
1521-0103/365/2/437–446$35.00 https://doi.org/10.1124/jpet.117.246983
THE JOURNAL OF PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS J Pharmacol Exp Ther 365:437–446, May 2018
Copyright ª 2018 by The American Society for Pharmacology and Experimental Therapeutics

Molecular and Behavioral Pharmacological Characterization of
Abused Synthetic Cannabinoids MMB- and MDMB-FUBINACA,
MN-18, NNEI, CUMYL-PICA, and 5-Fluoro-CUMYL-PICA

Thomas F. Gamage,1 Charlotte E. Farquhar,1 Timothy W. Lefever,1 Julie A. Marusich,1

Richard C. Kevin,2 Iain S. McGregor,2 Jenny L. Wiley,1 and Brian F. Thomas1
1RTI International, Research Triangle Park, North Carolina; 2The University of Sydney, NSW, 2006, Australia

Received December 5, 2017; accepted March 6, 2018

ABSTRACT
Synthetic cannabinoids are a class of novel psychoactive
substances that exhibit high affinity at the cannabinoid type-1
(CB1) receptor and produce effects similar to those of D-9-
tetrahydrocannabinol (THC), the primary psychoactive constit-
uent of cannabis. Illicit drug manufacturers are continually
circumventing laws banning the sale of synthetic cannabinoids
by synthesizing novel structures and doing so with little regard
for the potential impact on pharmacological and toxicological
effects. Synthetic cannabinoids produce a wide range of effects
that include cardiotoxicity, seizure activity, and kidney damage,
and they can cause death. Six synthetic cannabinoids, recently
detected in illicit preparations, MMB-FUBINACA, MDMB-
FUBINACA, CUMYL-PICA, 5F-CUMYL-PICA, NNEI, and MN-18
were assessed for: 1) receptor binding affinity at the human
CB1 and human CB2 receptors, 2) function in [35S]GTPgS and
cAMP signaling, and 3) THC-like effects in a mouse drug

discrimination assay. All six synthetic cannabinoids exhibited
high affinity for human cannabinoid receptors type-1 and
type-2 and produced greater maximal effects than THC in
[35S]GTPgS and cAMP signaling. Additionally, all six synthetic
cannabinoids substituted for THC in drug discrimination,
suggesting they probably possess subjective effects similar
to those of cannabis. Notably, MDMB-FUBINACA, a methyl-
ated analog of MMB-FUBINACA, had higher affinity for CB1
than the parent, showing that minor structural modifications
being introduced can have a large impact on the pharmaco-
logical properties of these drugs. This study demonstrates
that novel structures being sold and used illicitly as substi-
tutes for cannabis are retaining high affinity at the CB1
receptor, exhibiting greater efficacy than THC, and producing
THC-like effects in models relevant to subjective effects in
humans.

Introduction
Synthetic cannabinoids are novel psychoactive substances,

and their abuse poses an ongoing threat to public health. Use
of synthetic cannabinoids can produce drowsiness, lighthead-
edness, and tachycardia, and use of higher doses can lead to
psychoses, cardiotoxicity, kidney injury, seizures, hyperther-
mia, hyperemesis, loss of consciousness, and death (Heath
et al., 2012; Murphy et al., 2012; Vandrey et al., 2012;
Auwärter et al., 2013; Barratt et al., 2013; Buser et al., 2014;
Schwartz et al., 2015; Trecki et al., 2015; Tait et al., 2016).
Furthermore, synthetic cannabinoid use has been implicated
in motor vehicle accidents (Lemos, 2014; Davies et al., 2016;

Labay et al., 2016; Kaneko, 2017). In response to the apparent
health risks associated with their use, the DEA has placed these
abused synthetic cannabinoids in schedule I; however, new
structures continue to emerge as illicit manufacturers develop
compounds that circumvent the law (Trecki et al., 2015). Despite
these health risks and scheduling actions, use is still prevalent
for reasons that include: 1) concerns about drug testing for
cannabis use, 2) interest in new drug experiences, or 3) use as a
replacement when cannabis is not readily available (Gunderson
et al., 2012; Vandrey et al., 2012). Users of synthetic cannabi-
noids report effects similar to those of cannabis, and report relief
from cannabis withdrawal, suggesting they can serve as replace-
ments (Gunderson et al., 2012). Adolescent use of synthetic
cannabinoids is also a concern, as recent data show that
approximately 3% of high school seniors report current synthetic
cannabinoid use (Palamar et al., 2017).
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ABBREVIATIONS: CHO, Chinese hamster ovary cells; CP55,940, 5-(1,1-dimethylheptyl)-2-[(1R,2R,5R)-5-hydroxy-2-(3-hydroxypropyl)cyclohexyl]-
phenol; CUMYL-PICA, N-(1-methyl-1-phenylethyl)-1-pentyl-1H-indole-3-carboxamide); 5F-CUMYL-PICA, 1-(5-fluoropentyl)-N-(1-methyl-1-phenyl-
ethyl)-1H-indole-3-carboxamide; GDP, (2R,3S,4R,5R)-5-(2-amino-6-oxo-3H-purin-9-yl)-3,4-dihydroxyoxolan-2-yl]methyl phosphono hydrogen
phosphate; GTPgS, (2S,3R,4S,5S)-5-(2-amino-6-oxo-3H-purin-9-yl)-3,4-dihydroxyoxolan-2-yl]methyl dihydroxyphosphinothioyl hydrogen
phosphate; hCB1, human cannabinoid type-1 receptor; hCB2, human cannabinoid type-2 receptor; HEK293, human embryonic kidney 293 cells;
[3H]SR141716, 5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-N-1-piperidinyl-1H-pyrazole-3-carboxamide; IBMX, 3-isobutyl-1-methylxan-
thine; MMB-FUBINACA, N-[[1-[(4-fluorophenyl)methyl]-1H-indazol-3-yl]carbonyl]-L-valine, methyl ester; MDMB-FUBINACA, N-[[1-[(4-fluorophenyl)-
methyl]-1H-indazol-3-yl]carbonyl]-3-methyl-L-valine, methyl ester; MN-18, N-1-naphthalenyl-1-pentyl-1H-indazole-3-carboxamide; NNEI,
N-1-naphthalenyl-1-pentyl-1H-indole-3-carboxamide; THC, D-9-tetrahydrocannabinol.
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Synthetic cannabinoid structures are based on agonists at
the cannabinoid type-1 (CB1) receptor (Wiley et al., 2011; Tai
and Fantegrossi, 2014, 2017), through which D-9-tetrahydro-
cannabinol (THC), the primary psychoactive constituent of
cannabis, exerts its effects. Originally developed as pharma-
cological probes for interrogating the endocannabinoid sys-
tem, these compounds exhibit very high affinity and efficacy at
the CB1 receptor (Wiley et al., 2011). Subsequent structural
modifications have resulted in compounds that no longer fall
under the purview of drug laws but retain high CB1 receptor
affinity and efficacy (Wiley et al., 2011, 2015; Marusich et al.,
2017; Thomas et al., 2017). Furthermore, these structural
changes result in compounds with unpredictable pharmaco-
logical or toxicological properties (Trecki et al., 2015).
The exact mechanisms through which synthetic cannabi-

