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pentylindole analogs to induce cannabinoid-like effects in mice
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Synthetic cannabinoid receptor agonists (SCRAs) are an evolving class of new psychoactive substances found on recreational drug
markets worldwide. The indole-containing compound, 5F-MDMB-PICA, is a popular SCRA associated with serious medical
consequences, including overdose and hospitalizations. In vitro studies reveal that 5F-MDMB-PICA is a potent agonist at
cannabinoid type 1 receptors (CB1), but little information exists regarding in vivo pharmacology of the drug. To this end, we
examined the in vitro and in vivo cannabinoid-like effects produced by 5F-MDMB-PICA and related 5F-pentylindole analogs with
differing composition of the head group moiety (i.e., 5F-NNEI, 5F-SDB-006, 5F-CUMYL-PICA, 5F-MMB-PICA). In mouse brain
membranes, 5F-MDMB-PICA and its analogs inhibited binding to [3H]rimonabant-labeled CB1 and displayed agonist actions in [35S]
GTPγS functional assays. 5F-MDMB-PICA exhibited the highest CB1 affinity (Ki = 1.24 nM) and functional potency (EC50= 1.46 nM),
but head group composition markedly influenced activity in both assays. For example, the 3,3-dimethylbutanoate (5F-MDMB-PICA)
and cumyl (5F-CUMYL-PICA) head groups engendered high CB1 affinity and potency, whereas a benzyl (5F-SDB-006) head group
did not. In C57BL/6J mice, all 5F-pentylindole SCRAs produced dose- and time-dependent hypothermia, catalepsy, and analgesia
that were reversed by rimonabant, indicating CB1 involvement. In vitro Ki and EC50 values were positively correlated with in vivo
ED50 potency estimates. Our findings demonstrate that 5F-MDMB-PICA is a potent SCRA, and subtle alterations to head group
composition can have profound influence on pharmacological effects at CB1. Importantly, measures of CB1 binding and efficacy in
mouse brain tissue seem to accurately predict in vivo drug potency in this species.
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INTRODUCTION
New psychoactive substances (NPS) are synthetic compounds
specifically engineered to reproduce the pharmacological effects
of traditional drugs of abuse while bypassing current drug control
laws [1, 2]. NPS represent a diverse collection of compounds
encompassing various drug classes, the total number of which has
been steadily increasing over the last 10 years [3]. Synthetic
cannabinoid receptor agonists (SCRAs) are a class of NPS designed
to mimic the effects of 6,6,9-trimethyl-3-pentyl-6a,7,8,10a-tetra-
hydrobenzo[c]chromen-1-ol (THC), the main psychoactive com-
pound in cannabis. It is well established that THC produces its
psychoactive effects via low efficacy agonist actions at
cannabinoid-1 receptors (CB1) in the central nervous system
[4–6]. SCRAs are one of the fastest growing classes of NPS and
display substantial chemical diversity [5, 7, 8]. In contrast to
cannabis use, SCRA use is associated with hospitalizations,
overdose, and sometimes death [9]. The enhanced risks posed
by use of SCRAs could be due to their greater potency and efficacy
at CB1, non-cannabinoid (i.e., off-target) effects, biased signaling at
CB1, or unique metabolism [4, 7, 8, 10–14]. Because SCRAs are
associated with serious public health risks, and the diversity of
substances is constantly evolving, there is a need for rapid
examination of SCRA pharmacology as new substances appear on
recreational drug markets.

Over the past few years, methyl (2 S)-2-[[1-(5-fluoropentyl)indole-
3-carbonyl]amino]-3,3-dimethylbutanoate (5F-MDMB-PICA) has
emerged as one of the most popular SCRAs worldwide [15–21].
5F-MDMB-PICA is a 5F-pentylindole SCRA and close structural
analog of the first generation cannabinoid compound, [1-(5-
fluoropentyl)indol-3-yl]-naphthalen-1-ylmethanone (AM-2201), with
modification to the linker and head group moieties (see Fig. 1) [7].
The in vitro pharmacology of 5F-MDMB-PICA was first reported in
2016 [22], it was subsequently confiscated in Europe during 2017
[23], and from 2018 – 2020 it was the most commonly detected
SCRA in law enforcement drug seizures and human forensic
casework in the United States of America (USA) [17–21, 24]. 5F-
MDMB-PICA is commonly found in ‘legal high’ products such as
herbal smoking mixtures [15, 23], vape liquids, or infused paper
products for smuggling into prisons [25, 26], and has been
associated with serious intoxications, overdose, and even death in
some cases [27, 28]. Due to its propensity for adverse effects, 5F-
MDMB-PICA was placed into emergency Schedule I control by the
USA Drug Enforcement Administration in 2019 [29]. Despite the
popularity of 5F-MDMB-PICA, only limited information is available
about its pharmacology and toxicology, especially in vivo. Krotulski
et al. recently demonstrated that 5F-MDMB-PICA displays low nM
affinity for CB1 in rat brain membranes [30], but scant information is
available regarding efficacy of the compound in native tissue
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preparations. Several published studies demonstrate that 5F-
MDMB-PICA is a potent agonist in cells transfected with CB1, but
reported potency values vary [22, 31–33]. For example, in four
different in vitro systems, 5F-MDMB-PICA displayed EC50 values of
0.45 [22], 0.70 [32], 3.26 [31], and 27.60 [33] nM at CB1 receptors.
The differences in drug potency across studies are likely related to
the different cell-based assay platforms and specific reference
ligands (e.g., CP-55,940 versus JWH-018) employed. In the case of
5F-MDMB-PICA, it is not known whether data from transfected cells
reflect in vivo potency in humans or animal models, as is the case
for other cannabinoids [34–37].
The present experiments were designed to examine the in vitro

