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Identification of a potent and highly efficacious, yet slowly
desensitizing CB1 cannabinoid receptor agonist
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1 The relationship of agonist efficacy to the rate of G protein-coupled receptor signaling
desensitization is controversial.

2 Expressing inwardly rectifying potassium channels (GIRKSs) in Xenopus oocytes, we have devised a
signaling assay that clearly identifies CB1 cannabinoid receptor agonists with low intrinsic efficacy.
3 In this assay, the synthetic CB1 agonists, AM411, AM782, AM1902, AM2233 and WINS55,212-2
and the endogenous cannabinoid, 2-arachidonoyl ester, were full agonists.

4 The synthetic CB1 agonist AM356 (methanandamide), the endogenous cannabinoids, anandamide
and 2-arachidonoyl ether, and the phytocannabinoid , A’THC, were partial agonists.

5 The rate of desensitization of CB1 was independent of agonist efficacy. WINS55,212-2, AM782,
AM1902, AM2233, and 2-arachidonoyl glycerol ester all desensitized quickly, with desensitization
rates varying from 14% min~' to 10% min~'. AM356, AM411, anandamide, and A°THC all
desensitized considerably slower, at a rate of 5% min~".

6 Despite high potency and efficacy, AM411 desensitized as slowly as anandamide and A°THC.

7 CBI agonist efficacy and rate of desensitization are not necessarily related.
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Introduction

When cannabis, its active constituents, or other compounds
that produce the classic psychoactive effects associated with
cannabis (loosely termed, cannabinoids) are given chronically,
tolerance develops (Hunt & Jones, 1980; Pertwee et al., 1993;
Fan et al., 1994; Kouznetsova et al., 2002). Here, tolerance is
defined as either the same amount of drug producing less effect,
or more drug being needed to elicit the original response. The
psychoactive effects of cannabis preparations appear to be
mediated via the CBI receptor, a G protein-coupled receptor
(GPCR) (Matsuda et al., 1990; Huestis et al., 2001). GPCRs are
the most abundant class of receptors in mammals and are key
targets of therapeutic (and recreational) drugs. Because of their
central role in physiology and pharmacology, considerable
effort has been expended in understanding how tolerance
develops to GPCR agonists. Given the large number of GPCRs
and their diversity it is likely that multiple mechanisms are
involved. Well-described mechanisms include downregulation
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(comprised of both removal of receptors from the cell surface
by internalization, and decreased receptor synthesis) and
desensitization—uncoupling from effectors (e.g., G proteins)
(Luttrell & Lefkowitz, 2002).

In the case of CBI1 receptors, desensitization, rather than
downregulation appears to dominate as tolerance to A’THC or
other cannabinoids is developing. For example, in rats chroni-
cally treated with A’'THC, CBI receptor levels decrease modestly,
while G protein coupling, as measured by [**S] GTPyS binding
decreases strongly (Breivogel et al., 1998). What might be the
mechanism of cannabinoid receptor desensitization? Cannabi-
noid receptor activation of inwardly rectifying potassium
channels (GIRKs) rapidly desensitizes in a process that requires
phosphorylation and beta arrestin (Jin et al., 1999). Phosphor-
ylation of the CBI receptor at both S426 and S430 of its C-
terminus is a necessary step for this rapid desensitization (Jin
et al., 1999). Interestingly, mutation or deletion of the residues
required for CB1 receptor internalization did not impair its
desensitization, suggesting that desensitization can occur inde-
pendently of CB1 internalization (Jin ez al., 1999).

Agonist efficacy is a measure of receptor activation at a
given fraction of receptor occupancy (Kenakin, 2002). It has
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been observed that for p opioid receptor tolerance (Duttaroy
& Yoburn, 1995; Walker & Young, 2001) and desensitization
(Kovoor et al., 1998) develop to a greater extent with more
efficacious agonists. However, other studies dispute this
notion, at least for desensitization (Alvarez et al., 2002). One
possibility that follows from the hypothesis that agonist
efficacy and desensitization are correlated is that more
efficacious agonists, while they might be more therapeutically
useful, will lead to more rapid desensitization (and tolerance to
them may develop more quickly). The relationship between
agonist efficacy and desensitization has not been explored for
the CBI1 receptor and its agonists.