noids produce their wide-ranging effects and toxicities are not
fully understood. Furthermore, the extent towhich these effects
are caused by either the parent compounds or their metabolic
and thermolytic degradants is unknown (Karinen et al., 2015;
Kaizaki-Mitsumoto et al., 2017; Thomas et al., 2017). However,
recent data suggest that the abused synthetic cannabinoids
JWH-018 (Malyshevskaya et al., 2017) and AM2201 (Funada
and Takebayashi-Ohsawa, 2018) induce seizures in mice
through a CB1 mechanism. Additional knowledge regarding
the activity of these compounds at cannabinoid receptorswill be
vital as studies examine both their abuse-related and toxic
effects.

This study characterized novel synthetic cannabinoids
CUMYL-PICA, 5F-CUMYL-PICA, MMB-FUBINACA, MDMB-
FUBINACA, NNEI, and MN-18 (Fig. 1), all of which have
recently been detected in confiscated products or serum
samples from users. CUMYL-PICA and 5F-CUMYL-PICA
were initially found in synthetic cannabinoid preparations
in Slovenia in 2014 (EMCDDA, 2015), and 5F-CUMYL-PICA
was recently detected in blood serum samples of users in
Germany (Hess et al., 2017). MMB-FUBINACA (a.k.a. AMB-
FUBINACA), first reported in Sweden in 2015 (EMCDDA,
2015), was detected in the product “AK-47 24 karat gold,”
and its de-esterified metabolite was detected in samples from
all patients in the “zombie outbreak” in New York City in
2016 (Adams et al., 2017). MMB-FUBINACA is also suspected
of being involved in the deaths of 20 people in New Zealand
(https://interactives.stuff.co.nz/2017/09/killer-chemicals/).MDMB-
FUBINACA was recently detected in three different commer-
cially available e-liquids acquired online (Peace et al., 2017).
NNEI is as a novel synthetic cannabinoid originally with the
aminoalkylindole class as a basis, but it contains a carbox-
amide linker (Blaazer et al., 2011). NNEI has been detected in
products sold in Finland (EMCDDA, 2013) and Japan
(Uchiyama et al., 2015). MN-18, an indazole analog of NNEI,
was detected in abused products in Japan and Sweden in
2014 (Uchiyama et al., 2014). In the present study, these
compounds were examined for their affinities at the human
cannabinoid receptors type-1 and type-2 (hCB2) and their

Fig. 1. Chemical structures of synthetic cannabinoids.
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potency and efficacy in [35S]GTPgS binding and cAMP
signaling. Finally, these compounds were examined for their
discriminative stimulus properties in THC drug discrimina-
tion to ascertain whether they produce interoceptive effects
similar to that of cannabis.

Materials and Methods
Subjects. Adult male C57/Bl6J inbred mice (n 5 8; 20–25 g;

Jackson Laboratories, Bar Harbor, ME) were housed singly in
polycarbonate mouse cages. All animals were kept in a temperature-
controlled (20–22°C) environment with a 12-hour light-dark cycle
(lights on at 6 AM). C57/Bl67 mice were maintained at 85%–90% of
free-feeding body weights by restricting daily ration of standard
rodent chow. All mice received ad libitum water access when in their
home cages. The in vivo studies reported in this manuscript were
carried out in accordance with federal and state regulatory guidelines
on the conduct of research in animals and were approved by our
Institutional Care and Use Committee.

Apparatus. Mice in the drug discrimination experiment were
trained and tested in mouse operant chambers (Coulbourn Instru-
ments, Whitehall, PA), housed within light- and sound-attenuating
cubicles. Each chamber contained two nose-poke apertures, with
stimulus lights over each aperture, and a separate house light. A food
dispenser delivered 20-mg food pellets (Bioserv Inc., Frenchtown, NJ)
into a food cup (with a light) centered between the two apertures.
Illumination of lights, delivery of food pellets, and recording of
aperture responses were controlled by a computer-based system
(Graphic State Software, v 3.03; Coulbourn Instruments).