and in vivo cannabinoid-like effects produced by 5F-MDMB-PICA in
mice. In addition, we wished to compare the effects of 5F-MDMB-PICA
to a series of structurally related 5F-pentylindoles which differed only
in their “head group” composition (see Fig. 1 for chemical structures).
Specifically, we investigated the cannabinoid-like effects produced by
5F-MDMB-PICA, methyl (2 S)-2-[[1-(5-fluoropentyl)indole-3-carbonyl]
amino]-3-methylbutanoate (5F-MMB-PICA), 1-(5-fluoropentyl)-N-(2-
phenylpropan-2-yl)indole-3-carboxamide (5F-CUMYL-PICA), N-benzyl-
1-(5-fluoropentyl)indole-3-carboxamide (5F-SDB-006), 1-(5-fluoropen-
tyl)-N-naphthalen-1-ylindole-3-carboxamide (5F-NNEI), and AM-2201.
First, 5F-MDMB-PICA and its analogs were tested for their ability to
inhibit binding to CB1 labeled with [3H]SR141716A ([3H]rimonabant)
and to induce agonist actions in [35S]GTPγS functional assays in
mouse brain membranes. Next, the 5F-pentyindole SCRAs were
tested in vivo for their ability to induce hypothermia, catalepsy, and
analgesia (i.e., triad test procedure) after subcutaneous (s.c.) admin-
istration in mice. Subsequent experiments were conducted to verify
the role of CB1 in mediating in vivo cannabinoid-like effects in mice
pretreated with the CB1 antagonist, rimonabant [38, 39], prior to
administration of 5F-pentylindole SCRAs. Lastly, we determined
correlative relationships among Ki affinity values, EC50 potency values,
and ED50 potencies from triad test procedures in mice, to assess the
utility of in vitro data in predicting in vivo effects for this series of
SCRAs. Our findings demonstrate that 5F-MDMB-PICA is a potent
SCRA, and head group composition of 5F-pentylindole analogs can
markedly affect pharmacological effects.

MATERIALS AND METHODS
Drugs & reagents
[3H]Rimonabant (42 Ci/mmole) and [35S]GTPγS (1250 Ci/mmol) were
purchased from PerkinElmer (Waltham, MA, USA). Rimonabant, AM-2201,
5F-MDMB-PICA (also known as 5F-MDMB-2201), 5F-MMB-PICA (also known
as 5F-AMB-PICA), 5F-CUMYL-PICA (also known as SGT-67), 5F-SDB-006, 5F-
NNEI (also known as 5F-MN-24), and CP-55,940 were purchased from
Cayman Chemical Company (Ann Arbor, MI, USA). THC was provided by

the pharmacy at the Intramural Research Program (IRP) of the National
Institute on Drug Abuse (NIDA) (Baltimore, MD, USA). Other chemicals and
reagents were obtained from MilliporeSigma (St. Louis, MO, USA).

Animals & housing
C57BL/6J male mice (20–30 g) were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA) at 7–8 weeks of age. Mice were group-
housed prior to experiments in a standard 12-h light-dark cycle (lights on
at 0700 h and lights off at 1900 h) with ad libitum access to water and food.
The vivarium facilities at the NIDA IRP in Baltimore, MD, USA, are fully
accredited by the Association for the Assessment and Accreditation of
Laboratory Animal Care. All procedures were approved by the Animal Care
and Use Committee of the NIDA IRP.

[3H]Rimonabant binding assay in mouse brain
Binding of [3H]rimonabant to mouse brain membranes was performed as
previously described with minor modifications [40]. The [3H]rimonabant
binding assays used a pooled membrane preparation from fourteen mouse
brains. To create the membrane pool, each mouse brain (C57BL/6J strain,
BIOIVT, Hicksville, NY, USA) was homogenized by 6 strokes of a motor-
driven Teflon/glass homogenizer (Caframo type RZR1, Wiarton, Ontario,
Canada) on setting 7, in 10mL 100mM Tris buffer (pH 9), containing 1mM
EDTA at 4 °C. The homogenates were centrifuged at 900 × g for 10 min at 4
°C, and the pellets were discarded. Supernatants were combined and
aliquoted into fresh centrifuge tubes so that each tube contained the
equivalent volume of material from two mouse brains. The aliquots were
centrifuged at 11,500 × g for 25min at 4 °C, the supernatants were
discarded by aspiration, and the pellets were stored at −80 °C.
[3H]Rimonabant binding assays were performed in 12 × 75mm glass test

tubes using 50mM Tris buffer (pH 7.4 at 30 °C), containing 1 mM EDTA and
3mM MgCl2. One pellet was thawed, suspended uniformly in 1mL buffer
by repeated pipetting, and diluted to 20mL with buffer. This preparation
provided sufficient material for triplicate inhibition curves for each of the
test compounds. Binding assays were initiated by the addition of 100 µL of
tissue suspension (40 µg membrane protein) to each test tube that
contained 400 µL of buffer with 1mg/mL fatty acid free bovine serum
albumin, test drug dissolved in DMSO (5 µL), and [3H]rimonabant in DMSO
(10 µL) at a final concentration of 0.25 nM. After 30min at 30 °C,
radiolabeled membranes were retained on GF/B glass fiber filters (Brandel,
Gaithersburg, MD, USA) by rapid vacuum filtration using a cell harvester
(Brandel). Filters were rinsed with 6mL ice cold wash solution (0.9% NaCl
containing 2 mg/mL fatty acid free bovine serum albumin), and retained
radioactivity was quantitated using a MicroBeta2 liquid scintillation
counter (PerkinElmer) at 40% efficiency. Binding of [3H]rimonabant was
proportional to the amount of membrane protein and was saturable with
respect to time (5 min) and the amount of [3H]rimonabant added (Kd=
0.28 ± 0.01 nM, Bmax= 1.9 ± 0.3 pmol/mg protein).

