl/min using CMA 100 microinjection
pump (CMA microdialysis) for 2 h of stabilization. Six
baseline samples were collected at 20-minute intervals into
microcentrifuge tubes over 2 h. Vehicle or 25E-NBOMe
was injected every 60 min with a gradually increasing dose
(0.3, 1, and 3 mg/kg, i.p.), while microdialysis samples were
simultaneously collected every 20 min. The location of the
microdialysis probe was verified histologically at the end
of the microdialysis experiment. For the quantification of
microdialysates, 25 pl of collected microdialysis samples
from each rat were added to 5 pl of working internal stand-
ard solution (30 ng/ml Dopamine-d4, 20 ng/ml DOPAC-
d5, and 800 ng/ml HVA-d5) and analyzed using liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
system. The LC-MS/MS system consisted of 1260 Infinity
LC system and 6460 triple quadrupoles MS/MS (Agilent
Technologies, Santa Clara, CA, USA) coupled with a 1260
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Infinity extra binary pump and degasser (Agilent Technolo-
gies). The XBridge BEH HILIC Sentry Guard Cartridge 130
A (4.6 20 mm, 3.5 pm; Waters, Milford, MA, USA) and
the Atlantis T3 column (2.1 X 100 mm, 3 pm; Waters) were
employed as sample enrichment and separation columns,
respectively. The mobile phases (A, 5 mM ammonium for-
mate, 0.1% formic acid in water; B, 0.1% formic acid in
acetonitrile) were passed through both the enrichment and
separation columns with the following gradient conditions:
0-1.0 min, 5% B; 1.0-6.5 min, 5-90% B; 6.5-7.5 min, 90%
B; 7.5-7.6 min, 90-5% B; 7.6-11.5 min, 5% B. The MS/
MS system was operated using electrospray ionization in the
polarity-switching mode (Dopamine, positive; DOPAC and
HVA, negative). The MS/MS conditions were optimized as
follows: drying gas temperature, 350 °C; drying gas flow,
10 I/min; nebulization pressure, 35 psi; capillary voltage,
4.5 kV; the temperature of sheath gas, 250 °C; and sheath
gas flow, 5 1/min. Each analytical stock solution (1 mg/ml)
was prepared in 1 mM ascorbic acid in a 1:1 solution of
water and methanol to prevent oxidation. The LC-MS/MS
data were processed by Mass Hunter software (Agilent Tech-
nologies). The baseline value was determined from three
consecutive microdialysis samples with less than 20% fluc-
tuations in the dopamine, DOPAC, and HVA concentrations.
The areas under the dose-time curve (AUC) for dopamine
were calculated for each period (0—60 min, 60—120 min, and
120-180 min), accompanied by changes in the dose of the
drug (0.3, 1, and 3 mg/kg).

Head twitch response test

A head twitch response was defined as a rapid rotational
jerk of the head that is not involved in any grooming or
scratching behaviors (Kim et al. 2000b; Fantegrossi et al.
2004). Head twitch responses were measured in opaque
black plastic boxes (30 cm X 30 cm X 30 cm). Mice were
administered saline or 25E-NBOMe (0.1, 0.3, 1, or 3 mg/
kg, i.p.) and placed in the test box. Behavior was recorded
for 33 min immediately after drug administration, and the
head twitch responses were manually counted and totaled by
blinded observers. The number of responses was counted at
10-13, 20-23, and 30-33 min. For the 25E-NBOMe head
twitch response test with inhibition of the 5-HT,, receptor,
mice were first injected with ketanserin (0.1 mg/kg, i.p.)
or saline and put in their home cages. After 15 min, mice
were injected with saline or 25E-NBOMe (1 mg/kg, i.p.)
and placed in the test box. The head twitch response test was
performed as described above.