Chemicals. For in vitro studies, D9-THC [(2)-(6aR,10aR)-6,6,9-
trimethyl-3-pentyl-6a,7,8,10a-tetrahydro-6H-benzo(c)chromen-1-ol],
CP55,940 (5-(1,1-dimethylheptyl)-2-[(1R,2R,5R)-5-hydroxy-2-(3-hyd-
roxypropyl)cyclohexyl]-phenol), [3H]SR141716 (5-(4-chlorophenyl)1-
(2,4-dichlorophenyl)-4-methyl-N-1-piperidinyl-1H-pyrazole-3-carboxamide;
24 Ci/mmol), [3H]CP55,940 (81.1 Ci/mmol), and unlabeled SR141716
were obtained from NIDA and dissolved in absolute ethanol. All
synthetic cannabinoids were purchased from Cayman Chemical
(Ann Arbor, MI). MMB-FUBINACA (N-[[1-[(4-fluorophenyl)methyl]-1H-
indazol-3-yl]carbonyl]- L-valine, methyl ester) and MDMB-FUBINACA
(N-[[1-[(4-fluorophenyl)methyl]-1H-indazol-3-yl]carbonyl]-3-methyl-L-
valine, methyl ester) were dissolved in acetonitrile. MN-18 (N-1-naph-
thalenyl-1-pentyl-1H-indazole-3-carboxamide), NNEI (N-1-naphtha-
lenyl-1-pentyl-1H-indole-3-carboxamide), CUMYL-PICA (N-(1-methyl-1-
phenylethyl)-1-pentyl-1H-indole-3-carboxamide), and 5F-CUMYL-PICA
(1-(5-fluoropentyl)-N-(1-methyl-1-phenylethyl)-1H-indole-3-carboxamide)
were dissolved in 100% dimethyl sulfoxide (DMSO). All drugs were
stored at280°C as 10 mM stocks and diluted to final concentration of
0.1%–0.2% solvent. Guanosine diphosphate (GDP; (2R,3S,4R,5R)-5-
(2-amino-6-oxo-3H-purin-9-yl)-3,4-dihydroxyoxolan-2-yl]methyl phosphono
hydrogen phosphate; MilliporeSigma, St. Louis, MO), unlabeled
guanosine 59-O-[gamma-thio]triphosphate (GTPgS; [(2S,3R,4S,5S)-5-
(2-amino-6-oxo-3H-purin-9-yl)-3,4-dihydroxyoxolan-2-yl]methyl dihydro-
xyphosphinothioyl hydrogen phosphate; MilliporeSigma), and [35S]
GTPgS (1250 Ci/mmol; Perkin Elmer, Waltham, MA) were dissolved
in distilled water, aliquoted, and stored at 280°C. Adenosine de-
aminase (MilliporeSigma) was diluted in distilled water and stored at
4°C. Forskolin (MilliporeSigma) and 3-isobutyl-1-methylxanthine
(IBMX; MilliporeSigma) was dissolved in 100% DMSO, aliquoted,
and stored at 220°C. For behavioral studies, all compounds were
dissolved in a vehicle of 7.8%Polysorbate 80N.F. (VWR,Marietta, GA)
and 92.2% sterile saline USP (Butler Schein, Dublin, OH). All
compounds were administered intraperitoneally at a volume of
10 ml/kg.

Receptor Binding and Agonist-Stimulated [35S]GTPgS
Binding. Human embryonic kidney cells (HEK293) stably express-
ing either the human CB1 or CB2 receptor or Chinese hamster ovary
(CHO) cells expressing human CB1 (Perkin Elmer) were grown in

Dulbecco’s modified Eagle’s medium/F12 (cat. no. 10092CV; Corning
Cellgro,Manassas, VA)with 10% fetal bovine serum (FBS-BBT; Rocky
Mountain Biologic Laboratory, Crested Butte, CO) and 50 IU/ml
penicillin/streptomycin (Thermo Fisher Scientific, Waltham, MA) in
multilayer flasks to 90% confluence. Cells were detached using 1 mM
EDTA in phosphate-buffered saline (PBS;MilliporeSigma), pelleted in
PBS at 200g, then homogenized by dounce in fractionation buffer
(320mMsucrose, 50mMTris, 1mMEGTA, pH 7.4). Cell homogenates
were centrifuged at 1600g for 10 min, the supernatant collected,
homogenized, and spun at 40,000g for 1 h, resulting in a P2 pellet
which was resuspended in membrane buffer (50 mM Tris, 3 mM
MgCl2, 0.2 mM EGTA, pH 7.4). Protein amount was quantified by the
Bradford method, and the membrane preparation, diluted to 1 mg/ml,
was snap frozen in liquid nitrogen, and stored at 280°C until the day
of the experiment. For receptor binding, reactions were carried out in
assay buffer [membrane buffer containing 1 mg/ml bovine serum
albumin (BSA)] and membranes were incubated for 90 minutes at
30°C with 1 nM [3H]SR141716A (Kd 5 0.52 nM) for hCB1 membranes
or 1 nM [3H]CP55,940 (Kd 5 1.4 nM) for hCB2 membranes, and
varying concentrations of allosteric modulators. Nonspecific binding
was determined by addition of excess cold ligand (1 mM). Total bound
of [3H]SR141716A was less than 10% of total added (minimal ligand
depletion). For receptor signaling, membranes (10 mg protein) were
incubated for 60 minutes at 30°C with 30 mM GDP, and 0.1 nM [35S]
GTPgS, and nonspecific binding was determined by adding 30 mM
unlabeled GTPgS.

