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Abstract

The cannabinoid receptor 1 (CB1) is a G protein-coupled receptor (GPCR) that is located 

primarily in the central nervous system. CB1 is a therapeutic target which may impact pathways to 

mediate pain, neurodegenerative disorders, hunger, and drug-seeking behavior. Despite these 

benefits, development of orthosteric therapeutic compounds, which target the endogenous ligand-

binding site of CB1, has been challenging due to detrimental side effects including psychoactivity, 

depression, and suicidal thoughts. However, CB1 also has an allosteric binding site(s), which is 

topographically distinct from the orthosteric site. Allosteric modulation of CB1 has a number of 

potential advantages including providing a mechanism for more precise control of downstream 

pathways and circumventing these side effects. In this review, we summarize the concept of 

allosteric modulation and focus on the structure activity relationship studies of the well-

characterized allosteric modulators, ORG27569 and PSNCBAM-1 and their derivatives, and a few 

other recent modulators. We review studies on the properties of these modulators on CB1 signaling 

in cells and their effects in vivo. While many current allosteric modulators also produce complex 

outcomes, they provide new advances for the design of CB1 centered therapeutics.
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Introduction

The cannabinoid receptor 1 (CB1) is an attractive drug target for the management of pain 

(Donvito et al. 2017; Woodhams et al. 2017), neurodegenerative disorders (Fernández-Ruiz 

et al. 2015), obesity (Silvestri and Di Marzo 2013; Simon and Cota 2017), and substance 

abuse (Maldonado et al. 2006; Smith et al. 2010). Traditional approaches to designing 

therapeutics for targeting CB1 have focused on the orthosteric site of the receptor; the site 
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where the endogenous cannabinoids such as anandamide (AEA) and 2-arachidonylglycerol 

(2-AG) bind, and where the phytocannabinoid Δ9-tetrahydrocannabinol (Δ9-THC) binds 

(Pertwee 2008). However, ligands targeting the orthosteric site on CB1 can cause unwanted 

psychoactive effects, tolerance and dependence. Allosteric ligands, which bind to site(s) 

topographically distinct on CB1 have been identified. These novel CB1 ligands exhibit new 

mechanisms of action and hold promise for discovery of CB1-targeting drugs which may 

have less side effects than the drugs developed by targeting the CB1 orthosteric site (Nguyen 

et al. 2016).

Defining allostery and allosteric parameters

Allosteric ligands can impact receptor activity in several ways, including: (1) modulate the 

binding affinity of the orthosteric ligands to regulate potency; (2) control the signaling 

pathways of the orthosteric ligands including in a biased manner; and (3) elicit signaling 

responses independent of orthosteric ligand binding (Figure 1) (Gentry et al. 2015). Using 

equilibrium binding, an allosteric modulator can be characterized by KB, the equilibrium 

dissociation constant, of the allosteric ligand in the presence of an orthosteric ligand (Conn 

et al. 2009) and by α, the cooperativity factor, which defines the extent of the allosteric 

interaction (Christopoulos and Kenakin 2002). At the receptor binding level, an α greater 

than 1 represents a positive allosteric modulator (PAM), which increases the binding of the 

orthosteric agonist, and decreases the binding of an orthosteric inverse agonist. In contrast, a 

ligand with an α less than 1 represents a negative allosteric modulator (NAM) for agonist 

binding. Binding of NAMs impacts orthosteric compounds in an opposite manner to a PAM; 

that is, a NAM enhances inverse agonist binding and decreases agonist binding. Both a 

competitive orthosteric inverse agonist and a NAM can show a decrease in binding of an 

orthosteric agonist and its corresponding receptor activity. However, this can be 

differentiated from one another in kinetic binding analysis; dissociation rates will change in 

the presence of an allosteric modulator due to conformational changes caused by modulator 

binding to a different site on the orthosteric ligand-receptor complex (Christopoulos and 

Kenakin 2002; Gregory KAREN J et al. 2010). Some allosteric modulators can themselves 

behave as allosteric agonists, eliciting signaling by binding to an allosteric site on a receptor 

without any orthosteric ligand (Schwartz and Holst 2007). Furthermore, some allosteric 

modulators can be both, and act with or without an orthosteric ligand (Schwartz and Holst 

2006).