[35S]GTPƔS functional assay in mouse brain
The binding of [35S]GTPƔS to mouse brain membranes was performed as
described by De Luca, et al. [41] with minor modifications. Fresh whole

Fig. 1 Chemical structures of 5F-pentylindole synthetic cannabinoids showing linker and head group variations, as compared to the parent
compound AM-2201.
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mouse brains (C57BL/6J strain, BIOIVT) were homogenized by 6 strokes of a
motor-driven Teflon/glass homogenizer (Caframo type RZR1, Wiarton,
Ontario, Canada) on setting 7, in 20 volumes of ice cold 50mM Tris buffer
(pH 7.0), containing 3mM MgCl2 and 1mM EDTA. Homogenates were
centrifuged at 45,000 × g for 10min at 4 °C, the supernatants were discarded,
and pellets were resuspended by vortexing in 2mL of the Tris/MgCl2/EDTA
buffer. Membrane suspensions were centrifuged as previously described, the
supernatants were discarded, and pellets were resuspended by vortexing in
ice cold 50mM Tris (pH 7.4) containing 3mM MgCl2, 0.2mM EGTA, and 100
mM NaCl (assay buffer). Aliquots from this suspension were stored at −80 °C
until the day of use. Each mouse brain provided membranes sufficient for
400 determinations.
[35S]GTPƔS binding assays were performed in 12 × 75mm polystyrene

test tubes. Each tube contained 1mL assay buffer with adenosine
deaminase (20 mU), fatty acid-free bovine serum albumin (1 mg/mL),
GDP (30 µM), 0.05 nM [35S]GTPƔS, test drugs, and mouse brain membranes.
Assays were initiated by the addition of [35S]GTPƔS and were terminated
after 60min at 30 °C by rapid vacuum filtration using a Brandel tissue
harvester (Brandel) loaded with GF/B filters (Brandel) that had been pre-
soaked in wash buffer (ice cold 50mM Tris pH 7.0) for 20min. Filters were
rinsed twice with 1mL cold wash buffer, immediately placed in 24-well
plates (Perkin Elmer), and soaked overnight in 450 µL Cytoscint (MP
Biomedicals, Santa Ana, USA). Radioactivity was quantitated at 95%
efficiency by a Microbeta2 liquid scintillation counter (Perkin Elmer). Non-
specific activity was determined in the presence of 10 µM GTPƔS. Effects of
test drugs on [35S]GTPƔS binding were expressed as % of binding in the
absence of any added drug.

Transponder implants & triad test in mice
One week prior to the start of behavioral testing, s.c. temperature transponders
(14 × 2mm, model IPTT-300, Bio Medic Data Systems, Inc. Seaford, Delaware,
USA) were surgically implanted into male mice under brief isoflurane
anesthesia. Mice were single-housed post-operatively and allowed one week
for recovery. On the day of an experiment, mice were brought from the
vivarium to the testing room in their home cages and given 60min for
acclimation. In dose-response studies, mice received s.c. injections of a SCRA
(0.001–30mg/kg) or its vehicle and were subjected to a triad test procedure at
30min intervals for 2 h. All SCRAs for in vivo studies were administered at a
volume of 0.01mL/g mouse body weight and dissolved in vehicle consisting of
a 1:1:18 (v:v:v) ratio of DMSO, Tween 80, and saline, respectively. In antagonist
reversal studies, mice received s.c. injections of either rimonabant (0.01–0.1
mg/kg) or vehicle (1:9 DMSO and saline) 30min prior to administration of
SCRAs and the triad test procedure at 30min intervals for 2 h. We used a
within-subjects design for the study, whereby cohorts of 15 mice were used to
test dose-response and rimonabant pretreatment effects for each SCRA (90
total mice). Briefly, mice were tested once weekly for up to 6 weeks, and doses
were randomized across test sessions.
The triad test procedure is an abbreviated version of the well-established

tetrad test procedure [6, 39], which is routinely used to study the
pharmacological effects of cannabinoids in rodents. The tetrad test measures
locomotor activity, body temperature, catalepsy-like behavior, and analgesia.
The triad test described here utilizes all measures of the tetrad test except
assessment of locomotor activity. Elimination of locomotor testing allows for
the repeated measurement of temperature, catalepsy, and analgesia in the
same subject during a 2-h test session. Body temperature was measured
non-invasively using a handheld reader that receives signals emitted from
the surgically implanted temperature transponders. Catalepsy-like behavior
was assessed next using the catalepsy bar test, similar to the method
described in Metna-Laurent, et al. [39] with a 60 s cutoff time for maximum
response. Briefly, the forelimbs of the mouse were placed onto the catalepsy
bar and the latency to release the bar was recorded. Analgesia was measured
last, as previously described in Metna-Laurent, et al. [39], using the hotplate
test (IITC Life Sciences, Woodland Hills, CA, USA). Mice were placed onto a hot
plate set at 52 °C and the latency to respond to the heat stimulus was
recorded. Mice were immediately removed from the plate once they
responded by jumping, flinching, or paw licking, and were returned to their
home cages. A 45 s maximum cutoff time was used to prevent tissue
damage. All 3 components of the triad were assessed in sequence every 30
min for 2 h post drug administration.
The raw temperature data for each mouse were transformed to

temperature change from baseline in °C (i.e., temperature Δ) at each time
point, to account for differences in baseline body temperature between
mice. For the temperature dose-response and rimonabant analyses, mean
temperature Δ across the 2-h session was calculated for each mouse. The

raw catalepsy and hot plate data for each mouse were transformed to
percent maximum possible effect (% MPE) at each time point, to normalize
the differences in baseline responsiveness between mice: (experimental
measure—baseline measure) / (maximum possible response—baseline
measure) x 100. The maximum possible response for catalepsy latency was
60 s, whereas maximum possible response for hot plate latency was 45 s.
For the catalepsy and analgesia dose-response and rimonabant results,
mean %MPE across the 2-h session was calculated for each mouse.

