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1 At nanomolar concentrations, SR141716 and AM251 act as specific and selective antagonists of
the cannabinoid CB1 receptor. In the micromolar range, these compounds were shown to inhibit basal
G-protein activity, and this is often interpreted to implicate constitutive activity of the CB1 receptors
in native tissue. We show here, using [35S]GTPgS binding techniques, that micromolar concentrations
of SR141716 and AM251 inhibit basal G-protein activity in rat cerebellar membranes, but only in
conditions where tonic adenosine A1 receptor signaling is not eliminated.

2 Unlike lipophilic A1 receptor antagonists (potency order DPCPXbN-0840 Ecirsimarin4caf-
feine), adenosine deaminase (ADA) was not fully capable in eliminating basal A1 receptor-dependent
G-protein activity. Importantly, all antagonists reduced basal signal to the same extent (20%), and the
response evoked by the inverse agonist DPCPX was not reversed by the neutral antagonist N-0840.
These data indicate that rat brain A1 receptors are not constitutively active, but that an ADA-resistant
adenosine pool is responsible for tonic A1 receptor activity in brain membranes.

3 SR141716 and AM251, at concentrations fully effective in reversing CB1-mediated responses
(10�6M), did not reduce basal G-protein activity, indicating that CB1 receptors are not constitutively
active in these preparations.

4 At higher concentrations (1–2.5� 10�5M), both antagonists reduced basal G-protein activity in
control and ADA-treated membranes, but had no effect when A1 receptor signaling was blocked with
DPCPX. Moreover, the CB1 antagonists right-shifted A1 agonist dose–response curves without
affecting maximal responses, suggesting competitive mode of antagonist action. The CB1 antagonists
did not affect muscarinic acetylcholine or GABAB receptor signaling.

5 When further optimizing G-protein activation assay for the labile endocannabinoid 2-
arachidonoylglycerol (2-AG), we show, by using HPLC, that pretreatment of cerebellar membranes
with methyl arachidonoyl fluorophosphonate (MAFP) fully prevented enzymatic degradation of 2-
AG and concomitantly enhanced the potency of 2-AG. In contrast to previous claims, MAFP
exhibited no antagonist activity at the CB1 receptor.

6 The findings establish an optimized method with improved signal-to-noise ratio to assess
endocannabinoid-dependent G-protein activity in brain membranes, under assay conditions where
basal adenosinergic tone and enzymatic degradation of 2-AG are fully eliminated.
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Introduction

The compounds SR141716 and AM251 are highly potent and

selective CB1 receptor antagonists that bind to this receptor

with Ki values around 10
�8
M (Rinaldi-Carmona et al., 1994;

1995; Lan et al., 1999). In line with this, the two compounds

inhibit CB1-mediated responses with IC50 values in the low

nanomolar concentration range (Rinaldi-Carmona et al., 1994;

1995; Landsman et al., 1997; Griffin et al., 1998; Savinainen

et al., 2001). At micromolar concentrations, however,

SR141716 in particular has been reported to inhibit basal G-

protein signalling in native tissues (Sim-Selley et al., 2001; Bass

et al., 2002; Mato et al., 2002; Ooms et al., 2002) and this has

been variously interpreted to implicate inverse agonism, and

therefore constitutive activity, of the CB1 receptors in native

environment. As our previous studies indicated little, if any,

inverse agonism for micromolar concentrations of SR141716

and AM251 towards the CB1 receptors in rat cerebellar

membranes (Savinainen et al., 2001), one major goal for the

present studies was to resolve inconsistencies regarding the

occurrence of constitutively active CB1 receptors, as detected

using [35S]GTPgS membrane-binding assay, in their native
cellular environment. We have paid special attention to tonic

adenosine A1 receptor activity, as these receptors are abundant

and widely distributed throughout the central nervous system

and since previous studies have revealed tonic adenosine A1
receptor-dependent G-protein activity in basal conditions of

rat brain [35S]GTPgS autoradiography (Laitinen & Jokinen,

1998; Laitinen, 1999; Moore et al., 2000).

