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Abstract

Recreational consumption of synthetic cannabinoid receptor agonists (SCRAs) is a growing crisis 

in public health in many parts of the world. AMB-FUBINACA is a member of this class of drugs 

and is responsible for a large proportion of SCRA-related toxicity both in New Zealand and 

internationally. Strikingly, little is currently known about the mechanisms by which SCRAs exert 

toxic effects or whether their activity through the CB1 cannabinoid receptor (the mediator of 

cannabinoid-related psychoactivity) is sufficient to explain clinical observations. The current study 

therefore set out to perform a basic molecular pharmacology characterization of AMB-

FUBINACA (in comparison to traditional research cannabinoids CP55,940, WIN55,212–2, and 

Δ9-THC) in fundamental pathways of receptor activity, including cAMP inhibition, pERK 

activation, ability to drive CB1 internalization, and ability to induce translocation of β-arrestins-1 

and −2. Activity pathways were then compared by operational analysis to indicate whether AMB-

FUBINACA may be a biased ligand. Results revealed that AMB-FUBINACA is highly efficacious 

and potent in all pathways assayed. However, surprisingly, bias analysis suggested that Δ9-THC, 

not AMB-FUBINACA, may be a biased ligand, with it being less active in both arrestin pathways 

than predicted by the activity of the other ligands tested. These data may help predict molecular 
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characteristics of SCRAs. However, more research is required to determine whether these 

molecular effects manifest in toxicity at tissue/system level.
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INTRODUCTION

Substances that target CB1 and CB2 are a growing group of drugs of abuse. Indeed, in the 

decade 2009–2018, over 260 different synthetic cannabinoid receptor agonist (SCRAs) were 

identified by government agencies in surveyed United Nations Member States as “New 

Psychoactive Substances” (NPS), making them among the most rapidly proliferating classes 

of “designer drug”.1 Similarly, SCRAs were the most abundant (by tonnage) class of illicit 

synthetic NPS seized.1

SCRAs are increasingly being associated with severe toxicity and death.2–4 The Global Drug 

Survey found that SCRA use is more likely to lead to emergency medical treatment than any 
other drug, and that the overall risk of seeking emergency medical attention is at least 30 
times greater after taking SCRAs than cannabis.5 Media reports also emphasize the 

increasing scale of this crisis: more than 25 people were killed and 700 hospitalized in a 

mass overdose involving the SCRA MDMB-FUBINACA in Russia in 2014.6 Outbreaks of 

5F-ADB toxicity (with fatalities) have been reported in Minneapolis, MN7 and Japan8 

(among other locations). A mass-intoxication in New York in 2016, reported at the time as a 

“zombie outbreak”, was attributed to AMB-FUBINACA,9 and a string of at least 45 deaths 

in New Zealand in 2017 was attributed to SCRAs, again predominantly AMB-FUBINACA,
10,11 a drug now seemingly implicated in fatalities globally.12 This drug has therefore 

emerged as a globally prevalent case study for SCRA-associated toxicity.
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AMB-FUBINACA (also known as MMB-FUBINACA, FUBAMB) is an indazole-3-

carboxamide which was first reported in 2014, in Sweden to the European Monitoring 

Centre for Drugs and Drug Addiction,13 and is one of many emerging synthetic 

cannabinoids to show highly potent and efficacious agonism at CB1 and CB2.14,15 Previous 

molecular pharmacological characterization has shown that AMB-FUBINACA acts with 

high efficacy to promote CB1-mediated GTPγS accumulation and similarly acts at CB2 but 

with slightly lower efficacy than CP55,940.14 In the same study, AMB-FUBINACA was 

shown to act through CB1 to inhibit forskolin-induced cAMP with high potency and 

efficacy, but its effects on this pathway were not obviously different from those of CP55,940 

or a number of other “traditional” synthetic cannabinoids. In vivo, AMB-FUBINACA 

behaved comparably to other ligands in a drug discrimination paradigm (which aligns with 

drug abuse liability), by potently substituting for Δ9-tetrahydrocannabinol (Δ9-THC) in mice 

trained to discriminate Δ9-THC from vehicle.14 This discriminative effect has since been 

confirmed in another study,16 which also noted that high concentrations of AMB-

FUBINACA induced tremors. Interestingly, the authors’ interpretation of this finding (in the 

context of the toxicity experienced by recreational users of this drug) was that the 

concentration window between active and toxic doses is small; but they further noted that 

the subjective effects of cannabinoids sought by users may be independent of the toxic 

effects.16 The mechanism underlying these different pathways, however, remains unknown. 

Indeed, pharmacological properties of SCRAs described to date do not seem sufficient to 

explain the high levels of toxicity associated with these compounds.