Statistical analysis

All experimental data are presented as means =+ standard
error of the mean (SEM) and were analyzed using GraphPad
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Prism software (version 6.0; GraphPad Software, San Diego,
CA, USA). Data from the CPP, locomotor activity, and head
twitch response tests were analyzed using one-way analysis
of variance (ANOVA) followed by Dunnett’s or Tukey’s post
hoc tests. Data from the CPP test with DREADD-induced
inhibition of DIR-MSNs were analyzed by one-way ANOVA
with Fisher’s Least Significant Difference (LSD) post hoc
test. Data from self-administration and microdialysis were
analyzed using two-way repeated-measures ANOVA with
drug treatment as a between-subject factor and time as a
within-subject factor, followed by Dunnett’s or Fisher’s LSD
post hoc tests. A two-tailed unpaired Student’s ¢ test was
used to determine differences between the two groups. For
the 5-HT, R binding assay, ICs, values were defined as the
dose at 50% of the maximum response. ICs, values were
calculated from the fitting curve of the dose-response data
using nonlinear regression. Statistical significance was set
at P <0.05 in all statistical analyses.

Results
25E-NBOMe induces rewarding properties

We first measured the binding affinity of 25E-NBOMe
to 5-HT,, receptors in vitro using 5-HT,,R-transfected
HEK-293 cells. The IC, value of the positive control ket-
anserin was 187.5 nM, while 25E-NBOMe demonstrated
a higher binding affinity for the 5-HT,, receptor, with an
ICsy of 7.719 nM (Fig. 1B). To assess the abuse potential
of 25E-NBOMe in male rodents, we tested the rewarding
effects of the drug using a CPP paradigm in male mice.
Administration of 25E-NBOMe (0.1 mg/kg) significantly
increased place preference compared to saline treatment,
indicating that 25E-NBOMe induced drug reward in mice.
For the positive control, methamphetamine (1 mg/kg)
also significantly increased place preference in the mice
(Fig. 1C). We next investigated the reinforcing effect of
25E-NBOMe using a self-administration paradigm in male
rats. The number of infusions, active lever presses, and inac-
tive lever presses were counted during the 2 h daily FR1
sessions (Fig. 1D). Rats administered with 25E-NBOMe
(0.03 mg/kg/infusion) received more infusions compared
to the control group only on day 2 (Fig. 1E). However, no
difference in active lever pressing was observed between
the saline and 25E-NBOMe groups (Fig. 1F). 25E-NBOMe
(0.01 mg/kg/infusion) group showed an increase in inac-
tive lever pressing on day 1, with no difference in inactive
lever presses in the other groups (Fig. 1G). Locomotor
activity was measured for 30 min immediately after acute
25E-NBOMe administration. No differences in locomotor
activity were observed in the saline and all 25E-NBOMe
groups (Fig. 1H).



The novel psychoactive substance 25E-NBOMe induces reward-related behaviors via dopamine... 367

25E-NBOMe modulates the expression of dopamine
signaling proteins in the NAc

The abuse potential of drugs is mainly governed by dopa-
minergic activity in the NAc, the critical target of the mid-
brain for reward (Phillips et al. 2003). To further investi-
gate the functional effect of 25E-NBOMe administration
on the molecular and neuronal mechanisms associated with
the acquisition of drug reward, we examined the expres-
sion changes in dopamine-related proteins in the NAc of
25E-NBOMe 0.1 mg/kg group following the preference
test session of CPP test (Fig. 2A), which showed the induc-
tion of CPP scores. We found that 25E-NBOMe adminis-
tration significantly increased dopamine transporter (DAT)

levels in the NAc compared to saline (Fig. 2B). This was
accompanied by elevated D1DR NAc levels (Fig. 2C) but
not D2DR levels (Fig. 2D). Moreover, the 25E-NBOMe-
injected group exhibited a significant increase in dopa-
mine- and cAMP-regulated phosphoprotein of 32 kDa
(DARPP32) expression in the NAc (Fig. 2E). We deter-
mined whether 25E-NBOMe affects the regulation of
prominent transcription factors, including cAMP response
element-binding protein (CREB), which is highly impli-
cated in substance use disorder. 25E-NBOMe administra-
tion increased phosphorylated CREB (p-CREB) levels in
the NAc compared to the control (Fig. 2G, H), while the
total CREB levels remained unchanged (Fig. 2F).
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Fig.2 The effect of 25SE-NBOMe on dopamine-related proteins in the NAc of male mice. A Representative images of immunoblots from each
protein assayed in the NAc of saline and 25E-NBOMe (0.1 mg/kg) groups immediately following the 2SE-NBOMe CPP test. B-H Immunoblot
analysis of protein expression in the NAc of each male mouse group. B DAT (n=7), C DIDR (n=7), D D2DR (n=7), E DARPP32 (n=7), F
CREB (n=7), G p-CREB (n="7) and H Relative ratio of p-CREB to total CREB (n=7). Data are presented as the means + standard error of the
mean. %P <0.01 and ***xP <0.001 versus control. Sal saline, 25E 25E-NBOMe
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25E-NBOMe regulates the levels of dopamine
in the NAc

