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Abstract

The non-medical (i.e., recreational) misuse of synthetic cannabinoids (SCs) is a worldwide public
health problem. When compared to cannabis, the misuse of SCs is associated with a higher
incidence of serious adverse effects, suggesting the possible involvement of non-cannabinoid sites
of action. Here, we find that, unlike the phytocannabinoid A%-tetrahydrocannabinol, the indole-
moiety containing SCs, AM2201 and JWH-018, act as positive allosteric modulators (PAMs) at
the 5-HT1 5 receptor (5-HT1aR). This suggests that some biological effects of SCs might involve
allosteric interactions with 5-HT1ARs. To test this hypothesis, we examined effects of AM2201 on
5-HT1aR agonist-activated G protein-coupled inwardly-rectifying potassium channel currents in
neurons /n vitro, and on the hypothermic response to 5-HT1 AR stimulation in mice lacking the
cannabinoid receptor 1. We found that both 5-HT AR effects were potentiated by AM2201,
suggesting that PAM activity at 5-HT1aR may represent a novel non-cannabinoid receptor
mechanism underlying the complex profile of effects for certain SCs.
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INTRODUCTION

Many synthetic cannabinoids (SCs) in recreational drug markets are structurally unlike the
phytocannabinoid, A%-tetrahydrocannabinol (A%-THC), in that they possess an indole ring
moiety in their chemical structures. The misuse of such indole-based SCs has been
associated with serious medical complications including psychosis,! 2 hypertension,3-7
hypothermia, and catatonia® that are rarely reported with cannabis smoking.% 10 Like A°®-
THC, SCs are agonists at both cannabinoid receptors 1 and 2 (CB1R and CB2R),11. 12
However, the observations that some /n vivo effects of SCs are not reversed by cannabinoid
antagonists likely indicate involvement of non-cannabinoid receptor sites of action.13
Indeed, two of the aminoalkylindole-containing SCs commonly confiscated by law
enforcement in the early 2010s, namely AM2201 and JWH-018, possess low-affinity
antagonism for the serotonin 5-HT,g receptor (5-HT,gR).14 Here, we test the hypothesis
that SCs act at non-cannabinoid receptor sites to perhaps contribute to their complex
biological profile observed in vive.

RESULTS
AM2201 and JWH-018 allosterically modulate G protein coupling at the 5-HT,5 receptor

We first assessed the functional properties of several aminoalkylindole SCs at CB1Rs using
a Bioluminescence Resonance Energy Transfer (BRET)-based CB1R/Gi protein engagement
assay. As expected, the aminoalkylindoles demonstrated higher efficacies and potencies
compared to the partial agonist, A%-THC, at CB1Rs (Fig. 1a). Moreover, consistent with
previous reports,15-17 we found functional differences among these compounds. Specifically,
the fluorine-substituted SCs AM2201 and XLR-11 showed higher efficacy and potency
compared to their structural analogs, JWH-018 and UR-144, respectively (Fig. 1 and
Supplementary Table 1).

Using similar engagement assays, we next investigated potential “off-target” interactions of
the aminoalkylindole SCs with other G protein-coupled receptors that are hypothesized to
play roles in producing symptoms observed in human SC users. Thus, we evaluated
dopamine D2 receptors (D2R), serotonin 1A receptors (5-HT1aAR), 5-HT2aRS, 5-HT,gRS,
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and adrenergic al and a2 receptors (a1AR and a2AR), due to their involvement in
psychosis, hypothermia, catatonia, and cardiovascular effects. We found that the
aminoalkylindole SCs did not interact with D2Rs, 5-HT,aRS, a1ARs, or a2ARs in either an
orthosteric (Supplementary Fig. 1) or an allosteric way (Supplementary Fig. 2). However,
these compounds did demonstrate significant antagonism of 5-HT,gRs (Supplementary
Figs. 1d and 2d, also see ref 14). Importantly, it should be noted that 5-HT,gR antagonist
activity is likely to be cardioprotective rather than cardiotoxic,18 19 suggesting that the
cardiovascular side-effects of SCs may not be explained by their interactions with 5-
HTogRs.