In molecular pharmacology, the concept of ligand bias (functional selectivity) may help 

explain how different drugs act via the same target receptor but with greatly varying 

outcomes.17,18 Functional selectivity suggests that different ligands are capable of binding to 

their target in such a way that different receptor conformations are stabilized, which in turn 

modulates the extent to which different downstream pathways are activated.17 This idea has 

now been exploited in some receptor systems, where the consequences of different signaling 

pathways activities are comparatively well understood. The prototypical example of this is 

the mu-opioid receptor, which is thought to mediate a desirable analgesic effect through G 

protein-dependent pathways but adverse effects (including potentially fatal respiratory 

depression) through arrestin pathways (although characterization of this system continues 

and may not yet be fully understood19). Novel biased drugs with improved safety are now in 

clinical trial (reviewed in refs 20 and 21). In contrast to the mu-opioid receptor, the tissue/

whole system-level roles of the different signaling pathways downstream of CB1 have not 

yet been dissected.

To investigate whether functional selectivity can help explain the toxicity associated with 

synthetic cannabinoids, we have undertaken a detailed molecular pharmacological study of 

AMB-FUBINACA. We compare the activity profiles of AMB-FUBINACA to those of 

several traditional, structurally and pharmacologically diverse cannabinoid agonists in a 

battery of standard in vitro assays for CB1 function. These reference drugs include Δ9-THC 

(the psychoactive constituent of plant cannabis), its “nonclassical” bicyclic analogue 

CP55,940, and the aminoalkylindole WIN55,212–2.22,23 Pathways investigated include 

inhibition of forskolin-induced cAMP production, production of pERK, and the canonical G 

protein-coupled receptor (GPCR) regulatory end points of ligand-mediated receptor 
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internalization and recruitment of β-arrestin-1 and −2. Ligand pathway activities were 

compared for bias by operational analysis.24,25

RESULTS AND DISCUSSION

Affinity.

In order to confirm previous reports of AMB-FUBINACA affinity at CB1 and CB2,14 

heterologous competition displacement radioligand binding assays were performed using 

[3H]-CP55,940 (all curves were consistent with one-site binding). In agreement with this 

previous report, AMB-FUBINACA exhibited high affinity binding at both CB1 and CB2 in 

the nanomolar (pKi 8.72 ± SEM 0.12, n = 5) and subnanomolar ranges (pKi 9.32 ± SEM 

0.09, n = 5), respectively. Under matched conditions, AMB-FUBINACA affinity was similar 

to that of CP55,940 (pKd at CB1 of 8.79 and at CB2 of 9.3326). For comparative purposes, 

affinities were also obtained for WIN55,212–2 and Δ9-THC at CB1 and were found to be 

somewhat lower, with pKi 7.01 (± SEM 0.11, n = 5) and 7.28 (± SEM 0.14, n = 5), 

respectively.

Signaling.

Gαi/o is the canonical G protein effector of CB1 and acts to reduce cAMP levels by 

inhibiting adenylate cyclase. As shown in Figure 1 and Table 1, AMB-FUBINACA inhibited 

forskolin-induced cAMP with similar potency to that of CP55,940. Potencies of inhibition of 

cAMP by WIN55,212–2 and Δ9-THC were approximately 10-fold lower than those of 

AMB-FUBINACA and CP55,940, as expected from previously reported estimates.26 AMB-

FUBINACA, CP55,940, and WIN55,212–2 were equi-efficacious in inhibiting cAMP 

production, and each of these drugs inhibited with significantly greater efficacy than Δ9-

THC did (one-way ANOVA, F = 6.953; Holm-Šídák multiple comparisons post-test), 

consistent with the well-established partial agonist classification of this drug.27–29

Canonically, activation (phosphorylation) of the mitogen-activated protein kinase, pERK, 

occurs downstream of activity of both Gα and Gβγ subunits of the G protein.18 In this 

signaling pathway, both AMB-FUBINACA and CP55,940 elicited peak pERK responses at 

4 min (Figure 2A), so this time point was selected for subsequent concentration-response 

assays. These assays (Figure 2B, Table 1) revealed very similar activity profiles for all 

agonists, compared to their responses in cAMP: rank order potencies and efficacies were 

largely preserved. As not all compounds could be analyzed within a single assay, all assays 

included a CP55,940 concentration-response curve to enable normalization between 

experiments. This signaling pathway is activated with less efficiency than cAMP, so agonist 

potencies are right-shifted relative to cAMP inhibition. AMB-FUBINACA showed higher 

efficacy than the matched CP55,940 response but was not significantly more efficacious than 

WIN55,212–2 (which elicited a pERK effect mean slightly greater than the matched 

CP55,940 response). Δ9-THC stimulated ERK phosphorylation with significantly lower 

efficacy than the matched CP55,940 response (one-way ANOVA, F = 64.43; Holm-Šídák 

multiple comparisons post-test; note that as CP55,940 was used for normalization, it was not 

included in this analysis).
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Regulatory Responses to CB1 Agonism: Internalization and Arrestin Activation.