Another goal for the present studies was to improve the

existing methodology to assess the initial steps of endocanna-

binoid-dependent and CB1 receptor-mediated signaling in

brain membranes. Endocannabinoids, 2-arachidonoylglycerol

(2-AG), arachidonoyl ethanolamide (AEA) and 2-arachido-

noylglyceryl ether (2-AGE, also named as noladin ether or

HU-310) are thought to be the principal endogenous ligands

that bind and activate brain cannabinoid CB1 receptors

(Devane et al., 1992; Mechoulam et al., 1995; Sugiura et al.,

1995; Hanus et al., 2001). In particular, 2-AG and AEA are

labile compounds that are rapidly degraded by enzymatic

activity in brain tissue preparations, most notably by fatty acid

amide hydrolase (FAAH) or in the case of 2-AG, also by

monoacylglycerol lipase (MGL) (for reviews, see Dinh et al.,

2002a; Ueda, 2002). Previously, we have demonstrated that rat

cerebellar membranes, in conditions of [35S]GTPgS-binding
assay suitable for the labile endocannabinoids, showed no

enzymatic activity towards AEA or 2-AGE but that 2-AG was

efficiently degraded to arachidonic acid (Savinainen et al.,

2001). The degradation of 2-AG was substantially inhibited by

pretreatment of membranes with the nonspecific serine

protease inhibitor phenylmethylsulfonyl fluoride (PMSF)

(Savinainen et al., 2001). Other studies have revealed that

methyl arachidonoyl fluorophosphonate (MAFP) is clearly a

more potent inhibitor of MGL and FAAH, than PMSF

(Deutsch et al., 1997; Goparaju et al., 1999). In spite of this,

MAFP is not being commonly used as an inhibitor of

endocannabinoid degradation in G-protein-activation studies.

One reason might be an observation that describes MAFP as

an irreversible CB1 antagonist (Fernando & Pertwee, 1997).

We demonstrate here that a basal tone of A1 receptor-

dependent G-protein activity is present in brain membrane

preparations. This tone can be eliminated by the use of

lipophilic A1 receptor antagonists, but is only partially

removed by treatment with the adenosine-depleting enzyme

ADA, indicating that an ADA-resistant pool, rather than

constitutive A1 receptor activity, is responsible for the basal

adenosinergic tone in membrane preparations. Further, we

show that CB1 receptors are not constitutively active in brain

membrane preparations, and that in the micromolar range

(10�5–2.5� 10�5M), the CB1 receptor antagonists SR141716
and AM251 act as competitive antagonists of A1 receptors,

thereby explaining the previously reported basal G-protein

activity-decreasing property of these compounds in membrane

[35S]GTPgS-binding assays. Finally, we establish an optimized
methodology to assess endocannabinoid-dependent and CB1
receptor-mediated G-protein activity in brain membranes

under conditions where signal-to-noise ratio is significantly

improved due to elimination of tonic A1 receptor activity, and

where enzymatic degradation of endocannabinoids is fully

prevented by treatment with MAFP. These studies also

indicate that, under the assay conditions employed, MAFP

has neither agonist nor antagonist activity at the CB1
receptors.

Methods

Animals and preparation of rat cerebellar membranes

These studies were conducted using 4-week-old male Wistar

rats. All animal experiments were approved by the local ethics

committee. The animals lived in a 12-h light/12-h dark cycle

(lights on at 07:00 h), with water and food available ad libitum.

The rats were decapitated, 8 h after lights on (15:00 h), whole

brains were removed, cerebellum was cut off, dipped in

isopentane on dry ice and stored thereafter at �801C.
Cerebellar membranes were prepared as previously described

(Savinainen et al., 2001).

Chemicals

2-AG, MAFP, arachidonoyl serotonin (AA-5HT) and

ATFMK were purchased from Cayman Chemical (Ann

Arbor, MI, U.S.A.). AEA and 2-AGE were synthesized at

the Department of Pharmaceutical Chemistry, University of

Kuopio. SR141716 and SR144528 were obtained from Sanofi

Recherche (Montpellier, France). Cirsimarin was a generous

gift from Professor Arnold Vlietinck and Dr John A. Hasrat

(Department of Pharmaceutical Sciences, University of An-

twerp, Belgium). CP55,940, AM251 and HU-210 were from

Tocris Cookson Ltd (Bristol, U.K.). 2ClAdo, CCh, atropine,

BSA (essentially fatty acid free), DTT, PMSF, GDP and

GTPgS were purchased from Sigma (St Louis, MO, U.S.A.).
ADA was purchased from Roche Diagnostics GmbH (Man-

nheim, Germany). DPCPX, WIN-55212-2 and R(þ )-Baclofen
HCl were from RBI/Sigma (Natick, MA, U.S.A.) and

[35S]GTPgS (initial specific activity 1250Cimmol�1) from

NEN Life Science Products, Inc. (Boston, MA, U.S.A.). All

cannabinoids were dissolved in ethanol as 10�2M stock

solutions and stored at –801C. SR141716, AM251 and

SR144528 were dissolved in DMSO as 10�2 or 2� 10�2M
stocks. The stock solution of 2-AG (initially in acetonitrile)

was prepared just prior to experiments by evaporating the
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organic solvent and reconstitution with ethanol. All other

chemicals were of the highest purity available.

