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Abstract

The effect of WINS55212-2, a cannabinoid receptor agonist, on acute inflammation of mouse ear was investigated. We found that topical
application of WINS55212-2 suppressed ear swelling induced by 12-O-tetradecanoylphorbol 13-acetate or 2-arachidonoylglycerol. Similar inhibition
was observed with CP55940, another cannabinoid receptor agonist, and HU-308, a cannabinoid CB, receptor-selective agonist. WIN55212-2 also
suppressed the infiltration of leukocytes induced by 12-O-tetradecanoylphorbol 13-acetate. On the other hand, WIN55212-3, an inactive enantiomer
of WINS55212-2, exerted only small effects on inflammation. Notably, SR144528, a cannabinoid CB, receptor antagonist, also suppressed
inflammatory reactions in mouse ear. Thus, both the cannabinoid CB, receptor agonist and antagonist are capable of reducing inflammatory
reactions. We then investigated the mechanism underlying WIN55212-2-induced suppression of inflammation using cultured cells. We found that the
addition of WINS55212-2 together with 2-arachidonoylglycerol blocked 2-arachidonoylglycerol-induced migration of human promyelocytic
leukemia HL-60 cells that had been differentiated into macrophage-like cells. The restoration of 2-arachidonoylglycerol-desensitized cells and
WIN55212-2-desensitized cells from an anergic condition was examined next. We found that 2-arachidonoylglycerol-treated cells rapidly recovered
the capacity to respond to 2-arachidonoylglycerol. On the other hand, the anergic condition toward 2-arachidonoylglycerol continued for a longer
period after pretreatment with WIN55212-2. These results suggest that the anti-inflammatory activity of WINS55212-2 is attributable, at least in part,

to interference with the actions of the endogenous ligand, 2-arachidonoylglycerol.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A°-Tetrahydrocannabinol (A°-THC), a major psychoactive
ingredient of marijuana, binds to specific receptors (cannabi-
noid receptors), thereby exhibiting a variety of pharmacological
activities (Pertwee, 1997; Howlett et al., 2002). To date, two
types of cannabinoid receptors have been identified. The
cannabinoid CB; receptor is expressed abundantly in the
nervous system, especially the brain (Matsuda et al., 1990), and
has been assumed to play an important role in the attenuation of
synaptic transmission (Pertwee, 1997; Di Marzo et al., 1998;
Howlett et al., 2002). The cannabinoid CB, receptor is
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expressed mainly in various lymphoid tissues (Munro et al.,
1993) and has been postulated to take part in the regulation of
inflammatory reactions and immune responses (Pertwee, 1997;
Howlett et al., 2002; Klein et al., 2003), but the details still
remain rather ambiguous.

Previously, several investigators reported that the cannabi-
noid CB, receptor is involved in the modulation of chemokine
production in HL-60 cells (Jbilo et al., 1999) and in the
differentiation of B lymphocytes (Carayon et al., 1998). Buckley
et al. (2000) demonstrated possible involvement of the
cannabinoid CB, receptor in immunomodulatory functions of
macrophages. We have focused on 2-arachidonoylglycerol (2-
AQG), an endogenous ligand for the cannabinoid receptors, and
found that 2-AG induces a rapid, transient increase in [Ca®];
(Sugiura et al., 2000), the activation of p42/44 mitogen-activated
protein kinase (MAP kinase) (Kobayashi et al., 2001) and
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augmented production of chemokines (Kishimoto et al., 2004) in
HL-60 cells, and the migration of HL-60 cells differentiated into
macrophage-like cells (Kishimoto et al., 2003), human periph-
eral blood monocytes (Kishimoto et al., 2003), natural killer
cells (Kishimoto et al., 2005), and eosinophils (Oka et al., 2004)
in cannabinoid CB, receptor-dependent manners. Several
investigators also reported that 2-AG induces the migration of
mouse splenocytes (Jorda et al., 2002) and microglia cells
(Walter et al., 2003) via cannabinoid CB, receptor-dependent
mechanisms. Notably, Iwamura et al. (2001) demonstrated that
SR 144528 and JTE-907, cannabinoid CB, receptor antagonists/
inverse agonists, suppress carrageenan-induced mouse paw
edema. Smith et al. (2001) also reported that SR144528
suppresses thioglycollate-induced peritoneal inflammation in
mice. These observations strongly suggested that the cannabi-
noid CB, receptor and 2-AG are involved in the stimulation of
several types of inflammatory reactions and immune responses.
Recently, we obtained clear evidence that 2-AG and the
cannabinoid CB, receptor play crucial stimulative roles in 12-
O-tetradecanoylphorbol-13-acetate (TPA)-induced acute in-
flammation of the mouse ear (Oka et al., 2005).