Surface receptor number is an essential component of efficacy. Indeed, receptor number has 

appeared in receptor theory as a contributor to effect size since the 1960s,30,31 and its 

modulation by receptor internalization helps prevent toxic system overstimulation.32,33 The 

profile of AMB-FUBINACA-mediated internalization of CB1 is therefore highly pertinent in 

attempts to understand molecular contributions to SCRA toxicity. Canonically, GPCR 

internalization occurs following agonist stimulation and homologous desensitization.34 

Receptors are phosphorylated by G protein-coupled receptor kinases, which are thought to 

facilitate a decrease in affinity of G protein to the intracellular face of the receptor, resulting 

in signal desensitization.35

Phosphorylation is also understood to promote recruitment of β-arrestin-1 and β-arrestin-2 

(arrestin-2 and arrestin-3) to receptors.36,37 β-Arrestins are scaffolding proteins, which are 

considered to be predominantly involved in receptor internalization via clathrin-coated 

vesicle formation and dynamin-facilitated endocytosis. However, a more recent concept is 

that arrestins may also be responsible for a second complement of receptor-mediated 

signaling, a G protein-independent set of responses.38,39 As previously noted, this idea was 

also an important foundation for the current study, because of the importance of G protein 

versus arrestin bias in adverse effects for other receptor systems, such as the opioid 

receptors20,21,40 (though it should be noted that the question of whether arrestins are 

sufficient to drive signaling responses alone is not fully settled41).

In the current study, the different agonists screened produced highly variable profiles of 

agonist-induced receptor internalization (Figure 3). Indeed, high concentrations of each 

agonist resulted in maximum half-lives (T1/2, minutes for 50% of surface receptors to 

internalize) ranging from (mean, ±SEM, n = 3) 1.92 min ± 0.60 (WIN55,212–2, Figure 3C; 

note that these data were first reported in Zhu et al.42), 2.46 min ± 0.29 (AMB-FUBINACA, 

Figure 3A), 5.16 min ± 0.25 (CP55,940, Figure 3B), to 19.05 min ± 3.29 min (Δ9-THC, 

Figure 3D). WIN55,212–2, AMB-FUBINACA and CP55,940-induced internalization rates 

were not significantly different, but all three induced significantly faster receptor 

internalization than Δ9-THC (one-way ANOVA, F = 23.68; Holm-Šídák multiple 

comparisons post-test). Data were analyzed for inverse mean residence time (MRT; the ratio 

of the concentration versus time area-under-the-curve and the area under the first moment 

curve), as previously described,42 in order to convert kinetic data into a form analyzable with 

the EMAX and operational models (Figure 3E, Table 1). Inverse MRT therefore reflects the 

average time a labeled receptor remains on the cell surface. In this form, WIN55,212–2 was 

slightly but significantly more efficacious than AMB-FUBINACA; both were significantly 

more efficacious than CP55,940; and all three were significantly more efficacious than Δ9-

THC (one-way ANOVA, F = 72.78; Holm-Šídák multiple comparisons post-test). However, 

compared to cAMP and pERK signaling, inverse MRT analysis showed largely similar 

relative potencies, with AMB-FUBINACA and CP55,940 exerting effects with similar and 

high potencies, and WIN55,212–2 and Δ9-THC stimulating their effects at potencies 

approximately 2 orders of magnitude lower.

In general, the activity profiles of AMB-FUBINACA are largely consistent in the signaling 

and internalization pathways characterized thus far-its primary attribute is demonstrable high 
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efficacy and potency in all pathways. Assays to quantify CB1-dependent stimulation of 

arrestin translocation revealed that AMB-FUBINACA recruits both β-arrestin-1 (Figure 4A, 

C) and −2 (Figure 4B, D) with generally equivalent maximal rates and efficacies compared 

to reference ligands; a finding that is consistent with recent reports.43,44 However, as 

observed in other pathways (above), these AMB-FUBINACA effects were elicited with 

substantially higher potency (Table 1) than WIN55,212–2 both for β-arrestin-1 and −2. In 

both cases, the WIN55,212–2 responses were such low potency that the curves were poorly 

determined, making the reported pEC50 values for WIN55,212–2 approximations only.

More interestingly, activity profiles for AMB-FUBINACA were clearly distinct from 

CP55,940, with AMB-FUBINACA driving significantly higher efficacy responses for 

translocation of both β-arrestins-1 and −2 (two-tailed paired t tests). This was especially 

pronounced for β-arrestin-1, for which AMB-FUBINACA elicited a maximum efficacy 

approximately 5 times larger than that of CP55,940 (Table 1). Furthermore, comparison of 

AMB-FUBINACA with Δ9-THC was even more stark: Δ9-THC efficacy and potency were 

too small for EMAX model parameters to be accurately obtained in either arrestin pathway. 