To further investigate whether the 25E-NBOMe modu-
lates dopaminergic signaling, we determined dopamine
levels in the NAc tissue using dopamine ELISA follow-
ing 25E-NBOMe (0.1 mg/kg) injections on alternate days
for 8 days, 30 min after the last injection. 25E-NBOMe
markedly reduced dopamine levels in the NAc compared
to saline (Fig. 3A). Moreover, we used microdialysis to
measure extracellular dopamine concentrations in the NAc
of freely-moving animals following vehicle or sequential
25E-NBOMe administration at 0.3, 1, and 3 mg/kg 60 min
apart. The basal dopamine levels were 0.235 +0.082 ng/
ml. Relative dopamine levels were determined by divid-
ing the basal values for each subject. Significant decreased
dopamine concentrations were observed in the NAc after
injection of 25E-NBOMe at a dose of 0.3 mg/kg at 40 and
60 min, 1 mg/kg at 100 min, and 3 mg/kg at 180 min com-
pared to the control vehicle group, respectively (Fig. 3B). In
addition, we observed same trends in 25E-NBOMe-injected
group as decrease dopamine compare to vehicle group in
the results presenting the AUC of each period (0—-60 min,
60—120 min, 120-180 min) (Fig. 3C). Although the dopa-
mine concentrations were decreased by 25E-NBOMe injec-
tions, both DOPAC and HVA, a metabolites of dopamine,
did not change significantly in the NAc in all time points
(Fig. 3D, E).

Dopamine 1 receptor signaling mediates
25E-NBOMe-induced rewarding effect

To determine the impact of dopamine receptor inhibition
on the rewarding effects of 25SE-NBOMe, we performed a
CPP test in male mice pretreatment with DIDR or D2DR
antagonists 30 min before 25E-NBOMe conditioning ses-
sions. Consistent with earlier experiments, 25E-NBOMe
(0.1 mg/kg) increased CPP compared to saline treat-
ment. Pretreatment with the D1DR-selective antagonist
SCH23390 (0.5 mg/kg) significantly blocked the expres-
sion of 25E-NBOMe-induced CPP, while pretreatment
with the D2DR-selective antagonist raclopride (1 mg/kg)
did not (Fig. 4A). Previous work has demonstrated that
MSNs in the NAc are divided into two groups. DIR-MSNs
mainly express D1DR, whereas D2R-MSNs express D2DR.
The contributions of these two populations of MSNs on
addiction-related behaviors are distinct (Bertran-Gonzalez
et al. 2008; Lobo and Nestler 2011). Our pharmacological
test data have shown that D1DR antagonist pretreatment
blocked the acquisition of 25E-NBOMe CPP. To further
elucidate the role of D1IR-MSNs on 25E-NBOMe reward,
we expressed hM4D(Gi)-mCherry selectively in DIR-MSNs
and administered DREADD ligand CNO to selectively
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inhibit D1 activity during 25E-NBOMe conditioning ses-
sions (Fig. 4B). Vehicle-pretreated 25E-NBOMe (0.1 mg/
kg) group showed an increase in CPP. Surprisingly, pretreat-
ment with CNO (5 mg/kg) significantly blocked the expres-
sion of 25E-NBOMe-induced CPP (Fig. 4C).