Advantages of targeting an allosteric site

Ligands targeting an allosteric site have multiple benefits relative to those which target the 

orthosteric site. Allosteric compounds have the potential to be more selective for subtypes of 

a receptor due to higher sequence variation between subtypes in the allosteric binding site 

than the orthosteric site. Allosteric modulators often promote cooperativity between 

orthosteric and allosteric sites that is exclusive to a receptor subtype (Conn et al. 2009). In 

CB1, the orthosteric ligand binding site(s) are in the more conserved transmembrane domain 

(Hua et al. 2016; Shao et al. 2016; Hua et al. 2017), while the allosteric sites are proposed to 

be near more variable regions such as the external or internal loops (Fay and Farrens 2013; 

Shore et al. 2014; Stornaiuolo et al. 2015). Allosteric modulators can also allow for 

improved spatiotemporal regulation of an endogenous ligand. A positive allosteric 
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modulator targets its receptor, enhancing the effects of the orthosteric ligand only during the 

time and location in which the endogenous ligand is active. An orthosteric ligand competes 

with the endogenous ligand and may target all receptors continually until it is metabolized 

(Burford et al. 2015). Pathway selectivity is another advantage of allosteric modulators. 

Whereas an orthosteric ligand may cause therapeutic and unwanted side effects by affecting 

multiple pathways, an allosteric modulator may circumvent side effects through biased 

regulation of signaling pathways. Moreover, allosteric binding alone may cause signaling 

which is unique to the allosteric modulator (Gao and Jacobson 2013). Allosteric modulators 

can elicit responses in a saturable manner with a ceiling on their effect once the receptors are 

occupied. This characteristic is beneficial because it makes effects of the compound more 

predictable, and reduces the risk of overdose (Gregory Karen J. et al. 2013).

FDA approved allosteric modulators

Basic research investigating allosteric modulators has led to the development and FDA 

approval of two medications that mechanistically function as allosteric modulators of G 

protein coupled receptors (GPCRs), Cinacalcet and Maraviroc (Dorr et al. 2005; Harrington 

and Fotsch 2007). Cinacalcet functions as a PAM of the calcium sensing receptor (CSR), a 

receptor in the parathyroid gland that monitors calcium levels in the blood to control the 

release of parathyroid hormone (PTH) by monitoring calcium levels in the blood. Cinacalcet 

binds the allosteric site of the CSR which leads to increased sensitivity of the receptor to 

calcium in serum, and lowers the serum concentration of PTH, in turn lowering the calcium 

levels in the blood. These actions are beneficial for treating hyperparathyroidism (Harrington 

and Fotsch 2007). Maraviroc is a NAM used to treat HIV infection. It binds to the allosteric 

site on the co-receptor CC chemokine receptor 5 (CCR5) that elicits a conformational 

change of CCR5, which prevents HIV entry into a cell (Dorr et al. 2005).

Scope of this review

CB1 is a GPCR with one or more allosteric sites (Fay and Farrens 2013; Shore et al. 2014; 

Stornaiuolo et al. 2015). There are several compounds that have been discovered that target 

allosteric sites on CB1 such as ORG27569 (Price et al. 2005), PSNCBAM-1 (Horswill et al., 

2007), RTI-371 (Navarro et al. 2009), lipoxin A4 (Pamplona et al. 2012), pepcans (Bauer et 

al. 2012), ZCZ011 (Ignatowska-Jankowska et al. 2015) and GAT211 (Nguyen et al. 2016; 

Laprairie et al. 2017). This review will focus on the research centered on the allosteric 

modulators of CB1, ORG27569 and PSNCBAM-1, and their derivatives, and a few other 

recent compounds.

Allosteric Modulators of CB1: Binding and SAR studies

The indole-2-carboxamides

The indole-2-carboxamides were first described by Price and colleagues in 2005 as a series 

of compounds identified by Organon Research (Price et al. 2005). The general structure of 

indole-2-carboxamide includes a bicyclic aryl fragment and an amide fragment (Khurana et 

al. 2014). The compounds include Org27759 (Table 1), Org29647, and Org27569. When 

tested in equilibrium binding assays, these compounds caused an increase in binding of the 

CB1 agonist CP 55,940, and a decrease in binding of the CB1 inverse agonist SR141716A. 
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Org27569 (Table 1) had the greatest effect on the increase in CP 55,940 binding, with the 

lowest pKB value (pKB = 6) of the three compounds tested. In addition, the cooperativity 

factors (α) for all three of the Org compounds were greater than 1 when the CB1 agonist CP 

55,940 was employed, indicating a positive cooperativity, while the cooperativity factors for 

all three of the Org compounds were less than 1, when the CB1 inverse agonist SR141716A 

was employed, indicating negative cooperativity. This indicates Org27759, Org29647, and 

Org27569 promote an active conformation of the receptor. Org27569 had the highest α 
value (α = 14) out of the three compounds tested. Dissociation kinetic studies performed 

with CP 55,940 provided additional evidence of the allosteric properties of these compounds 

as they caused a decrease in the rate of orthosteric ligand dissociation (Price et al. 2005).