In contrast to the experimental results and the hypothesis
mentioned above, several investigators reported that 2-AG and
the cannabinoid CB, receptor are involved in the attenuation of
inflammatory reactions and immune responses. Ouyang et al.
(1998) demonstrated that 2-AG suppresses interleukin 2 (IL-2)
secretion and inhibits IL-2 promoter activity. Chang et al.
(2001) demonstrated that 2-AG suppresses the production of IL-
6 in J774 macrophage-like cells, and Gallily et al. (2000)
reported that 2-AG attenuates tumor-necrosis factor o« (TNF-«)
production in lipopolysaccharide-stimulated mouse macro-
phages. Yet, in some cases, it is not clear whether the effects
of 2-AG are actually mediated via the cannabinoid CB,
receptor. Several investigators also demonstrated that cannabi-
noid receptor agonists, such as WIN55212-2, HU-308,
AM1241, CT-3, nabilone and anandamide, suppress inflamma-
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Fig. 1. Effects of the topical application of WIN55212-2, WIN55212-3,
CP55940, HU-308 and 2-AG on mouse ear thickness. The effect of the topical
application of WINS55212-2, WINS55212-3, CP55940, HU-308, or 2-AG
(100 pg/ear each) or the vehicle (acetone) on mouse ear thickness was
determined using a micrometer as described in Materials and methods. The data
are the means=+S.D. of five determinations. *P<0.05, ***P<(.001 [compared
with control (acetone)].

tory reactions in vivo (Burstein et al., 1992; Berdyshev et al.,
1998; Richardson et al., 1998; Hanus et al., 1999; Smith et al.,
2001; Clayton et al., 2002; Conti et al., 2002; Nackley et al.,
2003; Pozzi et al., 2003; Quartilho et al., 2003; Di Filippo et al.,
2004; Yoshihara et al., 2005). In most cases, the cannabinoid
CB, receptor was suggested to be involved in inflammation,
although there were some exceptions. The following question
then arises: Does the cannabinoid CB, receptor participate in
the stimulation of inflammation or the suppression of
inflammation?

The present investigation was undertaken to answer this
question. In this study, we examined the effects of WIN55212-2
on TPA- or 2-AG-induced acute inflammation of the mouse ear
and compared them with those of SR 144528. We found that both
WINS55212-2 and SR144528 suppress inflammatory reactions in
mouse ear. The suppressive effect of WIN55212-2 was
suggested to be due to interference with the actions of the
endogenous ligand, 2-AG.

2. Materials and methods
2.1. Chemicals

Essentially fatty acid-free bovine serum albumin (BSA) was
purchased from Sigma (St. Louis, MO). TPA (12-O-tetradeca-
noylphorbol 13-acetate) and Fura-2/AM were obtained from
Wako Pure Chem. Ind. (Osaka, Japan). 2-AG and HU-308
(bicyclo[3.1.1]hept-2-ene-2-methanol,4-[4-(1,1-dimethyl-
heptyl)-2-6-dimethoxyphenyl]-6,6-dimethyl-(1R,4R,5R)) were
acquired from Cayman (Ann Arbor, MI, USA). WIN55212-2
((R)-(1)[2,3-dihydro-5-methyl-3-[4-morpholino]methyl]pyr-
rolo-[1,2,3-de]-1,4-benzoxazin-6-yl)(1-naphthyl)methanone)
and WIN55212-3 ((S)-(1)[2,3-dihydro-5-methyl-3-[4-mor-
pholino]methyl]pyrrolo-[1,2,3-de]-1,4-benzoxazin-6-yl)
(1-naphthyl)methanone) were obtained from RBI (Natick, MA,
USA). CP55940 ((2)-3-[2-hydroxy-4-(1,1,-dimethylheptyl)phe-
nyl]-4-(3-hydroxypropyl)cyclohexane-1-0l) was purchased
from Tocris (Bristol, UK). SR144528 (N-([1s]-endo-1.3.3-trim-
ethylbicyclo[2.2.1]heptan-2-yl)-5-(4-chloro-3-methylphenyl)-
1-(4-methylbenzyl)-pyrazole-3-carboxamide) was a generous
gift from Sanofi-Synthelabo Recherche (Montpellier, France).