[35S]GTPgS membrane-binding assay

Incubations were carried out as previously described (Savinai-

nen et al., 2001). For experiments with the enzyme inhibitors,

membranes were preincubated for 30min at 251C with PMSF,

MAFP, ATFMK or AA-5HT (dissolved in DMSO, of which

the final concentration in preincubation was 1.25% (vol vol�1),

or the vehicle as control in the presence of 0.5% (wt vol�1)

BSA. Preincubated membranes were kept at 01C prior to

experiments. ADA, DPCPX, N-0840, cirsimarin or caffeine

(all antagonists were dissolved in DMSO, final concentration

0.5% vol vol�1) in appropriate concentrations were included in

the incubations to block the signaling of endogenous

adenosine, as indicated in the results. Nonspecific binding

was determined in the presence of 10�5M GTPgS, and was
subtracted from all other values. In a typical assay with fresh

radioligand, basal and nonspecific binding was B8500 and
B500 c.p.m., respectively. These values represented B4 and
B0.2% of total radioactivity, respectively.

HPLC

In order to monitor 2-AG degradation, incubations mimicking

[35S]GTPgS membrane-binding assays were carried out, as
previously described (Savinainen et al., 2001) with the

following modifications. The concentration of 2-AG was

5� 10�5M. At time points of 0 and 90min, 100 ml samples
were removed from incubations, acetonitrile (200 ml) was
added to stop the enzymatic reaction, and simultaneously

pH of the samples was decreased with phosphoric acid to 3.0,

in order to stabilize 2-AG against chemical acyl migration

reaction yielding 1(3)-AG. Samples were centrifuged at

23,700� g for 4min at 201C prior to HPLC analysis of the

supernatant. The analytical HPLC system consisted of a

Merck Hitachi (Hitachi Ltd, Tokyo, Japan) L-7100 pump,

Merck Hitachi D-7000 interface module, Merck Hitachi L-

7455 diode-array detector (190–800 nm, set at 211 nm) and a

Merck Hitachi L-7250 programmable autosampler. The

separations were performed with Zorbax SB-C18 endcapped

reversed-phase precolumn (4.6� 12.5mm2, 5 mm) and column
(4.6� 150mm2, 5 mm). The injection volume was 50 ml. A
mobile phase mixture of a 28% phosphate buffer (30mM, pH

3.0) in acetonitrile at a flow rate of 2.0mlmin�1 was used. The

retention times were 5.8min for 2-AG, 6.3min for 1-AG and

10.2min for arachidonic acid. The relative concentrations of 2-

AG, 1(3)-AG and arachidonic acid were estimated on the basis

of corresponding peak areas. This was justified by the

equivalence of response factors of the compounds, which is

supported by the observation that the sum of the peak areas

was constant throughout the experiments.

Data analysis

For agonist dose-response, antagonist and HPLC experiments,

results are presented as mean7s.e.m. of at least three
independent experiments performed in duplicate. Data analy-

sis for dose–response curves were calculated as nonlinear

regressions. Statistical differences between groups were tested

using one-way ANOVA, followed by Tukey’s multiple

comparison test with Po0.05 considered as statistically

significant. Data analysis was performed by using GraphPad

Prism 3.0 for Windows.

Results

At micromolar concentrations, CB1 receptor antagonists
block adenosine A1 receptors

As illustrated in Figure 1, AM251 and SR141716, at the

concentration (10�6M) capable of fully reversing CB1 receptor-

mediated responses (Rinaldi-Carmona et al., 1995; Landsman

et al., 1997; Savinainen et al., 2001), had no effect on basal

Figure 1 Low micromolar concentrations of the CB1 receptor
antagonists SR141716 and AM251 inhibit basal G-protein activity
in untreated and ADA-treated rat cerebellar membranes, but have
no effect in the presence of the adenosine A1 receptor selective
antagonist DPCPX. Following a 30-min preincubation in the
absence (control and DPCPX conditions) or presence of ADA
(0.5Uml�1), [35S]GTPgS-binding assay was conducted, as described
in methods, in control conditions or in the presence of ADA
(0.5Uml�1) or DPCPX (10�6M). Control incubations contained the
vehicle for DPCPX (0.5% DMSO vol vol�1). The vehicle for ADA
(0.06% glycerol) did not affect basal binding (data not shown). The
data represent the mean of [35S]GTPgS binding over basal7s.e.m.
from three independent experiments performed in duplicate. An
asterisk (*) denotes a statistically significant decrease (Po0.05).

