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Involvement of the Cannabinoid CB2 Receptor and
Its Endogenous Ligand 2-Arachidonoylglycerol in
Oxazolone-Induced Contact Dermatitis in Mice1
Saori Oka, Junichi Wakui, Shinobu Ikeda, Shin Yanagimoto, Seishi Kishimoto, Maiko Gokoh,
Miwako Nasui, and Takayuki Sugiura2

T

he ⌬9-tetrahydrocannabinol, a major psychoactive constituent of marijuana, interacts with specific receptors
(cannabinoid receptors), thereby eliciting a variety of
pharmacological responses in vitro and in vivo (1). Two types of
cannabinoid receptors (CB1 and CB2) have been identified to date.
The CB1 receptor is expressed abundantly in the nervous system,
especially the brain (2, 3). Evidence is gradually accumulating that
shows that the CB1 receptor plays an essential role in the attenuation of synaptic transmission (4). In contrast, the CB2 receptor is
expressed predominantly in various lymphoid organs, such as the
spleen, tonsils, and lymph nodes (3, 5), and is assumed to participate in the regulation of inflammatory reactions and immune responses (6 –10), yet the details remain to be determined.
Two types of arachidonic acid-containing molecules, i.e., Narachidonoylethanolamine (anandamide) (11) and 2-arachidonoylglycerol (2-AG)3 (12, 13), have been reported as endogenous ligands for the cannabinoid receptors. Notably, anandamide acted as
a partial agonist toward the cannabinoid receptors in various assay
systems, whereas 2-AG acted as a full agonist in most cases (14,

Faculty of Pharmaceutical Sciences, Teikyo University, Sagamihara, Kanagawa,
Japan
Received for publication July 3, 2006. Accepted for publication September 25, 2006.
The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
1
This work was supported in part by a Grant-in-Aid from the Ministry of Education,
Science, Sports and Culture of Japan and Ono Medical Research Foundation.
2
Address correspondence and reprint requests to Dr. Takayuki Sugiura, Faculty of
Pharmaceutical Sciences, Teikyo University, Sagamiko, Sagamihara, Kanagawa 1990195, Japan. E-mail address: sugiurat@pharm.teikyo-u.ac.jp
3
Abbreviations used in this paper: 2-AG, 2-arachidonoylglycerol; BHT, butylated
hydroxytoluene.

Copyright © 2006 by The American Association of Immunologists, Inc.

15). Importantly, the tissue levels of 2-AG are usually several tens
to several hundreds of times those of anandamide (14, 15). Moreover, there is mounting evidence that 2-AG can be rapidly formed
from arachidonic acid-containing phospholipids upon stimulation
(16 –19), whereas no selective and efficient synthetic pathway has
been reported for the formation of anandamide in mammalian tissues (15). Based on these observations, we proposed that 2-AG,
rather than anandamide, is the true natural ligand for the cannabinoid receptors (14, 15, 20, 21).
We then investigated in detail the biological activities of 2-AG,
especially those in the immune system. We found that 2-AG induces the following: 1) a Ca2⫹ transient in HL-60 cells (21); 2) the
activation of p42/44 MAPK (22); 3) augmented production of chemokines such as IL-8 in HL-60 cells (23); and 4) migration of
HL-60 cells that had differentiated into macrophage-like cells (24),
human NK cells (25), and eosinophils (26), through CB2 receptorand Gi/o-dependent mechanisms. Several investigators also demonstrated that 2-AG induced the migration of mouse splenocytes
(27), microglia cells (28), and dendritic cells (29). We also obtained evidence that the CB2 receptor and 2-AG play crucial stimulative roles in 12-O-tetradecanoylphorbol-13-acetate-induced
acute inflammation in mouse ear (30). These results strongly suggest that the CB2 receptor and 2-AG play essential roles in the
stimulation of various types of inflammatory reactions and immune responses. In contrast, several investigators reported that the
CB2 receptor and 2-AG may play suppressive roles in inflammatory reactions and immune responses (31–34), although the suppressive effects of exogenous 2-AG are assumed to be due to arachidonic acid metabolites derived from 2-AG rather than 2-AG
itself in some cases.
In this study, we examined in detail the possible involvement of
the CB2 receptor and 2-AG in contact dermatitis induced by a
0022-1767/06/$02.00
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The possible involvement of 2-arachidonoylglycerol (2-AG), an endogenous ligand for the cannabinoid receptors (CB1 and CB2),
in contact dermatitis in mouse ear was investigated. We found that the level of 2-AG was markedly elevated in the ear following
a challenge with oxazolone in sensitized mice. Of note, the swelling following the challenge was suppressed by either the administration of SR144528, a CB2 receptor antagonist, immediately after sensitization, or the administration of SR144528 upon the
challenge. The effect of AM251, a CB1 receptor antagonist, was marginal in either case. It seems apparent, therefore, that the CB2
receptor and its endogenous ligand 2-AG are closely involved in both the sensitization phase and the elicitation phase of oxazoloneinduced contact dermatitis. In line with this, we found that Langerhans cells (MHC class IIⴙ) contain a substantial amount of CB2
receptor mRNA, whereas keratinocytes (MHC class IIⴚ) do not. We also obtained evidence that the expression of mRNAs for
proinflammatory cytokines following a challenge with oxazolone was markedly suppressed by treatment with SR144528. We next
examined whether the CB2 receptor and 2-AG participate in chronic contact dermatitis accompanied by the infiltration of tissues
by eosinophils. The amount of 2-AG in mouse ear dramatically increased following repeated challenge with oxazolone. Importantly, treatment with SR144528 attenuated both the recruitment of eosinophils and ear swelling in chronic contact dermatitis
induced by repeated challenge with oxazolone. These results strongly suggest that the CB2 receptor and 2-AG play important
stimulative roles in the sensitization, elicitation, and exacerbation of allergic inflammation. The Journal of Immunology, 2006,
177: 8796 – 8805.
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single challenge or repeated challenge with oxazolone. We found
that the CB2 receptor and 2-AG play important stimulative roles in
both the sensitization phase and the elicitation phase of contact
dermatitis induced by a single challenge with oxazolone. We also
obtained clear evidence that the CB2 receptor and 2-AG are
closely involved in the pathogenesis of chronic contact dermatitis
induced by repeated challenge with oxazolone.