To further study Org27569, Ahn and colleagues (Ahn et al. 2012) tested its binding 

properties on two mutated forms of CB1: T210A, an inactive form of the receptor, and 

T210I, a constitutively active form of the receptor. Wild-type CB1 is intermediate between 

the two mutant receptors in terms of its biochemistry and cellular activity. Using these 

receptors, Org27569 promotes a receptor state which increases affinity for an agonist, while 

decreasing affinity for an inverse agonist. This is consistent with the active conformation of 

the receptor. While Org27569 had little additional effect on CP 55,940 binding to the 

constitutively active T210I receptor, it had a profound effect on the inactive receptor T210A, 

and its effect on wild-type CB1 was intermediate. That is as expected if Org27569 promotes 

an active form of the receptor. T210I is already highly active, while Org27569 promotes 

activity of wild-type CB1 and even more so of T210A. Conversely, in the presence of inverse 

agonist SR141716A and Org27569, wild type CB1 and inactive T210A had weaker KD 

values than when presented with SR141716A alone. The constitutively active receptor T210I 

did not have saturable binding of SR141716A. One would expect weaker binding of the 

inverse agonist if Org27569 promoted an active state. Furthermore, the rank order is as 

anticipated of the impact of Org27569 on the T210A, wild-type CB1, and T210I receptors. 

(Ahn et al. 2012).

To develop more robust CB1 allosteric modulators than first generation compounds, a 

number of structure-activity relationship (SAR) studies on the scaffold of Org27569 

(indole-2-carboximide) were carried out. Piscitelli and colleagues (Piscitelli et al. 2012) 

have identified several key SAR factors. The carboxamide function is pivotal. When the 

amide group was replaced by an ester group, the allosteric modulation of agonist binding 

was drastically altered and became inhibitory. The piperidin-1-yl group of Org27569 can be 

optimized by a dimethyl amino group, which led to an increase in allosteric modulation of 

the CB1 receptor. Additionally, the alkyl group at the C3 position of the indole ring is quite 

influential. Within this series of compounds, compounds 13 (i.e. 5-chloro-N-(4-

(dimethylamino)phenethyl)-3-ethyl-1H-indole-2-carboxamide) and 21 (i.e. 5-chloro-N-(4-

(piperidin-1-yl)phenethyl)-1H-indole-2-carboxamide) (Table 1) were highly potent, with an 

EC50 in the nanomolar range (50 nM and 90 nM, respectively) (Piscitelli et al. 2012). The 

importance of the C3 alkyl group was quickly confirmed by Ahn and colleagues (Ahn, 

Mahmoud, Samala, et al. 2013) through the compound ICAM-b (5-chloro-3-pentyl-N-(4-

(piperidin-1-yl)phenethyl)-1H-indole-2-carboxamide) (Table 1). This compound possesses 

an n-pentyl group at the C3 position of the indole ring. It exhibited a KB of 470 nM and an α 
value of 18, which is significantly improved from the binding cooperativity of ORG27569 
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(α = 7, tested in the same binding assay). Following this, a series of analogs of Org27569 

with various substitution at C3 of the indole ring were synthesized and assessed for CB1 

allostery (Mahmoud et al. 2013; Khurana et al. 2014). It was found that the linear alkyl 

group is superior to cyclic groups at the C3 position (Mahmoud et al. 2013). The length of 

the alkyl group at the C3 position of the indole ring can impact both the binding affinity 

(KB) and binding cooperativity (α), but the influences are not parallel. However, binding 

cooperativity was generally enhanced with the alkyl group ranging from n-propyl to n-pentyl 

groups. A key finding in these series of analogs is that the ethylene linker between the amide 

group and the 4-aminophenyl group is essential for the allosteric effects. Several compounds 

identified in these series showed improved allostery in comparison with the lead compound 

Org27569. For instance, 12d (5-chloro-N-(4-(dimethylamino)phenethyl)-3-propyl-1H-

indole-2-carboxamide) (Table 1) exhibited a KB of 259 nM and an α of 25 (Khurana et al. 