J.R. Savinainen et al Optimized method for endocannabinoid activity 1453

British Journal of Pharmacology vol 140 (8)



G-protein activity in rat cerebellar membranes under the three

incubation conditions tested (control, 0.5Uml�1 ADA or

10�6M DPCPX). In contrast, higher concentrations (10�5 and

2.5� 10�5M) of the CB1 antagonists inhibited basal G-protein
activity in a dose-dependent manner. The effect was most

dramatic (B20%) in control conditions where no attempts
were made to deplete endogenous adenosine by ADA

treatment, or to block adenosine A1 receptors by inclusion of

the highly selective antagonist DPCPX.

In the presence of ADA, the antagonist effect was clearly

reduced, and, in the presence of DPCPX, the antagonists no

more affected basal [35S]GTPgS binding at the used concentra-
tions. These data indicate that, at the low micromolar

concentration range (10�5–2.5� 10�5M), the CB1 receptor
antagonists interact with A1 receptors.

As shown in Figure 2, the dose–response curve for the

adenosine receptor agonist 2-chloroadenosine was right-

shifted in the presence of the two antagonists (�log
EC507s.e.m., n¼ 3), control 6.770.1; 10�5M SR141716

6.470.1*; 10�5M AM251 6.470.0* (the asterisk denotes

significant difference (Po0.05) as compared to control) with
no change in maximal response (Emax, % basal7s.e.m. (n¼ 3),
control 34779; 10�5M SR141716 36276; 10�5M AM251

36472), suggesting a competitive mode of antagonist action.
To explore the specificity of this action, we assessed the

effects of AM251 and SR141716 (both at 10�5M) on receptor-

dependent G-protein activity following stimulation of GABAB
and muscarinic acetylcholine receptors. We used the agonists

baclofen and carbachol (CCh) at concentrations producing

near half-maximal and maximal stimulation of GABAB and

muscarinic receptors, respectively. As shown in Figure 3, the

CB1 antagonists had no effect on GABAB- or muscarinic

receptor-dependent responses. Additional control experiments

indicated that similar concentrations of the CB2 receptor

selective antagonist SR144528 (Rinaldi-Carmona et al., 1998)

did not affect A1-, GABAB or muscarinic responses (data not

shown), suggesting that the observed effects were specific for

the A1 receptors and CB1 antagonists.

Collectively, these experiments demonstrate that the CB1
receptors in rat brain membrane preparations are not

constitutively active in the [35S]GTPgS binding assay, and that
the CB1 receptor antagonist AM251 and SR141716, at

micromolar concentrations, selectively antagonize adenosine

A1 receptor signaling.

Rat brain adenosine A1 receptors are not constitutively
active

We were surprised to see the somewhat differential behavior of

the CB1 receptor antagonists in ADA- versus DPCPX-treated

Figure 2 At micromolar concentrations, the CB1 receptor antago-
nists inhibit adenosine A1 receptor signaling. Rat cerebellar
membranes were preincubated for 30min in the presence of ADA
(0.5Uml�1), and then incubated with increasing concentrations of
the adenosine receptor agonist 2-chloroadenosine (2ClAdo) in the
absence (control) or presence of the CB1 antagonists SR141716 or
AM251 (both at 10�5M), as indicated. Vehicle for all conditions was
0.5% DMSO (vol vol�1). The data represent the mean7s.e.m. from
three independent experiments performed in duplicate. When not
visible, error bars fell within the size of the symbol.

Figure 3 Micromolar concentrations of the CB1 receptor antago-
nists do not affect mACh- or GABAB receptor-dependent G-protein
activity. Rat cerebellar membranes were incubated with the
muscarinic agonist CCh or the GABAB agonist baclofen at
concentrations, producing near half-maximal and maximal stimula-
tion (10�6M and 10�5M, respectively). The CB1 antagonists were
present at 10�5M concentration and agonist responses were
determined in the presence of 1 mM DPCPX, to block basal A1
receptor-mediated G-protein activity. The data represent the
mean7s.e.m. from three independent experiments performed in
duplicate.
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membranes, as both treatments were previously found equally

effective in eliminating the tonic and widespread A1 receptor

dependent G-protein activity in rat brain [35S]GTPgS auto-
radiography studies (Laitinen, 1999). The outcome was