The activity profiles of AMB-FUBINACA in both arrestin pathways therefore appears 

unique in comparison to the other compounds included in this study. Perhaps most notably, 

the arrestin responses elicited by AMB-FUBINACA may be the only arrestin responses of 

sufficient potency that they may occur in vivo; it would be challenging for micromolar 

concentrations to be achieved inside the human blood-brain barrier for exogenous 

substances, as would be necessary for WIN55,212–2-mediated β-arrestin activation, for 

example. The differing natures of AMB-FUBINACA and Δ9-THC effects in the activation of 

arrestin pathways may suggest that these pathways are involved in on-target toxic effects 

associated with AMB-FUBINACA.

One of the signaling responses suggested to follow arrestin activation is a kinetically novel 

pERK signal. Across the GPCR field, G protein-mediated pERK signaling appears as 

reported here (Figure 2) − a transient signal of several minutes’ duration, which occurs with 

rapid onset, and is G protein-mediated. However, the idea of a second “wave” of signaling, 

mediated by β-arrestin-1, has been proposed for CB1.18,38 We have not observed any 

delayed signal in experiments to date, but exploring the fundamental determinants of this 

response would be an interesting future avenue of research to pursue. CB1 is well-known to 

signal through noncanonical signaling pathways under specific conditions.26,45–47 This gives 

precedence to the idea that system factors may be important to unmask drug-specific 

differences in outcome, and may help explain on-target SCRA toxicity.

Operational Analysis for Functional Selectivity.

In light of these data, we hypothesized that the relatively high potency and much higher 

efficacy of AMB-FUBINACA may reflect functional selectivity toward arrestin pathways. 

Quantitative analysis for functional selectivity (agonist bias) was therefore performed, using 

the operational analysis for bias method (first described by Kenakin et al. in 2012,24 with 

later modifications25,48). Different cell types (including both native cells in vivo, but also the 

heterologous models employed in this study) are naturally heterogeneous in their signaling 

responses. Factors contributing to this will include the array of signaling effectors expressed 
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by a particular cell, the abundance and stoichiometry of receptors, and many others. The 

approach taken in the current study therefore sets out to compare ligands under matched 

conditions. This means that the cell type used to produce data (in this case, a heterologous 

system) should not alter the conclusions of the ligand comparison analysis, even though the 

profiles of activity may well differ to those elicited in vivo.

The convention in operational analysis is to utilize a ligand that is fully efficacious in all 

pathways as the reference ligand. This ligand is then normalized to 1.0, and serves as a point 

of comparison for all the other ligands in the study. We have initially utilized WIN55, 212–2 

as the reference ligand. In this analysis, notably different profiles emerged for AMB-

FUBINACA compared to THC. Indeed, in most pathway comparisons involving either β-

arrestins-1 or −2, Δ9-THC was consistently biased to the nonarrestin pathway by more than 

an order of magnitude of R (10ΔΔlogR). A possible exception to this trend is in the cAMP/β-

arrestin-1 pathway comparison (Figure 5A, Table 2). By comparison, AMB-FUBINACA 

manifested as seemingly balanced in all pathways comparisons, meaning that its activity was 

effectively predicted by the relative activity of WIN55,212–2 in each pairwise pathway 

comparison.

One of the primary aims of the current study was to systematically compare the profiles of 

AMB-FUBINACA with Δ9-THC. Both of these drugs have been consumed by humans; 

however, AMB-FUBINACA is associated with severe acute toxicity, while Δ9-THC is 

recognized to have low acute toxicity. Thus, to more fully interrogate potential differences 

between these two compounds, we repeated ΔΔlog R calculations, this time using Δ9-THC 

as the reference ligand (Figure 5B; note that some pathway comparisons were calculated in 

the opposite order to Figure 5A in order to ensure that as many values as possible would 

remain >1.0). As expected from the Δ9-THC bias findings (see above), all three other 

agonists were more active in activating both β-arrestins-1 and −2 than would be predicted 

from the activity of Δ9-THC. No agonist appeared biased for any other pathway in this 

analysis.