Data analysis & statistics
All statistical analyses were performed using GraphPad Prism software (Prism
Version 9, La Jolla, CA, USA). The effects of SCRAs on [3H]rimonabant and [35S]
GTPγS binding were analyzed by non-linear regression. Data for these
experiments were fit to the equation, Y(x)=Ymin+ (Ymax – Ymin) / (1+
10exp[(logP50 – logx)] × n), where x = concentration of compound tested, Y
(x) = response measured, Ymax = maximal response, P50= either IC50 or
EC50, and n = the Hill slope parameter. Ki was determined using the method
of Cheng and Prusoff [42]. The time-course of drug effects on temperature Δ,
catalepsy %MPE, and analgesia %MPE are shown for reference. The effect of
drug dose on mean temperature Δ, catalepsy %MPE, and analgesia %MPE
over the 2-h session was evaluated using the Kruskal-Wallis test, followed by
Dunn’s post hoc test to determine differences with respect to vehicle control.
The effect of rimonabant pretreatment was evaluated using the Kruskal-
Wallis test, followed by Dunn’s post hoc test to determine differences with
respect the vehicle/vehicle control group. ED50 values for mean cannabinoid-
like effects over the 2-h session were determined using non-linear regression
analyses. Relationships among Ki, EC50, and ED50 values were analyzed by
Spearman’s correlation analysis. p < 0.05 was used as the minimum criterion
for statistical significance in all cases.

RESULTS
5F-MDMB-PICA and its analogs are CB1 agonists in vitro
Figure 2A depicts the effects of 5F-MDMB-PICA and its analogs on
the binding of [3H]rimonabant to CB1 in mouse brain membranes.
All of the SCRAs were fully efficacious inhibitors of [3H]rimonabant
binding. 5F-MDMB-PICA displayed the highest affinity for CB1 (Ki =
1.24 nM), but there was a wide range of affinity values (Ki range of
1.24 to 263.3 nM) which are summarized in Table 1. The rank order
of binding affinity at CB1 was 5F-MDMB-PICA > AM-2201 ≈ 5F-
CUMYL-PICA > 5F-NNEI ≈ 5F-MMB-PICA > 5F-SDB-006. It should be
noted that the naturally occurring phytocannabinoid, THC, displayed
a Ki = 43.31 nM in the binding assay, demonstrating that 5F-MDMB-
PICA has ~35-fold higher affinity for mouse CB1 when compared to
THC. From a structure-activity perspective (see Fig. 1), changing the
carbonyl linker of AM-2201 to the amide linker of 5F-NNEI induced a
modest decrease in CB1 binding affinity, whereas changing the
naphthyl head group of 5F-NNEI to the benzyl head group of 5F-
SDB-006 reduced affinity nearly 18-fold. The cumyl head group of
5F-CUMYL-PICA afforded CB1 binding affinity that was similar to AM-
2201. Finally, the 3,3-dimethylbutanoate head group of 5F-MDMB-
PICA engendered 15-fold greater CB1 binding affinity than the
corresponding 3-methylbutanoate head group of 5F-MMB-PICA. The
binding results demonstrate that subtle changes in head group
composition can substantially influence CB1 binding affinity for 5F-
pentylindole SCRAs.
The [35S]GTPγS binding assay provides an index of functional

coupling between drug-receptor binding and its associated G
protein-dependent intracellular signaling machinery. Here we
used CP-55,940 as a standard full efficacy CB1 agonist for
comparison. Figure 2B shows the effects of 5F-MDMB-PICA and
its analogs in the [35S]GTPγS assay. All of the SCRAs exhibited
agonist activity, and 5F-MDMB-PICA displayed the most potent
actions for stimulating [35S]GTPγS binding (EC50= 1.46 nM;
Table 1). All of the 5F-pentylindole SCRAs exerted maximal effects
that ranged between 140 and 170% above baseline, which was
similar to the effects of CP-55,940 (EC50= 23.61 nM; Emax= 133%).
5F-SDB-006 had very weak potency in the [35S]GTPγS assay when
compared to the other 5F-pentylindole SCRAs. THC displayed low
potency (EC50= 186.01 nM) and low efficacy (41%) in the [35S]
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GTPγS assay, consistent with its known low efficacy agonist
actions. In general, the rank order of potencies in the [35S]GTPγS
assay mirrored the results of the [3H]rimonabant binding assay,
confirming a role of CB1 agonism. However, the range of potency
values in the [35S]GTPγS assay was much greater than that
observed for the receptor binding assay (EC50 range of 1.46 to
11,200 nM). As a specific example, in the [35S]GTPγS assay, the 3,3-
dimethylbutanoate head group of 5F-MDMB-PICA engendered
~100-fold greater potency than the corresponding
3-methylbutanoate head group of 5F-MMB-PICA (as compared
to a 15-fold greater affinity in the binding assay). Overall, the

findings with the [35S]GTPγS assay suggest that subtle changes in
head group composition of 5F-pentylindole SCRAs can alter
functional potency at CB1 much more than binding affinity.

5F-MDMB-PICA and its analogs induce cannabinoid-like
effects in vivo
All of the SCRAs were tested for their ability to induce
hypothermia, catalepsy, and analgesia in the mouse triad test
procedure. Representative time-course data for the effects of 5F-
MDMB-PICA in vivo are shown in Fig. 3A–C. The Kruskal-Wallis test
revealed that 5F-MDMB-PICA administration significantly

Table 1. Affinity (Ki) and potency values (EC50, ED50) for 5F-MDMB-PICA and 5F-pentylindole analogs to exert cannabinoid-like effects.

Ligand [3H]Rimonabant Binding
Ki (nM)

[35S]GTPγS Assay EC50 (nM)
[%Emax]

Temperature Δ oC ED50
(mg/kg)

Catalepsy %MPE
ED50 (mg/kg)

Analgesia %MPE
ED50 (mg/kg)

AM-2201 5.08 ± 0.91 16.31 ± 2.24
[142%]

0.25 ± 0.04 0.15 ± 0.02 0.16 ± 0.03

5F-NNEI 14.37 ± 5.28 114.51 ± 15.22
[171%]

1.01 ± 0.23 0.47 ± 0.05 1.06 ± 0.16

5F-SDB-006 263.3 ± 36.0 11,200 ± 2,653
[140%]

31.3 ± 15.0* 29.8 ± 4.35* 43.5 ± 6.69*

5F-CUMYL-
PICA

5.48 ± 0.85 31.75 ± 6.90
[159%]

0.05 ± 0.01 0.05 ± 0.01 0.09 ± 0.01*

5F-MMB-PICA 19.51 ± 3.76 152.6 ± 20.1
[156%]

0.46 ± 0.07 0.38 ± 0.05 0.71 ± 0.12

5F-MDMB-
PICA

1.24 ± 0.55 1.46 ± 0.19
[162%]

0.03 ± 0.01 0.03 ± 0.01 0.02 ± 0.01

THC 43.31 ± 6.47 186.01 ± 35.23
[41%]

n.d. n.d. n.d.