5-HT,, receptor signaling mediates
25E-NBOMe-induced head twitch response

In addition to the abuse potential of 25E-NBOMe, we
assessed the serotonin-dependent hallucinogenic activity of
25E-NBOMe. Behaviorally, male mice treated with a single
administration of 25E-NBOMe (0.1, 0.3, 1, and 3 mg/kg)
exhibited significantly greater head twitch responses com-
pared to saline-treated mice, indicating that 25E-NBOMe
possesses hallucinogenic properties (Fig. 5SA). To deter-
mine the impact of 5-HT,, receptor inhibition on the head
twitch response, male mice were given a 5-HT,, receptor
antagonist 15 min before 25E-NBOMe (1 mg/kg) injection.
Pretreatment with the 5-HT,, receptor antagonist ketan-
serin (0.1 mg/kg) significantly attenuated the 25E-NBOMe-
induced head twitch response (Fig. 5B).

Discussion

We investigated the abuse potential of 25E-NBOMe and the
involved molecular and neuronal mechanisms that lead to
25E-NBOMe addiction-related behaviors in male rodents.
First, we demonstrated that 25E-NBOMe exhibits reward-
ing effects using the CPP paradigm. 25E-NBOMe showed
relatively low reinforcement in the self-administration test
and no impact on locomotor activity. Changes in dopamin-
ergic protein expression were observed in the NAc of male
mice following 25E-NBOMe administrations. Moreover,
25E-NBOMe decreased the level of dopamine in the NAc,
particularly extracellular dopamine. We found that the phar-
macological blockade of D1DR and chemogenetic inhibition
of DIR-MSNs reversed 25E-NBOMe-induced reward. Fur-
thermore, we also demonstrated that 25E-NBOMe exhibits
hallucinogenic properties mediated by 5-HT, R activity.
The CPP and self-administration paradigms are typi-
cally utilized in animal models to evaluate drug reward and
reinforcement, respectively, as indicators of abuse potential
(Spanagel 2017; Green and Bardo 2020). Phenethylamine
structure-based psychostimulants, such as amphetamine and
methamphetamine, exhibit psychotropic effects and robustly
induce substance use disorder. Similarly, NBOMe drugs,
including 25E-NBOMe, have a phenethylamine structure,
and chemical modifications of this core induce potent psy-
chedelic activity (Hansen et al. 2014). Since NBOMe drugs
show higher potency than classical hallucinogens, high rates
of NBOMe use have been reported in case studies (Wood
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Fig.3 The effect of 25E-NBOMe on the dopamine levels in the NAc. A Experimental scheme for the 25E-NBOMe injections and NAc dissection. Dopamine levels
were measured using ELISA in the NAc of each male mouse group after saline or 25SE-NBOMe (0.1 mg/kg) injections on alternated days for 8 days, 30 min after
the last injection (n=11-12). B Changes in the concentrations of dopamine in microdialysis samples collected in the NAc of each male rat group after vehicle or
progressively increasing doses of 25E-NBOMe (0.3, 1, and 3 mg/kg) injections (n=4 for only vehicle injections, 5 for 2SE-NBOMe injections). C The areas under
the dose-time curve for dopamine concentrations in the NAc of each rat group at each period (0—60 min, 60-120 min, and 120-180 min) (n=4 for only vehicle
injections, 5 for 25E-NBOMe injections). D Changes in the concentrations of DOPAC in microdialysis samples collected in the NAc of each rat group after vehicle
or progressively increasing doses of 25E-NBOMe (0.3, 1, and 3 mg/kg) injections (n=4 for only vehicle injections, 5 for 25E-NBOMe injections). E Changes in
the concentrations of HVA in microdialysis samples collected in the NAc of each rat group after vehicle or progressively increasing doses of 25E-NBOMe (0.3,
1, and 3 mg/kg) injections (n=4 for only vehicle injections, 5 for 25E-NBOMe injections). Each arrowhead represents drug treatment. Data are presented as the
means =+ standard error of the mean. *P <0.05 versus control. Sal saline, Veh vehicle, 25E 25E-NBOMe, NAc nucleus accumbens
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Fig.4 The effect of DIDR signaling on 25E-NBOMe-induced CPP in male mice A CPP score of each male mouse group in the 25E-NBOMe
(0.1 mg/kg) CPP test with pharmacological blockade of D1DR or D2DR (n=7-10). B Experimental scheme for the injection of AAV1-hSyn-
DIO-hM4D(Gi)-mCherry into the NAc of DIR-Cre mice and 25E-NBOMe CPP test. Representative image of a coronal slice showing injec-
tion sites of AAV1-hSyn-DIO-hM4D(Gi)-mCherry (red) into the NAc. Scale bar: 200 pm. C CPP score of each male mouse group in the
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et al. 2015). Although studies of several NBOMe drugs
(25I-, 25N-, 25B-, 25H-, and 25D-NBOMe) have shown that
NBOMe drugs induce either CPP or self-administration in
rodents (Jeon et al. 2019; Seo et al. 2019; Custodio et al.
2020; Jo et al. 2022; Lee et al. 2023), the abuse potential
of 25E-NBOMe has not been scientifically demonstrated.
Our results showed that 25E-NBOMe (0.1 mg/kg) signifi-
cantly induced place preference in mice, suggesting that
25E-NBOMe exerts a rewarding effect. The place preference
increased dose-dependently and decreased above 0.3 mg/kg
doses. Furthermore, we found that rats self-administered
25E-NBOMe (0.03 mg/kg/infusion), but the differences
in the number of infusions between 25E-NBOMe and the
control group were seen only on day 2. Considering our
results and several studies reporting that the NBOMe drugs
either fail to induce a number of infusions or only occur
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in a few sessions in the self-administration paradigm (Jeon
etal. 2019; Seo et al. 2019; Lee et al. 2023), NBOMe drugs,
including 25E-NBOMe, may have moderate or low reinforc-
ing properties. Moreover, we measured the locomotor activ-
ity immediately after the single 25E-NBOMe injection to
determine whether 25E-NBOMe treatment results in motor
stimulation or sedative effects. However, we observed no
changes in locomotion in the drug and control groups.