essentially the same, regardless of the ADA concentration

used (0.01–2Uml�1) (data not shown). Two possibilities were

considered likely to explain this. Either A1 receptors will gain

constitutive activity in membrane preparation (in contrast to

brain tissue sections) or an ADA-resistant pool of adenosine is

formed in membrane preparation, as previously suggested

(Prater et al., 1992). To resolve between these possibilities, we

assessed the basal G-protein activity-lowering capacity of a

panel of lipophilic adenosine receptor antagonists, including

compounds with inverse agonist (DPCPX) and neutral

antagonist (N-0840) properties at the A1 receptors under

heterologous expression (Shryock et al., 1998). As illustrated in

Figure 4a, all adenosine receptor antagonists inhibited basal

G-protein activity to the same extent (approximately 15%) in

ADA-treated cerebellar membranes and with the expected

pharmacology at the A1 receptors (potency order:

DPCPXbN-0840¼ cirsimarin4caffeine) (Shryock et al.,

1998; Laitinen, 1999). When ADA was omitted from the

incubations, the effect was even more pronounced (data not

shown). Additional studies revealed that the combined effect

of DPCPX (10�6M) plus each of the three antagonists were

non-additive and, more importantly, the neutral antagonist

N-0840 (5� 10�5M) failed to even partially reverse the ‘inverse
agonism’ of DPCPX (Figure 4b). These data are fully

consistent with the artificial formation of ADA-resistant

adenosine pool in membrane preparation (Prater et al.,

1992), and strongly suggest that the rat brain A1 receptors

exhibit no constitutive activity in the absence of adenosine.

MAFP prevents 2-AG degradation and has no antagonist
or agonistic activity at the CB1 receptors

In order to find an inhibitor that would fully prevent

enzymatic degradation of 2-AG in rat cerebellar membranes,

various known inhibitors, including MAFP, arachidonoyl

trifluoromethylketone (ATFMK), AA-5HT and PMSF, were

tested in conditions of [35S]GTPgS-binding assay. Initial

studies revealed that MAFP, ATFMK and AA-5HT stimu-

lated G-protein activity less than 106% basal at 10�5 and

10�6M, except ATFMK which evoked a 112% basal response

at 10�5M. Moreover, in contrast to the results obtained with

MAFP or PMSF (see Figure 5a), responses to 2-AG were not

potentiated by pretreatment of membranes with ATFMK and

AA-5HT (data not shown). Therefore, ATFMK and AA-5HT

were not tested further in these experiments. As depicted in

Figure 5a, membrane pretreatment with MAFP (10�5M) or

PMSF (10�3M) significantly potentiated responses to 2-AG at

10�6M, a concentration previously shown to produce near

half-maximal G-protein activation (Savinainen et al., 2001). As

further evident from Figure 5a, MAFP was significantly more

effective than PMSF, although it was used at a 100-fold

smaller concentration. This is consistent with previous findings

demonstrating that MAFP potently (IC50 B3 nM) inhibits
brain 2-AG hydrolzing enzymatic activity (Goparaju et al.,

1999). Indeed, our recent work indicates that MAFP is

B70,000-fold more potent than PMSF in inhibiting 2-AG
hydrolyzing activity in this preparate (S.M. Saario et al.

manuscript submitted).

We wished to monitor, by using HPLC, the enzymatic

degradation of 2-AG in parallel incubations closely mimicking

conditions of the G-protein activation assay (Figure 5b). In the

buffer system without tissue, 2-AG is spontaneously isomer-

ized to 1(3)-AG. We have previously shown that 2-AG is more

potent and more efficacious than 1(3)-AG in stimulating CB1-

dependent G-protein activity in this preparate (Savinainen

et al., 2001). Upon addition of membranes, enzymatic activity

hydrolyzes both 2-AG and 1(3)-AG, generating a single end

product that co-eluted at the position of arachidonic acid (AA)

(Savinainen et al., 2001). Our present work also confirmed

this, as the material eluting with the retention times of 2-AG,

1(3)-AG and AA represented practically 100% of intial

material (data not shown). Consistent with the data on

G-protein activation assay, HPLC analysis revealed that

Figure 4 Lipophilic adenosine receptor antagonists decrease basal
G-protein activity in rat cerebellar membranes to the same extent
and with the potency expected at A1 receptors (a). Membranes were
incubated in the presence of ADA (0.5Uml�1) and the indicated
concentrations of the antagonists, as described in Methods (b).
Inhibitory responses to the inverse A1 receptor agonist DPCPX
(10�6M) cannot be reversed by the neutral A1 antagonist N-0840
(5� 10�5M) or other A1 antagonists, cirsimarin (5� 10�5M) and
caffeine (5� 10�4M). The vehicle for all conditions was 0.5%
DMSO (vol vol�1). The data represent the mean7s.e.m. from at
least three independent experiments performed in duplicate.
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enzymatic degradation of 2-AG was totally prevented with

10�5M MAFP and largely so also with 10�3M PMSF

(Figure 5b). In contrast to 2-AG, AEA and 2-AGE were not

degraded, not even in control conditions (Savinainen et al.,

2001; data not shown).