In the current study, we have expressed CBI receptors,
GIRKSs, and other signaling molecules in Xenopus oocytes to
screen compounds from each major family of CB1 receptor
agonist (Howlett et al, 2002) for both efficacy of GIRK
activation and rapidity of desensitization. We found that while
less efficacious agonists generally do desensitize more slowly
than highly efficacious agonists, it is possible to develop
potent, highly efficacious agonists that only slowly desensitize.

Methods
Oocyte culture and injection

Xenopus oocytes were prepared as described by Kovoor et al.
(1995), and incubated overnight at 18°C in ND96 (96 mMm
NaCl, ImMm MgCl,, 2mM KCI, 5mM HEPES, and 1mMm
CaCl,, pH 7.5) supplemented with 2.5mM sodium pyruvate
and 50 ugml~! gentamycin prior to cRNA injection. Using a
Drummond microinjector, oocytes were injected with 50 nl
of cRNA. Oocytes for initial CB1 cRNA dose-response
experiments were injected with 0.02total ngoocyte™' of
Kir3.1 and Kir3.4 and either with 2.0 or 0.15ngoocyte™'
CB1 cRNA. Oocytes for subsequent CBI agonist dose-
response experiments were injected with the following RNAs:
0.025ng oocyte™ of CB1 and 0.02 total ngoocyte™" of Kir3.1
and Kir3.4 (Ambion mMessage transcription kit). Oocytes for
desensitization experiments were injected with the following
cRNAs: 0.05ngoocyte™ of CBI, 0.625ng oocyte™ of GRK3,
4ngoocyte™' of bovine Arrestin3, and 0.02 total ng oocyte'of
Kir3.1 and Kir3.4. Oocytes were used 48—72h after injection.

Oocyte electrophysiology

Two electrode voltage clamp was performed using an Axon
Geneclamp 500 amplifier and electrodes filled with 3M KCl
(resistances of 0.5-2. 0 MQ). Data were collected using the
FETCHEX program in pClamp6 (Axon Instruments, Foster
City, CA, U.S.A.) and a chart recorder. For all experiments,
inwardly rectifying potassium (GIRK) current amplitude was
enhanced by constant perfusion of a high potassium perfusion
buffer (125 mm NaCl, 0.625 mMm MgCl,, 60 mm KCl, 3.125 mMm
HEPES, and 0.625mM CaCl, with a final pH of 7.5).
Experiments were performed and data were collected over
multiple days for each condition.

Dose response

Once the inwardly rectifying current stabilized, oocytes were
perfused with agonists at concentrations ranging from 1 nM to

10 uM. The amplitude of the response for each agonist at
each concentration was compared with the amplitude of
the response to a maximally efficacious concentration of
WINS55,212-2 (1 uM) (Figure 1a). Thus, results are expressed as
‘% Maximal WIN Response.” As a control to ensure partial
agonism could be measured, several oocytes from each
preparation were perfused with 10 uM AM356. These oocytes
consistently achieved ~55% Maximal WIN Response
(Figure 2a, right). As another control, oocytes were perfused
with 1puM WINS55,212-2 for Smin to examine current
desensitization in the absence of Arrestin3 and GRK3. Similar
to Jin et al. (1999), little desensitization was evident in oocytes
injected only with CB1 and GRK cRNA (data not shown).

Desensitization

As for the dose-response assays, oocytes were perfused with
cannabinoid agonists after currents stabilized. After 5Smin of
agonist application, SR141716, a CB1 antagonist, was applied.
Desensitization was determined as the difference between the
agonist-activated current at the beginning of the trace and the
SR 141716 blocked component at the end, expressed as percent
of initial amount (Figure 1b). To control for differences
between oocyte preparations, we performed experiments only
on preparations where 1uM WINS55,212-2 decreased the

current by at least 10% min~".