Although all tested aminoalkylindoles lacked orthosteric activity at 5-HT1aR (Fig. 1b), we
found two compounds that allosterically modulated this receptor. Thus, in the presence of
the endogenous agonist, 5-HT (1 uM), both AM2201 and JWH-018 produced a significant >
28% enhancement of the maximal effect of 5-HT (Enayx) in activating Gi (Fig. 1c and
Supplementary Table 1). Using a fixed concentration (10 uM) of AM2201 or JWH-018, the
enhancement of efficacy was 20.8% and 11.6% respectively (Supplementary Fig. 3a).
Moreover, a similar degree of enhancement was observed when the 5-HT; pR-selective
agonist, 8-OH-DPAT, was used to activate the receptor (18.3% and 11.0% enhancement with
10 uM AM2201 and JWH-018, respectively; Supplementary Fig. 3b).

Activation of 5-HT; aRs with 5-HT would also lead to inhibition of cCAMP accumulation. By
measuring CAMP with a BRET-based biosensor, we revealed that AM2201 and JWH-018
both significantly potentiated such inhibition (Fig. 2). Taken together, the augmented
functional effects of 5-HT1 R agonists by AM2201 or JWH-018, in the absence of
orthosteric effects, suggest that SCs can act as positive allosteric modulators (PAMs) at 5-
HT]_ARS.

AM2201 allosterically modulates agonist binding at 5-HT15R

To further characterize the nature of the interaction of AM2201 with 5-HT15R, we
conducted /n vitro radioligand binding analyses. In a competition binding assay, AM2201
enhanced the displacement of the 5-HT;AR-selective antagonist [3H]WAY 100635 by 5-HT.
Specifically, at 30 uM, AM2201 significantly increased the 5-HT-mediated displacement of
[BH]WAY 100635 by 11.2% compared to vehicle control (Supplementary Fig. 4a and
Supplementary Table 2). However, in the absence of 5-HT, AM2201 at the same
concentration had negligible effects on [3H]WAY 100635 binding (Supplementary Fig. 4b).
This suggests that AM2201 acts at 5-HT1ARs via binding in an allosteric, rather than an
orthosteric, site.

AM2201 and JWH-018 enhance 5-HT-mediated neuronal activity in CB1R-knockout mice

The 5-HT1 AR is widely expressed on serotonergic neurons of the dorsal raphe nucleus
(DRN) where these receptors can serve as autoreceptors to reduce 5-HT release by limiting
somatic excitability.2% 21 This occurs via 5-HT1 AR activation of Gi proteins, leading to
opening of G protein-coupled inwardly-rectifying potassium (GIRK) channels, and resultant
neuronal hyperpolarization.22 23 To evaluate the PAM activity of AM2201 and JWH-018 at
5-HT1aRs in native tissue, we performed /n vitro whole-cell voltage clamp experiments in
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DRN cells and measured 5-HT-generated GIRK channel currents. Tetrodotoxin (TTX) was
included in all experiments to eliminate action potentials and any presynaptic drug actions.
In wildtype mice, 30 uM 5-HT generated inhibitory outward currents, whereas 3 UM had no
effect in DRN neurons (Supplementary Fig. 5a). In addition, the 5-HT1pR-selective
antagonist, WAY100635 (300 nM), inhibited the 5-HT-elicited currents (Supplementary Fig.
5b).

To evaluate potential PAM effects of SCs on 5-HT responses in DRN neurons in the absence
of CB1R-mediated effects,24 we used CB1R-knockout (CNVRI7") mice. Neither AM2201
nor JWH-018 (each 10 pM) alone had effects on DRN neurons from CNRI~7~ mice
(Supplementary Fig. 6). However, in the presence of these SCs, a concentration of 5-HT (3
uM) that was subthreshold for GIRK activation, now elicited a significant outward current,
consistent with PAM activity of these SCs at 5-HT1aRs (Fig. 3; one way ANOVA, F(334) =
6.903, p = 0.003).