To investigate the mechanisms by which 25E-NBOMe
produces reward-related behaviors, we tested the hypoth-
esis that 25E-NBOMe administration would alter dopamine
signaling in the NAc to cause rewarding effects. First, we
observed the rapid increase in DAT expression in the NAc
of 25E-NBOMe (0.1 mg/kg)-conditioned mice following the
CPP test. In addition, our data revealed that 25E-NBOMe
induced D1DR levels in the NAc, while D2DR levels did not
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Fig.5 The effect of 25E-NBOMe on head twitch response in male mice. A Head twitch response of each male mouse group (saline,
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change. These results suggest that 25E-NBOMe may affect
DAT function and D1DR-mediated synaptic transmission
in NAc neurons. Evidence of disturbance in signaling was
also manifested in the concentrations of the neurotransmit-
ter dopamine. We determined that 25E-NBOMe decreased
tissue and extracellular dopamine levels in the NAc, while
we injected progressively increasing doses in the microdi-
alysis test, the effect of higher dose (1, 3 mg/kg) was similar
to those of lower dose (0.3 mg/kg). The observed altera-
tions may suggest that a low dose of 25E-NBOMe is suf-
ficient to induce saturation or maximal efficacy, such as a
potential ceiling effect on extracellular dopamine reduc-
tion in the NAc. Moreover, phenethylamine hallucinogens,
25I-NBOMe, DOI, and DOB are established to rapidly
induce tolerance, which is the state that adapts to the drug’s
action and requires higher doses to achieve the same initial
effect in head twitch response test and leads to down-reg-
ulation of 5-HT,,R in the frontal cortex (Buchborn et al.
2015; Herian et al. 2021; de 1a Fuente Revenga et al. 2022).
Tolerance of phenethylamine drug was also reported in
short-interval injections (60—90 min) (Buchborn et al. 2018).
Similarly, it can be suggested that 25E-NBOMe efficiently
induces rapid tolerance of 5-HT,,R, and sequential admin-
istration may not have resulted in a further dose-dependent
decrease in dopamine. Moreover, we observed no changes
in DOPAC and HVA levels in the NAc upon 25E-NBOMe
exposure. The degradation of dopamine by metabolism
enzymes, such as monoamine oxidase and catechol-O-
methyl transferase, produces DOPAC and HVA in the
cytosol of presynaptic dopaminergic neurons (Meiser et al.
2013). Thus, microdialysis results, in which 25E-NBOMe
reduced dopamine in the synaptic space but did not alter