2.2. Animals

Male ICR mice (body weight, 30 g) were obtained from
Sankyo Labo Service (Tokyo, Japan). The present studies were
conducted in accordance with the Guide for Care and Use of
Laboratory Animals adopted by the Committee on Care and Use
of Laboratory Animals of Teikyo University and the Japanese
Pharmacological Society.

2.3. Effects of cannabinoid receptor ligands on TPA- or 2-AG-
induced ear swelling

TPA (0.8 pg) or 2-AG (100 pg) dissolved in 20 pl of acetone
was topically applied to the right ear of an ICR mouse. Control
mice received the vehicle (acetone) alone. WIN55212-2,
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Fig. 2. Effects of WIN55212-2, WIN55212-3, CP55940, HU-308, and SR144528 on TPA- or 2-AG-induced ear swelling. (A) TPA (0.8 pg) or (B) 2-AG (100 pg)
dissolved in acetone was topically applied to a mouse ear. Then, WIN55212-2, WIN55212-3, CP55940, HU-308, or SR144528 (30 pg each) dissolved in acetone was
applied to the same ear. Ear thickness was measured using a micrometer. The data are the means=+S.D. of six determinations. **P<0.01, ***P<0.001 [compared with

TPA alone (A) or 2-AG alone (B)].

WINS5212-3, CP55940, HU-308, or SR144528 (30 pg each)
dissolved in 20 ul of acetone was then applied to the same ear. In
some experiments, one of several concentrations of WIN55212-
2, CP55940, HU-308, or SR144528 was applied to the mouse
ear immediately after the application of TPA. Ear thickness was
measured using a micrometer (Mitutoyo, Japan) as described
previously (Oka et al., 2005). The swelling rate was calculated
using the following formula: (ear thickness after treatment—ear
thickness before treatment)x 100/ear thickness before
treatment.

2.4. Measurement of myeloperoxidase activity

Myeloperoxidase (MPO), located in the azurophilic granules
of neutrophils, has been used as an enzyme marker of neutrophil
infiltration into inflamed tissues (Rawlingson et al., 2001).
MPO activity of the mouse ear was estimated as described
previously (Oka et al., 2005). In brief, the right ear of a TPA- or

vehicle (acetone)-treated mouse was dissected, frozen in liquid
nitrogen, and homogenized in 2 ml of 50 mM potassium
phosphate buffer (pH 6.0) containing 0.5% hexadecyltrimethy-
lammonium bromide, and centrifuged at 15,000 xg for 20 min
to collect supernatants to be used in subsequent MPO assays.
The enzyme reaction of MPO was initiated by the addition of
100 pl of 3,3',5,5'-tetramethylbenzenidine liquid substrate
system (Sigma) to 10 pl of the sample in a 96-well plate.
After standing at room temperature for 30 min, the reaction was
stopped by the addition of 50 pl of 0.5 M H,SO,, and the
absorbance at 450 nm was read using a microplate reader.

2.5. Cells

Human promyelocytic leukemia HL-60 cells were grown at
37 °C in RPMI 1640 medium (Asahi Technoglass Co., Chiba,
Japan) supplemented with 10% fetal bovine serum (FBS) in an
atmosphere of 95% air and 5% CO,. HL-60 cells were
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Fig. 3. Dose-dependencies of the effects of WINS55212-2, CP55940, HU-308, and SR144528 on TPA-induced ear swelling. TPA (0.8 pg) dissolved in acetone was
topically applied to a mouse ear. Various concentrations of (A) WIN55212-2, (B) CP55940, (C) HU-308, or (D) SR144528 dissolved in acetone were then applied to
the same ear. Four hours after the application of TPA and other compounds, ear thickness was measured using a micrometer. The swelling rate was calculated as
described in Materials and methods and expressed as % of control (TPA alone). The data are the means+S.D. of six determinations. *P<0.05, **P<0.01, ***P<0.001

