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Abstract

We have investigated the inhibition of lipopolysaccharide stimulated nitric oxide production in RAW264.7 macrophages by the
cannabinoids and the putative cannabinoid CB,-like receptor ligand, pamitoylethanolamide. (R)-(+)-[2,3-dihydro-5-methyl-3-
(4-morpholinylmethyl)pyrrolo-[1,2,3-de]-1,4-benzoxazin-6-yl]-1-naphthal enylmethanone mesylate ((+ )-WIN55212) and, to a lesser ex-
tent (—)-cis-3-{2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-hydroxy-propyl)cyclohexan-1-ol (CP55940), significantly inhibited
lipopolysaccharide stimulated nitric oxide production. The level of inhibition was found to be dependent on the concentration of
lipopolysaccharide used to induce nitric oxide production. Palmitoylethanolamide significantly inhibited nitric oxide production induced
by lipopolysaccharide. The inhibition of nitric oxide production by (+)-WIN55212 but not palmitoylethanolamide was significantly
attenuated in the presence of the cannabinoid CB, receptor antagonist, N-[(1S)-endo-1,3,3-trimethyl bicyclo [2.2.1] heptan-2-yl]-5-(4-
chloro-3-methylphenyl)-1-(4-methylbenzy!)-pyrazol e-3-carboxamide (SR144528). (+)-WIN55212 produced a pertussis toxin-sensitive
parallel rightward shift in the log concentration—response curve for lipopolysaccharide, causing a fivefold increase in the ECy, value for
lipopolysaccharide with no change in the E,, value. (—)-WIN55212 had no effect on the log concentration—response curve for
lipopolysaccharide. Palmitoylethanolamide did not produce a rightward shift in the lipopolysaccharide concentration—response curve.
However, it did produce a pertussis toxin-insensitive reduction in the E,, Vvalue. The results suggest that the inhibition of
lipopolysaccharide mediated nitric oxide release by (+)-WIN55212 in murine macrophages is mediated by cannabinoid CB,, receptors.
In contrast, the inhibition by pal mitoylethanolamide does not appear to be mediated by cannabinoid receptors. © 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction cannabinoids (Luo et a., 1992; Klein et al., 1991;
Fischer-Stenger et al., 1993) however, in some studies,
enhancing effects have been observed (Derocq et al., 1995;
Zhu et al., 1994).

Nitric oxide has a dual role as (1) a proinflammatory
mediator in the immune system with both antiviral
(Lowenstein et al., 1996) and antibacterial (Nathan and
Hibbs, 1991) actions and (2) a neurotransmitter in the
central nervous system, affecting memory and learning
(Dawson and Snyder, 1994). The murine macrophage cell
line RAW264.7 expresses mRNA for CB, but not CB,
cannabinoid receptors (Jeon et al., 1996; Waksman et 4.,
1999). Reports have shown that the psychoactive cannabi-

Cannabinoid CB, receptor expression has been identi-
fied in a range of immunological cells including B and T
cells, monocytes and macrophages (Bouaboula et al., 1993;
Gadliegue et al., 1995). It has been suggested that cannabi-
noid CB,, receptors may have an immunomodulatory role.
These receptors have been shown to modulate cytokine
production, humoral response, proliferative responses, mi-
crobiocidal activity and antigen processing in a number of
immune cell types (Klein et al., 1998). Most of these in
vitro studies have implied an immunosuppressive action of
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noid (— )-A°-tetrahydrocannabinol inhibits nitric oxide pro-
duction by murine macrophages and RAW264.7
macrophages while the inactive isomer, (+ )-A%-tetrahydro-
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cannabinol, only weakly inhibits nitric oxide release (Cof-
fey et a., 1996). In addition, in these cells (—)-A’-te-
trahydrocannabinol appears to inhibit both forskolin-
stimulated cyclic AMP production and inducible nitric
oxide synthase (iNOS) transcription (Jeon et a., 1996).
However, these studies do not directly demonstrate the
involvement of cannabinoid CB, receptors, as they did not
involve the use of cannabinoid receptor antagonists. More-
over, athough (—)-A%tetrahydrocannabinol has affinity
for both cannabinoid CB, and CB, receptors, it has partic-
ularly low efficacy at cannabinoid CB, receptors, to the
extent that it can behave as an antagonist at these sites in
some preparations (Bayewitch et al., 1996; Bouaboula et
al., 1999).

The purpose of this investigation was three-fold. Firstly,
to further investigate whether the effects of cannabinoids
on lipopolysaccharide induced nitric oxide production in
RAW264.7 macrophages could be directly linked with the
cannabinoid CB, receptor. Secondly, to address the need
for a sensitive assay for cannabinoid CB, receptor agonists
and antagonists in a native system. Thirdly, to investigate
any functional interaction of palmitoylethanolamide with
cannabinoid CB,, receptors. There is some degree of con-
fusion as to the ability of this compound to interact with
cannabinoid CB, receptors. Palmitoylethanolamide re-
duces inflammatory responses (Mazzari et al., 1996) and
has potent analgesic actions, which are attenuated by the
cannabinoid CB, receptor antagonist, N-[(1S)-endo-1,3,
3-trimethyl bicyclo [2.2.1] heptan-2-yl]-5-(4-chloro-3-me-
thylphenyl) -1- (4- methylbenzy!)- pyrazole-3- carboxamide
(SR144528) (Jaggar et al., 1998; Calignano et al., 1998).