AM2201 augments 5-HTqa receptor-induced hypothermia in CB1R-knockout mice

A well-characterized effect of 5-HT1 AR activation in rodents is hypothermia.2 25 To further
evaluate the physiological relevance of the PAM activity of AM2201 at 5-HT{ AR, we
examined the effects of AM2201 on 5-HT;AR-mediated hypothermia in CNVRI™~ mice. We
found that a 3.0 mg/kg dose of the selective 5-HT1 R agonist 8-OH-DPAT significantly
reduced core temperature in mice, which peaked at 15 min post-injection and tapered off by
60 min (Fig. 4a). The hypothermic response to 8-OH-DPAT was also reversed by the highly
selective 5-HT1 AR antagonist, WAY 100635 (10.0 mg/kg) (Supplementary Fig. 7). When 8-
OH-DPAT (3.0 mg/kg) was injected together with AM2201 (0.3 mg/kg), both the extent and
duration of hypothermia were enhanced, whereas this dose of AM2201 alone had no effect
on mean body temperature in these CNRZ7~ mice (Fig. 4).

DISCUSSION AND CONCLUSIONS

The increased propensity for SCs to produce serious adverse clinical effects in humans,
when compared to effects of A%-THC, could be related to their high potency and efficacy at
brain CB1Rs.25: 27 However, we and others have postulated that SCs may also act at “off-
site” non-cannabinoid targets to exert their complex /n vivo effects.13: 14 For example, we
have demonstrated that AM2201 and JWH-018 produce acute increases in mean arterial
pressure in rats that are not reversed by the CB1R antagonist rimonabant, suggesting
involvement of non-cannabinoid mechanisms.13 Here, we used in vitro and in vivo methods
to provide converging evidence that certain indole-based SCs exhibit PAM activity at 5-
HT1aRs. In particular, AM2201 enhanced 5-HTpR-mediated 5-HT binding, G protein
coupling, and activation of GIRK currents in native tissue. It is noteworthy that the effects of
AM2201 on 5-HT15Rs were modest (i.e., 10-30% enhancement) in both the radioligand
binding and BRET assays. Nevertheless, in the DRN slice experiments, AM2201 converted
an ineffective dose of 5-HT into a substantial activator of GIRK-mediated hyperpolarization.
To explore the possibility that SCs might exert PAM activity at 5-HT1aRS /n vivo, we
examined the effects of AM2201 administration on temperature responses to 8-OH-DPAT. It
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was found that AM2201 enhanced the magnitude and duration of 5-HT1AR-mediated
hypothermia.

Although our collective findings are consistent with SC-mediated PAM activities at 5-
HT1aRs, there are potential alternative interpretations. For example, AM2201 might
enhance 5-HT elicited currents?8 via the inhibition of 5-HT uptake. If AM2201 and other
SCs bind to serotonin transporters (SERT) to block 5-HT uptake, this could elevate
extracellular concentrations of 5-HT. However, previous studies show that the SCs tested in
this study do not exhibit detectable binding at SERT4, suggesting that this is not a viable
explanation for the effects that we observed. Additionally, with regard to our /7 vivo studies,
we cannot exclude the possibility that AM2201 might impair the metabolism or clearance of
8-OH-DPAT, thereby enhancing the observed pharmacodynamic effects of 8-OH-DPAT in
CNR1™~ mice.

In the present study, we utilized genetically-modified CA/RZ™~ mice to reveal the ability of
AM2201 to enhance 5-HT; poR-mediated hyperpolarizing currents and hypothermic
responses /n vivo. Importantly, our findings in CAVRI™~ mice are consistent with recent
reports using wildtype rats in which repeated injections of JWH-018 were accompanied by
enhancement of 5-HT; AR-mediated hypothermia.2® Thus, PAM activities at 5-HT;aRS
could represent a key non-cannabinoid mechanism of action for certain indole-based SCs
that contributes to effects observed in both rodents and humans, especially after high dose
exposure to SCs.

In contrast to the PAM effects we observed with JWH-018 and AM2201, the indole-based
SCs UR-144 and XLR-11 did not alter 5-HT15R function. We speculate that this difference
may be due to structural differences among these SCs. Thus, whereas both UR-144 and
XLR-11 contain a tetramethylcyclopropyl head groups, JWH-018 and AM2201 have
naphthyl moieties at this molecular position (Supplementary Fig. 8). Therefore, these
structural head group differences may be important to permit the distinct pharmacological
properties of different SCs.