Statistical analysis

Statistical analysis of desensitization rates was performed
using the one-way ANOVA nonparametric test and the
unpaired z-test (GraphPad Prism 3.02). Statistical significance
was set at P<0.05. Data from dose-response experiments were
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Figure 1 Calculation of agonist efficacy and rate of desensiti-

zation. (a) Oocytes injected with 0.025ngoocyte™ of CBI1 and
0.02ngoocyte™! of GIRK channel were perfused with high
potassium buffer. CB1 agonist was applied after GIRK current
stabilized. The amplitude of response to agonist (Lgonis) Was
compared to the amplitude of response to 1uM WINS5,212-2
(Iiymwin), giving ‘% Maximal WIN Response’ (b) Oocytes were
injected with 0.05ngoocyte™ CB1 cRNA, 0.02ngoocyte”' GIRK
channel, 0.625 ng oocyte”' GRK3, and 4 ngoocyte™! bovine Arrest-
in3. After GIRK current stabilized, oocytes were perfused with 1 um
WINS55,212-2 for Smin followed by application of 1 uM SR141716.
Desensitization was defined as the difference between the current at
the beginning and end of the trace, normalized to the initial current.
The rate was defined as the percent desensitized per minute.
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Figure 2 Decreasing the amount of CBl cRNA injected reveals % 25
partial agonism of anandamide and AM356. (a) Oocytes were = @
injected with 0.02ngoocyte”! GIRK channel and either 2.0 or R 01 10 100 1000 10000
0.15ngoocyte™ CBI cRNA. WINS55,212-2, anandamide, and .
AM356 were applied to oocytes in concentrations ranging from ConcetEion{nig
InM to 10uM and results are expressed as ‘% Maximal WIN b
Response.” In oocytes expressing 2.0ngoocyte™ CB1 ¢cRNA, all @ v 2.AG
agonists fully activated the current by 1uM. However, in oocytes g v WINS5.212-2
expressing 0.15ngoocyte™! CB1 cRNA, 1uM anandamide and = o 2-AG ether
AM356 only activated the current to 25-30% of the WINS55,212-2 & m Anandamide
response. Thus, 0.15ngoocyte™! of CBl ¢cRNA unmasked the = o AS-THC
partial agonism of AM356 and anandamide. (b) WINS55,212-2, a full % A AM356
agonist, and AM356 and anandamide, both lower efficacy agonists, E
elicited the same GIRK current at 1 uM in oocytes injected with é
2.0ngoocyte™" of CB1 cRNA. However, in oocytes injected with e ! 10 7T ST S W

0.15ng oocyte™" of CB1 cRNA, 1 uMm AM356 and anandamide only
elicited 25-30% of the WIN-activated currents. The number of
oocytes tested for each condition is indicated in parentheses.

fitted to a sigmoidal dose-response model using nonlinear
regression analysis.

Results

0. 15ng oocyte™ of CBI cRNA was sufficient to observe
partial agonism

Dose-response curves for WIN55,212-2, AM356, and ananda-
mide were determined in oocytes injected with GIRK channel
and 2.0 or 0.15ngoocyte™’ of CB1 cRNA (Figure 2).
WINS55,212-2, a full agonist, and AM356 and anandamide,
both lower efficacy agonists, activated GIRK to the same
extent in oocytes injected with 2.0 ngoocyte™' of CBl cRNA
(Figure 2a, left). However, in oocytes injected with
0.15ngoocyte™ of CB1 ¢cRNA, AM356 and anandamide,
even at saturating concentrations only elicited 25-30% of the
WIN activated currents (Figure 2a, right). Note that increased
cRNA injection also increased the potency of the agonists.
Results for agonist concentrations of 1 uM are summarized in
Figure 2b. Thus, 0.15ng oocyte™" of CB1 ¢cRNA was sufficient
to uncover the partial agonism of AM356 or anandamide.
Therefore, oocytes were injected with 0.15ng of CB1 cRNA or
less for the subsequent experiments.

Concentration (nM)

Figure 3 Dose-response curves for endogenous, plant-derived and
synthetic agonists. (a) Oocytes were perfused with AM 1902, AM782,
AM2233, AM411, and WIN55,212-2 at the indicated concentra-
tions. Despite widely varying EC50’s, all compounds showed full
agonism. (b) Oocytes were perfused with anandamide, AM356, 2-
AG (ester), 2-AG ether, A>-THC, and WINS55,212-2 at the indicated
concentrations. 2-AG and WINSS5,212-2 were fully efficacious at
10 uM, whereas, 2-AG ether, A>-THC, anandamide, and AM356
elicited only 40-60% of the Maximal WIN Response at 10 um
(N=11-20 per concentration).