Fig. 1. The inhibition by (a) (+)-WIN55212 (b) pamitoylethanolamide
and (c) CP55940 of nitric oxide production in RAW264.7 cells stimulated
by 200 or 20 ng ml~? lipopolysaccharide. For each datum point, the data
are expressed as a percentage of a lipopolysaccharide control, which
contained the vehicle, and has been normalised to 100%. Nitric oxide
production induced by 200 ng ml~! and 20 ng mi - lipopolysaccharide
was 21.6+4.91 wM nitrite per 5x 10° cells plated and 9.65+1.17 uM
nitrite per 5x 10° cells plated respectively. Drugs or vehicle and lipo-
polysaccharide were co-administered and incubated for 24 h at 37°C. For
palmitoylethanolamide experiments 50 wM phenylmethylsulphonyl fluo-
ride was included in the incubation. The data are the mean of separate
experiments done in triplicate, and the error bars represent the S.E.M.
Asterisks indicate significant difference from 100% (*P < 0.05 and
" “P <0.01, one sample t-test). (+)-WIN55212 inhibited nitric oxide
production induced by 200 ng ml~* lipopolysaccharide by 31.9+ 6.4% at
10 wM and by 26.3+7.4% and 64.7 +6.7% at 1 and 10 wM respectively
for nitric oxide production induced by 20 ng mi~? lipopolysaccharide.
Palmitoylethanolamide significantly inhibited nitric oxide production by
41.94+4.11% (200 ng ml ~* lipopolysaccharide; n=11) and by 39.1+
7.7% at 10 M (20 ng mi~ 1 lipopolysaccharide; n= 6). 10 wM CP55940
did not significantly inhibit nitric oxide production induced by 200 ng
ml~ 1 lipopolysaccharide but produced a significant inhibition of 42.45 +
3.88% at 20 ng ml~! lipopolysaccharide (n = 4). None of the compounds
tested had any effect on the basal levels of nitric oxide of 0.71+0.246
wM nitrite per 5x 10° cells plated (n = 50; data not shown).

However, athough pamitoylethanolamide has been pro-
posed as an endogenous cannabinoid CB, receptor ligand
(Facci et al., 1995), it does not appear to displace the high
affinity cannabinoid ligand [*HICP55940 from membranes
of Chinese Hamster Ovary (CHO) cells transfected with
human cannabinoid CB, receptors (Showalter et al., 1996)
or from cannabinoid CB, receptors on spleen or mast cell
membranes (Ross et al., 1999a). Thus, we felt it appropri-
ate to investigate whether palmitoylethanolamide interacts
with the cannabinoid CB,, receptor in macrophages.

In order to investigate whether inhibition of lipopoly-
saccharide induced nitric oxide release from macrophages
is linked to the cannabinoid CB, receptor we used a
number of approaches. A comparison was made of the
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actions of the cannabinoid receptor agonist (R)-(+)-
[2,3-dihydro-5- methyl- 3-(4-morpholinylmethyl)pyrrolo-[1,
2,3-de]-1,4-benzoxazin-6-yl]-1-naphthal enylmethanone
mesylate ((+)-WIN55212), which has dightly higher
affinity for the cannabinoid CB, receptor, with its inactive
isomer (—)-WIN55212 (Pertwee, 1997). We have made
use of the high affinity, cannabinoid CB,, selective antago-
nist SR144528 (Rinaldi-Carmonaet al., 1998). In addition,
we investigated the effects of pretreatment of the cells with
the G,;/G,, receptor uncoupling agent, pertussis toxin on
the action of these compounds.

2. Materials and methods

2.1. Drugs and chemicals

CP55940 [( — )-cis-3-[2-hydroxy-4-(1,1-dimethyl heptyl)-
phenyl]-trans-4-(3-hydroxypropyl)cyclohexan-1-ol] was
obtained from Pfizer, WIN55212 from Research Biochem-
icals International, palmitoylethanolamide from Tocris and
SR141716A [ N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide hy-
drochloride] and SR144528 from Sanofi Recherche.
Roswell Park Memoria Institute Medium (RPMI), Dul-
becco’'s Modified Eagles Medium (DMEM) /f-12 Ham,
penicillin/streptomycin, Greiss reagent, Bovine Serum Al-
bumin, Phosphate Buffered Saline (PBS), geneticin (G418),
hygromycin, forskolin, rolipram and phenylmethyl-
sulphonyl fluoride were al obtained from Sigma
Lipopolysaccharide was from Escherichia coli 026:B6
(Sigma). RAW264.7 cells were obtained from the Euro-
pean Cell Culture Collection and human cannabinoid CB,
transfected cells were a gift from GlaxoWellcome.

2.2. Cell culture

RAW264.7 cells were grown in RPMI 1640 supple-
mented with 10% foetal bovine serum, 2 mM L-glutamine,
100 unit mi~* penicillin and 100 wg mi~* streptomycin.
CHO cells transfected with human cannabinoid CB, recep-
tors (see Green et al., 1999) were grown in Dulbecco’s
Modified Eagles Medium (DMEM) f-12 Ham supple-
mented with 10% foetal bovine serum, 2 mM L-glutamine,
300 wg ml~—1 hygromycin, 600 g ml~! geneticin (G418),
100 unit mi~* penicillin and 100 wg ml~* streptomycin.
Hygromycin and geneticin were included in the media to
achieve selective pressure for the expression of the human
cannabinoid CB,, receptor.

2.3. Nitrite quantification
RAW264.7 cells were plated in the above media at

5% 10° cells ml~! in 24 well plates and stimulated with
lipopolysaccharide for 24 h at 37°C unless otherwise stated.

For experiments where a single concentration of lipopoly-
saccharide was used, the cannabinoid agonists or vehicle
were co-administered with lipopolysaccharide unless other-
wise stated. In experiments with pamitoylethanolamide,
50 wM phenylmethylsulphony! fluoride was included in
the incubation. This compound inhibits fatty acid amide
hydrolase, the enzyme which may have a role in terminat-
ing the biological activity of palmitoylethanolamide (Per-
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Fig. 2. The effect of (A) (+)-WIN55212 and (B) palmitoylethanolamide
on the stimulation of nitric oxide production in RAW264.7 cells induced
by lipopolysaccharide at concentrations of 200 ng mi~* (27.5+3.9 uM
nitrite per 5% 10° cells plated), 20 ng ml~* (13.35+2.06 wM nitrite per
5% 10° cells plated) and 2 ng ml~! (7.46+2.33 wM nitrite per 5x 10°
cells plated). The cells were incubated with compounds or vehicle for 7 h
at 37°C prior to addition of lipopolysaccharide for a further 24 h. For
each column, the data are expressed as a percentage of a lipopolysaccha-
ride control, which contained the vehicle, and has been normalised to
100%. The data are the mean of separate experiments done in triplicate,
and the error bars represent the SE.M. Asterisks indicate significant
difference from 100% (*P < 0.05, * * P < 0.01; one sample t-test). 1 .M
(+)-WIN55212 inhibited the nitric oxide production induced by lipopoly-
saccharide concentrations of 200, 20 and 2 ng ml~! by 19.3+9.87%,
35.4+ 3.25% and 48.7 + 9.4% respectively. 100 nM (+)-WIN55212 did
not significantly inhibit nitric oxide production induced by 200 or 20 ng
mi~? lipopolysaccharide, but inhibited the nitric oxide release induced
with 2 ng ml~? lipopolysaccharide by 29.4+7.1 % (n=5). Neither 100
nM nor 1 M pamitoylethanolamide significantly inhibited the nitric
oxide release at any of the lipopolysaccharide concentrations tested.
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Table 1