[3H]Rimonabant binding assays and [35S]GTPγS functional assays were carried out in mouse brain membranes as described in Materials and Methods. In vitro
Ki and EC50 values are given in nM concentrations, expressed as mean ± SD for n= 3 experiments performed in triplicate. Assessments of mean temperature
change (temperature Δ), catalepsy percent maximum possible effect (%MPE), and analgesia %MPE were carried out in male C57BL/6J mice as described in
Materials and Methods. In vivo ED50 values are given as mg/kg, s.c., doses, expressed as mean ± SD for 7–9 mice per group. Asterisks indicate approximate
potency values. n.d. = not determined.

Fig. 2 Dose-response of 5F-MDMB-PICA and its analogs to compete for CB1 binding, display CB1 agonist effects, and produce
cannabinoid-like effects in vivo. Concentration response curves for AM-2201 (red circles), 5F-NNEI (blue squares), 5F-SDB-006 (gray
hexagons), 5F-CUMYL-PICA (green diamonds), 5F-MMB-PICA (orange upward triangles), and 5F-MDMB-PICA (purple downward triangles) to
inhibit [3H]rimonabant binding (A) and stimulate [35S]GTPγS binding (B) in mouse brain membranes. Dose-response curves for effects of drugs
on mean temperature change (Δ °C) (C), catalepsy expressed as percent maximum possible effect (%MPE) (D), and analgesia expressed as %
MPE (E) in the triad test. In vitro data are mean ± SD for n= 3 separate experiments performed in triplicate, while in vivo data are mean ± SEM
for n= 7–9 mice per dose. Affinity (Ki) and potency values (EC50, ED50) are found in Table 1.

G.C. Glatfelter et al.

927

Neuropsychopharmacology (2022) 47:924 – 932



impacted mean temperature Δ over the 2-h session (H6,53= 49.37
p < 0.0001) (Figs. 2C and 3A). Dunn’s test showed significant
temperature reductions after the 0.1 mg/kg (p= 0.0009) and 0.3
mg/kg (p= 0.0003) doses, when compared to the vehicle control
group. 5F-MDMB-PICA significantly affected mean catalepsy
responses expressed as %MPE (H6,53= 55.60 p < 0.0001; Figs. 2D
and 3B), with significant increases above the control group for the
0.03 (p= 0.0015), 0.1 (p= 0.0003), and 0.3 mg/kg doses (p <
0.0001). In a similar manner, 5F-MDMB-PICA significantly affected
mean analgesic responses expressed as %MPE (H6,53= 52.81 p <
0.0001; Figs. 2E and 3C). In this case, significant analgesia was
induced at 0.03 (p= 0.0124), 0.1 (p < 0.0001), and 0.3 (p < 0.0001)
mg/kg doses. The time-course data depicted in Fig. 3A–C show
that a dose of 0.01 mg/kg 5F-MDMB-PICA was the threshold dose
required to induce changes in temperature, catalepsy, and
analgesia, but the effects were transient and did not reach
statistical significance when comparing mean effects over the 2-h
session. Interestingly, the time-course data reveal that duration of
drug action seemed to increase as dose administered increased
from 0.01 to 0.3 mg/kg. At 0.3 mg/kg, 5F-MDMB-PICA caused
reductions in body temperature that reached 8–9 °C below normal
and evoked maximal effects on catalepsy and analgesia that
lasted for the entire 2-h session. AM-2201, 5F-NNEI, 5F-SDB-006,
5F-CUMYL-PICA, 5F-MMB-PICA also produced dose-dependent
effects in the triad test procedure, but most of the drugs required
higher doses to elicit their effects when compared to 5F-MDMB-
PICA (see Supplementary Figs. 1–5).
Mean effects on temperature Δ, catalepsy %MPE, and analgesia

%MPE were used to construct dose-response curves and calculate
ED50 potency values for all SCRAs tested (see Fig. 2C–E). As shown
in Fig. 2C, 5F-MDMB-PICA and its analogs produced dose-
dependent decreases in mean temperature Δ, but ED50 values
for reducing body temperature varied across the drugs tested
(Table 1). 5F-MDMB-PICA produced the most potent effects on
hypothermia, while the effects of 5F-SDB-006 were much weaker
than those of the other SCRAs tested (Supplementary Fig. 5A).
With the exception of 5F-SDB-006, all of the drugs caused robust
hypothermia, reaching 6–8 °C below normal. 5F-SDB-006 failed to
produce reductions in temperature at any dose, though solubility
issues prevented the testing of drug doses greater than 30mg/kg.

