
















Rubino et al., 2006). Thus, CB1R-mediated cAMP and pERK1/2
signaling may contribute to further distinct in vivo effects
facilitated by cannabinoids.

We also showed that the exogenous cannabinoids displayed
biased agonism at CB1Rs. As with 2-AG, WIN55,212-2
displayed little bias toward cAMP inhibition or pERK1/2,
whereas CP55940, D9-THC, and in particular HU-210 favored
inhibition of cAMP over activation of pERK1/2. It is in-
teresting to note that CP55940 and HU-210 are both based on
the structure of D9-THC, whereasWIN55,212-2 is structurally
distinct, which hints at some degree of structure-activity
relationship between the small-molecule cannabinoids and
their biased profile. The findings of biased agonism at CB1Rs
supports the notion that CB1R therapeutics could selectively
drive CB1R signaling toward specific pathways, which may
have important implications for the development of CB1R-
targeted treatments for numerous disorders, including pain
(Iversen and Chapman, 2002), multiple sclerosis (Pertwee,
2002), obesity (Horvath, 2003), nicotine addiction (Le Foll and
Goldberg, 2005), and Parkinson’s disease (Segovia et al.,
2003).
Of note, we compared two related methods to calculate the

biased agonism described above; one employs KA values
predetermined in separate radioligand binding assays (Rajagopal
et al., 2011), and another calculates t and KA values from the
same functional data set (Kenakin et al., 2012). Because it is
assumed that biased agonism is “characterized by different
affinities and/or different intrinsic efficacies for different
receptor active states” (Kenakin et al., 2012), the latter
method is advantageous (and in fact essential) if KA differs
between pathways. However, this approach can only be used if
the maximal system response can be defined, which is usually
achieved in the presence of a full agonist. If only partial
agonists are available, the only option is to fix the KA to that
predetermined in radioligand binding assays. Our analysis
shows that the bias factors calculated herein are almost
identical when using either method. Therefore, in this
instance, bias appears to arise from differences in cannabi-
noid efficacy, and not affinity, between pathways.
An alternative approach to gaining selectivity in the actions

of therapies that target CB1Rs is through the use of allosteric
modulators. Rather than directly mimicking or blocking the
actions of endogenous agonists that bind to the orthosteric
site, allosteric modulators can fine-tune pharmacological
agonist responses by altering the binding and/or signaling
properties of the orthosteric agonist (May et al., 2007).
Further complexity may be added if the modulator exhibits

Fig. 4. Org27569 exhibits pathway- and probe-dependent allosteric
effects on exocannabinoid-mediated signaling. Effects of Org27569 on
CB1R-mediated inhibition of cAMP formation (A) and activation of
pERK1/2 (B) in CHO-hCB1 cells. Data points represent mean values
+ S.E.M. from at least three experiments carried out in triplicate. Curves
are the best fit of an operational model of allosterism (eq. 6) to the data.

TABLE 5
Operational model parameters for the functional interaction between Org27569 and cannabinoid
agonists
pKA (cannabinoid equilibrium dissociation constant) and pKB (Org27569 equilibrium dissociation constant) were fixed to
values determined in binding assays. Loga (binding cooperativity) was fixed to 0 to reflect the near neutral cooperativity
between Org27569 and cannabinoid agonists. Log tB was fixed to –1000 to reflect the lack of Org27569 efficacy in these
assays. Values represent the mean 6 S.E.M. from at least three experiments performed in triplicate.

Ligand
Logba [b] LogtA

b [tA]

pERK1/2 cAMP pERK1/2 cAMP

CP55940 . –10 [� 0] 2 1.0 6 0.5 [0.1] 0.3 6 0.1 [2.0] 0.3 6 0.4 [2.0]
HU-210 2 1.0 6 0.1 [0.1] . –10 [� 0]c 0.3 6 0.0 [2.0] 0.7 6 0.8 [5.0]
WIN55,212-2 2 0.6 6 0.2 [0.3] . –10 [� 0]c 0.4 6 0.3 [2.5] 0.3 6 0.1 [2.0]
D9-THC 2 0.1 6 0.0 [0.8] . –10 [� 0]c 0.1 6 0.1 [1.3] 0.1 6 0.8 [1.3]
Methanandamide 2 0.1 6 0.1 [0.8] . –10 [� 0]c 0.8 6 0.0 [6.3] 0.4 6 0.2 [2.5]
Anandamide 2 0.1 6 0.1 [0.8] . –10 [� 0]c 0.8 6 0.1 [6.3] 0.9 6 0.3 [7.9]
2-AG 2 0.4 6 0.1 [0.4] . –10 [� 0]c 0.0 6 0.2 [1.0] 0.2 6 0.2 [1.6]