Effect of cannabinoid CB, (SR144528) and cannabinoid CB,
(SR141716A) receptor antagonists on the inhibition of lipopolysaccha-
ride-mediated nitric oxide release from RAW264.7 cells by (+)-
WIN55212 and pal mitoylethanolamide

Compound

% inhibition in the presence of:
Vehicle SR144528 SR141716A

(+)-WIN55212 84.44+20(6) 625+3.3%(6) 74.3+2.6(6)
Palmitoylethanolamide 56.7+6.1(6) 67.8+4.3(6) 60.6+3.7(6)

The cells were incubated at 37°C for 20 min with 500 nM antagonist or
antagonist vehicle, then for 30 min with 5 wM agonist prior to the
addition of 20 ng mi~1 lipopolysaccharide for 24 h. The nitric oxide
release by lipopolysaccharide with agonist vehicle alone was 7.444+ 0.2
wM nitrite per 5x10° cells plated. The data are the mean of separate
experiments done in triplicate, the errors represent the S.EE.M. and the
number of experiments is shown in brackets.

Inhibition by (+)-WIN55212 was significantly attenuated following
pretreatment with 500 nM SR144528 (P < 0.01, one-way ANOVA,
followed by Tukey’'s multiple comparison).

twee, 1997). In experiments using cannabinoid receptor
antagonists, the cells were incubated for 20 min with
antagonist followed by 30 min with agonists at 37°C prior
to the addition of lipopolysaccharide. For lipopolysaccha-
ride concentration—response experiments, lipopolysaccha
ride was added at concentrations ranging from 0.2 ng to 2
wg M~ to determine the maximum response. The cells
were preincubated with cannabinoid agonists or vehicle for
30 min a 37°C. Following a 24 h incubation at 37°C,
supernatants were mixed with an equal volume of Greiss
reagent and incubated at room temperature for 10 min.
Using NaNO, to generate a standard curve, nitrite produc-
tion was measured by an absorbance reading at 550 nM.
Cannabinoids and palmitoylethanolamide were stored as
stock solutions in ethanol, serialy diluted in RPMI con-
taining 1 mg ml~* bovine serum albumin and 50 ! added
to the assay giving a final ethanol concentration of 0.4%.
The total assay volume was 1 ml.

Fig. 3. The effect of 10 and 30 uM (A) (+)-WIN55212 (B) (—)-
WIN55212 and (C) palmitoylethanolamide on the log concentration—re-
sponse curve for lipopolysaccharide induced nitric oxide production in
RAW264.7. The data are expressed as a percentage of the maximum
response to lipopolysaccharide as determined from a lipopolysaccharide
log concentration—response curve constructed in the absence of vehicle
for each set of experiments: (A) 24.49+ 2.8 wM nitrite per 5x 10° cells
plated (B) 22.53+2.9 M nitrite per 5% 10° cells plated (C) 25.18+2.7
wM nitrite per 5 10° cells plated. The vehicle curve (0.4% ethanol) did
not differ significantly from the concentration—response curve for lipo-
polysaccharide in the absence of cannabinoid vehicle. Drugs/vehicle
were incubated for 30 min prior to the addition of lipopolysaccharide for
24 h at 37°C. The data are the mean of 8 or 10 separate experiments done
in triplicate, and the error bars represent the S.E.M. For the log concentra-
tion—response curves of lipopolysaccharide the E,, and ECg, values
and their 95% confidence limits were calculated using GraphPad Prism
(see Table 2).

2.4. Cyclic AMP production

The method used was previously described in Ross et
al. (1999b). Briefly, cells (6 X 10° cells ml~ 1) were prein-
cubated in phosphate buffered saline containing 1 mg ml ~*
bovine serum albumin at 37°C with 10 wM rolipram for 10
min prior to the addition of cannabinoids or vehicle for 20
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min, followed by afurther 20 min incubation with forskolin
in a total volume of 500 wl. Experiments with palmi-
toylethanolamide were done in the presence of 50 wM
phenylmethylsulphonyl fluoride. The reaction was termi-
nated by the addition of 0.1 M HCl and centrifugation
performed to remove cell debris. The pH was brought to
8-9 using 1 M NaOH and cyclic AMP content measured
using a radioimmunoassay kit (Biotrak, AP Biotech).

2.5. Data analysis

In experiments with a single concentration of lipopoly-
saccharide, nitric oxide release for each lipopolysaccharide
concentration in the presence of vehicle was normalised to
100%, and the nitric oxide release in the presence of drug
expressed as a percentage of this control. For lipopoly-
saccharide log concentration—response curve experiments,
nitric oxide release was calculated as a percentage of the
maximum, as determined from a full lipopolysaccharide
log concentration—response curve constructed for each se-
ries of experiments. Calculations of the EC., and E,,
values for lipopolysaccharide or forskolin concentration—
response curves were made using GraphPad Prism. Values
are expressed as mean and variability as standard error of
the mean (S.E.M.) or as 95% confidence limits. Statistical
significance was determined using a one-sample t-test or
an Anadysis of Variance (ANOVA) followed by Tukey's
multiple comparison (GraphPad Prism).