The rank order of potency for producing hypothermia was 5F-
MDMB-PICA ≈ 5F-CUMYL-PICA > AM-2201 > 5F-MMB-PICA ≈ 5F-
NNEI > 5F-SDB-006. Figure 2D demonstrates that SCRAs induced
dose-dependent increases in mean catalepsy response expressed
as %MPE. With the exception of 5F-SDB-006, which only reached
~50% of maximum (see Supplementary Fig. 5B), all of the drugs
caused similar maximal effects on catalepsy (Fig. 2D). ED50 values
for catalepsy varied across cannabinoids and the effect of 5F-SDB-
006 was right shifted compared to effects of other 5F-
pentylindoles (Table 1). 5F-MDMB-PICA produced the most potent
effects on catalepsy. The rank order of potency for inducing
catalepsy was 5F-MDMB-PICA ≈ 5F-CUMYL-PICA > AM-2201 > 5F-
MMB-PICA ≈ 5F-NNEI > 5F-SDB-006. Figure 2E shows that all 5F-
pentylindole SCRAs induced dose-dependent increases in mean
analgesic response expressed as %MPE. All of the drugs produced
potent and maximal effects, except for 5F-SDB-006 (Supplemen-
tary Fig. 5C). ED50 values for analgesia %MPE ranged from 0.02 to
44mg/kg s.c., with 5F-MDMB-PICA producing the most potent
effects (Table 1). Rank order of potency for analgesia was similar to
that for catalepsy. It is noteworthy that 5F-CUMYL-PICA displayed
slightly higher potency in vivo than would be expected from
in vitro results, but otherwise the rank order was maintained
between studies. Overall, the 5F-pentyindole SCRAs produce
cannabinoid-like effects in mice, with 5F-MDMB-PICA displaying
the highest potency for all measures of the triad test.

Effects of 5F-MDMB-PICA and its analogs are reversed by
rimonabant
To assess the involvement of CB1 in mediating the effects of 5F-
pentylindole SCRAs in the triad test, we investigated effects of
rimonabant pretreatment (0.1 and 1mg/kg s.c.) 30 min prior to
administration of 5F-MDMB-PICA or its analogs. Data for the
effects of rimonabant pretreatment on responses induced by 5F-
MDMB-PICA are shown in Fig. 3D–F. The Kruskal-Wallis test
revealed that 5F-MDMB-PICA administration (0.03 mg/kg s.c.)
produced effects on temperature Δ (H4,23= 21.72 p= 0.0002)
which were significant compared to the control group (p= 0.0241
versus vehicle/vehicle), and these effects were partially blocked by
0.1 mg/kg rimonabant and fully eliminated by 1.0 mg/kg rimona-
bant (n.s. versus vehicle/vehicle; Fig. 3D). In a similar manner, 5F-

Fig. 3 Time-course and antagonist reversal of cannabinoid-like effects produced by 5F-MDMB-PICA. Effects of 0.003–0.3 mg/kg s.c. 5F-
MDMB-PICA on temperature change (Δ °C) (A), catalepsy expressed as percent maximum possible effect (%MPE) (B), and analgesia expressed
as %MPE (C) in the triad test, as assessed every 30min over the 2 h testing period. Effect of rimonabant (0.1 or 1 mg/kg s.c.) pretreatment on
mean temperature Δ (D), mean catalepsy %MPE (E), and mean analgesia %MPE (F) produced by 5F-MDMB-PICA. Data are expressed as mean
± SEM for n= 8–9 mice per dose in time-course plots and mean ± SEM for n= 5–6 mice per condition in antagonist reversal plots. D–F Filled
bars & symbols represent statistically significant differences (p < 0.05) compared to the vehicle/vehicle control group.

G.C. Glatfelter et al.

928

Neuropsychopharmacology (2022) 47:924 – 932



MDMB-PICA induced effects on mean catalepsy %MPE (H4,23=
22.32 p= 0.0002) and mean analgesia %MPE (H4,23= 19.91 p=
0.0002), that were partially blocked by 0.1 mg/kg rimonabant
pretreatment and fully eliminated by 1mg/kg rimonabant
pretreatment (n.s. versus vehicle/vehicle; Fig. 3E-F). The effects
of AM-2201 (0.3 mg/kg, s.c.), 5F-NNEI (1 mg/kg, s.c.), 5F-CUMYL-
PICA (0.1 mg/kg s.c.), and 5F-MMB-PICA (1 mg/kg s.c.) were also
partially blocked by 0.1 mg/kg rimonabant pretreatment and fully
eliminated (n.s. versus vehicle/vehicle) by 1 mg/kg rimonabant
pretreatment (see Supplementary Figs. 1–4).

Ki and EC50 values predict in vivo potency
To assess the relationships between in vitro measures and in vivo
potency in triad assessments, we carried out Spearman rank
correlation analyses using Ki, EC50, and ED50 values reported in
Table 1. Binding affinity (Ki) values displayed significant positive
correlations with in vivo ED50 estimates for temperature, catalepsy,
and analgesia (r= 0.89 p= 0.03, for all endpoints) measured in the
triad test (Fig. 4A–C). Similarly, functional EC50 values exhibited
significant positive correlations with in vivo ED50 estimates for
temperature, catalepsy, and analgesia (r= 0.89 p= 0.03, for all
endpoints) measured in the triad test (Fig. 4D–F). These results
demonstrate a strong relationship between in vitro Ki and EC50
values in mouse brain and in vivo measures in the triad test of
cannabinoid-like activity in mice.

DISCUSSION
A major aim of the present study was to characterize the in vitro
and in vivo pharmacology of the synthetic cannabinoid 5F-MDMB-
PICA in mice. 5F-MDMB-PICA is a problematic drug of abuse
associated with serious medical complications, including erratic
behavior, aggression, disorientation, and coma [27]. In addition,
we sought to compare the effects of 5F-MDMB-PICA to a number
of structurally related 5F-pentylindole analogs that vary only in

their head group composition (see Fig. 1). Our investigation
revealed four key findings: (1) 5F-MDMB-PICA is a potent and
efficacious CB1 agonist in mouse brain tissue, in agreement with
data from cells transfected with human CB1 [22, 31–33] as well as
data from rat cerebellar membranes [30]; (2) 5F-MDMB-PICA
induces dose- and time-dependent hypothermia, catalepsy, and
analgesia in vivo, consistent with the effects of other indole-
containing SCRAs in rodents [43–47]; (3) Altering head group
composition of 5F-pentylindoles dramatically affects CB1 activity,
whereby 3,3-dimethylbutanoate (i.e., 5F-MDMB-PICA) and cumyl
(i.e., 5F-CUMYL-PICA) groups engender high potency while a
benzyl group engenders low potency [7, 8]; (4) In vitro Ki affinity
and EC50 potency values at CB1 display strong positive correlations
with in vivo potency of the 5F-pentylindole analogs examined
here. Overall, our results demonstrate that CB1 affinity and
potency determinations in mouse brain tissue are predictive of
cannabinoid-like effects in this species and support the known
utility of mouse models for characterizing the pharmacological
effects of emerging SCRAs.
As far as we are aware, only one published study has examined