Although there are clear limitations in extrapolating the present findings to effects of SCs
observed in humans, our results provide evidence that there may be important non-
cannabinoid effects of certain classes of SCs that could be involved in the untoward clinical
effects of these drugs. Therefore, our study suggests that non-cannabinoid, off-site effects of
these drugs should be considered for newly-emerging SCs as they appear in recreational
drug markets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
SCs allosterically modulate 5-HT1 AR activity. a. The engagement BRET changes between

CB1R-Rluc and Gi1-Venus in response to CP55940 (black filled), A>-THC (black open),
JWH-018 (orange), AM2201 (blue), XLR-11 (green), UR-144 (red), 5-HT (magenta). b.
The engagement BRET changes between 5-HT1aR-RIluc and Gi-Venus in response to the
same set of compounds as in a. c. The engagement BRET changes between 5-HT;AR-Rluc
and Gi-Venus in response to the same set of compounds as in a and WAY 100635 (magenta
open), in the presence of 1 uM 5-HT. Inset demonstrates the effects of JWH-018 and
AM2201 curves on a magnified y-axis. The error bars represent S.E.M. of 3 experiments
performed in triplicate (see Supplementary Table 1 for statistical comparisons).
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Figure 2.
SCs allosterically modulate cAMP inhibition via 5-HT1aR. a-b. Dose response curves for

the cAMP inhibition via 5-HT; AR using CAMYEL biosensor by (a) 5-HT alone or (b)
WAY 100635 (magenta open), AM2201 (blue), or JWH-018 (orange) in the presence of 1076
M 5-HT. Inset demonstrates effects of JWH-018 and AM2201 on a magnified y-axis. The
error bars represent S.E.M. of 3 experiments performed in triplicate (see Supplementary
Table 1 for statistical comparisons). The efficacy value obtained using 10 uM 5-HT in panel
awas used to establish 100% baseline in panel b.
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Figure 3.

AM2201 and JWH-018 enhance 5-HT; a-mediated outward currents in DRN neurons
obtained from CNR1~/~ mice. aand b, Average time course (mean + SEM) of 5-HT-induced
change in holding current (pA) during perfusion with 3 uM 5-HT following 30 min pre-
incubation with 10 uM AM2201, 10 uM JWH-018, or 0.1% DMSO vehicle. ¢, Peak change
in holding current (pA) for individual cells for a and b. The mean and 95% confidence
intervals are shown. (F(2,34) = 6.903, p = 0.003, one-way ANOVA,; *p <0.05, **p<0.01,
Dunnett’s post-hoc test vs. 0.1% DMSO).

ACS Chem Neurosci. Author manuscript; available in PMC 2021 July 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yano et al.

AM2201 / 80H-DPAT (mg/kg)
0/0

0/0.3
0/1.0
0/3.0

a -

—=
—
o

e

03/0

0.3/0.3
0.3/1.0
0.3/3.0

Page 11

A temperature

_;.’I'LJIUIUI

-100-
3]
S 150
<
-200-
-250 I
: . . . : ' -300-1— . . . . ; —
15 30 45_ 60 75 90 Q\Q ﬂ,\g \Q(b \pr \\9 \,\9 \,bp \n’g
min o7 o' @ O ' O B

AM2201 / 8OH-DPAT (mg/kg)

Figure4.
AM2201 enhances 5-HTq aR-induced hypothermia in CB1R KO mice. a, Core temperature

measurement after acute i.p. injections of 0 (blue), 0.3 (orange), 1.0 (magenta), or 3.0
(green) mg/kg 8-OH-DPAT with vehicle (filled symbol) or 0.3 mg/kg AM2201 (open
symbol). b, Total area under the curve (AUC) for each dose condition in (a) is plotted. The
error bars represent S.E.M. n = 8 mice per group. Two-way analysis of variance followed by
post hoc Newman-Keuls test was used for a (F(g 392) = 7.223, 0/3.0 vs. 0.3/3.0 at 30 min *p
< 0.05, 45, 60 min **p < 0.01). One-way analysis of variance followed by post hoc Tukey
test was used for b (F7 56) = 39.75, ****p < 0.0001). Compared to the hypothermic effect
elicited by 8-OH-DPAT alone, the additional hypothermic effect by AM2201 is significant
both in the comparison of the temperature drops at 30, 45, and 60 min (a) and in the
comparison of the areas under the curves (b).
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