[compared with control (TPA alone)].
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Fig. 4. Effects of WIN55212-2 and WIN55212-3 on the infiltration of
neutrophils in TPA-treated mouse ear. TPA (0.8 ng) dissolved in acetone was
topically applied to a mouse ear. Control mice received the vehicle (acetone)
alone. WINS55212-2 or WIN55212-3 (30 pg each) or the vehicle (acetone) was
then applied to the same ear. Six hours after the application of TPA and
WIN55212-2 or WINS5212-3, the infiltration of neutrophils was determined by
estimating MPO activity as described in Materials and methods. The data are the
means=S.D. from six determinations. **P<0.01, ***P<0.001.

differentiated into macrophage-like cells by treatment with
100 nM 1«,25-(OH), vitamin D3 for 5 days.

2.6. Migration assay

The migration of HL-60 cells that had been differentiated into
macrophage-like cells was assayed using Transwell™ inserts
(pore size, 5 um) and 24-well culture plates (Corning Costar,
Cambridge, MA) (Kishimoto et al., 2003). Briefly, 10° cells
suspended in 0.1 ml of RPMI 1640 medium containing 0.1%
BSA were transferred to the Transwell™ insert (upper compart-
ment). 2-AG, WIN55212-2, or WIN55212-3 was dissolved in
dimethyl sulfoxide (DMSO) and added to 0.6 ml of the RPMI
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1640 medium containing 0.1% BSA in the well of the culture
plate (lower compartment) (final concentration of each ligand,
1 uM; final concentration of DMSO, 0.4%, v/v). After incubation
at 37 °C for 4 h in an atmosphere of 95% air and 5% CO,, the
number of cells that had migrated from the upper compartment to
the lower compartment was counted using a hemocytometer.

2.7. Measurement of intracellular free Ca’" concentrations

([Ca’])

Subconfluent HL-60 cells that had been differentiated into
macrophage-like cells were suspended by gentle pipetting in
25 mM HEPES-buffered Tyrode’s solution (—Ca®") (pH 7.4)
containing 3 uM Fura-2/AM and further incubated at 37 °C for
45 min. The cells were then centrifuged (180 xg for 5 min),
washed twice with HEPES—Tyrode’s solution (—Ca®"), and
resuspended in 500 pl of HEPES—Tyrode’s solution (—Ca®")
containing 0.1% BSA (10° cells/ml). 2-AG, WIN55212-2, or
WINS55212-3 was dissolved in DMSO, and an aliquot (1 pl) was
added to the cell suspension (final concentration of each ligand,
3 uM; final concentration of DMSO, 0.2%, v/v). The incubation
was carried out at 37 °C for 1 min. Cells were then sedimented
by centrifugation, washed with HEPES—Tyrode’s solution
(—Ca™") containing 0.1% BSA, resuspended in the same buffer,
and incubated at 37 °C for the indicated periods. CaCl, was
added 2-3 min before the measurement of [Ca®']; (final
concentration, | mM). After the addition of 2-AG to the cell
suspension (final concentration, 1 tM), changes in [Ca”"]; were
analyzed using a CAF-100 Ca®" analyzer (JASCO, Tokyo,
Japan) (Sugiura et al., 2000).

2.8. Statistical analysis
The data were analyzed using one-way analysis of variance

(ANOVA) followed by Tukey’s test or Dunnett’s test. Differences
were considered significant at P<0.05.
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Fig. 5. Effects of WIN55212-2, WIN55212-3, and 2-AG on the motility of HL-60 cells differentiated into macrophage-like cells. (A) Various concentrations of 2-AG
or WINS55212-2 were added to the lower compartment of Transwell™ inserts. The incubation was carried out for 4 h. The migration of HL-60 cells differentiated into
macrophage-like cells from the upper to lower compartment was examined as described in Materials and methods. The data are the means+S.D. of four
determinations. *P<0.05, ***P<0.001 [compared with control (DMSO)]. (B) Effects of WIN55212-2 and WIN55212-3 on 2-AG-induced migration of HL-60 cells
differentiated into macrophage-like cells. WIN55212-2, WIN55212-3, 2-AG (1 uM each), or the vehicle (DMSO) was added to the lower compartment. The
incubation was carried out for 4 h. The migration of the cells from the upper to lower compartment was determined as described in Materials and methods. The data are

the means=+S.D. of four determinations. ***P<0.001.
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3. Results