the affinity of 5F-MDMB-PICA at CB1 in native tissue preparations,
where the drug had an IC50= 2.0 nM in rat cerebellar membranes
[30]. Here, we show that 5F-MDMB-PICA displays high affinity for
[3H]rimonabant-labeled CB1 in mouse brain membranes (Ki = 1.24
nM) when compared to the effects of other 5F-pentylindole
SCRAs. Under identical binding assay conditions, THC has a Ki=
43.3 nM at CB1, indicating 5F-MDMB-PICA displays ~35-fold higher
affinity than THC for [3H]rimonabant-labeled sites (Table 1). In our
binding assay, the comparator drug AM-2201 has a Ki= 5.08 nM at
CB1, an affinity that is somewhat weaker than the CB1 affinity
reported by others [48, 49]. However, it is important to note that
previous studies examining AM-2201 binding in brain tissue
employed the CB1 agonist radioligand [3H]CP-55,940 whereas
we used the CB1 antagonist radioligand [3H]rimonabant. Here we
report a Ki= 5.48 nM for 5F-CUMYL-PICA at mouse CB1, which

Fig. 4 Correlations between in vitro and in vivo CB1 measures in mice. Relationships between in vitro affinities and potencies in mouse
brain tissue and in vivo potencies for cannabinoid-like effects in mice determined in the triad test for AM-2201 (red circles), 5F-NNEI (blue
squares), 5F-SDB-006 (gray octagons), 5F-CUMYL-PICA (green diamonds), 5F-MMB-PICA (orange upward triangles), and 5F-MDMB-PICA (purple
downward triangles). Spearman rank correlations between log Ki for binding in vitro and in vivo log ED50 parameters of the triad test (A–C).
Spearman rank correlations between log EC50 for efficacy in vitro and in vivo log ED50 parameters of the triad test (E–F).
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agrees well with data from Banister, et al. [50] who examined the
effects of 5F-CUMYL-PICA on [3H]rimonabant binding to human
CB1 expressed in human embryonic kidney 293 (HEK293) cells. In
general, the limited CB1 binding data available for emerging
SCRAs suggest that drug affinities for [3H]rimonabant binding in
mouse brain membranes are similar to those reported for [3H]
rimonabant binding in cells expressing human CB1.
A number of prior studies have examined the functional activity

of 5F-MDMB-PICA in heterologous cells transfected with CB1
[22, 31–33], but our results from the [35S]GTPγS assay represent
the first examination of functional activity at CB1 for the
compound in a native tissue preparation. We found that 5F-
MDMB-PICA displays the most potent agonist activity at CB1 in
mouse brain membranes (EC50= 1.46 nM) when compared to the
effects of other 5F-pentylindole SCRAs. 5F-MDMB-PICA and its
analogs exhibit agonist actions to stimulate [35S]GTPγS binding,
with Emax values mirroring that of the prototypical full-efficacy
cannabinoid agonist CP-55,940 (EC50= 23.6 nM, Emax= 133%;
Table 1). In general, our results for 5F-MDMB-PICA in the [35S]
GTPγS assay are consistent with findings from functional assays
carried out in other laboratories. These prior studies show that 5F-
MDMB-PICA has sub to low nM agonist potency in CB1-transfected
cells, but EC50 potency values varied from 0.45 to 27.6 nM. The
reported differences in agonist potency for 5F-MDMB-PICA across
previous studies likely reflects the unique in vitro bioassay
methods used by each laboratory as well as differences in
reference compounds used for comparison.
A critical goal of our study was to characterize structure-activity

relationships (SAR) for analogs of 5F-MDMB-PICA that varied only
in their head group composition. A number of investigations by
Banister and colleagues [7, 8, 22, 32, 51, 52] have examined in vitro
functional potencies (i.e., EC50 values) for structurally related
SCRAs by using a fluorescence-based membrane potential
bioassay in cells transfected with either human CB1 or CB2. With
respect to the present work, Banister & colleagues have shown
that 5F-MDMB-PICA and 5F-MMB-PICA display EC50 values of 0.45
and 2.4 nM at CB1, respectively. Our data from the [35S]GTPγS
assay in mouse brain membranes generally agree that the
additional methyl group of 5F-MDMB-PICA increases functional
potency at CB1 when compared to 5F-MMB-PICA, but we found
much greater enhancement of potency where 5F-MDMB-PICA
(EC50= 1.46 nM) is 100-fold more potent than 5F-MMB-PICA (EC50
= 152.6 nM). Perhaps the most dramatic effect of head group
composition that we observed was the comparison of the cumyl
head group in 5F-CUMYL-PICA and the benzyl head group in 5F-
SDB-006. In this case, we show that addition of a dimethyl group
enhances functional potency of 5F-CUMYL-PICA (EC50= 31.75 nM)
more than 300-fold versus 5F-SDB-006 (EC50= 11,200 nM). Impor-
tantly, Ametovski, et al. [52] recently reported that 5F-CUMYL-PICA
displays much greater affinity and potency than 5F-SDB-006, when
tested in cells transfected with human CB1. Together with the
existing SAR findings from transfected cells, the present data using
GTPγS binding in mouse brain membranes confirm that head
group composition can dramatically influence CB1 functional
activation, where the strategic placement of methyl groups can
substantially enhance drug potency. Our SAR findings may have
important implications for predicting the risk of cannabinoid NPS
as they emerge in clandestine drug markets.
Despite the widespread misuse of 5F-MDMB-PICA, little

information is available about the in vivo effects of the drug in
animal models. Krotulski et al. recently reported that administra-
tion of 0.05–0.2 mg/kg 5F-MDMB-PICA to rats produces robust
hypothermia and catalepsy lasting for up to 4 h [30]. In agreement
with the rat data, we show that 5F-MDMB-PICA induces
cannabinoid-like effects in mice, including hypothermia, catalepsy,
and analgesia. The effects elicited by 5F-MDMB-PICA are
consistent with those reported for other SCRAs in rodent models
[43–47], but 5F-MDMB-PICA is especially potent. We show that