Potency and efficacy for CBI agonists varied widely

Oocytes were superfused with synthetic and endogenous CB1
agonists from each class of cannabinoid agonist (Table 1)
in concentrations ranging from 1nM to 10uM. Agonists,
AM1902, AM782, AM2233, AM411, 2-AG (ester), and
WINS55,212-2 all activated GIRK currents to the same extent
at saturating concentrations (100% Maximal WIN Response)
(Figure 3a and b). However, anandamide, AM356, 2-AG
ether, and A’-THC were less efficacious, achieving only
35-65% of the WIN response at 10uM (Figure 3b and
Table 1). ECsy’s of fully efficacious agonists (AM1902,
AM411, AM782, AM2233, and 2-AG) ranged from 4nM
(AM1902) to 1350nM (AM2233). The ECsy’s of less efficacious
agonists (anandamide, AM356, 2-AG ether, and A>-THC) were
3-20-fold greater than the ECs, of WINS5,212-2 (Table 2).
Figure 4 shows the relationship between EC50 for GIRK
activation measure in this study and binding affinities for

British Journal of Pharmacology vol 142 (3)



498 T. Luk et al

An efficacious, slowly desensitizing CB1 agonist

Table 2 Relationship between agonist potency, effi-
cacy, and receptor affinity of the agonists tested in this
study

Agonist ECsy (nM) % Maximal WIN K, (nM)
response

AM1902 3.7 100 3
AM411 29.5 100 7
AM782 45.5 100 6
WINS55,212-2 105.5 100 10*
2-AG 125.3 100 200*
2-AG ether 302 63 21*
AM356 515 35 28%*
AM?2233 1349 100 0.4
Anandamide 1358 64 90*
A’THC 2019 56 50*

ECs’s and Maximal WIN responses for cannabinoid agonists
were determined using nonlinear regression. K;’s denoted by *
are from Howlett ez al., (2002), others are unpublished results
from the Makriyannis lab.

each of the agonists determined in other studies. There is a
predictable relationship between ECS50 and affinity for all
compounds tested except for 2-AG and AM2233. The
measured affinity of 2-AG for CBI1 receptors is disproportio-
nately lower than predicted based on its EC50. This may be
due to degradation of 2-AG during the binding assay. In
contrast, the affinity of AM2233 for CBI1 receptors is
considerably higher than would be predicted by its EC50. A
similar discord between affinity and EC50 for stimulation of
GTPyS binding and inhibition of adenylyl cyclase is also seen
(A. Makriyannis, unpublished results).

Desensitization rates for CB1 agonists were variable

Oocytes injected with CB1, GIRK, GRK3, and Arrestin3
cRNA were superfused with concentrations of CB1 agonists
that elicited maximal GIRK activation (1M for the full
agonists, 10 uM for the partial agonists). Representative traces
of highly efficacious agonists (WINS55,212-2 and AM411) and
less efficacious agonists (AM356 and 2-AG ether) are shown
(Figure 5). Desensitization rates of agonists were compared
to the desensitization rate of 1 uM WINS55,212-2, which was
134+1.4% min"'. Results for highly efficacious agonists,
WINS55,212-2, AM782, AMI1902, 2-AG, AM411, and
AM?2233 are shown in Figure 6a. Desensitization by
AM2233, AM782, and AM1902 was modestly (~25%) slower
than WINS55,212-2. Desensitization by the 2-AG and, notably,
the AM411 responses were considerably slower at 7.0+ 0.6 and
4.840.8% min~', respectively (Figure 6a). Desensitization
rates of less efficacious agonists, 2-AG ether, A>THC, and
AM356 were all considerably slower than the desensitization
rate of 1 uM WINS55,212-2 (Figure 6b). To examine whether
desensitization rate correlates with receptor activation, the
desensitization rate of WINS55,212-2 at 100nM (a concentra-
tion that elicited the same GIRK activation as the less
efficacious agonists) was determined. Eventually, 100nM
WINS55,212-2 desensitized at 11+1.2% min~' compared to
1340.4% min~" for 1 uM WINS55,212-2 (P>0.05). Desensiti-
zation rates of AM356 and A>-THC were still significantly less
(~50%) than 100 nM WINS55,212-2 (P<0.001), whereas, the

AM2233
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2-AG ether
2-AG

AM411
AM356

A® THC
Anandamide
WINS5,212-2
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100 o] .