2014). Compound 12f (5-chloro-N-(4-(dimethylamino)phenethyl)-3-hexyl-1H-indole-2-

carboxamide) (Table 1) of this series, which had an n-hexyl group at the C3 position, 

exhibited the lowest KB value in the series at 89 nM, and an α comparable to Org27569 

(Khurana et al. 2014). With regard to the optimization of the substitution on the indole ring, 

it was demonstrated that an electron-withdrawing group at the C5 position such as a chloro 

or an isothiocyanate group is preferred (Khurana et al. 2014; Kulkarni et al. 2015). The C5-

isothiocyanato analog of Org27569 (20, Table 1) displayed a potent negative allostery in 

functional assays (Kulkarni et al, 2015). Furthermore, it appears that the presence of the 

indole moiety is critical for the allosteric effects since replacing the indole ring with a 

benzofuran ring abolished the allosteric binding to the CB1 receptor (Mahmoud et al. 2013). 

In an attempt to develop photoactivatable ligands that behaved like Org27569, Qiao and 

colleagues (Qiao et al. 2016) found that addition of an aliphatic azide, phenyl azide, or 

benzophenone on the scaffolds related to Org27569 were tolerated and showed similar 

binding properties to their parent compounds.

To date, several structural features have been elucidated as critical for the indole-2-

carboxamides to retain or improve allosteric modulation of CB1. These include the presence 

of an indole ring, having a short-chain alkyl group at the C3 position of the indole ring and 

an electron-withdrawing group at the C5 position of the indole ring, maintaining an ethylene 

linker between the amide group and the aminophenyl group, and introducing a 

dimethylamino group in lieu of the piperidinyl group (Piscitelli et al. 2012; Ahn, Mahmoud, 

Samala, et al. 2013; Khurana et al. 2014). These preliminary SAR will guide the future 

development of more potent CB1 allosteric modulators using the indole-2-carboxamide 

scaffold.

Diarylureas

PSNCBAM-1 (Table 2), a diarylurea allosteric modulator of CB1, was first described and 

characterized by Horswill and colleagues (Horswill et al. 2007). Similar to ORG27569, 

PSNCBAM-1 increased the binding of the CB1 agonist CP 55,940, while reducing the 

binding of the inverse agonist SR141716A. This indicated that PSNCBAM-1 promotes an 

active conformation of CB1 (Horswill et al. 2007).
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Following its identification, several SAR studies have been focused on PSNCBAM-1 to 

improve the allosteric modulation effects of this class of compounds. German and colleagues 

have found that the pyrrolidinyl ring is not essential since it can be replaced by a 

dimethylamino group (German et al. 2014). In addition, the chloro group can be replaced by 

other halogens and electron-withdrawing groups. The most potent compounds from this 

series were 29 (1-(4-cyanophenyl)-3-(3-(6-(pyrrolidin-1-yl)pyridin-2-yl)phenyl)urea) and 11 

(1-(4-chlorophenyl)-3-(3-(6-(dimethylamino)pyridin-2-yl)phenyl)urea) (Table 2) (German et 

al. 2014). Similarly, Kulkarni and colleagues showed that some electron-withdrawing groups 

were tolerated in replacement of the chloro group (Kulkarni et al. 2015).

To develop new scaffolds based on the structure of PSNCBAM-1, Khurana and colleagues 

(Khurana et al. 2017) replaced the pyridine ring with a pyrimidine ring, which contains two 

nitrogen atoms that possibly form two scaffolds containing pyrimidin-2-yl and pyrimidin-4-

yl. Some compounds derived from the new scaffolds retained the positive modulation of CP 

55,940 binding and their binding affinity (KB) and cooperativity (α) were similar to 

PSNCBAM-1. The structural optimization of the two new scaffolds demonstrated that the 

substituent on the pyrimidinyl ring is instrumental and a 1-pyrrolidinyl group is optimal. 