Of note, [35S]GTPgS-binding studies revealed that mem-
brane preincubation with PMSF had a small, but statistically

significant inhibitory effect on 2-AG- and HU-210-evoked

maximal responses (Figure 5a; data not shown). This can be

partly explained by the small increase (1671%; s.e.m., n¼ 3)
of basal [35S]GTPgS binding in the presence of PMSF. On the
other hand, MAFP pretreatment (10�5M) also slightly

increased basal G-protein activity (871% s.e.m., n¼ 7), but
concomitantly did not blunt maximal agonist responses

(Figures 5a and 6).

Previously, MAFP was reported to behave as an irreversible

antagonist of the CB1 receptors (Fernando & Pertwee, 1997).

To clarify whether MAFP exhibits antagonistic effects in rat

cerebellar membranes, we assessed responses to the well-

established cannabinoid agonists HU-210, CP55,940 and

WIN55212-2 representing diverse chemical structures near to

their EC50 and Emax values following treatment of membranes

with MAFP. As illustrated in Figure 6, MAFP had no

inhibitory effect on cannabinoid agonist-stimulated G-protein

activity.

An optimized method to assess endocannabinoid-
dependent G-protein activity

Based on the above results, we finally determined dose–

response curves for to the three endocannabinoids (2-AG,

AEA and 2-AGE) and the stable cannabinoid CP55,940 in the

presence of MAFP (10�5M in preincubation) and DPCPX

(10�6M). As shown in Figure 7 and Table 1, 2-AG was the

most efficacious agonist among the tested compounds,

producing a maximal response of 6.2-fold basal. CP55,940,

AEA and 2-AGE all behaved as partial agonists by generating

responses of 5.1-, 4.8-, and 4.2-fold basal, respectively.

CP55,940 was the most potent CB1 agonist (EC50
B7.5� 10�8M), whereas the EC50 values for 2-AG was

B10�6M. AEA and 2-AGE were approximately equipotent

in these experiments (EC50 B6� 10�6M). Since 2-AG is more
potent than 1(3)-AG in [35S]GTPgS-binding assay and since it
is continuously isomerized to 1(3)-AG during the 90-min

incubation (Savinainen et al., 2001), we tested whether a

shorter incubation time (10min) would further increase the

potency for 2-AG. These experiments (not shown) revealed,

Figure 5 Pretreatment of rat cerebellar membranes with MAFP
concomitantly potentiates 2-AG-stimulated G-protein activity (a)
and prevents enzymatic degradation of 2-AG to AA more efficiently
than PMSF (b). Membranes were pretreated with MAFP (10�5M),
PMSF (10�3M) or the vehicle (DMSO) as a control for 30min at
þ 251C in the presence of 0.5% BSA. In (a), membranes were used
for [35S]GTPgS-binding assay to determine G-protein activation in
response to 2-AG concentrations, producing near half-maximal
(10�6M) or maximal stimulation (10�4M). In (b), pretreated
membranes were used for HPLC to assess enzymatic hydrolysis of
2-AG (5� 10�5M) under incubation conditions closely mimicking
G-protein activation assay. By HPLC analysis, initial purity of 2-
AG was 98% with the rest of the material (2%) representing 1(3)-
AG. For (a), the data represent the mean7s.e.m. of [35S]GTPgS
binding from basal and, for (b), the mean7s.e.m. of relative (%)
peak areas, each from at least three independent experiments
performed in duplicate. n.d.: not detectable. An asterisk (*) denotes
the statistically significant (Po0.05) difference from the respective
control; # indicates statistically the significant (Po0.05) difference
between MAFP and PMSF treatment.

Figure 6 MAFP has no antagonist activity towards cannabinoid
CB1 receptor-dependent G-protein activity in rat cerebellar mem-
branes. Membranes were pretreated with MAFP (10�5M) or solvent
(DMSO) as control for 30min at þ 251C in the presence of 0.5%
BSA. The cannabinoid agonists were tested near to their EC50 and
Emax concentrations to reveal possible antagonism. The data
represent the mean7s.e.m. from at least three independent
experiments performed in duplicate.
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however, that the potency of 2-AG was not further increased

using shorter incubation times. Similarly, the potency of the

stable cannabinoid CP55,940 remained unchanged.