Recently, a cryogenic electron microscopy structure of the MDMB-FUBINACA-bound 

CB1-Gαi complex was published.49 MDMB-FUBINACA is an analogue of AMB-

FUBINACA, differing only by the addition of a single methyl group to the pendant 

valinamide side-chain of AMB-FUBINACA. MDMB- and AMB-FUBINACA share an 

indazole scaffold, which has been shown (for MDMB-FUBINACA) to interact with the 

F2003.36 residue in the CB1 binding pocket, allowing W3566.48 to rotate (“toggle twin 

switch”) and form a Gαi-interacting cavity on the cytoplasmic face of the receptor.49,50 This 

interaction has been shown to occur with high efficiency for MDMB-FUBINACA and is 

likely to be common for AMB-FUBINACA (based on structural similarity). Indeed, it has 

been postulated that this interaction is the crucial difference between high affinity agonists, 

and Δ9-THC.49 The structural rigidity of MDMB-FUBINACA (and likely AMB-

FUBINACA) causes the toggle twin switch interaction, and therefore GTP cycling, and 

receptor activation much more readily than the comparatively flexible Δ9-THC.49 Naturally, 

the immediate downstream pathway of Gαi facilitates the canonical effects of the receptor, 

and we have shown here that AMB-FUBINACA is a high efficacy agonist with nanomolar 

potency matching that of CP55,940 (Figure 1), hitherto often considered a CB1 “full 
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agonist” for inhibition of cAMP. Congruently, AMB-FUBINACA is more potent and 

efficacious than both WIN55,212–2 and Δ9-THC. This finding is supported by a previous 

study using a different cell line where the authors show similar cAMP potency to that 

defined in this study.14 Importantly, this suggests that the conformation of the receptor in the 

presence of Δ9-THC and AMB-FUBINACA is likely to be different; a key determinant of 

subsequent receptor bias.

Media reports have indicated that AMB-FUBINACA induces seizures (e.g., ref 51), 

consistent with observations for other synthetic cannabinoids in both rodents and humans,
52–54 in contrast to typical responses to Δ9-THC in humans. It remains unclear whether these 

adverse effects are facilitated directly by the cannabinoid system or by other independent 

targets. Indeed, the seizurogenic effects of SCRAs are further confounded by a case report 

that has suggested that SR141716A (rimonabant, a widely used CB1-selective inverse 

agonist) may also promote seizures in susceptible patients.55 Evidence that other, 

noncannabinoid receptor systems may be involved in SCRA effects include the idea that 

naloxone (muopioid receptor antagonist) may have protective utility for sufferers of SCRA 

intoxication.56 In any case, such profound effects highlight the necessity of both 

investigating the seizurogenic potential of AMB-FUBINACA in comparison to “traditional” 

cannabinoids like Δ9-THC, but also systematically assessing polypharmacology (potential 

activity at noncannabinoid receptor targets) of AMB-FUBINACA and SCRAs in its class.

Pharmacokinetic considerations will also be highly important for understanding SCRA 

toxicity, encompassing attributes as diverse as route of administration and efficiencies of 

absorption, blood-brain barrier permeability (if toxic effects are indeed centrally mediated), 

and, importantly, pharmacological activity of metabolites (including the parent compound’s 

bioconversion rate). While substantial data are available for Δ9-THC (e.g., ref 57), little 

pharmacokinetics data are currently available for AMB-FUBINACA (particularly in 

humans), although forensic and in vitro data are now beginning to appear.43,58 Significantly, 

these new data suggest that AMB-FUBINACA metabolism occurs exceedingly quickly, with 

O-demethylation of the parent compound occurring in hepatocytes within minutes, leaving 

only 0.5% AMB-FUBINACA in the assay system after 60 min.43 It is therefore possible that 

the pharmacology of SCRA metabolites may be of greater importance for toxicity than the 

parent compound itself, a concept considered by other researchers also.59 Certainly, in the 

case of MDMB-FUBINACA, a recent study has suggested that its primary metabolite 

(ADB-FUBINACA-COOH) is active at CB1 (albeit with substantially reduced potency 

compared to the parent compound).60

SCRA-related cause of death has also not yet been resolved. Cannabis smoking has 

previously been associated with myocardial infarct,2 and indeed reports have appeared to 

suggest that this is a factor of SCRA toxicity.61,62 But acute respiratory failure has also been 

implicated,12 in addition to the seizure associations discussed above. It is therefore clear that 

many aspects of physiology will be profoundly affected by exposure to SCRAs. It is worth 

noting again that the mechanisms of toxicity may not be the same as the mechanism for the 

subjective effects of SCRAs.16 Researchers must therefore be incisive in assay design, lest 

potentially unique drug activities are associated with only one of these outcomes.
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Many questions arise from the current study. Is the high potency and efficacy of AMB-

FUBINACA in activating β-arrestin-1 and −2 a common feature for SCRAs, a “molecular 

fingerprint”, and if so is it an important mediator of toxic effects? What are the 

manifestations of toxicity at the tissue (forensic) level, and does this point to mechanisms of 

toxicity? Can central nervous system activity explain SCRA-related deaths? Do SCRAs such 

as AMB-FUBINACA have activity at targets other than CB1 and CB2? Nonetheless, this 

study points to clear differences between Δ9-THC and AMB-FUBINACA in CB1-mediated 

effects; future studies will aim to determine if these can be correlated with in vivo toxicity.