3. Results

3.1. Effect of cannabinoids and palmitoylethanolamide on
single concentrations of lipopolysaccharide

Fig. 1 shows the actions of various compounds incu-
bated simultaneously with either 200 or 20 ng ml~* lipo-

Table 2

polysaccharide. (+)-WIN55212 (Fig. 1a) significantly in-
hibited nitric oxide production induced by 200 ng ml~!
lipopolysaccharide at 10 M and by 20 ng ml~? lipopoly-
saccharide at 1 and 10 wM. The % inhibition by (+)-
WIN55212 at both 1 and 10 wM was significantly greater
in the presence of the lower concentration of lipopoly-
saccharide (P < 0.01, one way ANOVA followed by
Tukey’'s multiple comparison). The ECg, for inhibition of
nitric oxide production induced by 20 ng mi~* lipopoly-
saccharide was 6.46 wM (+)-WIN55212 (n=6; 95%
confidence limits: 0.13-13.3). 1 wM pamitoylethano-
lamide (Fig. 1b) did not significantly inhibit nitric oxide
release induced by either concentration of lipopolysaccha-
ride. 10 wM pamitoylethanolamide significantly inhibited
nitric oxide production induced by 200 ng ml~* lipopoly-
saccharide and by 20 ng ml~! lipopolysaccharide. The
level of inhibition by 10 wM pamitoylethanolamide of
nitric oxide production induced by 200 ng ml~—! was not
significantly different from the level of inhibition of nitric
oxide production induced by 20 ng ml~? lipopolysaccha-
ride (oneway ANOVA followed by Tukey's multiple
comparison). The effect of palmitoylethanolamide was not
significantly different in the absence of the fatty acid
amide hydrolase inhibitor, phenylmethylsulphonyl fluoride
than in its presence (data not shown). This indicates that
enzymatic inactivation of palmitoylethanolamide does not
influence the action of this compound in RAW264.7
macrophages. CP55940 (Fig. 1c) did not significantly in-
hibit nitric oxide production induced by 200 ng ml~!
lipopolysaccharide but 10 wM of this cannabinoid pro-
duced a significant inhibition when 20 ng ml~—?* lipopoly-
saccharide was used.

3.2. Time course and low serum experiments

Derocq et a. (1995) have demonstrated that cannabi-
noids have a much enhanced effect on B-cell proliferation

Effects of (+)-WIN55212, (—)-WIN55212 and palmitoylethanolamide on the EC, and E,,,, values for lipopolysaccharide stimulation of nitric oxide

production in RAW?264.7 cells

Compound Concentration Lipopolysaccharide stimulation of NO production
EC50 (ng mi 71) Enmax (%)
Vehicle Drug Vehicle Drug
(+)-WIN55212 10 uM 18.6 (12.6-27.5) 95.1 (38.2—-236.9) 109 (99.4-118.7) 86.8 (70.7-102.5)
30 pM a b
(—)-WIN55212 10 M 25.8 (12.4-33.9) 18.8 (9.5-25.4) 97.6 (85.9-109.4) 83.2 (75.4—-90.9)
30 uM 64.8 (28.2-148.7) 93.9 (80.5-107.3)
Palmitoylethanolamide 10 M 12.0(8.3-17.4) 5.8(1.17-28.9) 100 (95.5-106.5) 40.7 (30.9-50.6)
30 uM 1.6 (0.37-11.8) 29.7 (21.3-38.1)

The data were normalised as a percentage of the maximum response to lipopolysaccharide in the absence of vehicle as determined from a full
concentration—response curve for lipopolysaccharide constructed for each set of experiments. EC, (the concentration of lipopolysaccharide producing
50% of the maximum nitric oxide production induced by lipopolysaccharide) values and E,,, values were calculated using GraphPad Prism. The 95%

confidence limits shown in brackets.
®An ECg, and E,,, value could not be calculated (see Fig. 3A).
®An ECy, and E,, value could not be calculated (see Fig. 3A).
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when the incubation time is increased or serum concentra-
tions in the assay lowered. Thus, we investigated whether
(+)-WIN55212 or palmitoylethanolamide would have an
inhibitory effect on nitric oxide release a a lower concen-
tration when co-administered with lipopolysaccharide for
48 or 72 h. 100 nM of these compounds had no significant
effect on nitric oxide production by 20 ng ml~* lipopoly-
saccharide at either of the time points (data not shown).
We also investigated the effect of preincubating the cells
with cannabinoid for 7 h prior to the addition of lipopoly-
saccharide. Under these conditions a concentration of 1
pM (+)-WIN55212 (Fig. 2A) significantly inhibited the
nitric oxide release induced by lipopolysaccharide at con-
centrations of 20 and 2 ng ml %, but not that induced by
200 ng ml~1. 100 nM (+)-WIN55212 did not signifi-
cantly inhibit nitric oxide release induced by 200 or 20 ng
mi~! lipopolysaccharide, but significantly inhibited the
nitric oxide release when a concentration of 2 ng ml~*
lipopolysaccharide was used. Neither 100 nM nor 1 uM
pa mitoylethanolamide (Fig. 2B) significantly inhibited the
nitric oxide release at any of the lipopolysaccharide con-
centrations used. Decreasing the concentration of serum
from 10% to 1% had no significant effect on the level of
inhibition produced by either 100 nM or 1 pM (+)-
WIN55212 or palmitoylethanolamide (data not shown) in
the presence of 20 ng ml~? lipopolysaccharide.

3.3. Effect of cannabinoid receptor antagonists

In this series of experiments the cells were preincubated
with either cannabinoid receptor antagonist or vehicle for
20 min followed by agonist for 30 min before exposure to
20 ng mi~?! lipopolysaccharide. Under these conditions,
inhibition of nitric oxide release by 5 WM (+ )-WIN55212
(Table 1) was significantly attenuated by preincubation
with 500 nM of the cannabinoid CB,-selective receptor
antagonist, SR144528. The same concentration of the can-
nabinoid CB,-selective receptor antagonist, SR141716A,
had no significant effect on the inhibition of nitric oxide
release by (4)-WIN55212 (Table 1). Neither antagonist
had a significant effect on the inhibition of nitric oxide
release by 5 wM palmitoylethanolamide (Table 1). Nor,
when administered aone, did 500 nM SR141716A or
SR144528 have a significant effect on lipopolysaccharide-
induced nitric oxide production (data not shown).