DOPAC and HVA, may imply that 25E-NBOMe exposure
improves dopamine turnover and metabolism, maintain-
ing DOPAC and HVA concentrations unchanged from the
basal level even though dopamine concentration is reduced.
While our reduced dopamine results are promising, there
are potent limitations in isolating the effect of a single dose
of 25E-NBOMe, as the gradually increasing dose regimen
may have potential lingering effects from previous doses.
While we found that 25E-NBOMe reduced dopamine, previ-
ous studies have shown that several NBOMe drugs increase
dopamine levels in the NAc (Miliano et al. 2019; Custodio
et al. 2020; Herian et al. 2021; Wojtas et al. 2023), and the
mechanisms are not precise in how 25E-NBOMe exerts its
effects. One possible explanation for these observations is
that massive increased DAT levels lead to increased dopa-
mine uptake from the extracellular space into the presynap-
tic neuron (Foster and Vaughan 2017). Previous evidence
indicates that 5-HT inhibited dopamine in the striatum
(Muramatsu et al. 1988), and 5-HT receptor activation
through the administration of serotonin reuptake inhibitor
led to a decrease in dopamine (Dewey et al. 1995; Kapur
and Remington 1996). Moreover, it has been established
that 5-HT,cR activity encodes an inhibitory role in dopa-
mine concentration in the NAc (Howell and Cunningham
2015). Interestingly, a study on the binding affinity of the
5-HT receptors has reported that 25SE-NBOMe exerts more
potency to 5-HT,cR than other NBOMe drugs (Eshleman
et al. 2018). Considering these, different pharmacological
properties of 25E-NBOMe from other NBOMe drugs likely
occur in discrepancies of dopamine.