METHODS

Drugs. AMB-FUBINACA:

N-[[1-[(4-Fluorophenyl)methyl]-1H-indazol-3-yl]carbonyl]-L-valine, methyl ester. Stored at 

10 mM in DMSO.

CP55,940:

(−)-cis-3-[2-Hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl) 

cyclohexanol, Cayman Chemical (AUS), cat#190–90084, lot# 0447745–19. Stored at 10 

mM in absolute ethanol.

[3H]CP55,940:

(−)-cis-3-[2-Hydroxy-4-(1,1-dimethylheptyl)-phenyl]-trans-4-(3)hydroxypropyl) 

cyclohexanol [side chain-2, 3, 4–3H(N)] (PerkinElmer, Waltham MA), cat# 

NET1051001MC, lot#2248643. Stored at 4 μM in absolute ethanol.

Δ9-Tetrahydrocannabinol (Δ9-THC):

(6aR,10aR)-6,6,9-Trimethyl-3-propyl-6a,7,8,10a-tetrahydro-6H-benzo[c]chromen-1-ol, 

THC Pharm GmbH (Germany). Stored at 31.6 mM in absolute ethanol.

WIN55-212-2:

(R)-(+)-[2,3-Dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-

benzoxazin-6-yl]-1-naphthalenylmethanone mesylate, Tocris Bioscience, Bristol, U.K., 

cat#1038, batch#32A/159481. Stored at 10 mM in absolute ethanol.

Membrane Preparation.

Methods utilized have been previously reported in Finlay et al.26 In brief, HEK cells stably 

expressing pplss-3HA-hCB1 (first reported in Finlay et al.26) were cultured in 175 cm2 

polystyrene flasks until semiconfluency. Cells were then lifted with 5 mM EDTA in PBS, 

sedimented by centrifugation (200 x g), and snap frozen at −80 °C. Cell pellets were 

resuspended in sucrose buffer (200 mM sucrose, 50 mM Tris-HCl pH 7.4, 5 mM MgCl2, 2.5 

mM EDTA) and homogenized on ice with a glass-glass dounce homogenizer. The 

homogenate was sedimented at low speed (200g, 10 min; P1 pellet). The supernatant was 

then sedimented at 26 916 x g for 30 min. The supernatant was discarded, and the remaining 

P2 pellet resuspended in sucrose buffer, aliquoted, and stored at −80 °C. Protein 
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concentration was quantified using a protein assay kit (Bio-Rad, Hercules CA) according to 

the manufacturer’s instructions.

Radioligand Binding Assays.

Unlabeled drugs were diluted into ice-cold binding buffer (50 mM HEPES pH 7.4, 1 mM 

MgCl2, 1 mM CaCl2, 0.2% fatty-acid-free BSA; MP Biomedicals, Auckland, NZ) and 

incubated at 30 °C for 1 h with [3H]-CP55,940 (0.75–2.5 nM) and 3–5 μg of P2 membrane 

isolate in a V-bottom 96-well mixing plate (Hangzhou Gene Era Biotech Co., China). 

During incubation, a 96-well GF/C glass-filter harvest plate (PerkinElmer, Waltham, MA) 

was incubated for 1 h in branched PEI (polyethylimine, 0.1% w/v, Sigma-Aldrich, St. Louis, 

MO). Filter plates were washed with 200 μL of ice-cold wash buffer (50 mM HEPES pH 

7.4, 500 mM NaCl, 0.2%) BSA on a vacuum manifold (Pall Corp., New York, NY) at 5–10 

mmHg. The binding assay cocktail (radioligand, membrane, and displacer drug) was filtered 

through the harvest plate and washed three times with 200 μL of wash buffer and then dried 

overnight at room temperature. The plate bottom was sealed, and IRGASAFE Plus 

scintillation fluid (PerkinElmer, Waltham, MA) was added to each well. Plates were 

incubated in dark conditions for 30 min, and then radioactivity was detected in a Wallac 

TriLux MicroBeta2 scintillation counter (PerkinElmer, Waltham, MA, 2 min counts).

BRET-CAMYEL cAMP Measurement.

HEK/3HA-hCB1 were seeded at a density of 5 × 106 cells into a 10 cm culture dish 

(Corning, Corning, NY) and grown overnight. Medium was replaced, and cells were 

transfected with 5 μg of pcDNA-His-CAMYEL (ATCC, described by Jiang et al.,63 Cawston 

et al.64) with 1.5 μg of linear PEI (Sigma-Aldrich, St. Louis, MO) in 10 mM NaCl and 

incubated overnight. Transfected cells were lifted and plated at 60 000–80 000 cells/well 

into a PDL-coated (Sigma-Aldrich) white 96-well CulturPlate (PerkinElmer, Waltham MA) 

and grown overnight. On assay day, culture medium was aspirated and wells were washed 

with HBSS (Thermo Fisher Scientific, Waltham MA) and then preincubated in assay buffer 