3.4. Effect of cannabinoid agonists and palmi-
toylethanolamide on log concentration—response curves of
lipopolysaccharide

Fig. 3 and Table 2 show the effects of a 30 min
preincubation of (+)-WIN55212, (—)-WIN55212 or
palmitoylethanolamide on the log concentration—response
curves for lipopolysaccharide. 1 wM (+)-WIN55212 did

not significantly shift the log concentration—response curve
for lipopolysaccharide (data not shown). However, 10 wM
(+)-WIN55212 (Fig. 3A; Table 2) produced a parallel
rightward shift in the lipopolysaccharide log concentra-
tion—response curve causing a 5 fold increase in the ECy,
value, with no change in the E,, value. At 30 pM
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Fig. 4. The effect of 10 pM (@ (+)-WIN55212 and (b) palmi-
toylethanolamide on the log concentration—response curve for nitric oxide
production induced by lipopolysaccharide in RAW264.7 cells pretreated
with pertussis toxin (100 ng mi~* for 12 h). The data are expressed as a
percentage of the maximum response to lipopolysaccharide as determined
from a lipopolysaccharide log concentration—response curve constructed
for each set of experiments. The vehicle curve (0.4% ethanol) did not
differ significantly from the concentration—response curve for lipopoly-
saccharide in the absence of cannabinoid vehicle. Drugs or vehicle and
lipopolysaccharide were incubated for 24 h at 37°C. Data are the mean of
separate experiments done in triplicate, and the error bars represent the
S.E.M. For the log concentration—response curve of lipopolysaccharide
the E, .« and ECg, values and their 95% confidence limits were calcu-
lated using GraphPad Prism. The ECg, values and their 95% confidence
limits for lipopolysaccharide were 40.0 ng ml~' (25.1-62.7) with vehicle
and 42.7 ng ml~' (27.6-83.2) with 10 wM (+)-WIN55212 (n= 3).
Palmitoylethanolamide (10 wM) inhibited the nitric oxide release after
pertussis toxin pretreatment, the E,,, and its 95% confidence limits of
lipopolysaccharide after pertussis toxin being 108.1% (81.8—-134.3) for
vehicle and 48.3% (27.0-69.7) for 10 wM palmitoylethanolamide (n= 3).
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(+)-WIN55212 abolished the response to the concentra-
tions of lipopolysaccharide tested. (—)-WIN55212 (Fig.
3B; Table 2) had no significant effect on the lipopoly-
saccharide concentration—response curve at 10 or 30 wM.
Although palmitoylethanolamide (Fig. 3C; Table 2) did not
produce a paralel rightward shift in the lipopolysaccharide
concentration—response curve; however, it did significantly
reduce the E,, at both 10 and 30 uM.

3.5. Pertussis toxin pretreatment experiments

Pertussis toxin pretreatment (100 ng ml~' for 24 h)
abolished the inhibitory effect of (+)-WIN55212 (Fig.
4a). Thus, EC, and E,,, values for stimulation of nitric
oxide release by lipopolysaccharide in the presence of the
cannabinoid vehicle were not significantly different from
those with 10 wM (+)-WIN55212. In pertussis toxin
pretreated cells, 10 wM pamitoylethanolamide retained
the ability to significantly attenuate the E,,, of lipopoly-
saccharide stimulated nitric oxide release (Fig. 4b).

3.6. Effect of WIN55212 and palmitoylethanolamide on
forskolin-stimulated cyclic AMP production in human
cannabinoid CB, transfected cells

In order to further investigate the action of palmi-
toylethanolamide at cannabinoid CB, receptors we ex-
tended our studies to human cannabinoid CB, transfected
CHO cdls. In these cells, treatment with 10 nM (+)-
WIN55212 produced a parallel rightward shift in the log
concentration—response curve for forskolin, causing a 4.7
fold increase in the EC,, value, with no change in the
maximum (Fig. 5A). At a concentration of 2 wM forskoalin,
which is just below the EC,, value and routinely used by
our laboratory and others for the cyclic AMP assay (Ross
et al., 1999b; Rinaldi-Carmona et a., 1998), the ECg, for
inhibition by (+)-WIN55212 was 2.26 nM + 0.084 (Fig.
5B). At asupramaximal concentration of 100 .M forskolin,

Fig. 5. Shows (A) the effect of 10 nM (+4)-WIN55212 on the log
concentration—response curve for stimulation of cyclic AMP production
in human CB, transfected CHO cells by forskolin (B) the inhibition by
(+)-WIN55212 of the stimulation of cyclic AMP production by 100 wM
and 2 uM forskolin and (C) the effect of palmitoylethanolamide (in the
presence of 50 wM phenylmethylsulphonyl fluoride) on the stimulation of
cyclic AMP production by 2 wM forskalin. The cyclic AMP production
(pmol tube™?) was 13.4+3.12, 41.8+ 7.9, 89.6+15.7, 178.0+ 15.1 and
21754165 at 0.3, 1, 3, 10 and 30 wM respectively. Drugs or vehicle
were incubated for 20 min prior to exposure to forskolin for 20 min. Data
are the mean of 3-5 separate experiments and the error bars represent the
SEM. The ECg, and E,, values and their 95% confidence limits,
calculated using GraphPad Prism, for forskolin were 3.78 uM (2.52-5.68)
and 97.4% (80—114.7) respectively in the presence of vehicle and 17.67
wM (8.67-35.96) and 92.1% (68.9—-115.2) respectively in the presence of
10 nM (+)-WIN55212.