Similar to an early finding (German et al. 2014), replacing the chloro group with a cyano 

group is favorable. Two compounds (Table 2), 7d (1-(4-cyanophenyl)-3-(3-(2-(pyrrolidin-1-

yl)pyrimidin-4-yl)phenyl)urea) and 8d (1-(4-cyanophenyl)-3-(3-(4-(pyrrolidin-1-

yl)pyrimidin-2-yl)phenyl)urea) were the most effective allosteric modulators from this study 

(Khurana et al. 2017). Another effort to replace the pyridine ring of PSNCBAM-1 was made 

by Bertini and colleagues (Bertini et al. 2017) who replaced the pyridine ring with a phenyl 

ring, with which the allosteric effects seen in PSNCBAM-1 were maintained. Further efforts 

to explore the diarylurea scaffold include replacing the urea functionality with an amide, and 

introducing an NH group between the center phenyl and the pyridine ring. It was found that 

replacing the urea group with an amide group abolished the allosteric effects on CP 55,940 

binding. Compounds SN15b (1-(4-chlorophenyl)-3-(3-((6-(pyrrolidin-1-yl)pyridin-2-

yl)amino)phenyl)urea) and SC4a (1-(4-chlorophenyl)-3-(3’-(pyrrolidin-1-yl)-[1,1’-

biphenyl]-3-yl)urea) (Table 2) were the most successful compounds from this study, with 

EC50 values of 1.3 μM and 0.043 μM in augmentation of CB1 agonist binding. Although 

compound SN15b is weaker than PSNCBAM-1 (EC50 = 0.27 μM) in modulation of CB1 

agonist binding, it behaved as potent as PSNBAM-1 in modulation of the agonist–induced 

MAPK/ERK phosphorylation.(Bertini et al. 2017). Recently, Nguyen and colleagues have 

found that the 2-pyrrolidinyl pyrimidinyl moiety of PSNCBAM-1 is not essential for CB1 

allostery, and it can be replaced with a para-fluoro substituted phenyl ring, such that the 

compound (34, Table 2) can be an allosteric modulator of CB1 comparable to the 

prototypical PSNCBAM-1, but with significantly improved half-life (t½ ) (Nguyen et al. 

2017).

Collectively, current SAR studies indicate several key factors for future optimization of the 

diaryl urea scaffold. These include maintaining the urea functionality, introducing a cyano or 

other strong electron-withdrawing group to replace the chloro group and incorporating non-

heteroaryl or other heteroaromatic rings to replace the pyridine ring. By far, this class of 

compounds offers more opportunities for structural optimization than the scaffold of 

indole-2-carboxamide does.
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Allosteric modulators of CB1 and their effects on CB1 signaling

The indole-2-carboxamides

Org27569 was tested for its effects on G protein coupling of the wild-type CB1, the inactive 

T210A, and the constitutively active T210I (Ahn et al. 2012). In general, Org27569 inhibited 

G protein coupling, consistent with the observation of others (Price et al. 2005). Org27569 

without CP 55,940 caused a decrease in the basal GTPγS binding of wild-type CB1 and 

T210I receptor; however, it had no effect on GTPγS binding of the inactive T210A receptor 

since it is inactive and already does not bind G protein. Org27569 was also able to decrease 

GTPγS binding in the presence of the agonist CP 55,940, showing that its effects on GTPγS 

binding, and thus G protein coupling activity, was inhibited in both basal and CP 55,940-

induced activated states. The cellular internalization of CB1 with Org27569 was studied, 

since CB1 typically is internalized upon prolonged activation. It was found that Org27569 

promoted cellular internalization of the wild-type CB1 receptor (Ahn et al. 2012). Since 

some wild-type CB1 receptor is internalized prior to treatment (Leterrier et al. 2004), 

however (perhaps due to constitutive activity), the inactive T210A receptor that remains on 

the cell surface until activated was evaluated (Ahn et al. 2012). When either Org27569 

alone, or Org27569 plus CP 55,940 were introduced, the T210A receptors were internalized. 

This is further suggestive of receptor activation induced by Org27569. Signaling studies 

involving ERK1/2 and JNK were also performed. Org27569 prevented the CP 55,940-

induced phosphorylation of JNK isoforms 1 and 2, while Org27569 alone caused an increase 

in ERK1/2 phosphorylation deceptively similar to CP 55,940 treatment alone; however, it 

was not pertussis toxin sensitive, rather it was β-arrestin siRNA sensitive. Org27569 with CP 

55,940 also showed an increase in ERK1/2 phosphorylation, though not to the same degree 

as when the cells were treated with Org27569 alone. The results of these experiments 

indicated that Org27569 displayed functional selectivity (Ahn et al. 2012).