Discussion

Tonic signaling by an endogenous compound bears direct

relevance to the issue of constitutive receptor activity which, by

definition, means receptor activity in the absence of activating

ligand (for review see Seifert & Wenzel-Seifert, 2002). Recent

mutation studies have revealed crucial amino-acid residues

responsible for constitutive activity and inverse agonism at

cannabinoid CB1 receptors under heterologous expression (Nie

& Lewis, 2001; Hurst et al., 2002). Nevertheless, it is still

unresolved whether constitutive activity is present in native

tissues. Some previous studies have concluded that the CB1
receptors are constitutively active also in brain tissue (Bass

et al., 2002; Mato et al., 2002; Ooms et al., 2002). These

observations were based on the effects of micromolar

concentrations of the CB1 receptor antagonist and inverse

agonist, SR141716, on basal G-protein activity. Importantly,

similar inhibitory effects of SR141716 at these concentrations

were also reported in brain membranes of CB1 knockout mice,

indicating non-CB1 receptor-dependent actions (Breivogel

et al., 2001).

We demonstrated here that micromolar concentrations of

SR141716 and its structural derivative AM251 (Lan et al.,

1999) inhibited adenosine A1 receptor-, but not muscarinic or

GABAB receptor-mediated G-protein activity in brain mem-

branes. The inhibition of basal [35S]GTPgS binding by the CB1
antagonists was most evident in untreated membranes, still

present in ADA-treated membranes but not detected in

incubations with the selective A1 receptor antagonist DPCPX.

These data directly indicate that, at the low micromolar range,

the CB1 antagonists can antagonize A1 receptor activity.

Some laboratories routinely include ADA in membrane

[35S]GTPgS-binding assays (Breivogel et al., 1998; Savinainen
et al., 2001; Rouleau et al., 2002), but mainly such studies are

conducted without any attempts to eliminate endogenous

adenosine activity. Since ADA and DPCPX were found to be

equally effective in decreasing the basal adenosinergic tone in

rat brain [35S]GTPgS autoradiography studies (Laitinen, 1999),
we were rather surprised to learn that ADA was not fully

competent in the membrane preparations.

An obvious explanation for this differential outcome

emerges from the findings of Prater et al. (1992), who have

demonstrated that, in membrane preparations, a cryptic

adenosine pool is trapped in compartments that are not

accessible to ADA. In agreement, we found that all the

lipophilic adenosine receptor antagonists of this study,

including the inverse agonist DPCPX and the neutral

antagonist N-0840, inhibited basal [35S]GTPgS binding to the
same extent, even in the presence of ADA.

It was previously demonstrated that the inverse agonism at

constitutively active A1 receptors could be reversed by neutral

antagonists (Shryock et al., 1998). Based on these findings, we

tested further whether N-0840 could reverse the inhibitory

response evoked by DPCPX. As was clearly shown, this was

not the case, indicating therefore that tonic A1 receptor activity

is not constitutive, but is mediated by an ADA-resistant pool

of adenosine.

So far, various enzymes participating in the degradation of

2-AG have been established, with MGL and FAAH being the

most prominent candidates (for reviews see, Dinh et al., 2002a;

Ueda, 2002). Very recently, Dinh et al. (2002b) provided

strong evidence that MGL is the primary enzyme degrading 2-

AG in brain tissue and, concomitantly, is not capable of

degrading AEA. In contrast, FAAH also degrades AEA

(Ueda, 2002). Previously, we reported that 2-AG, but not AEA

or 2-AGE, was degraded by rat cerebellar membranes, and

that this degradation was substantially (B80%) inhibited by
PMSF (Savinainen et al., 2001). Therefore, we concluded that,

under the assay conditions employed, FAAH activity was not

apparent and additional enzymatic activity, possibly MGL,

was responsible for 2-AG degradation. This led us to test more

selective and efficacious inhibitors, such as MAFP, which has

been shown to be a potent inhibitor of 2-AG degradation

Figure 7 Dose–response curves to various cannabinoid agonists in
optimized assay conditions where tonic adenosine A1 receptor
activity and enzymatic degradation of 2-AG is fully eliminated. Rat
cerebellar membranes were pretreated with 10�5M MAFP in the
presence of 0.5% BSA, as described in Methods. [35S]GTPgS-
binding assay was conducted for 90min at 251C in the presence of
10�6M DPCPX. The data represent the mean7s.e.m. from three
independent experiments performed in duplicate. When not visible,
error bars fell within the size of the symbol. AEA, arachidonoyl
ethanolamide; 2-AG, 2-arachidonoylglycerol; 2-AGE, 2-arachido-
noylglyceryl ether; CP55,940, (�)-3-[2-hydroxy-4-(1,1-dimethyl-
heptyl)-phenyl]-4-[3-hydroxypropyl]cyclohexan-1-ol.