the ECg, for inhibition by (+)-WIN55212 was 10-fold
higher (P <0.01, unpaired t-test) at 22.84+ 3.74 nM
(Fig. 5B). At a concentration ranging from 0.1 nM to 10
M, palmitoylethanolamide had no significant effect on
the log concentration—response curve for forskolin (n= 2,
data not shown), and did not significantly inhibit the
stimulation of cyclic AMP production by either 100 or 2
wM forskolin in human cannabinoid CB,, transfected cells
(n=5, Fig. 5C).
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4. Discussion

An inhibitory effect of (—)-A’tetrahydrocannabinol on
lipopolysaccharide mediated nitric oxide release in murine
macrophage cell line RAW264.7 has been observed by
others, however these experiments did not directly impli-
cate cannabinoid CB, receptors (Jeon et al., 1996; Coffey
et al., 1996). The data presented here demonstrate that this
effect is also produced by the synthetic cannabinoid (+)-
WIN55212. It was possible to attenuate the inhibition of
lipopolysaccharide stimulated nitric oxide produced by
(+)-WIN55212 by pretreatment of the cells with a sub-mi-
cromolar concentration of the cannabinoid CB, receptor
antagonist, SR144528. These data suggest that the inhibi-
tion of nitric oxide release by (+)-WIN55212 is cannabi-
noid CB, receptor mediated. The cannabinoid CB, recep-
tor antagonist, SR141716A had no effect on the inhibitory
action of (+)-WIN55212, which is not surprising as these
cells do not express cannabinoid CB, receptors (Jeon et
al., 1996; Waksman et al., 1999).

Whilst CP55940 too significantly inhibited nitric oxide
release it would appear to be less potent than (+)-
WIN55212 in this system. (4)-WIN55212 and CP55940
have been shown to have high affinity for the cannabinoid
CB, receptor (Pertwee, 1997). However, in line with our
data, there is evidence that CP55940 is between 2 and 7
fold less potent than (+)-WIN55212 at this receptor type
(Slipetz et al., 1995; Felder et al., 1995; Tap and Abood.,
1998). However, the effects of (+)-WIN55212 and
CP55940 are only observed at concentrations in the micro-
molar range, considerably higher than the nanomolar con-
centrations required for binding of these cannabinoids to
the cannabinoid CB,, receptor (Pertwee, 1997).

It is notable that (+)-WIN55212 and CP55940 exerted
a significantly greater inhibition of nitric oxide release if
this release was induced by lower concentrations of lipo-
polysaccharide, rather than the near maximal concentration
of 200 ng ml~* (Figs. 1a and 2a), indicating that the level
of inhibition observed is affected by the absolute concen-
trations of nitric oxide released. Variations in the activity
of lipopolysaccharide between batches means that the ab-
solute amount of nitric oxide release at any one concentra-
tion of lipopolysaccharide may vary. This may explain
why in some experiments (Table 1) it can be observed that
the inhibition produced by (+)-WIN55212 and palmi-
toylethanolamide at 20 ng ml~! lipopolysaccharide is
greater than that produced in other experiments, (Figs. 1
and 2) in which the absolute level of stimulation at 20 ng
ml~? lipopolysaccharide was higher.

We have further investigated the extent to which the
level of lipopolysaccharide stimulation can affect the po-
tency of (+)-WIN55212 and thus the sensitivity of the
assay. To do this we have adopted the somewhat novel
approach of studying the effects (+)-WIN55212 and
palmitoylethanolamide on the full log concentration—re-
sponse curve for lipopolysaccharide. This approach allows

one to study the actions of the compound over a range of
lipopolysaccharide concentrations, and is quite different to
previous investigations in which a single supramaximal
concentration of lipopolysaccharide has been used. Using
this protocol we have demonstrated that 10 pM (+)-
WIN55212 can cause a parallel rightward shift in the log
concentration—response curve for lipopolysaccharide. The
action of (+)-WIN55212 is stereoselective and its in-
hibitory effects are prevented by pretreatment of the cells
with the G,;/G,, receptor uncoupling agent, pertussis
toxin. These data are further evidence for a cannabinoid
receptor mediated action of (+)-WIN55212. Our observa-
tions emphasise the importance of the choice of stimulant
concentration in such assays. Thus, if high concentrations
of lipopolysaccharide are used to maximally stimulate
nitric oxide release, compounds may fail to inhibit nitric
oxide production. Indeed, using a high concentration of
stimulant may have a more pronounced impact on the
sensitivity of the assay to cannabinoids in native systems
where cannabinoid CB, receptor expression levels may be
low. Kenakin (1997) explains that the empiric nature of the
ICy, stems from the fact that its magnitude depends on the
concentration of stimulant drug used. Further, he states
that an obvious approach to solving this problem is to
track the inhibition of a submaxima concentration of
stimulant drug, choosing ‘as low a level of response as
possible to block’. The sensitivity of the nitric oxide
release assay to cannabinoids may be enhanced by using
lower concentrations of lipopolysaccharide, however this
would require a more sensitive method of nitric oxide
measurement than that used in this study. Under these
conditions, it may be possible to observe effects of
cannabinoid receptor agonists at lower, more pharmaco-
logical concentrations.

It is notable that the sensitivity of assay systems to
cannabinoids may also be increased under conditions in
which the expression level of the cannabinoid CB, recep-
tor is increased, perhaps due to inflammation or infection.
To date very few studies have demonstrated a cannabinoid
CB,, receptor mediated effect of cannabinoids at sub-mi-
cromolar concentrations in native systems. Two such stud-
ies are those of Derocq et a. (1995) and Bouaboula et al.
(1999) who have shown that at nanomolar concentrations
cannabinoids significantly increased the DNA synthesis in
human tonsilar B-cells, in which there is high cannabinoid
CB, receptor expression (Gaiegue et al., 1995). These
effects were only observed in low serum conditions and
were augmented when incubation times were increased
from 24 h to 48 or 72 h. However, in the present investiga-
tions, neither lowering the serum concentrations from 10%
to 1% foetal bovine serum nor increasing the incubation
time significantly altered the sensitivity of the nitric oxide
assay to (+)-WIN55212 or pa mitoylethanolamide.