aLogarithm of the activation cooperativity factor between Org27569 and cannabinoid agonists.
bLogarithm of the functional efficacy.
cLogb was allowed to float in the analysis, but could not be determined owing to the very high negative cooperativity.
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probe- and/or pathway-dependent allosteric modulation. In-
deed, Org27569 was previously shown to increase the binding
of the CB1R agonist [3H]CP55940 at the same time having
negative binding cooperativity with the inverse agonist
[3H]SR141716A (Price et al., 2005). In contrast to the
positive modulation of agonist binding, Org27569 inhibited
agonist signaling in cAMP, guanosine 59-O-[g-thio]triphos-
phate, and reporter gene assays (Price et al., 2005). However,
it demonstrated agonist activity in pERK1/2 assays (Ahn
et al., 2012; Baillie et al., 2013) and exhibited weak
potentiation of cannabinoid-mediated pERK1/2 (Baillie
et al., 2013). In line with previous findings, the current
study demonstrated that Org27569 reduced [3H]SR141716A
binding. However, it had little effect on [3H]SR141716A
displacement by CP55940 or other cannabinoid agonists.
This may be explained by the use of whole cells in the present
study versus mouse brain membrane preparations used in
previous studies (Price et al., 2005; Baillie et al., 2013).
Different receptor populations may be present in whole cells
versus membranes (e.g., different proportions of receptor–G
protein complexes), reducing the positive cooperativity
between Org27569 and CP555940. In addition, the current
study examined [3H]SR141716A displacement by cannabi-
noid agonists in the presence of Org27569, whereas in
previous studies the direct effect of Org27569 on binding of
tritiated agonists ([3H]CP55940 or [3H]WIN55,212-2) was
investigated. Therefore, the presence of the inverse agonist
in our study may change the equilibrium of high and low
affinity binding sites, influencing the activity of Org27569.
Overall, our results suggest that the modulatory effect of
Org27569 may in part be dependent on the population of
receptor conformations present.
The probe-dependent effects of Org27569 extend to func-

tional assays, demonstrated previously by its ability to
modulate CP55940-induced activation of pERK1/2 and in-
hibition of cAMP formation, at the same time having weak or
no effect on responses to WIN55,212-2 (Baillie et al., 2013).
We further investigated this by screening a wider range of
cannabinoid ligands. Our results clearly show that Org27569
displays probe-dependence by fully inhibiting pERK1/2
activation by HU-210 and CP55940, although only partially
inhibiting 2-AG and WIN55,212-2 responses and having no

significant effects on pERK1/2 activation by anandamide,
methanandamide, and D9-THC. Thus, probe-dependence
provides the opportunity to target selective signaling path-
ways using distinct combinations of allosteric and orthosteric
ligands.
Previous studies indicated that whereas Org27569 in-

hibited CP55490-induced inhibition of cAMP production, it
weakly potentiated CP55940-stimulated pERK1/2 (Baillie
et al., 2013). Org27569 was also an allosteric agonist in
pERK1/2 assays (Ahn et al., 2012; Baillie et al., 2013). Our
finding that Org27569 negatively modulates cannabinoid-
induced pERK1/2 signaling or has no effect is in contrast to
previous investigations. However, both Gi-dependent and
independent mechanismsmediate CB1R activation of pERK1/2
signaling (Bouaboula et al., 1995; Sanchez et al., 1998, 2001;
Derkinderen et al., 2003; Ahn et al., 2012; Baillie et al., 2013)
and the cell background and subsequent complement of
intracellular signaling proteins may therefore greatly influence
the ability of Org27569 to modulate CB1R signaling. Perceived
biased agonism may also be dependent on receptor expression
levels, with high expressing systems having a greater tendency
to couple to pathways that are undetectable in lower expressing
systems. Alternatively, these differences may reflect distinct
pERK1/2 pools (e.g., nuclear versus cytosolic) captured in the
different studies, which may be differentially modulated by
Org27569. Furthermore, cannabinoid-mediated pERK1/2 is
transient in nature, which in the present study peaked at 2.5–5
minutes and subsequently returned back to baseline levels
(Supplemental Fig. 4). Although the peak pERK1/2 response
was used to determine the signaling of cannabinoids in
concentration-response studies, the time at which the response
is measured may influence perceived bias.
The allosteric activity of Org27569 is also dependent on the