ECso (NM)
S
CodbOe s <> A

0.1 1 10 100 1000
K; (nM)

Figure 4 Relationship between CBI1 affinity and EC50 for GIRK
current activation. EC50’s (determined from the data in Figure 3)
and K; (from same sources as Table 2) are well correlated, except for
2-AG (affinity lower than predicted by EC50) and AM2233 (EC50
lower than predicted by affinity).

1 wM WIN55,212-2 1 UM AM411
High Potassium High Potassium

Agonist Agonist
SR141716 SR141716

<
=1
N
1 min. 10 uM 2-AG ether
10 uM AM356 High Potassium
High Potassium Agonist
Agonist SR141716
SR141716

Figure 5 Representative traces showing desensitization with se-
lected agonists. Qocytes were injected with 0.05ngoocyte™! CBI
c¢RNA, 0.02ngoocyte™" GIRK channel, 0.625ngoocyte™' GRK3,
and 4ngoocyte™' Arrestin3. Oocytes were perfused with high
potassium buffer. After GIRK currents stabilized, agonists
(WINS5,212-2, AM411, AM356, and 2-AG ether, as labeled) were
applied at the indicated concentrations for 5min, followed by
application of 1 uM SR141716.

desensitization rate of 2-AG ether was only modestly less
(~20%) than 100 nM WINS55,212-2 (P <0.05).

Discussion

In order to examine partial agonism and desensitization of
cannabinoid receptor agonists, we needed to develop a robust
system for examining these phenomena. Measuring GIRK
currents using Xenopus oocytes has many advantages (Dascal,
1987; Kovoor et al., 1995). However, in previous studies
known CBI1 partial agonists such as anandamide either failed
to activate GIRK currents (Henry & Chavkin, 1995) or did so
only when oocytes were injected with large amounts (15-25ng)
of CB1 mRNA (McAllister et al., 1999), suggesting inefficient
translation of the injected mRNA. Since the identical
constructs express well in mammalian cells, we thought it

British Journal of Pharmacology vol 142 (3)
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Figure 6 Agonist desensitization rates. (a) Desensitization rates of
fully efficacious agonists varied greatly. Desensitization rates were
determined as previously described in ‘Methods.” Using a one-way
ANOVA nonparametric test, statistical analysis of the desensitiza-
tion rates of the highly efficacious agonists (all at 1uM) were
compared to 1uM WINS55,212-2 (P<0.001 (**), P<0.05 (¥)). (b)
Less efficacious agonists desensitized more slowly than WINSS,
212-2. To evaluate whether or not desensitization rates correlate
with agonist efficacy, the desensitization rates of agonists and
WINS55,212-2 at equally efficacious concentrations were determined.
The desensitization rate of 100nM WINS55,212-2 was not quite
statistically different from 1uM WIN 55,212-2 with P>0.08 (*).
10 uM A°-THC, 10 um AM356, and 1 uM AM411 all desensitized at
significantly slower rates compared to 100nM WINS5,212-2
(P<0.001(**)), however, the desensitization rate of 10umM 2-AG
ether was not statistically different from 100nM WINS5,212-2
(P>0.17).

likely that the CB1 mRNA was being poorly transcribed or
translated in oocytes. In an attempt to improve expression,
we subcloned CBI1 into a plasmid that included the 3’ and 5
untranslated regions (UTR) for the Xenopus beta globin gene
(Liman et al., 1992). This manipulation appears to have
effectively increased CBI1 expression. In oocytes injected with
2ng of CBl mRNA prepared from this vector both the full
agonist, WINS55,212-2, and the partial agonists, anandamide
and methanandamide, elicited maximal responses (Figure 2).
When mRNA was decreased to 0.15ngoocyte™!, the partial
agonism of methanandamide and anandamide were evident
(Figure 2). Thus, we used CB1 mRNA prepared from this
vector (pPGEM-HE-CBI) for the remainder of the study.