In contrast to (+)-WIN55212, the inhibition of nitric
oxide release by palmitoylethanolamide is not sensitive to
pertussis toxin pretreatment nor to inhibition by cannabi-
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noid receptor antagonists. In addition, pamitoyle-
thanolamide does not shift the lipopolysaccharide log con-
centration—response curve to the right; rather it reduces the
maximal NO release inducible by lipopolysaccharide.
These data suggest that palmitoylethanolamide is not medi-
ating inhibition of nitric oxide release via an interaction
with the cannabinoid CB,, receptor. Although the involve-
ment of an unidentified pertussis toxin-insensitive cannabi-
noid receptor cannot be totally excluded, it could well be
that palmitoylethanolamide is having a non-specific, non-
receptor mediated effect. Recently, Derocq et al. (1998)
demonstrated that anandamide and palmitoylethanolamide
potentiate growth of cytokine-dependent cell lines via a
cannabinoid-receptor independent pathway. The possibility
remains that the availability of palmitoylethanolamide is
limited by the fact that this compound is a wax and may
stick to plastic, or that this compound is subject to enzy-
matic degradation. We have attempted to address this
problem by conducting the experiments in the presence of
1 mg ml~* bovine serum albumin and 0.4% ethanol. There
is no evidence that the lack of activity of palmi-
toylethanolamide is due to hydrolysis as the effect of
palmitoylethanolamide unaffected by the inclusion of the
fatty acid amide hydrolase inhibitor, phenylmethyl-
sulphony! fluoride.

In human cannabinoid CB, transfected CHO cells, 10
nM (4 )-WIN55212 caused a parallel rightward shift in the
log concentration—response curve for forskolin. The ability
of (+)-WIN55212 to inhibit forskolin-stimulated cyclic
AMP production is dependent on the concentration of
forskolin used. Using a supra-maximal concentration of
forskolin (100 M), as opposed to a concentration around
the ECg, (2 wM) led to a 10 fold reduction in the ECy,
value for (+)-WIN55212. These data give another illustra-
tion of the effect of the choice of stimulant concentration
on the sensitivity of the assay. In contrast, palmi-
toylethanolamide, at concentrations up to 10 M, failed to
significantly inhibit forskolin-stimulated cyclic AMP pro-
duction at either 2 or 100 wM forskolin. This is further
evidence that palmitoylethanolamide is not a cannabinoid
CB,, receptor agonist.

In summary, this study demonstrates for the first time
that cannabinoid CB,, receptors may be involved in medi-
ating inhibition of nitric oxide release from macrophages
by (+)-WIN55212. This is in contrast to a cannabinoid
CB, receptor mediated inhibition of lipopolysaccharide
stimulated nitric oxide release in rat microglial cells
(Waksman et d., 1999). In addition, we have shown that
the level of stimulation of nitric oxide release induced by
lipopolysaccharide affects the sengitivity of the assay to
cannabinoid receptor agonists. This study aso demon-
strates that palmitoylethanolamide inhibits nitric oxide re-
lease from macrophages but not via an interaction with
cannabinoid CB, receptors. It is also unlikely that the
action of palmitoylethanolamide is mediated by cannabi-
noid CB,-like receptors (Calignano et a., 1998) as the

inhibition of nitric oxide release by palmitoylethanolamide
is not blocked by SR144528.

Acknowledgements

This work was supported by grants 039538 and 047980
from the Wellcome Trust and from Pfizer (to RAR and
RGP). We thank Pfizer for their assistance in setting up the
nitric oxide assay, Glaxowellcome for the human cannabi-
noid CB, transfected cells and Sanofi Recherche for
SR141716A and SR144528.

References

Bayewitch, M., Rhee, M.-H., Avidor-Reiss, T., Breuer, A., Mechoulam,
R., Vogel, Z., 1996. (—)-Atetrahydrocannabinol antagonizes the
peripheral cannabinoid receptor-mediated inhibition of adenylyl cy-
clase. J. Biol. Chem. 271, 9902—9905.

Bouaboula, M., Rinaldi, M., Carayon, P., Carillon, C., Delpech, B., Shire,
D., Le Fur, G., Casellas, P., 1993. Cannabinoid-receptor expression in
human leukocytes. Eur. J. Biochem. 214, 173-180.

Bouaboula, M., Desnoyer, N., Carayon, P., Combes, T., Casellas, P.,
1999. G; protein modulation induced by a selective inverse agonist
for the peripheral cannabinoid receptor CB,: implication for intra-
cellular signalization cross-regulation. Mol. Pharmacol. 55, 473—480.

Calignano, A., La Rana, G., Giuffrida, A., Piomelli, D., 1998. Control of
pain initiation by endogenous cannabinoids. Nature 394, 277-281.

Coffey, R.G., Yamamoto, Y., Snella, E., Pross, S, 1996. Tetrahydro-
cannabinal inhibition of macrophage nitric oxide production. Biochem.
Pharmacol. 52, 743-751.

Dawson, T.M., Snyder, S.H., 1994. Gases as neurotransmitters: Nitric
Oxide and carbon monoxide in the brain. J. Neurosci. 14, 5147-5149.

Derocq, JM., Segui, M., Marchand, J., Lefur, G., Casellas, P., 1995.
Cannabinoids enhance human B-cell growth at low nanomolar con-
centrations. FEBS Letts. 369, 177-182.

Derocg, J.M., Bouaboula, M., Marchand, J., Rinaldi-Carmona, M., Ségui,
M., Casellas, P., 1998. The endogenous cannabinoid anandamide is a
lipid messenger activating cell growth via a cannabinoid receptor-in-
dependent pathway in hematopoietic cell lines. FEBS Letts. 425,
419-425.

Facci, L., Da Toso, R., Romanello, S., Buriani, A., Skaper, S.D., Leon,
A., 1995. Mast cells express a periphera cannabinoid receptor with
differential sensitivity to anandamide and palmitoylethanolamide.
Proc. Nat. Acad. Sci. U.S.A. 92, 3376—3380.