Additionally, Ahn and colleagues (Ahn, Mahmoud, Shim, et al. 2013) observed that 

Org27569 treatment caused phosphorylation of c-src, MEK1/2, and ERK1/2. In addition, 

Org27569 caused co-localization of CB1 and β-arrestin 1 consistent with its role in 

signaling. Further, it was found that β-arrestin 2 mediates the internalization of the receptor 

after treatment with either CP 55,940 or Org27569 (Ahn, Mahmoud, Shim, et al. 2013).

Four compounds from the study by Mahmoud and colleagues (Mahmoud et al. 2013) were 

evaluated for their effects on G protein coupling with the GTPγS binding assay. While all 

compounds decreased CP 55,940-induced G protein coupling to CB1, compound 11j had an 

especially robust effect on both agonist-induced GTPγS binding, and basal levels of GTPγS 

binding (Mahmoud et al. 2013). Two compounds (12d and 12f) from the study by Khurana 

and colleagues (Khurana et al. 2014) were evaluated in the GTPγS binding assay, and both 

caused a decrease in CP 55,940-induced GTPγS binding. Compounds 12d and 12f were 

additionally tested for ERK1/2 phosphorylation with CP 55,940, and induced ERK1/2 

phosphorylation in a G protein-independent manner. β-arrestin 1 siRNA knockdown caused 

a loss of this ERK1/2 phosphorylation, indicating that these compounds induced ERK1/2 

phosphorylation via the β-arrestin 1 pathway (Khurana et al. 2014). Similarly, ICAM-b 
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negatively modulated CP 55,940-induced G-protein-coupling of CB1 and induced ERK1/2 

phosphorylation via the β-arrestin pathway (Ahn, Mahmoud, Samala, et al. 2013).

Diarylureas

PSNCBAM-1 antagonized CB1 signaling of CP 55,940 in a dose-dependent manner in yeast 

reporter assays (Horswill et al. 2007). PSNCBAM-1 was also shown to antagonize CB1 

signaling in response to other CB1 agonists such as AEA, 2-AG, and WIN55212–2, but the 

IC50 values for the different agonists varied greatly, suggesting that the antagonistic effect of 

PSNCBAM-1 in yeast reporter assays might be dependent on the agonist (Horswill et al. 

2007). PSNCBAM-1 also decreased GTPγS binding stimulated by either CP 55,940 or 

AEA. In cyclic AMP (cAMP) accumulation assays, PSNCBAM-1 reduced the accumulation 

of cAMP due to forskolin stimulation in cells treated with agonists CP 55,940 or AEA 

(Horswill et al. 2007). Analogs of PSNCBAM-1 from Bertini and colleagues (Bertini et al. 

2017) showed an inhibition of CP 55,940-induced serum response element (SRE) 

expression, which was measured by luciferase luminescence. Compounds SC4a and SN15b 

were the most potent in this assay. PSNCBAM-1 was tested for its effects on 

electrophysiology, particularly on miniature inhibitory postsynaptic currents (mIPSCs). 

PSNCBAM-1 alone did not have an effect on mIPSCs, but pretreatment of the neurons with 

PSNCBAM-1, followed by treatment with CP 55,940 showed that PSNCBAM-1 was 

capable of antagonizing the mIPSC frequency reduction caused by CP 55,940. In addition, 

PSNCBAM-1 reduced agonists WIN55212–2 and CP 55,940-induced GTPγS stimulation in 

rat cerebellar membranes, further indicating G protein coupling is reduced (Wang et al. 

2011). A similar reduction in agonist-induced GTPγS stimulation was seen in CB1 

transfected HEK293 cells (Horswill et al. 2007). Derivatives of PSNCBAM-1 7d and 8d 

previously described (Khurana et al. 2017) also maintained G-protein coupling antagonism. 

The compounds also stimulated ERK1/2 phosphorylation via the β-arrestin pathway, and 

based on its pertussis toxin sensitivity, ERK1/2 phosphorylation did not occur via G protein 

coupling (Khurana et al. 2017).

Allosteric modulators of CB1 and their effects in preclinical models

While substantial advances have been made in the development of CB1 allosteric modulators 

and the understanding of their cellular mechanisms, pharmacodynamics and 

pharmacokinetic factors represent significant challenges in translating this basic information 

to the whole animal and ultimately for the development of candidate medications. While in 
vivo studies investigating CB1 PAMs or NAMs may yield significant pharmacological 

effects that are consistent with the effects of CB1 orthosteric agonists or antagonists, this 

type of evidence is insufficient to exclude the possibility that non CB1 targets mediated the 

pharmacological effects. Thus, studies investigating CB1 allosteric modulators in rodent 

behavioral assays must not only demonstrate in vivo activity, but also that the ligand elicits 

pharmacological effects consistent with an allosteric modulator that require CB1 receptors. 