(HBSS supplemented with 1 mg/mL BSA) for 30 min. Five minutes before stimulation, 

coelenterazine-h was dispensed (Nanolight, Pinetop, AZ; final concentration 5 μM) to assay 

wells and moved to a prewarmed, 37° LUMIstar (BMG Labtech GmbH, Ortenberg, BW, 

Germany). Drugs (cannabinoid serial dilutions with forskolin, 2.5 and 5 μM final 

concentrations were tested; all vehicle controlled) were prepared in assay buffer at 10× 

concentration and dispensed into the prepared assay wells, and luminescence was detected 

simultaneously for both 460 and 535 nm wavelengths for approximately 20–30 min. Inverse 

BRET ratios (460/535 nm) were calculated in Omega MARS software (V3.1 R5, BMG 

Labtech GmbH, Ortenberg, Germany) and exported for further analysis in GraphPad Prism. 

Real time BRET traces were converted to concentration-response format by performing 

area-under-the-curve analysis in GraphPad Prism, followed by normalizing to forskolin 

(100%) and maximum inhibition by CP55,940 (0%).

AlphaLISA SureFire pERK Detection.

HEK/3HA-hCB1 were seeded into the inner-60 wells of PDL-coated 96-well plates 

(Corning, NY) at 30 000 cells/well and grown overnight. Complete medium was aspirated, 

replaced with serum-free DMEM supplemented with 1 mg/mL BSA, and incubated 
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overnight prior to stimulation. Drugs were diluted in DMEM with 1 mg/mL BSA and 

applied at appropriate time points over the course of the assay in a barely submerged 37 °C 

water bath. Detection of pERK was performed using an AlphaLISA SureFire Ultra kit 

(PerkinElmer, Waltham, MA) in accordance with the manufacturer’s instructions. Plates 

were read in a CLARIOstar (BMG Labtech GmbH, Ortenberg, BW, Germany) and analyzed 

in GraphPad Prism.

Receptor Internalization Assay.

Assays for receptor internalization were performed as described in Grimsey et al.65 with 

modifications as described in Zhu et al.42 In brief, agonist-mediated receptor internalization 

was measured using a “live-at-start” method. 3HA-hCB1 HEK cells were plated (40 000 

cells/well) into PDL-coated, clear-plastic 96-well plates (Nunc) and cultured overnight. 

Culture medium was replaced with DMEM supplemented with 1 mg/mL BSA (assay 

medium) for 1 h. Primary mouse anti-HA 16B12 monoclonal antibody (BioLegend, San 

Diego, CA) was diluted in assay medium (1:500), warmed to 37 °C, and then applied to each 

well for 30 min prior to drug stimulation. Antibody-containing medium was aspirated, and 

wells were washed, followed by application of prewarmed drug dilutions. At the end of the 

time course, receptor trafficking was arrested with a 5 min incubation on ice. Well contents 

were aspirated, and secondary antibody was dispensed (AlexaFluor goat anti-mouse 488, 

diluted 1:300 in assay medium; Thermo Fisher Scientific, Waltham, MA). Secondary 

antibody was incubated at room temperature for 30 min, aspirated, and then wells were 

twice-washed with assay medium. Cells were fixed in 4% paraformaldehyde (Sigma-

Aldrich) in phosphate buffer (0.1 M) for 10 min. After fixation, wells were aspirated and 

washed twice in PBS. Hoechst 33258 (4 mg/mL in Milli-Q water, diluted 1:500 in PBS 

supplemented with 0.2% Triton-X100/PBS+T) was then dispensed for 15 min. Wells were 

then washed twice in PBS+T and finally left for storage and imaging in 50 μL/well PBS+T 

supplemented with 0.4 mg/mL merthiolate (thiomersal).

Microplate imaging was performed using an ImageXpress Micro XLS High-Content System 

automatic microscope. Images were analyzed using the associated analysis platform 

MetaXpress v6.2.3.733 (Molecular Devices, San Jose, CA) as previously described.42,65,66 

Inverse MRT was calculated for time-course fluorescence data as, as previously described.42

Measurement of β-Arrestin Translocation.