Felder, C.C., Joyce, K.E., Briley, E.M., Mansouri, J., Mackie, K., Blond,
O, La, Y., Ma A.L., Mitchel, R.L., 1995. Comparison of the
pharmacology and signal transduction of the human cannabinoid CB,
and CB,, receptors. Mol. Pharmacol. 48, 443-450.

Fischer-Stenger, K., Pettit, D., Cabral, G.A., 1993. Delta-9-tetrahydro-
cannabinol inhibition of tumor necrosis factor-alpha-suppression of
post-translational events. J. Pharmacol. Exp. Ther. 267, 1558—1565.

Galiegue, S, Mary, S, Marchand, J., Dussossoy, D., Carriére, D.,
Carayon, P., Bouaboula, M., Shire, D., Le Fur, G., Casellas, P., 1995.
Expression of central and periphera cannabinoid receptors in human
immune tissues and leukocyte subpopulations. Eur. J. Biochem. 232,
54-61.

Green, A., O’ Shaughnessy, C., Disney, G., Marshall, F., 1999. Reporter
assays for human cannabinoid CB; and CB,, receptors for the identifi-
cation of novel agonists. Br. J. Pharmacol. 126, 112.

Jaggar, S.l., Hasnie, F.S,, Sellaturay, S., Rice, A.S.C., 1998. The anti-hy-
peralgesic actions of the cannabinoid anandamide and the putative



130 R.A. Ross et al. / European Journal of Pharmacology 401 (2000) 121-130

CB, receptor agonist palmitoylethanolamide in visceral and somatic
inflammatory pain. Pain 76, 189—-199.

Jeon, Y.J,, Yang, K.H., Pulaski, J.T., Kaminski, N.E., 1996. Attenuation
of inducible nitric oxide synthase gene expression by delta-O-tetra-
hydrocannabinal is mediated through the inhibition of nuclear factor-
kappaB /Rédl activation. Mol. Pharmacol. 50, 334-341.

Kenakin, T., 1997. Drug antagonism in molecular pharmacology: a short
course. Blackwell Sciences, Cambridge, MA, U.SA.

Klein, T.W., Kawakami, Y., Newton, C., Friedman, H., 1991. Marijuana
components suppress induction and cytolytic function of murine
cytotoxic T-cells in vitro and in vivo. J. Toxicol. Environ. Health 32,
465-477.

Klein, T.W., Newton, C., Friedman, H., 1998. Cannabinoid receptors and
immunity. Immunol. Today 19, 373-381.

Lowenstein, C.J., Hill, SL., Lafond-Waker, A., Wu, J,, Allen, G,
Landavere, M., Rose, N.R., Herskowitz, A., 1996. Nitric oxide in-
hibits vira replication in murine myocarditis. J. Clin. Invest. 97,
1837-1843.

Luo, Y.D., Patel, M.K., Wiederhold, M.D., Ou, D.W., 1992. Effects of
cannabinoids and cocaine on the mitogen-induced transformations of
lymphocytes of human and mouse origins. Int. J. Immunopharmacol.
14, 49-56.

Mazzari, S., Canella, R., Petrélli, L., Marcolongo, G., Leon, A., 1996.
N-(2-Hydroxyethyl)hexadecanamide s orally active in reducing edema
formation and inflammatory hyperalgesia by down-modulating mast
cell activation. Eur. J. Pharmacol. 300, 227-236.

Nathan, C.F., Hibbs, JB., 1991. Role of nitric oxide synthase in
macrophage anti-microbial activity. Curr. Opin. Immunol. 3, 65-70.

Pertwee, R.G., 1997. Pharmacology of cannabinoid CB, and CB,, recep-
tors. Pharmacol. Ther. 74, 129-180.

Rinaldi-Carmona, M., Barth, F., Millan, J., Derocq, J.-M., Casdllas, P.,

Congy, C., Oustric, D., Sarran, M., Bouaboula, M., Calandra, B.,
Portier, M., Shire, D., Breliere, J-C., Le Fur, G., 1998. SR 144528,
the first potent and selective antagonist of the CB, cannabinoid
receptor. J. Pharmacol. Exp. Ther. 284, 644—650.

Ross, R.A., Maay, N.G., Murphy, V.L., Pertwee, R.G., 1999a. Charac-
terisation of cannabinoid receptors in spleen and mast cells. Essential
Fatty Acids and Eicosanoids. pp. 376—379, Chapter 81.

Ross, R.A., Brockie, H.C., Stevenson, L.A., Murphy, V.L., Templeton,
F., Makriyannis, A., Pertwee, R.G., 1999b. Agonist inverse agonist
characterization at CB,; and CB, cannabinoid receptors of L759633,
L 759656 and AM630. Br. J. Pharmacol. 126, 665—672.

Showalter, V.M., Compton, D.R., Martin, B.R., Abood, M.E., 1996.
Evaluation of binding in a transfected cell line expressing a peripheral
cannabinoid receptor (CB2): identification of cannabinoid receptor
subtype selective ligands. J. Pharmacol. Exp. Ther. 278, 989-999.

Slipetz, D.M., O'Neill, G.P., Favreau, L., Dufresne, C., Galant, M.,
Gareau, Y., Guay, D., Labelle, M., Metters, K.M., 1995. Activation
of the human periphera cannabinoid receptor results in inhibition of
adenylyl cyclase. Mol. Pharmacol. 48, 352—361.

Tao, Q., Abood, M.E., 1998. Mutation of a highly conserved aspartate
residue in the second transmembrane domain of the cannabinoid
receptors, CB; and CB,, disrupts G-protein coupling. J. Pharmacol.
Exp. Ther. 285, 651-658.

Waksman, Y., Olson, JM., Carlide, S.J., Cabral, G.A., 1999. The central
cannabinoid receptor (CB;) mediates inhibition of nitric oxide pro-
duction by rat microglia cells. J. Pharmacol. Exp. Ther. 288, 1357—
1366.

Zhu, W.G., Newton, C., Dagka, Y., Friedman, H., Klein, T.W., 1994,
Delta-9-tetrahydrocannabinol enhances the secretion of interleukin 1
from endotoxin-stimulated macrophages. J. Pharmacol. Exp. Ther.
270, 1334-1339.