signaling pathway studied, such that it displays pathway-
specific, or biased, allosteric modulation at CB1Rs. Whereas
Org27569 had partial inhibitory or no effect on pERK1/2
signaling by some of the cannabinoids tested, it completely
abolished inhibition of cAMP formation by every agonist. This
may in part highlight pathway-specific modulation of CB1R
signaling, or biased allosterism. Previous studies reported biased
allosteric effects ofOrg27569, as it antagonized inhibition of cAMP
formation, stimulation of guanosine 59-O-[g-thio]triphosphate

Fig. 5. Pregnenolone, but not lipoxin A, alters
[3H]SR141716A binding. Effect of pregnenolone and
lipoxinA4 on [3H]SR141716A binding (A) and the
interaction between pregnenolone and D9-THC in
pERK1/2 assays (B), and between lipoxin A4 and
anandamide in cAMP assays (C). All experiments
were conducted in CHO-hCB1 cells. Data points
represent mean values + S.E.M. from at least three
experiments carried out in triplicate. Curves are the
best fit of the standard three-parameter Hill equa-
tion to the data.
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binding, and JNK phosphorylation by CP55490, at the same time
potentiating cannabinoid-induced activation of pERK1/2 (Ahn
et al., 2012; Baillie et al., 2013). However, the allosteric effects of
Org27569 are somewhat time-dependent. Thus, whereas
Org27569 does not appear tomodulate the CB1R upon immediate
exposure, more prolonged contact with the receptor results in
enhanced receptor desensitization and a subsequent reduction
in cell signaling events (Cawston et al., 2013). Thus, differences
in time points used to study the activity of Org27569 may in-
fluence the extent of the observed Org27579 allosteric effects.
In addition to the small-molecule allosteric modulators

such as Org27579, lipoxin A4 and pregnenolone have more
recently been proposed to act as endogenous allosteric ligands
at CB1Rs. Thus, we evaluated their allosteric nature. Pre-
vious binding interaction studies demonstrated no effect of
pregnenolone on equilibrium binding of [3H]CP55940 and
[3H]WIN55,212-2 (Vallee et al., 2014). However, our results
demonstrate displacement of [3H]SR141716A by pregnenolone,
suggesting an interaction between these two ligands at CB1Rs.
In contrast to previous findings (Vallee et al., 2014), we saw no
inhibitory effect of pregnenolone on either D9-THC– or
WIN55,212-2–induced activation of pERK1/2. This suggests that
either pregnenolone has probe- or pathway-dependent allosteric
effects or that it displaces [3H]SR141716A in a competitive or
even in a CB1R-independent manner, such as disruption of the
cell membrane. Indeed, lipids are now emerging as important
putative allosteric modulators of GPCRs (van der Westhuizen
et al., 2015). Although lipids can directly interact with GPCRs,
they may also alter GPCR activity by influencing the physical
properties of the membrane in which they sit, or by promoting
compartmentalization of receptor signaling by contributing to
cellular components such as caveolae and lipid rafts (van der
Westhuizen et al., 2015).
Also, in contrast to previous studies, where lipoxin A4

partially inhibited [3H]SR141716A binding and enhanced
[3H]SR141716A displacement by anandamide (Pamplona
et al., 2012), it had no effect in our binding studies.
Furthermore, our results demonstrated no enhancing effects
of lipoxin A4 on anandamide- or CP55940-mediated inhibition
of cAMP. Therefore, the potential allosteric effects of
pregnenolone and lipoxin A4 warrant further investigation.
Selectively targeting specific CB1R-coupled pathways to the