cAMP Assay. These experiments were conducted with the Lance
Ultra cAMP assay (Perkin Elmer) using the manufacturer’s instruc-
tions. CHO cells stably expressing the hCB1 receptor were serum-
starved for 24 hours prior to experiment. On the day of the experiment,
cells were lifted with trypsin/EDTA (Thermo Fisher Scientific),
pelleted, resuspended in stimulation buffer (Hanks’ balanced salt
solution, 0.1%BSA, 0.5mM IBMX, 5mMHEPES), and plated inwhite
96-well half-area plates at a density of 3000 cells per well in a 10 ml
volume. Drugs were prepared in stimulation buffer with forskolin
(final concentration 10 mM) and added in a volume of 10 ml. Plates
were covered and incubated at room temperature for 30 minutes, then
10 ml of Eu-cAMP tracer and 10 ml of ULight-anti-cAMP were added.
Plates were resealed and incubated for 1 hour at room temperature.
Plates were read on a BMG Labtech CLARIOstar plate reader at
665 nm (Ortenberg, Baden-Wurttemberg, Germany).

Drug Discrimination. Training in the mouse discrimination
procedure was similar to that described previously (Vann et al.,
2009). Briefly, two groups of mice were trained in a drug discrim-
ination procedure. Each mouse was placed in a standard operant
conditioning chamber with two nose-poke apertures. Mice were
trained to respond on one of the two apertures following intraper-
itoneal administration of 5.6 mg/kg THC and to respond on the
other aperture following intraperitoneal vehicle injection according
to a fixed ratio 10 (FR10) schedule of food reinforcement, under
which 10 consecutive responses on the correct (injection-appropriate)
aperture resulted in delivery of a food pellet. Responses on the
incorrect aperture reset the ratio requirement on the correct
aperture. Daily injections were administered on a double alterna-
tion sequence of THC and vehicle (e.g., drug, drug, vehicle, vehicle).
Daily 15-minute training sessions were held Monday–Friday until
the mice consistently met three criteria: 1) The first completed
FR10 was on the correct aperture, 2) $80% of the total responding
occurred on the correct aperture, and 3) response rate was $0.17
responses per second. When the criteria were met, acquisition
of the discrimination was established and substitution testing
began.

Stimulus substitution tests were typically conducted on Tuesdays
and Fridays during 15-minute test sessions, with maintenance of
training continuing on intervening days. During test sessions, 10 con-
secutive responses on either aperture delivered reinforcement. If a
mouse responded on the other aperture prior to completing 10 re-
sponses on a single aperture, the ratio requirement on the original
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aperture was reset. To be tested in the experiment, mice must have
met the previous stated criteria during the prior day’s training
session. In addition, the mouse must have met these same criteria
during the last training session with the alternate training compound
(THC or vehicle). Prior to testing of synthetic cannabinoids, a dose-
effect curve was conducted for the training drug THC. Subsequently,
dose-response curves were conducted for all synthetic cannabinoids.
Mice received each dose in a counterbalanced design, with control
tests for vehicle and the THC training dose being conducted prior to
determination of each synthetic cannabinoid dose-response curve.

Data Analysis. All data were analyzed using GraphPad Prism 6.0
(GraphPad Software, La Jolla, CA). [35S]GTPgS data were expressed
as percentage increase over basal stimulation, whereas cAMP data
were expressed as percentage inhibition of forskolin-stimulated cAMP
production, and bothwere fit to three-parameter nonlinear regression.
pEC50 and Emax values were considered significantly different when
95% confidence intervals (CI) did not overlap. For receptor binding
data, Ki values to displace 1 nM [3H]SR141716 for hCB1 or 1 nM [3H]
CP55,940 for hCB2were calculated using theOne site - Fit Ki equation
in Graphpad Prism.

For each drug discrimination session, the percentage of responses
on the drug-assigned aperture and the response rate (responses per
second) were calculated. Since mice that responded less than 10 times
during a test session did not respond on either aperture a sufficient
number of times to earn a reinforcer, their data were excluded from
analysis of drug aperture selection, but response rate data were
included. Full substitution was defined as $80% responding on the
drug-associated aperture (Vann et al., 2009). ED50 values were
calculated on the linear part of the drug aperture selection dose-
response curve for each drug using least squares linear regression
analysis, followed by calculation of 95% confidence intervals.

Response-rate data were analyzed using separate repeated-
measures analyses of variance (ANOVAs) for each dose-effect curve.
For missing data points (i.e., three animals did not complete testing of
the 0.1 mg/kg dose of MDMB-FUBINACA), mean substitution was
used to maintain an equal number (n) across doses. Significant
ANOVA values were further analyzed with Dunnett’s post-hoc tests
(a5 0.05) to specify differences between doses and vehicle responding.