Complementary pharmacologic and genetic approaches provide useful tools to determine 

this important criterion. Accordingly, the availability of CB1 knockout mice render this 

species more amenable than rats in demonstrating that an allosteric ligand elicits its 

pharmacological effects through a CB1 dependent manner. As described below, only two 
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CB1 allosteric modulators have been demonstrated to elicit in vivo pharmacological effects 

through a CB1 mechanism of action, ZCZ011 (Ignatowska-Jankowska et al. 2015) and 

GAT211 (Slivicki et al. 2017).

Jing and colleagues (Jing et al. 2014) explored the effect of Org27569 on drug-seeking 

behavior in rats. Rats were trained to self-administer either methamphetamine or cocaine by 

pressing a lever for 14 days, after which the drug treatments were stopped for 7 days. Rats 

treated with Org27569 10 minutes before the reintroduction of either cocaine or 

methamphetamine showed a dose-related reduction in drug-seeking behavior reinstatement; 

similar results were seen if the rats were treated with the CB1 inverse agonist SR141716A, 

indicating that the compounds have similar effects on drug-seeking behavior (Jing et al. 

2014). In addition, Ding and colleagues (Ding et al. 2014) report that rats exhibited 

decreased food intake of both plain and palatable food, decreased body weight, as well as a 

reduction in CP 55,940-induced hypothermia with Org27569 treatment (Ding et al. 2014). 

However, neither of these studies demonstrated that these pharmacological effects were CB1 

dependent. Indeed, another study conducted by Gamage and colleagues (Gamage et al. 

2014) using mice failed to establish that Org27569 acts a CB1 allosteric modulator. 

Although they too found that Org27569 reduced food intake, this anorectic effect occurred 

in both CB1 knockout and wild type mice, indicating a CB1 independent mechanism of 

action. Moreover, they found that Org27569 did not alter common in vivo pharmacological 

effects (i.e., antinociception, catalepsy, and hypothermia) of orthosteric CB1 agonists (i.e., 

anandamide, CP55,940, and Δ9-tetrahydrocannabinol) and did not alter the discriminative 

stimulus effects of anandamide in FAAH-deficient mice or Δ9-tetrahydrocannabinol in wild-

type mice in the drug discrimination paradigm. Thus, it remains to be determined whether 

Org27569 decreases methamphetamine or cocaine seeking behavior through a CB1 

mechanism of action or through another target PSNCBAM-1 has also been shown to elicit 

pharmacological effects in rat behavioral assays. Specifically, it reduced food intake and 

decreased body weight, while vehicle-treated rats gained weight within the same time 

period. Adverse effects on behavior and toxicity were not seen during the course of the 

experiments (Horswill et al. 2007). Additionally Gamage and colleagues (Gamage et al. 

2017) demonstrated that PSNCBAM-1 attenuated THC-induced antinociception in mice, but 

it did not reduce THC-induced hypothermia, catalepsy, or hypomotility in mice (Gamage et 

al. 2017).

Other allosteric modulators of CB1

Aside from PSNCBAM-1 and Org27569 and their derivatives, other allosteric modulators of 

CB1 have been reported, including endogenously produced pepcans and lipoxin A4, and the 

racemic compound GAT211 (Bauer et al. 2012; Pamplona et al. 2012; Laprairie et al. 2017). 

Some endogenously expressed peptides such as Pepcan-12 (RVD hemopressin; 

RVDPVNFKLLSH) act as negative allosteric modulators of CB1 by causing a loss in agonist 

binding, negative modulation of agonist-induced accumulation of cAMP, and by abolishing 

agonist-induced GTPγS binding (Bauer et al. 2012). Lipoxin A4 (LXA4) caused an increase 

in CP 55,940 binding, and enhances AEA-triggered cAMP inhibition (Pamplona et al. 