3.1. Effects of WIN55212-2, WIN55212-3, CP55940, HU-308,
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and 2-AG on mouse ear thickness

We first examined the effects of the topical application of
several cannabinoid receptor ligands to mouse ear. As
demonstrated in Fig. 1, the application of 2-AG (100 ng/ear)
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Fig. 6. Effects of WIN55212-2, WIN55212-3, and 2-AG on [Ca®"]; in HL-60 cells differentiated into macrophage-like cells. Cells were loaded with Fura-2/AM at
37 °C for 45 min. Cells were then washed and resuspended in 25 mM HEPES—Tyrode’s solution (pH 7.4). (A) WINS55212-2, WIN55212-3, and 2-AG were dissolved
in DMSO and aliquots (1 pl each) were added to the cuvette. The final concentration of WIN55212-2, WIN55212-3 and 2-AG in the cuvette was 1 pM. Changes in
[Ca®"]; were estimated using a CAF-100 Ca®" analyzer as described in Materials and methods. (B) Effects of pretreatment of the cells with 2-AG, WIN55212-2, and
WIN55212-3 on 2-AG-induced elevation of [Ca®"];. Cells were pretreated with 2-AG, WIN55212-2, or WIN55212-3 (3 uM each) for 1 min. Cells were then
sedimented by centrifugation, washed with HEPES—Tyrode’s solution (pH 7.4), and resuspended in 500 pl of HEPES—Tyrode’s solution. Following incubation at
37 °C for indicated periods, 2-AG was added to the cuvette (final concentration, 1 pM). Changes in [Ca®"]; were estimated using a CAF-100 Ca*" analyzer as described
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provoked ear swelling, the maximal effect being observed 1 h
after the application of 2-AG. In contrast to 2-AG, other
cannabinoid receptor ligands did not exert profound effects on
ear thickness. The application of CP55940 (100 pg/ear) induced
gradual swelling, yet the magnitude of the response was very
small. Ear swelling was not apparent with 30 pg/ear of CP55940,
while 30 pg/ear of 2-AG induced swelling (76% of that induced
by 100 pg/ear of 2-AG at 1 h) (data not shown). No appreciable
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in Materials and methods. The results are representative of three separate experiments, which gave similar results.
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effect was observed with WIN55212-2 (100 pg/ear),
WINS55212-3 (100 pg/ear), an inactive enantiomer of
WIN55212-2, and HU-308, a cannabinoid CB, receptor-
selective agonist (100 pg/ear).

3.2. Effects of WIN55212-2, WIN55212-3, CP55940, HU-308,
and SR144528 on TPA- or 2-AG-induced ear swelling

We next examined the effects of the application of
WINS5212-2, WIN55212-3, CP55940, HU-308, and
SR144528 on TPA (0.8 pg/ear)- or 2-AG (100 pg/ear)-induced
ear swelling. As demonstrated in Fig. 2A, WIN55212-2 (30 pg/
ear), CP55940 (30 pg/ear), and HU-308 (30 pg/ear) markedly
reduced TPA-induced ear swelling. SR144528 (30 pg/ear) was
also shown to suppress ear swelling induced by TPA. On the
other hand, WINS55212-3 (30 pg/ear) exerted only a small effect
on TPA-provoked ear swelling.

Similar results were obtained for 2-AG-induced ear swelling
(Fig. 2B). WIN55212-2 (30 pg/ear), CP55940 (30 pg/ear), HU-
308 (30 pg/ear), and SR144528 (30 ng/ear) completely blocked
2-AG-induced ear swelling. In contrast to WIN55212-2,
CP55940, HU-308, and SR144528, WIN55212-3 (30 pg/ear)
did not affect 2-AG-elicited ear swelling.

Fig. 3 shows the dose dependencies of WINS55212-2,
CP55940, HU-308, and SR144528 in the suppression of TPA-
induced ear swelling. The ICsy values for WINS55212-2,
CP55940, and HU-308 were 10.8, 4.0, and 3.7 pg/ear,
respectively, which are 27, 10, and 9 times higher than that
for SR144528 (0.4 ng/ear).