Results
Receptor Binding. All synthetic cannabinoids tested

completely displaced [3H]SR141716 binding in hCB1-express-
ing HEK293 membranes and [3H]CP55,940 in hCB2-express-
ing HEK293 membranes, demonstrating affinity for both
cannabinoid receptors in the 1–100 nM range (Fig. 2;
Table 1). The prototypical synthetic cannabinoid, CP55,940,
exhibited high affinity for both CB1 and CB2 with similar Ki

values. THC exhibited 5-fold less binding affinity than
CP55,940 for hCB1 and 20-fold less for hCB2 (Fig. 2;
Table 1). MDMB-FUBINACA exhibited marginal (3-fold)
greater affinity for hCB1 than CP55,940, whereas MMB-
FUBINACA exhibited marginal (3-fold) less affinity for
hCB1 than CP55,940 and all the other abused synthetic
cannabinoids tested exhibited 10- to 20-fold lower affinity for
hCB1. MMB- and MDMB-FUBINACA exhibited roughly 13-
and 9-fold greater affinity for hCB2 over hCB1. MDMB-
FUBINACA also had 16-fold greater affinity for hCB1 and
∼200-fold greater affinity for hCB2 comparedwith THC.NNEI

Fig. 2. Displacement of (A) [3H]SR141716 (1 nM) in hCB1-
expressing HEK293 membranes and (B) [3H]CP55,940 (1 nM) in
hCB2-expressing HEK293 membranes by cannabinoid ligands.
Each data point represents the mean and S.E. of at leastN = 3, and
curves were calculated using three-parameter nonlinear regres-
sion with the top constrained to 100 and bottom constrained to 0.
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did not exhibit significantly greater affinity for either receptor,
whereas NNEI’s indazole analog, MN-18, exhibited approxi-
mately 4-fold greater affinity for hCB2 over hCB1. CUMYL-
PICA and 5F-CUMYL-PICA exhibited comparable affinities
for hCB1, but 5F-CUMYL-PICA exhibited slightly greater
affinity than CUMYL-PICA for hCB2.
Agonist-Stimulated [35S]GTPgS Binding in hCB1-

and hCB2-Expressing HEK293 Cell Membranes. All
synthetic cannabinoids tested were agonists at both hCB1

and hCB2 as determined by stimulation of [35S]GTPgS
binding inHEK293 cellmembranes expressing either receptor

(Fig. 3; Table 2). All synthetic cannabinoids had greater
efficacy than THC, with a subset of compounds exhibiting
greater efficacy than CP55,940. CP55,940 was equipotent at
hCB1 and hCB2 receptors. At the hCB1 receptor, CP55,940
was 30-fold more potent than THC and exhibited a 2-fold
greater Emax value, consistent with THC’s classification as a
partial agonist. CP55,940 also exhibited 3-fold greater efficacy
at hCB2 compared with THC; however, both cannabinoids
were equipotent at this receptor.MDMB-FUBINACA,MN-18,
and CUMYL-PICA all exhibited greater efficacies at hCB1

than CP55,940 and THC. MMB- and MDMB-FUBINACA

TABLE 1
hCB1 and hCB2 receptor affinities for synthetic cannabinoids

hCB1
a hCB2

b

pKi 95% CI Ki 95% CI pKi 95% CI Ki 95% CI CB1/CB2

nM nM
CP55940 8.514 8.381–8.648 3.06 2.25–4.16 8.935 8.887–8.983 1.161 1.041–1.296 2.6
SR141716 9.042 8.987–9.097 0.9083 0.8–1.031 ND ND ND ND ND
THC 7.791 7.716–7.867 16.17 13.59–19.24 7.629 7.573–7.685 23.51 20.65–26.76 0.7
MMB FUBINACA 7.998 7.855–8.142 10.04 7.219–13.96 9.104 9.036–9.172 0.786 0.6722–0.9195 12.8
MDMB FUBINACA 8.943 8.825–9.062 1.14 0.8676–1.497 9.911 9.797–10.02 0.1228 0.09461–0.1595 9.3
MN18 7.34 7.187–7.493 45.72 32.13–65.05 7.955 7.987–7.924 11.09 10.31–11.92 4.1
NNEI 7.221 7.088–7.354 60.09 44.23–81.64 7.344 7.286–7.402 45.29 39.62–51.77 1.3
CUMYL-PICA 7.228 7.117–7.338 59.21 45.92–76.33 6.866 6.747–6.984 136.3 103.8–178.9 0.4
5F CUMYL-PICA 7.304 7.198–7.41 49.66 38.92–63.37 7.100 7.001–7.200 79.34 63.16–99.67 0.6

aDetermined by displacement of [3H]SR141716 (1 nM).
bDetermined by displacement of [3H]CP55,940 (1 nM).

Fig. 3. Stimulation of [35S]GTPgS binding by cannabinoids
in HEK293 cell membranes expressing either (A) hCB1 or (B)
hCB2 receptors. Each data point represents the mean and
S.E. of at least N = 3 and curves calculated using three
parameter nonlinear regressionwith bottom constrained to 0.
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exhibited equipotency with CP55,940; however, the other
synthetic cannabinoids were all less potent than CP55,940,
and equally potent as THC, at hCB1. In hCB2-expressing
membranes, MN-18, NNEI, CUMYL-PICA, and 5F-CUMYL-
PICA were less potent than CP55,940, whereas only CUMYL-
PICA and 5F-CUMYL-PICA were less potent than THC. All
synthetic cannabinoids were more efficacious than THC at
hCB2; however, MMB-FUBINACA, MN-18, and NNEI were
less efficacious than CP55,940.
Inhibition of Forskolin-Stimulated cAMP Produc-

tion in hCB1-Expressing CHO Cells. In CHO cells
expressing the hCB1 receptor, all cannabinoids served as
agonists inhibiting forskolin-stimulated cAMP production
(Fig. 4; Table 3). No differences in potency were observed for
any cannabinoid ligands except for MN-18, which was 7-fold
less potent than MMB-FUBINACA. Additionally, all syn-
thetic cannabinoids exhibited comparable efficacy, whereas
THC exhibited approximately 4-fold less efficacy, consistent
with partial agonism.
Drug Discrimination. In mice trained to discriminate