Recent studies have demonstrated that dopamine deple-
tion enhanced striatal DIDR sensitivity and examined
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increased neuronal firing and locomotor responses to
D1DR agonist treatment (Kim et al. 2000a; McKinley
et al. 2019). Also, repeated exposure to addictive drugs
disrupt basal dopamine-releasing, resulting in enhanced
sensitivity of dopamine receptors, and re-exposure causes
hyperactive signaling in proportion to the expressed com-
pulsive drug intake (Volkow et al. 2004). In line with
these, dopamine receptor activity, especially DIDR, may
be increased to compensate for the decrease in dopa-
mine in the NAc by 25E-NBOMe administration. It has
been reported that seven days of 25B-NBOMe injection
increased D1DR expression in the NAc, while D2DR
was reduced (Custodio et al. 2020). Some studies have
reported that the down-regulation of D2DR is associated
with a response to addictive drugs (Ru et al. 2022). In
contrast, other studies have pointed to no changes in D2DR
expression levels in the NAc (Gong et al. 2021), implying
the controversial effects on D2DR changes depending on
experimental conditions such as administration schedules.
Despite this, our results strongly link increased D1DR lev-
els and downstream dopamine signaling in response to
25E-NBOMe. DARPP32 is a prominent mediator of intra-
cellular response in dopamine receptor signaling pathways
and is required to induce drug-related effects (Nairn et al.
2004; Gould and Manji 2005). It has been reported that
mice lacking DARPP32 showed reduced cocaine-induced
place preference and expression of neuronal transcrip-
tion factor (Fienberg et al. 1998; Zachariou et al. 2002).
In addition, although the activity of DIDR and D2DR
are known to transduce dopaminergic signals via the
DARPP32 pathway, pharmacological DIDR stimulation
activates DARPP32, while D2DR stimulation negatively
blocks DARPP32 activity in the mouse striatum (Bateup
et al. 2008). Our data revealed that 25E-NBOMe admin-
istration significantly increases DARPP32 expression and
phosphorylation of CREB, one of the significant target
transcription factors of DARPP32 in the NAc. Despite
NBOMe drugs, including 25E-NBOMe, exhibiting low
binding affinity for proteins in the dopaminergic systems,
such as D1DR, D2DR, and DAT (Rickli et al. 2015; Eshle-
man et al. 2018), recent evidence indicates that drugs that
stimulate 5-HT,,R may modulate dopaminergic signal-
ing directly or indirectly (Howell and Cunningham 2015).
In the ultrastructural study, it has been demonstrated that
5-HT,,R is localized in dopaminergic neurons of the ven-
tral tegmental area (VTA) region. Moreover, activation
of 5-HT,,R may modulate the activity of dopaminergic
neurons in the VTA by enhancing the dopamine synthe-
sis process and affecting dopamine release in the NAc
through dopaminergic neuron projection (Nichols 2016).
It is reported that repeated 25B-NBOMe administration
reduced the DAT level in the VTA (Custodio et al. 2020).
The effect of 25E-NBOMe within 5-HT,,R of the VTA
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may contribute to the alteration in neuronal activity or
dopamine transport in the VTA, thereby altering dopamine
concentration in the NAc. 5-HT,,R is also abundantly
expressed in the neurons of the NAc (Bubar and Cunning-
ham 2006). Some studies have reported that treatment with
5-HT or DOI, a 5-HT, 4R agonist, increased the firing of
dopaminergic neurons in the mesolimbic system, an effect
that a selective 5-HT,,R antagonist can reverse (Pessia
et al. 1994; Bortolozzi et al. 2005). Moreover, neuronal
function in the NAc can be increased by 25B-NBOMe
administration (Custodio et al. 2020). Taken together with
changes in DAT, D1DR expression, and dopamine lev-
els, these suggest that 25E-NBOMe activates 5-HT,,R,
which modulates the dopaminergic system and eventu-
ally leads to addictive behaviors. Since desensitization of
5-HT,,R by repeated 25E-NBOMe injections over several
days may cause different effects on dopamine signaling
or content in the NAc compared to a single dose, future
studies are needed to examine the alternative possibility
compared to an acute effect. Furthermore, it cannot be
assumed that D1DR expression levels reflect actual activ-
ity. Thus, whether D1DR activity plays a critical role in
25E-NBOMe-induced reward remains to be demonstrated.

To further investigate whether 25E-NBOMe reward-
related behaviors are mediated by dopamine receptor activ-
ity, we treated the mice with dopamine receptor antagonists
during CPP conditioning. We found that pretreatment with
a selective D1DR antagonist inhibited 25E-NBOMe place
preference, while a selective D2DR antagonist did not
affect drug reward. The distinct roles of D1DR and D2DR
in reward-related behaviors of drugs have been noted in
many studies. Previous studies reported that pharmacologi-
cal blockade of D1DR attenuated cocaine or methampheta-
mine-induced reward in male rats (Cervo and Samanin 1995;
Nazarian et al. 2004; Gu et al. 2020), while blockade of
D2DR did not influence cocaine reward (Cervo and Sama-
nin 1995; Pruitt et al. 1995; Nazarian et al. 2004). Further-
more, evidence from several biochemical studies showed
that drugs of abuse facilitate different functional responses
in NAc cell types. For example, cocaine-induced p-ERK and
AFosB expression, which are regulated by neuronal acti-
vation, was observed only in DIR-MSNs of the NAc, not
in D2R-MSNs (Bertran-Gonzalez et al. 2008; Lobo et al.
2013). Using viral-mediated targeting of specific cell types,
recent studies reported that optogenetic activation of D1R-
MSNs in the NAc enhanced cocaine CPP relative to con-
trols, whereas stimulation of D2R-MSNs reversed this effect
(Lobo et al. 2010; Soares-Cunha et al. 2020). Furthermore,
DREADD-induced inhibition of DIR-MSNs in the NAc
blocked the expression of cocaine place preference (Cali-
pari et al. 2016). To confirm the causal role of D1DR in the
25E-NBOMe reward, we applied DREADD to inhibit D1R-
MSNss selectively during CPP conditioning. We observed



The novel psychoactive substance 25E-NBOMe induces reward-related behaviors via dopamine... 373

that a DREADD ligand CNO-induced selective inhibition
of D1IR-MSNs blocked the development of 25E-NBOMe
reward. These suggest that D1DR signaling in the NAc plays
a crucial role in acquiring 25E-NBOMe reward.