3.3. Effects of WIN55212-2 and WIN55212-3 on TPA-induced
infiltration of leukocytes into mouse ear

We next examined the effects of WIN55212-2 and
WINS55212-3 on TPA-induced infiltration of neutrophils. As
depicted in Fig. 4, treatment of the ear with TPA evoked the
infiltration of neutrophils into tissues, which was monitored by
MPO activity. Notably, treatment of the ear with WINS55212-2
(30 pg/ear) markedly reduced the infiltration of neutrophils. In
contrast to WINS55212-2, a marginal effect was observed with
WINS55212-3 (30 pg/ear).

3.4. Effects of WIN55212-2, WIN55212-3, and 2-AG on cell

migration

We then investigated the mechanism underlying WIN55212-2-
induced suppression of inflammation. To simplify the experi-
mental system, we examined the effects of WIN55212-2 on
several cellular responses elicited by 2-AG in vitro. We first
examined the effects of WIN55212-2 on 2-AG-induced migration
of HL-60 cells that had been differentiated into macrophage-like
cells. As demonstrated in Fig. 5A, 2-AG induced the migration of
the cells from the upper compartment to the lower compartment of
the Transwell™ inserts. In contrast to 2-AG, WIN55212-2 did not
elicit apparent cell migration (Fig. 5A). Notably, the addition of
WINS55212-2 (1 puM) together with 2-AG (1 pM) in the lower
compartment completely blocked cell migration triggered by

2-AG, whereas WIN55212-3 (1 uM) did not affect 2-AG-induced
cell migration (Fig. 5B).

3.5. Effects of WIN55212-2 and WIN55212-3 on 2-AG-induced
Ca’" transient

Finally, we examined the effects of pretreatment of the cells
with 2-AG, WIN55212-2 and WIN55212-3 on 2-AG-induced
elevation of [Ca®']; in HL-60 cells differentiated into
macrophage-like cells. As shown in Fig. 6A, the addition of
2-AG or WIN55212-2 (1 pM) to the cells elicited a rapid
increase in [Ca®'];, indicating that both 2-AG and WIN55212-2
act as agonists toward the cannabinoid CB, receptor as has
previously been reported (Sugiura et al., 2000). In contrast to
2-AG and WIN55212-2, WIN55212-3 (1 uM) failed to induce
the elevation of [Ca*'];.

The effects of pretreatment of the cells with 2-AG,
WINS55212-2, and WIN55212-3 on 2-AG-induced elevation
of [Ca®"]; are depicted in Fig. 6B. 2-AG-pretreated cells
responded to 2-AG very weakly at 2 min after pretreatment,
presumably due to the desensitization of the receptor molecule.
2-AG-pretreated cells gradually recovered the capacity to
respond to 2-AG (1 pM) with time. Complete recovery was
observed 15 min after pretreatment. WIN55212-2-pretreated
cells also did not respond to 2-AG (1 pM). Notably, the anergic
condition continued at least 30 min after pretreatment, which is
quite different from the case of 2-AG-pretreated cells described
above. In contrast to 2-AG-pretreatment and WIN55212-2-
pretreatment, WIN55212-3-pretreatment did not affect the
cellular response to 2-AG.

4. Discussion

Recently, we investigated the possible involvement of the
cannabinoid CB, receptor and 2-AG in TPA-induced acute
inflammation in mouse ear (Oka et al., 2005). We found that the
amount of 2-AG in mouse ear was markedly augmented
following the application of TPA. Notably, TPA-induced ear
swelling was blocked by treatment with SR144528 but not with
AM251, a cannabinoid CB, receptor antagonist. The applica-
tion of SR144528 also reduced the TPA-induced leukotriene By
production and infiltration of neutrophils in mouse ear.
Importantly, the topical application of 2-AG to mouse ear
evoked swelling, which was abolished by treatment with
SR144528. AM251 did not affect 2-AG-induced ear swelling.
These results strongly suggested that the cannabinoid CB,
receptor and 2-AG play crucial stimulative roles during the
course of inflammatory reactions. In addition to this, we
recently obtained evidence that the cannabinoid CB, receptor
and 2-AG are closely involved in oxazolone-induced contact
dermatitis in mouse ear (Oka, S. and Sugiura, T., unpublished
results). These results are consistent with the results reported by
Iwamura et al. (2001) that several cannabinoid CB, receptor
antagonists/inverse agonists suppress carrageenan-induced
inflammation of the mouse paw. However, our results (Oka et
al., 2005) and those by Iwamura et al. (2001) appear to be in
conflict with the results of several investigators that cannabinoid
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receptor agonists such as WIN55212-2, HU-308, AM 1241, CT-
3, nabilone, and anandamide suppress inflammatory reactions
in vivo (Burstein et al.,, 1992; Berdyshev et al., 1998;
Richardson et al., 1998; Hanus et al., 1999; Clayton et al.,
2002; Conti et al., 2002; Nackley et al., 2003; Pozzi et al., 2003;
Quartilho et al., 2003; Di Filippo et al., 2004; Yoshihara et al.,
2005).