THC (5.6 mg/kg) from vehicle, THC substituted for itself with
an ED50 value of 2.2 mg/kg (CL: 1.6–2.9 mg/kg). All of the

synthetic cannabinoids fully and dose dependently substituted
for THC with significantly greater potency (Fig. 5A; Table 4).
MDMB-FUBINACA, MMB-FUBINACA, 5F-CUMYL-PICA,
and CUMYL-PICA exhibited comparatively high potency, with
ED50 values in the 0.02–0.06mg/kg range. Although slightly less
potent, MN-18 and NNEI exhibited potencies in 0.5–0.7 mg/kg
range. A significant positive correlation was found for hCB1

receptor affinity (Ki) and ED50 values in drug discrimination
[r(12) 5 0.7881, P , 0.05].
Alterations in response rates, when they occurred, were

primarily increases (Fig. 5B). THC significantly increased
response rates [F(5,35) 5 2.58, P , 0.05] at the 3 mg/kg dose.
NNEI [F(4,24) 5 9.797, P , 0.0001], MN-18 [F(3,18) 5 3.229,
P , 0.05], and MMB-FUBINACA [F(3,21) 5 6.654, P , 0.01]
also significantly increased response rates at one or more
doses. In contrast, CUMYL-PICA and 5F-CUMYL-PICA did
not significantly affect response rates compared with vehicle.
MDMB-FUBINACA exhibited a biphasic effect on response
rates [F(4,28)5 27.80, P, 0.0001], with a significant increase
in rate at 0.01 mg/kg compared with vehicle, and complete
suppression of responding for all animals tested (n 5 5) at
0.1 mg/kg.

TABLE 2
Potency and efficacy of synthetic cannabinoids in agonist-stimulated [35S]GTPgS in HEK293 cell
membranes

Compound pEC50 pEC50 EC50 EC50 95% CI Emax Emax

95% CI nM nM 95% CI

hCB1

CP55,940 9.754 9.58–9.928 0.1762 0.118–0.2631 59.79 55.95–63.63
THC 8.261 7.917–8.605 5.479 2.482–12.09 31.79 27.36–36.22
MMB-FUBINACA 9.265 9.024–9.506 0.5433 0.3118–0.9467 69.42 62.65–76.19
MDMB-FUBINACA 9.574 9.319–9.829 0.2668 0.1482–0.48 74.77 67.68–81.86
MN18 8.693 8.421–8.965 2.028 1.085–3.79 76.59 68.91–84.28
NNEI 8.023 7.684–8.362 9.481 4.343–20.7 69.00 58.70–79.30
CUMYL-PICA 7.921 7.677–8.166 11.98 6.82–21.06 75.57 67.25–83.89
5F CUMYL-PICA 8.234 7.874–8.595 5.834 2.544–13.38 70.37 59.99–80.76
hCB2

CP55,940 9.842 9.571–10.11 0.144 0.07713–0.2688 36.77 32.99–40.56
THC 9.75 8.823–10.68 0.1777 0.02098–1.504 12.6 8.284–16.91
MMB-FUBINACA 9.893 9.448–10.34 0.1278 0.04584–0.3566 24.48 21.01–27.94
MDMB-FUBINACA 9.851 9.502–10.2 0.1411 0.0632–0.3149 35.71 31.61–39.80
MN18 8.909 8.499–9.319 1.233 0.48–3.169 24.02 20.40–27.64
NNEI 8.996 8.613–9.379 1.008 0.4175–2.435 20.85 17.95–23.76
CUMYL-PICA 7.791 7.501–8.08 16.2 8.315–31.56 29.36 25.47–33.25
5F CUMYL-PICA 7.854 7.557–8.151 14 7.071–27.73 32.84 28.41–37.27

Fig. 4. Inhibition of forskolin-stimulated cAMP production by
cannabinoids in hCB1-expressing CHO cells. Each data point
represents the mean and S.E. of at least N = 3 calculated as
percentage inhibition of forskolin-stimulated cAMP production (TR-
FRET 665 nm signal) and curves calculated using three-parameter
nonlinear regression with bottom constrained to 0.
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Discussion
All of the synthetic cannabinoids tested exhibited high

binding affinity for both the hCB1 and hCB2 receptors.
CP55,940, a prototypical synthetic cannabinoid, bound to
hCB1 and hCB2, with Ki values revealing a slightly greater
affinity for CB2 over CB1, similar to previous reports (Felder
et al., 1995; Showalter et al., 1996; Griffin et al., 2000; Mauler
et al., 2002; Thomas et al., 2017). THC exhibited slightly less
binding affinity than CP55,940, which is similar to previously
reported affinity values in the 10 nM range at the hCB1

receptor (Iwamura et al., 2001; Mauler et al., 2002; De Vry
et al., 2004). MDMB-FUBINACA, an analog of MMB-
FUBINACA (a.k.a. AMB-FUBINACA, FUB-AMB) that con-
tains a methyl group on the three position of the lysine
substituent, exhibited a 10-fold greater affinity for the hCB1

receptor comparedwithMMB-FUBINACA.MMB-FUBINACA
was recently implicated in multiple deaths and other serious
health problems (Adams et al., 2017; Wall and King, 2017).