The head twitch response is the rhythmic paroxysmal
head rotation widely used to examine the hallucinogenic
effect of drugs in animal models. It is well established that
the classical hallucinogens LSD, psilocybin, N, N-Dimeth-
yltryptamine, and mescaline induce potent head twitch
responses, which are correlated to their hallucinogenic
potency in humans (Halberstadt and Geyer 2011; Canal and
Morgan 2012). Previous studies employing pharmacologi-
cal inhibition or genetic deletion of each serotonin receptor
subtype have demonstrated that the 5-HT,, receptor medi-
ates the head twitch response (Vickers et al. 2001; Gonzalez-
Maeso et al. 2007). Our data show that 25SE-NBOMe elicited
greater binding affinity to 5-HT, R and significantly induced
head twitch responses in male mice. Furthermore, we con-
firmed that the pretreatment of ketanserin inhibited head
twitch responses, indicating that the hallucinogenic activity
of 25E-NBOMe is responsible for the 5-HT, R activity. In
the previous studies, NBOMe drugs exhibited a character-
istic biphasic dose-response effect, in which head twitch
responses gradually increased as the dose increased and then
levels descended at higher doses (Elmore et al. 2018; Custo-
dio et al. 2020). This biphasic effect has also been reported
in CPP tests (Jeon et al. 2019; Custodio et al. 2020). Consist-
ent with these findings, 25E-NBOMe produced an inverted
U-shaped dose-response curve in the head twitch response
as well as CPP score, suggesting the precise details of
25E-NBOMe’s action at higher doses are more complicated
due to the non-specific binding of 25E-NBOMe. Previous
reports have demonstrated that 5-HT, ,R-expressing cells in
the medial prefrontal cortex area commonly co-expressed
5-HT,cR (Nocjar et al. 2015). In addition, in the medial
prefrontal cortex, 5-HT,R is expressed mainly on GABAe-
rgic neurons, which release the inhibitory neurotransmit-
ter GABA (Nocjar et al. 2015; Santana and Artigas 2017).
Notably, 5-HT, 4R activation versus 5-HT,R activation may
oppositely affect the behavioral responses. It is reported that
activation of 5-HT,R inhibits the 5-HT, ,R-mediated head
twitch responses (Vickers et al. 2001). These might sug-
gest that the higher doses of 25E-NBOMe cause not only
5-HT, R activation but also 5-HT,R activation, which may
result in suppressed behavioral responses through exert-
ing inhibitory signal transmission by activating inhibitory
GABAergic neurons (Elmore et al. 2018). Nevertheless, the
complex interplay of 5-HT,,R and 5-HT,-R-mediated neu-
ronal mechanisms on the induction of abuse potential and
hallucinogenic properties needs further investigation.

In conclusion, our findings indicate that 25E-NBOMe
has abuse potential via dopaminergic signaling, particu-
larly the DIDR-mediated signaling pathway in the NAc.

This signaling may induce neuroadaptations and contrib-
ute to the rewarding properties of 25E-NBOMe. In addi-
tion, 25E-NBOMe induces hallucinogenic effects mediated
by 5-HT,, receptor signaling. These results provide new
insights into the potential mechanisms of NPS use disorder
and can contribute to improving the management of con-
trolled substances. However, although the addictive behavior
of drugs and drug-induced bio-molecular changes may differ
depending on gender (Calipari et al. 2017), it is a limita-
tion of our research that we did not determine whether the
pharmacological action of 25E-NBOMe varies in both male
and female animals. Further study is warranted to determine
whether 25E-NBOMe induces consistent responses in males
and females to conduct a comprehensive and exhaustive
investigation. Also, to intensively investigate the pharmaco-
logical action of 25E-NBOMe in a dose-dependent manner,
further study of 25E-NBOMe on neuronal systems such as
dopamine, glutamate, and serotonin with single-dose experi-
mental groups is needed.
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