Arrestin translocation assays were performed as previously described in Ibsen et al.,67 with 

modifications. HEK wildtype cells were plated into 10 cm culture dishes (Corning, NY) and 

cultured overnight. Complete culture medium was replaced, and then a transfection cocktail 

was dispensed, containing (per dish): 2 μg of mem-linker-citrine-SH3 pcDNA3.1+, 50 ng of 

Rluc8-human-β-arrestin-1 or −2 pcDNA3.1+, 1.6 μg of pplss-3HA-hCB1 pEF4a, and 350 ng 

of empty pcDNA3.1+; combined with 36 μg of PEI-Max (polyethylimine 25K, 

Polysciences, Warrington, PA) in Opti-MEM reduced serum medium (Thermo Fisher 

Scientific, Waltham, MA) and incubated overnight. Transfected cells were lifted with trypsin 

and seeded at a density of 60 000 cells/well into PDL-coated white 96-well CulturPlates 

(PerkinElmer, Waltham, MA) and incubated overnight. Culture medium was aspirated, and 

wells were washed with PBS, medium was replaced with HBSS supplemented with 1 
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mg/mL BSA (assay buffer) for 30 min. Coelenterazine-h and drug addition was performed 

as described above (cAMP CAMYEL). Luminescence was detected at 37 °C for 25 min in a 

LUMIstar Omega plate reader. BRET ratios (535/460 nm) were exported from Omega 

MARS software and analyzed in Prism 8. Data were normalized as described by Ibsen et al.
67 Raw BRET values for the predrug incubation were averaged, and both the predrug 

baseline and subsequent drug condition data were normalized to this average. “Vehicle” 

BRET ratios were subtracted from all matches drug responses, and net area-under-the-curve 

obtained for each assay point.

Operational Analysis.

Operational analysis was conducted as described in Zhu et al.,48 based on a previously 

developed model.24,25 Log R was estimated separately from each independent determination 

(biological replicate, n = 3), from which SEM was generated. For drugs with very low 

potency or efficacy (particularly CP55,940 and Δ9-THC in the arrestin pathways), 

operational analysis will still allow a fit, but the log R values obtained from these fits should 

be considered estimates only. However, we consider these estimates conservative, because 

partially defined operational analysis curves may result in log R values that assume greater 

efficacy than may be the case (i.e., the model may treat the top of the curve as being equal to 

the nominal full agonist). At the level of bias analysis (ΔΔlog R calculations), this would 

result in an under-reporting of bias (should the true efficacy be lower than estimated by the 

model).

Data and Statistical Analysis.

All raw data were processed and analyzed in Prism 8 (GraphPad Software Inc. San Diego, 

CA) unless otherwise specified.
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ABBREVIATIONS

BRET bioluminescence resonant energy transfer

BSA bovine serum albumin

cAMP 3′,5′-cyclic adenosine monophosphate

CB1 type 1 cannabinoid receptor

CB2 type 2 cannabinoid receptor

Δ9-THC trans-Δ9-tetrahydrocannabinol

DMEM Dulbecco’s modified Eagle’s medium

ERK Extracellular signal-related kinase
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GPCR G protein-coupled receptor

HBSS Hank’s buffered saline solution

MRT mean residence time

pERK phosphorylated extracellular signal-related kinase

PDL poly-D-lysine hydrobromide

PBS phosphate-buffered saline solution

SCRA synthetic cannabinoid receptor agonist
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Figure 1. 
Concentration-response curves for cAMP signaling, showing 3HA-hCB1 HEK signaling on 

stimulation with 5 μM forskolin (F) and CP55,940, AMB-FUBINACA, WIN55,212–2, or 

Δ9-THC. Representative data are shown, demonstrating mean ± SEM of technical duplicates 

in the same assay.
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Figure 2. 
CB1-mediated phosphorylation of ERK in response to stimulation with cannabinoids, 

showing the time course of stimulation by high concentrations of two agonists of interest (A) 

and the agonist concentration responses at peak activity (4 min, B). Representative data are 

shown, demonstrating mean ± SEM of technical replicates in the same assay. AlphaLISA 

units (A) or normalized to the peak CP55,940 signal at 4 min (B).
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Figure 3. 
CB1 internalization following stimulation with AMB-FUBINACA, CP55,940, WIN55,212–

2, or Δ9-THC. Data show time courses of internalization for each agonist (A–D), which have 

been analyzed for inverse mean residence time (1/MRT, E). Representative data are shown, 

demonstrating mean ± SEM of technical duplicates.
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Figure 4. 
CB1-mediated translocation of β-arrestin-1 (A, C) and −2 (B, D) in response to stimulation 

with AMB-FUBINACA, CP55,940, WIN55,212–2, or Δ9-THC. Data presented are technical 

triplicates (mean ± SEM), shown as kinetic traces at high agonist concentrations (A, B), and 

concentration–response relationships (C, D).
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Figure 5. 
Radar plot showing operational analysis bias factors (10ΔΔlogR) for CP55,940, AMB-

FUBINACA, WIN55,212–2, and Δ9-THC in all pathway comparisons assayed. The 

reference ligand is WIN55,212–2 (A) or Δ9-THC (B). Data (log R values) were collated 

from all available independent determinations (n = 3–4). Bias is indicated for the first 
pathway named in each comparison (each vertex) as bias factors > 1.0 (or vice versa). Note 
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that the order of pathway comparisons is not always consistent between (A) and (B) in order 

that as many comparisons as possible will return values > 1.0.
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