Whereas the mechanism involved in MMB-FUBINACA’s
toxicity is not yet known, MDMB-FUBINACA’s enhanced
affinity for the hCB1 receptor is concerning because seizure
activity in mice for the synthetic cannabinoids JWH-018
(Malyshevskaya et al., 2017) and AM2201 (Funada and
Takebayashi-Ohsawa, 2018) was shown to be CB1-mediated.
Although NNEI’s Ki value at hCB1 was consistent with past

research, the present study found a greater affinity by NNEI
for hCB2 than was previously reported (compound 18 in
Blaazer et al., 2011). Both the current study and past study
used [3H]CP55,940 as a probe, and the human CB2 receptor,
whereas different expression systems were used in each study
[HEK293 cells used in present study, CHO cells used in past
study (Blaazer et al., 2011)]. Whereas CUMYL-PICA and 5F-
CUMYL-PICA had similar affinity for hCB1, 5F-CUMYL-
PICA, which contains a fluorine on the pentyl chain, had
slightly greater affinity for hCB2. Interestingly, MN-18 and
NNEI also had comparable affinities for hCB1, but MN-18,

TABLE 3
Potency and efficacy of synthetic cannabinoids to inhibit forskolin-stimulated cAMP production in hCB1
CHO cells

Compound pEC50 pEC50 95% CI EC50 (nM) EC50 (nM) 95% CI Emax Emax 95% CI

CP55,940 8.674 8.435–8.912 2.121 1.225–3.671 250.9 228.8–273.0
THC 8.535 7.959–9.111 2.917 0.7744–10.99 64.23 52.49–75.98
MMB FUBINACA 9.199 8.697–9.701 0.6322 0.1989–2.01 215.8 181.6–249.9
MDMB FUBINACA 9.183 8.718–9.647 0.6569 0.2255–1.913 216.2 181.3–251.1
MN18 8.332 8.016–8.647 4.659 2.253–9.636 216.2 193.6–238.9
NNEI 8.928 8.673–9.183 1.179 0.6557–2.121 236.6 217.4–255.7
CUMYL-PICA 8.877 8.604–9.15 1.327 0.7076–2.489 234.4 214.1–254.8
5F-CUMYL-PICA 8.623 8.331–8.914 2.384 1.219–4.664 227.3 204.8–249.8

Fig. 5. Effects of synthetic cannabinoids in (A) substitution tests
in mice trained to discriminate THC (5.6 mg/kg) from vehicle and
(B) corresponding response rates. Points above vehicle and THC
show data for tests of vehicle and 5.6 mg/kg THC, respectively,
conducted before each dose-effect determination. N = 7–8 per
group. Symbols depicting significant differences from vehicle
response rate for each test compound are as follows: THC,
*P , 0.05; NNEI, †P , 0.05; †††P , 0.001; MN-18, #P , 0.05;
MMB-FUBINACA, $$P , 0.01; MDMB-FUBINACA, ^^P , 0.01;
^^^^P , 0.0001; CUMYL-PICA, ‡‡P , 0.01.
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which contains an indazole substitution, had a half-log greater
affinity for hCB2 than NNEI.
All synthetic cannabinoids tested exhibited greater efficacy

than THC, and MDMB-FUBINACA, MN-18, and CUMYL-
PICA exhibited greater efficacy than CP55,940. We observed
roughly similar potencies for MDMB-FUBINACA at both
hCB1 and hCB2 in [35S]GTPgS binding, though a previous
study reported greater potency at hCB1 versus hCB2 in an
assay of membrane potential (Banister et al., 2016). Differ-
ences in receptor expression between cell lines and the
signaling pathways assayed could explain apparent differ-
ences in potency observed at the cannabinoid receptors in
between studies. In the present study, there were similar
potencies for MDMB- and MMB-FUBINACA in [35S]GTPgS
and cAMP assays, consistent with a previous report (MMB- is
AMB- in Banister et al., 2016). MMB- and MDMB-
FUBINACA were the only synthetics with greater potency
than THC at hCB1 in [35S]GTPgS binding, which is consistent
with their significantly greater affinity for hCB1 relative to the
other compounds.
CUMYL-PICA and 5F-CUMYL-PICA had similar potency

at hCB1 in [35S]GTPgS binding, and were recently reported to
be equipotent at hCB1 receptors in a FLIPR assay of
membrane potential (Longworth et al., 2017). Fewer differ-
ences overall were observed for compounds in cAMP, though
all of the compounds exhibited greater efficacy than THC. The
observed greater efficacy of the synthetic cannabinoids com-
pared with THC suggests these compounds could produce
stronger effects than cannabis in humans, which has already
been reported for other synthetic cannabinoids (Gunderson
et al., 2012). Although we observed greater efficacy for the
synthetic cannabinoids compared with THC, few differences
in efficacy were observed between the synthetic cannabinoids.
Since these pharmacological parameters are being measured
in artificial test systems in which the cannabinoid receptors
are highly expressed, distinction between affinity-dominant
and efficacy-dominant agonism is not possible (Kenakin,
2009). Future studies could examine dependency of ligand
efficacy on receptor number via pharmacological knockdown
of CB1 receptors with the recently characterized irreversible
CB1 antagonist AM6544 (Finlay et al., 2017).
To examine the THC-like effects of synthetic cannabinoids

in vivo, the drug discrimination assay was employed. Drug
discrimination provides a high degree of pharmacological
specificity (Balster and Prescott, 1992; Barrett et al., 1995;
Wiley et al., 1995a) for the stimulus properties of drugs, which
highly correlate with their subjective psychoactive effects in
humans. Other abused synthetic cannabinoids substituted for
THC in drug discrimination procedures in past studies (Wiley
et al., 2013, 2014, 2015; Gatch and Forster, 2014; Marusich