Table 1 Comparison of the efficacy (Emax) and
potency (pEC50) of the four cannabinoid agonists
tested in MAFP- (10�5M) pretreated rat cerebellar
membranes in the presence of 10�6M DPCPX

Compound Emax (%Basal7s.e.m.) pEC507s.e.m.

2-AG 62075 6.070.0
CP55,940 51074 7.170.0
2-AGE 48477 5.270.0
AEA 41573 5.370.1

EC50 and Emax values were calculated from the [
35S]GTPgS-

binding experiments depicted in Figure 7. Values are
means7s.e.m. from three independent experiments per-
formed in duplicate.
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(Goparaju et al., 1999). Contrary to this status, MAFP has

also been described as an irreversible CB1 receptor antagonist

(Fernando & Pertwee, 1997). As clearly shown here, MAPF

had absolutely no antagonist activity towards the CB1 receptor

when tested against compounds representing four major

classes of CB1 receptor agonists. It was also clearly demon-

strated that MAFP totally prevented enzymatic degradation of

2-AG. These results show that MAFP, when used under the

presently defined conditions, is the inhibitor of choice to

prevent endocannabinoid degradation without any disturbing

side effects. In contrast, ATFMK and AA-5HT, both of which

were previously described as novel FAAH inhibitors (Koutek

et al., 1994; Bisogno et al., 1998), potentiated 2-AG responses

only marginally and, moreover, had small stimulatory effects

on G-protein activity of their own at higher concentrations.

We anticipated that pretreatment of cerebellar membranes

with hydrophobic arachidonic acid derivatives, such as

MAFP, must be performed in the presence of BSA. Interest-

ingly, these experiments also revealed that basal G-protein

activity was slightly increased both in MAFP- and PMSF-

pretreated membranes (8 and 16%, respectively), as compared

with control. This may be taken as an indication of reduced

degradation of endocannabinoids or other endogenous ago-

nists that can stimulate G-protein activity. Whether endocan-

nabinoids and/or other endogenous ligands are indeed

generated under the presently defined assay conditions in

sufficient quantities to stimulate [35S]GTPgS binding remains
an interesting question for future studies.

Since MAFP and DPCPX were identified as the compounds

of choice to fully prevent enzymatic degradation of 2-AG

and to fully eliminate tonic A1 receptor activity, respectively,

these compounds are now routinely included in our assay

protocols assessing CB1 receptor-mediated G-protein activity

in rat cerebellar membranes. When comparing the potencies

of the cannabinoids from this study with those reported

previously (Savinainen et al., 2001), all cannabinoids now

exhibit slightly increased potency, but, as expected, the effect

is most dramatic in the case of 2-AG. Furthermore, maximal

responses to all cannabinoids under the optimized conditions

are throughout higher than in any previously published

study assessing CB1 receptor-dependent G-protein activity.

These effects on agonist dose responses can be explained by

the following reasons. First, inclusion of DPCPX decreases

basal G-protein activity by blocking the basal adenosinergic

tone. Since agonist responses are expressed as % basal, the

inclusion of DPCPX results in improved signal-to-noise

ratio for the [35S]GTPgS-binding assay, thus allowing detection
of higher maximal responses for all other studied GPCRs,

including the CB1. Secondly, the presence of 0.5% BSA with

the hydrophobic inhibitor (MAFP) in membrane preincuba-

tions, besides fully preventing enzymatic degradation of

2-AG, may additionally produce ‘an entourage-like-effect’,

where binding of the lipophilic agonists to non-CB1 receptor

sites is minimized.

To conclude, we have demonstrated here that two abundant

and widely distributed GPCRs in the brain tissue, cannabinoid

CB1 and adenosine A1 receptors, are not constitutively active

in membrane [35S]GTPgS-binding assays. Instead, a cryptic
ADA-resistant adenosine pool is responsible for a tonic

adenosinergic G-protein activity in basal conditions of this

technique. We further demonstrated that micromolar concen-

trations of the commonly used CB1 antagonists act as

competitive antagonists of the A1 receptor. Finally, an

optimized method to detect endocannabinoid-evoked and

CB1 receptor-mediated G-protein activity was described.
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