Which type of receptor ligand then actually suppresses
inflammation, antagonist or agonist? To answer this question,
we examined the effects of WIN55212-2 on acute inflammation
in mouse ear and compared them with those of SR144528. To
minimize the central nervous system-mediated effects, we
adopted topical application as the administration route. We
confirmed that SR 144528 suppressed inflammatory reactions in
mouse ear (Figs. 2 and 3). Notably, the application of
WINS55212-2 to mouse ear also reduced inflammatory reactions
(Figs. 2, 3 and 4), although the activity of WIN55212-2 was
somewhat lower than that of SR144528 (Fig. 3). It is evident
that the cannabinoid receptors are involved in WIN55212-2-
induced suppression, because WIN55212-3, an inactive enan-
tiomer of WINS55212-2, exerted only small effects on
inflammatory reactions (Figs. 2, 3 and 4). Moreover, a similar
and slightly more pronounced inhibition was observed with
CP55940, another cannabinoid receptor agonist (Figs. 2 and 3).
It seems likely that the cannabinoid CB, receptor is involved in
the suppression, because HU-308, a cannabinoid CB, receptor-
selective agonist, exhibited a suppressing activity comparable to
those of WIN55212-2 and CP55940 (Figs. 2 and 3). It thus
became apparent that both the cannabinoid CB, receptor agonist
and antagonist/inverse agonist are more or less capable of
reducing inflammatory reactions. This is a rather surprising
observation because agonists and antagonists usually act
oppositely, and the biological activities of various agonists are
usually nullified by specific antagonists.

Then, how did these cannabinoid receptor agonists and
antagonists suppress inflammatory reactions? Inasmuch as
WINS55212-2 suppressed 2-AG-induced ear swelling (Figs. 2
and 3), we focused on the effects of WIN55212-2 on 2-AG-
elicited cellular responses. As demonstrated in Fig. 5A,
WIN55212-2 did not induce the migration of differentiated
HL-60 cells, which express the cannabinoid CB, receptor
(Munro et al., 1993; Sugiura et al., 2000); instead, WINS55212-2
blocked the cell migration induced by 2-AG (Fig. 5B). We have
previously demonstrated that SR 144528 blocked 2-AG-induced
cell migration (Kishimoto et al., 2003), similar to the case of
WINS55212-2 shown in the present study. Both 2-AG and
WINS55212-2 act as agonists toward the cannabinoid CB,
receptor (Pertwee, 1997; Sugiura et al., 2000; Howlett et al.,
2002). Why was WIN55212-2 incapable of inducing cell
migration, while 2-AG potently induced it? A possible
explanation is as follows: Continuous stimulation is necessary
for certain types of cellular response involving complex
processes, such as cell migration. In contrast to 2-AG,
continuous stimulation is not feasible with WIN55212-2, as
described below.