2012). Additionally, the CB1 allosteric modulator ZCZ011 has been shown to reduce 

nociceptive behavior in the chronic constriction sciatic nerve injury model of neuropathic 
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pain and carrageenan model of inflammatory pain through a CB1 dependent mechanism 

(Ignatowska-Jankowska et al. 2015). Moreover, ZCZ011 augmented the pharmacological 

effects of the orthosteric agonists anandamide and CP55,940 in the drug discrimination and 

tetrad assays, without causing cannabimimetic psychoactive effects on its own or eliciting 

rewarding effects in the conditioned place preference paradigm (Ignatowska-Jankowska et 

al. 2015).

GAT211, structurally similar analog of ZCZ011, has also been demonstrated to elicit in vivo 
effects that are consistent with actions of a CB1 PAM. The two enantiomers, GAT228 (R) 

and GAT229 (S) of this racemic compound have been successfully separated and studied 

(Laprairie et al. 2017). GAT211 is effective in enhancing agonist CP 55,940 binding, and in 

reducing inverse agonist SR141716A binding. Taken together, these data indicate that 

GAT211 may shift CB1 to a more activated conformation. An increase in recruitment of β-

arrestin 1 was seen in treatment of both GAT211 alone, and GAT211 plus an orthosteric 

agonist (based on orthosteric agonists 2-AG, AEA, and CP 55,940). GAT228, the R 

enantiomer of GAT211, acts as an allosteric agonist; it does not require orthosteric binding, 

and elicits its own signaling. GAT228 had no effect on CP 55,940 binding to CB1, but in 

signaling assays, it increased ERK1/2 and PLCβ3 phosphorylation, and enhanced β-arrestin 

1 recruitment. The S enantiomer of GAT211, GAT229, is a positive allosteric modulator, and 

enhanced CP 55,940 binding at CB1. GAT229 did not have its own intrinsic activity, instead 

acting as a positive allosteric modulator for orthosteric agonists of CB1 (Laprairie et al. 

2017). In vivo, the racemic mix as GAT211 suppressed Freund’s adjuvant and paclitaxel-

stimulated allodynia in wild-type mice. Further, this suppression of allodynia was not 

present in CB1 knockout mice. Similar to ZCZ011, GAT211 did not alter rotarod 

performance or body temperature, indicating that it did not elicit cardinal signs of CB1 

activation. Furthermore, mice treated repeatedly with GAT211 and challenged with a CB1 

antagonist did not show withdrawal symptoms. Collectively, these findings provide proof of 

principle that a CB1 allosteric agonist can produce pain-relieving effects, while avoiding 

unwanted effects of CB1 agonists (Slivicki et al. 2017).

Future considerations

The development of allosteric modulators for GPCRs, and CB1, specifically, has shown 

promising though complex results thus far. The modulators have proven to have unique 

properties such as pathway specificity and the ability to affect binding of orthosteric ligands. 

Further exploration could result in therapeutic compounds with less side effects than their 

orthosteric counterparts. However, it remains important to demonstrate the in vivo 
pharmacological effects of candidate compounds produce their actions at CB1 receptors. 

Therapeutic applications of such compounds could include analgesics or weight loss 

compounds which would avoid psychoactive and mood-altering side effects.
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Figure 1. 
Scheme of allosteric modulation. An orthosteric agonist (blue triangle) binds to the 

orthosteric site and elicit its effects (white arrow). An allosteric agonist binds to a separate 

site on the receptor (brown trapezoid), and can influence binding (red arrow) and efficacy 

(green arrow) of the orthosteric agonist, or cause its own signaling effects (orange arrow) 

separate from the effects of the orthosteric ligand (Conn et al. 2009).
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Table 1.

Structures of select compounds from the SAR studies of Org27569

Compound Code Chemical Structure

Org27569
a

13
b

21
b

ICAM-b
c

11j
d

12d
e

12f
e

20
f

Identified with the names given in:

a
(Price et al. 2005)

b
(Piscitelli et al. 2012)

c
(Ahn, Mahmoud, Samala, et al. 2013)

d
(Mahmoud et al. 2013)

e
(Khurana et al. 2014)

f
(Kulkarni et al. 2015).
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Table 2.

Structures of select compounds from SAR studies on PSNCBAM-1.

Compound Code Chemical Structure

PSNCBAM-1
a

11
b

29
b

7d
c

8d
c

SN15b
d

SC4a
d

34
e

Identified with the names given in:

a
(Horswill et al. 2007)

b
(German et al. 2014)

c
(Khurana et al. 2017)

d
(Bertini et al. 2017)

e
(Nguyen et al. 2017).
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