et al., 2017). Furthermore, synthetic cannabinoid users report
effects similar to those of cannabis (Gunderson et al., 2012).
All of the synthetic cannabinoids fully substituted for THC,
demonstrating that these compounds are brain penetrant and
probably produce psychoactive effects similar to those of
cannabis. Additionally, ED50 values from substitution tests
positively correlated with CB1 receptor affinities, consistent
with CB1 mediation (Wiley et al., 1995b; Mansbach et al.,
1996; Perio et al., 1996) and other studies demonstrating
correlation of rank-order potency in drug discrimination with
CB1 receptor affinity (Wiley, 1999; Marusich et al., 2017).
In substitution tests, MDMB-FUBINACA was the most

potent cannabinoid tested, which is consistent with previously
reported observations of its high potency in other in vivo
assays (Banister et al., 2016) and its high affinity for the CB1

receptor. NNEI and MN-18 were less potent in vivo than the
other synthetic cannabinoids tested. Whereas MN-18 was
more potent than NNEI at hCB1 in [35S]GTPgS binding, it
appeared less potent than NNEI in drug discrimination
(Table 4). MN-18 has a shorter half-life than NNEI in vitro,
and is eliminated at a faster rate than NNEI in vivo (Kevin
et al., 2018), which may account for apparent differences in
potency between our in vivo and in vitro studies. Additionally,
NNEI has twice as many metabolic products as MN-18, which
could also contribute to apparent differences between in vitro
and in vivo potencies. Metabolites of JWH-018, JWH-073, and
AM2201 (Brents et al., 2011, 2012; Chimalakonda et al., 2012;
Fantegrossi et al., 2014), and thermolytic degradants of JWH-
018, XLR-11, UR-144, and A-834735 (Thomas et al., 2017)
retain activity at CB1 receptors; therefore, it is possible that
metabolites of NNEImay aswell.We did not demonstrate CB1

mediation of these effects, but previous studies have shown
that the selective CB1 antagonist rimonabant (SR141716)
blocks the discriminative stimulus of the structurally related
synthetic cannabinoid JWH-018 (Wiley et al., 2014, 2016)
Interestingly, all the synthetic cannabinoids, except 5F-

CUMYL-PICA, increased response rates. MDMB-FUBINACA
exhibited biphasic effects on response rates, increasing rates at
lower doses and completely suppressing response rates at
0.1 mg/kg, a half-log dose greater than that which produced full
substitution for THC. As did MDMB-FUBINACA, the synthetic
cannabinoids JWH-018 (Thomas et al., 2017), JWH-073 (Gatch
and Forster, 2014), and JWH-205 (Vann et al., 2009) previously
produced biphasic effects on response rates in the drug discrim-
ination procedure. AKB-28 (5 mg/kg; a.k.a. APINACA) was
reported to increase response rates over a time-course assess-
ment from 15 minutes to 2 hours (Gatch and Forster, 2015), and
AM678 (a.k.a. JWH-018) increased response rates in THC drug
discrimination in rats (Järbe et al., 2010). A thermolytic
degradant of the synthetic cannabinoid XLR-11 also increased
response rates at a dose that fully substituted for THC (Thomas
et al., 2017). Increased response rates have also been observed in
rhesus monkeys trained to discriminate THC, following treat-
ment with the synthetic cannabinoid arachidonylcyclopropyla-
mide (McMahon, 2009). Although increases in response rates
were observed for most synthetic cannabinoids in the present
study, doses beyond those that fully substituted for THC were
not tested. It is probable that, had thesehigher doses been tested,
reductions in response rates would have been observed.
In summary, novel synthetic cannabinoids continue to

retain high affinity and efficacy at cannabinoid receptors
and produce discriminative stimulus effects similar to those

TABLE 4
Drug discrimination

Compound ED50 (mg/kg) 95% CI

THC 2.2 1.6–2.9
MMB-FUBINACA 0.04 0.03–0.05
MDMB-FUBINACA 0.02 0.01–0.04
MN-18 0.75 0.66–0.86
NNEI 0.55 0.40–0.77
CUMYL-PICA 0.05 0.04–0.06
5F CUMYL-PICA 0.05 0.04–0.07
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of THC. Notably, MDMB-FUBINACA, a methylated analog of
MMB-FUBINACA, resulted in a 10-fold greater affinity for
the hCB1 receptor and nonsignificant trends to double the
potency in both [35S]GTPgS binding (Table 2) and drug
discrimination (Table 4). Thus, structural changes being
introduced by clandestine chemists, whether intentional or
not, can result in significant changes to the pharmacological
properties of these compounds. All of the synthetic cannabi-
noids had greater efficacy at CB1 than THC in both [35S]
GTPgS and cAMP signaling assays. The comparable efficacies
of the synthetic cannabinoids suggest they may be full
agonists at CB1 and could produce markedly stronger effects
than those of cannabis; however, studies examining their
dependency on receptor number are needed to establish this.
It is important to continue characterizing the pharmacology of
these compounds at cannabinoid receptors, especially consid-
ering recent data suggesting a CB1 mechanism in JWH-018
and AM2201 seizure activity (Malyshevskaya et al., 2017;
Funada and Takebayashi-Ohsawa, 2018); however, there is a
dearth of information regarding the toxicological effects of
these compounds and their degradants. Considering the
number of deaths and adverse health events that have been
attributed to synthetic cannabinoid use (Trecki et al., 2015),
synthetic cannabinoid toxicity is a major concern. Further
studies examining the pharmacological and toxicological
properties of these compounds as well as their metabolic and
thermolytic degradants are needed.
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