exclusion of others with biased agonists or allosteric modu-
lators is a potential means to gain therapeutic advantages for
the treatment of a number of conditions. Although Org27569
is a biased allosteric modulator at CB1Rs, its in vitro effects do
not necessarily translate into in vivo effects. Whereas in mice
Org27569 reduced food intake, it did so independently of
CB1Rs (Gamage et al., 2014). Furthermore, it did not
modulate anandamide, CP55940, or D9-THC–induced anal-
gesia, catalepsy, or hypothermia. In rats, however, Org27569
inhibited hypothermia produced by CP55940 and ananda-
mide, at the same time having no effect on CP55940-induced
catalepsy and antinociception. Org27569 also decreased food
intake in rats. However, the involvement of CB1Rs in these
effects is unclear (Ding et al., 2014). This suggests that in vitro
drug activity at CB1Rs must be further rigorously validated in
relevant cell lines, tissues, and whole animals to assess the
correlation between observed cell-based pharmacology and
subsequent in vivo effects and to determine desirable pharma-
cological profiles of allosteric/orthosteric combinations. To this
end, the present study demonstrates an approach that can

quantitatively evaluate signaling bias and allosteric modula-
tion at CB1Rs. This serves as an initial step in determining
ligand-biased “fingerprints” that may be useful when as-
sessing the correlation between in vitro and in vivo CB1R
pharmacology.
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Supplemental Table 1. Binding affinity (pKi) and potency (pEC50) of 2-AG in the 

presence or absence of 100 nM JZL 184 obtained from radioligand binding and 

cAMP assays in CHO-hCB1 cells. Values represent the mean ± S.E.M. from three 

experiments performed in triplicate.  

Ligand pKi pEC50 

2-AG + vehicle 6.4 ± 0.2 6.2 ± 0.2 

2-AG + JZL 184 6.3 ± 0.2 6.4 ± 0.2 

 

  



 

Supplemental Figure 1. Effects of JZL 184 on 2-AG binding and signalling in 

CHO-hCB1 cells. [3H]SR141716A displacement (A) and inhibition of 1 µM 

forskolin-stimulated cAMP formation (B) by 2-AG in the presence or absence of JZL 

184. Cells were pre-incubated with 100 nM JZL 184 for 30 min. Data points represent 

mean values + S.E.M. from three experiments performed in triplicate. 
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Supplemental Figure 2. [3H]SR141716A association kinetic assays. CHO-hCB1 

cells were incubated with 1 nM [3H]SR141716A in the absence or presence of 10 µM 

LY320135 for different time intervals at 4 ºC. Data represent mean + S.E.M. of two 

experiments performed in triplicate.  
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Supplemental Figure 3. (A) Homologous competition binding experiments, using 1 

nM [3H]SR141716A and unlabelled SR141716A in CHO-hCB1 cells. (B) Interaction 

between SR141716A and CP55940 in cAMP assays. CHO-hCB1 cells were incubated 

with varying concentrations of SR141716A for 10 min before addition of CP55940. 

Curves were generated by fitting the data to equation 4. (C) [3H]SR141716A 

displacement by the CB1R allosteric modulator Org27569. Curves are generated by 

fitting the data to a one-site inhibition mass action equation (equation 1). Data points 

represent mean values + S.E.M. from at least three experiments carried out in 

triplicate. 
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Supplemental Figure 4. Time-dependent cannabinoid-mediated pERK1/2 

signalling in CHO-hCB1 cells. Data points represent mean values + S.E.M. from at 

least 3 experiments carried out in triplicate. 

 

 

  



Supplemental Figure 5. Pregnenolone and lipoxin A4 have no modulatory effect 

on CB1R function. (A) Interaction between pregnenolone and WIN55212-2 in 

pERK1/2 assay, and (B) interaction between lipoxinA4 and CP55940 in cAMP assay. 

All the experiments were conducted in CHO-hCB1 cells. Data points represent mean 

values + S.E.M. from at least three experiments carried out in triplicate.
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