It is well established that anandamide and A°THC have
lower intrinsic efficacy compared to synthetic cannabinoid
agonists such as WIN 55,212-2 or HU-210. Many of these
studies have relied on GTPyS binding, for example (Breivogel
et al., 1998) with its attendant limitations. However, a few
others have looked at events further along signaling pathways
(Mackie et al., 1993; McAllister et al., 1999; Shen & Thayer,
1999). In this study, we wanted to systematically evaluate the
intrinsic efficacy of representative members of each of the five
major classes of cannabinoid receptor agonist. Synthetic
members of the aminoalkylindole, nonclassical cannabinoid,
and classical cannabinoid families all behave as full agonists as
activators of GIRK in the Xenopus oocyte under the assay
conditions used in this study (Figure 3a). As expected from the
literature, we found A°THC, anandamide and methananda-
mide (AM356) to be partial agonists (Figure 3b). 2-arachido-
noyl glycerol ether also showed partial agonism. Although the
efficacy of this compound has not been thoroughly studied, the
partial agonism we see is consistent with reports using GTPyS
binding (Savinainen et al., 2001). Interestingly, the endogenous

cannabinoid, 2-arachidonoyl glycerol ester, acted as a full
agonist with a potency similar to WINS55,212-2. While it is
generally observed that 2-AG has a higher efficacy than other
endogenous cannabinoids (Hillard, 2000), its potency is
usually an order of magnitude, or more, lower than that of
WINS5,212-2. In our experiments, we found 2-AG to have
a potency equivalent to WINS55,212-2 that was an order of
magnitude higher than the potency of A°THC. Perhaps the
apparent higher potency of 2-AG in the present study is due to
less degradation. In our recordings, the 2-AG is applied as a
free-flowing solution, minimizing the enzymatic breakdown of
the applied drug. That 2-AG has a higher intrinsic efficacy
than A°THC, suggests the intriguing possibility that one
component of the psychoactivity of A’THC may be due to
antagonism of 2-AG by A°THC at CBI receptors. This would
explain the rather low efficacy and potency of the CBI
antagonist SR141716A in completely reversing the effects of
smoked cannabis (Huestis er al., 2001). Furthermore, the
difference in efficacies between 2-AG and anandamide
suggests that these endogenous cannabinoids might stimulate
CBl-signaling pathways in neurons to substantially different
extents, emphasizing the importance of identifying the
endogenous cannabinoid released during a particular physio-
logical or pathophysiological state.

The primary goal of this study was to compare agonist
efficacy and rate of desensitization, testing the hypothesis that
the two are correlated. It must be kept in mind that efficacy
was determined in oocytes not expressing GRK3 or Arrestin3
while the desensitization experiments necessarily included
these proteins. It is possible that GRK3 and Arrestin3
expression might slightly alter the relative potency and efficacy
of the agonists tested, however, these effects are likely to be
small. The results in Figure 6 clearly show that efficacy and
rate of desensitization are not necessarily correlated. The most
striking example is AM411, a synthetic congener of A>-THC,
one of the key psychoactive constituents of cannabis. AM411
exhibits significant selectivity for CBI1 receptors compared to
CB2 receptors and was found to behave as a potent agonist
in vivo (T. Jarbe and A. Makriyannis, unpublished results).
In vitro, AM411 is potent and highly efficacious (Figure 3a),
yet desensitizes at a rate similar to the lowest efficacy agonists.
Therefore, it is possible to develop high efficacy CBI1 ligands
that desensitize slowly (Figure 6). Within the limited set of
compounds that we examined, the converse does not appear to
be true—low efficacy compounds consistently desensitized more
slowly than the high efficacy compounds.

What are the implications of these observations? If
desensitization is an appropriate marker for tolerance and
activation of GIRK currents is a valid surrogate for the
signaling pathways stimulated by CBI1 receptors in neurons,
then the present results suggest that tolerance might develop
more slowly with AM411 than with WINS55,212-2 when equi-
efficacious doses are administered. However, a more relevant
question is the comparison of the tolerance that develops to
AM411 and A°THC. With animal models it is quite easy to
demonstrate the rapid development of tolerance to A°THC.
But it is important to keep in mind that these paradigms
typically use frequent, high doses of A’THC (e.g., several fold
greater than the EDS50 for producing profound behavioral
effects), or escalating dose regimens. Neither of these mimics
typical therapeutic or social use patterns of A’THC. It is also
likely that the development of tolerance is dependent in part
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on receptor occupancy. For all of these reasons it will be
very interesting to determine how quickly tolerance
develops to AM411 (a high efficacy cannabinoid) compared
to A°’THC (a low efficacy cannabinoid) over a range of dosing
regimens.
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