The desensitization of the receptor molecule occurred in
both 2-AG-pretreated cells and WIN55212-2-pretreated cells

(Fig. 6B). Notably, the recovery from an anergic condition
occurred rapidly after pretreatment with 2-AG (Fig. 6B). This
may be attributed, at least in part, to the fact that 2-AG is a
structurally flexible and metabolically labile molecule. Proba-
bly, 2-AG is rapidly removed from the receptor molecule and
degraded by hydrolyzing enzymes (Dinh et al., 2002). On the
other hand, WIN55212-2 is a stable and rigid molecule and may
bind tightly to the receptor molecule. It appeared that much
more time is required to eliminate WIN55212-2 from the
binding site and recycle the receptor molecule, as compared
with the case of 2-AG. Presumably due to this, the anergic
condition is sustained for a longer period in the case of
WINS55212-2 (Fig. 6B). This is a possible reason why
WINS55212-2 interferes with the action of 2-AG and behaves
as almost an antagonist in some cases, such as in vivo (Figs. 2, 3
and 4) and prolonged incubation experiments in vitro (Fig. 5).
There is growing evidence suggesting that 2-AG plays an
essential role in the stimulation of inflammatory reactions and
immune responses by acting on the cannabinoid CB, receptor
(Sugiura et al., 2000; Kobayashi et al., 2001; Jorda et al., 2002;
Walter et al., 2003; Kishimoto et al., 2003, 2004, 2005; Oka et
al., 2004, 2005). Consequently, whether it is a cannabinoid CB,
receptor antagonist or agonist, a molecule that interferes with
the actions of 2-AG suppresses inflammatory reactions. Thus,
the observation that the cannabinoid CB, receptor agonists
reduce inflammation (Figs. 2, 3 and 4) and the observation that
the CB, receptor antagonists suppress inflammatory reactions
(Figs. 2 and 3) (Oka et al., 2005) are not necessarily contra-
dictory. A similar paradoxical observation has been reported for
a sphingosine-1-phosphate (S1P) receptor and its ligand.
Matloubian et al. (2004) demonstrated that FTY720, a S1P
receptor agonist, inhibits lymphocyte egress from secondary
lymphoid tissues, which is also observed with S1P receptor
(S1P;)—knockout mice. The inhibitory action of FTY720 in
vivo has been assumed to be due to the down-regulation of the
receptor molecule (Matloubian et al., 2004; Chiba, 2005).
Finally, it is necessary to mention the following. In the
previous studies where the effects of the cannabinoid receptor
ligands on inflammation were examined, several investigators
administered non-selective cannabinoid receptor agonists such
as WIN55212-2 systemically. In that case, systemic effects such
as the central nervous system-mediated effects cannot be
avoided. In fact, Smith et al. (2001) reported that at least a part
of the anti-inflammatory actions of cannabinoid receptor
agonists administered systemically was attributable to central
effects. Several investigators also injected cannabinoid receptor
agonists locally. Interestingly, the anti-inflammatory actions of
locally injected cannabinoid CB, receptor agonists were
counteracted by CB, receptor antagonists such as SR144528
and AM630 (Hanus et al., 1999; Clayton et al., 2002; Conti et al.,
2002; Nackley et al., 2003; Quartilho et al., 2003; Di Filippo et
al., 2004; Yoshihara et al., 2005). In contrast, however, we did
not observe such antagonism between WIN55212-2 and
SR144528 when WIN55212-2 (30 pg/ear) and SR144528
(30 pgfear) were topically applied to mouse ear (data not
shown). The reason for such a difference is not yet clear. It does
not appear to be due to different absorption rates for cannabinoid
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receptor agonists and antagonists; the topical administration of
SR 144528 to mouse ear markedly reduced ear swelling induced
by TPA as in the cases of the administration of WIN55212-2,
CP55940 and HU-308 (Figs. 2 and 3). Inflammation is a com-
plex biological process involving a variety of pathophysiolog-
ical events such as edema, redness, heat, and pain. These
responses are known to be regulated by diverse biological
systems including the immune system, vascular system,
peripheral nervous system, and the central nervous system in
complex and sophisticated manners. Further detailed studies are
thus essential for a thorough elucidation of the mechanism
underlying cannabinoid receptor agonist-mediated suppression
of inflammation in vivo.

In conclusion, we found that both the cannabinoid CB,
receptor agonist and the CB, receptor antagonist suppress
inflammatory reactions in mouse ear when applied topically.
The suppression was assumed to be due to interference with the
actions of the endogenous ligand 2-AG in either case. These
observations strongly suggest that not only the cannabinoid CB,
receptor antagonist, but also the CB, receptor agonist, is a
potential target in the development of a novel class of anti-
inflammatory drugs and immune-suppressive agents.
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