0.01 mg/kg, s.c., is the threshold dose for inducing cannabinoid-
like effects in mice, and a tenfold higher dose produces robust and
sustained effects that last for at least 2 h after injection. Notably,
the effects of 5F-MDMB-PICA are completely reversed by
rimonabant pretreatment, confirming the critical role of CB1. The
high in vivo potency of 5F-MDMB-PICA shown here in mice is
consistent with the powerful effects of the drug reported in
humans, often leading to serious intoxication, overdose, and even
death [27, 28]. It seems unlikely that the effects of 5F-MDMB-PICA
in mice can fully recapitulate the complex toxicological effects
reported in human users, but severe hypothermia has been
reported in some patients intoxicated with SCRAs [53, 54]. Only
one other study has examined in vivo effects of 5F-MDMB-PICA in
mice [55]. Musa, et al. [55] examined the neurochemical actions of
5F-MDMB-PICA on extracellular dopamine concentrations in
mouse nucleus accumbens shell. These investigators observed
that 0.01 mg/kg, i.p., 5F-MDMB-PICA significantly increases extra-
cellular dopamine concentrations in adolescent but not adult
animals [55]. In the same study, when mice were treated during
adolescence for 2 weeks with 5F-MDMB-PICA and tested for
behavioral effects in adulthood, the mice displayed anxiety-like
behavior in the marble burying test. The findings of Musa et al.
suggest that in addition to potent cannabinoid-like effects
reported here, 5F-MDMB-PICA may produce rewarding and
anxiety-like effects. It is important to mention that our in vivo
tests were confined to male mice. Given the emerging literature
on sex differences in the effects of THC [56–59], future studies
should assess possible sex differences in the behavioral effects of
5F-MDMB-PICA and other emerging SCRAs. Collectively, the
in vivo effects reported for 5F-MDMB-PICA in animals may help
to explain the potent subjective and pharmacological effects of
5F-MDMB-PICA and related SCRAs in humans, when compared to
effects of cannabis or THC-based products.
Because we tested in vitro and in vivo effects of 5F-MDMB-PICA

and its analogs in the same species, we sought to examine the
relationships among Ki, EC50, and ED50 values obtained for the
compounds. In short, we wished to assess whether in vitro activity
at CB1 could predict in vivo potency of the SCRAs tested, as
suggested by others [35–37]. Here we demonstrate significant
positive correlations between in vitro Ki values for affinity at CB1
and in vivo potencies for induction of cannabinoid-like effects in
the mouse triad test. Significant positive correlations were
similarly found when examining EC50 values for stimulation of
GTPγS binding and in vivo ED50 values from triad experiments. Our
findings agree with previous work of other groups who have
demonstrated that affinity at human CB1 or rat CB1 is predictive of
in vivo potency of various SCRAs and other cannabinoids in mice
and rats [35–37]. Importantly, the behavioral potencies of
cannabinoids in rodents seem to predict potencies for behavioral
effects in humans [34, 35]. In contrast to our results, Marusich,
et al. [37] only found significant positive correlations between
affinity of SCRAs at human CB1 and potency in mouse drug
discrimination studies, but not potency for GTPγS binding at
human CB1. The use of cell membrane preparations transfected
with human CB1 versus membranes isolated from mouse brain
tissue in the present study may explain this discrepancy.
The in vivo potencies for 5F-pentylindole cannabinoid com-

pounds in rodents appear to be quite similar across different
studies. For example, we show that 5F-CUMYL-PICA induces
hypothermia, catalepsy, and analgesia with ED50 values ranging
from 0.05 to 0.09mg/kg, s.c., and Gamage et al. reported 5F-
CUMYL-PICA has an ED50 of 0.05 mg/kg for THC-appropriate
responding in a mouse drug discrimination paradigm. Likewise,
we show that AM-2201 induces cannabinoid-like effects with ED50

values ranging from 0.15 to 0.25 mg/kg, s.c., while Gatch and
Forster [60] showed AM-2201 has an ED50 of 0.11 mg/kg, i.p., for
eliciting THC-appropriate responding in a rat drug discrimination
assay. Available evidence demonstrates that testing the effects of
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SCRAs in rodents may yield more reproducible findings across
laboratories when compared to the effects from in vitro bioassays
in transfected cells. Future studies should examine CB1 affinities,
potencies, and in vivo activities for a wider variety of SCRAs, to
further evaluate the utility of using mice to study the pharmacol-
ogy of emerging SCRAs.
To summarize, we show that 5F-MDMB-PICA is a potent and

efficacious CB1 agonist in vitro and in vivo. In addition, we
demonstrate that head group composition of 5F-pentylindole
SCRAs is a critical determinant governing cannabinoid effects,
whereby 3,3-dimethylbutanoate and cumyl head groups engen-
der potent CB1 activity. 5F-MDMB-PICA continues to be a widely
abused SCRA, despite being banned by drug control legislation in
many parts of the world, and analogs of the compound are
appearing as problematic NPS (e.g., 4F-MDMB-BICA & MDMB-4en-
PINACA) [61–67]. As such, reliable methods for rapidly character-
izing the pharmacological effects of the vast number of emerging
SCRAs are needed. We show here that potency of 5F-pentylindole
SCRAs at CB1 in mouse brain tissue is highly correlated with
cannabinoid-like effects in the triad test. Our findings indicate that
in vitro assays using mouse brain membranes and in vivo methods
using a triad procedure in mice can be useful screening tools to
study the pharmacology of emerging SCRAs and can complement
the in vitro data derived from assays carried out in cells
transfected with human CB1.
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