Materials and Methods
Chemicals

Animals
Male ICR mice (body weight, 30 g) were obtained from Sankyo Labo
Service. 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.

Oxazolone-induced contact dermatitis in mouse ear
Mice were sensitized with oxazolone (500 g) dissolved in 100 l of
ethanol on the shaved abdomen. Five days after this sensitization, the mice
were challenged with oxazolone (100 g) dissolved in 20 l of acetone on
the inner and outer surface of the right ear. Control mice received the
vehicle (acetone) on their right ear. Ear thickness was measured 24 h after
the challenge using a micrometer.

Oxazolone-induced chronic contact dermatitis in mouse ear
Mice were sensitized with oxazolone, as described above. Five days later,
the mice were challenged with oxazolone (100 g) dissolved in 20 l of
acetone on the inner and outer surface of the right ear four times every 5
days. Control mice received the vehicle (acetone) on their right ear. Ear
thickness was measured 24 h after each challenge with oxazolone using a
micrometer.

Lipid extraction from oxazolone-treated mouse ear
Twenty-four hours after the challenge, the mice were anesthetized with
diethyl ether and killed by bleeding from the carotidal artery. The ears were
then dissected and immediately frozen in liquid nitrogen. They were homogenized in a Bligh and Dyer (35) extraction mixture using a Polytron
homogenizer (KINEMATICA). Total lipids were extracted by the method
of Bligh and Dyer (35). BHT (final concentration, 0.001%, w/v) was added
to avoid lipid peroxidation. The amount of lipid phosphorus was determined by the method of Rouser et al. (36).

Estimation of the amounts of individual molecular species of
monoacylglycerols and N-acylethanolamines in mouse ear
For the analysis of monoacylglycerols, 2-heptadecanoylglycerol (0.1
nmol) was added as an internal standard. Total lipids were fractionated
by TLC with development using petroleum ether:diethyl ether:acetic
acid (20:80:1, v/v) in a sealed tank containing N2 gas. The area corresponding to the standard monoacylglycerol was scraped off the TLC
plate and extracted from the silica gel by the method of Bligh and Dyer
(35). The extraction was conducted in the presence of BHT (0.001%,
w/v) in a N2 gas-sealed tube. The purified monoacylglycerols were
converted to their 1-anthroyl derivatives and then analyzed with an
HPLC system equipped with a reverse-phase column (CAPCELL PAK
C18 SG120, 4.6 ⫻ 250 mm; Shiseido) and a fluorescence detector (excitation at 370 nm; emission at 470 nm). The mobile phase was acetonitrile:2-propanol:water (90:4:6, v/v), and the flow rate was 1.4 ml/min,
as previously described (37). For the analysis of N-acylethanolamines,
N-heptadecanoylethanolamine (0.1 nmol) was added as an internal stan-

FIGURE 1. Experimental protocols for the evaluation of the effects of
cannabinoid receptor antagonists on oxazolone-induced ear swelling. A,
Mice were sensitized on the abdomen with oxazolone (500 g). SR144528
or AM251 (30 g each) dissolved in acetone was then applied to the
abdomen. Five days later, oxazolone (100 g) was applied to the ear of
sensitized mice. Twenty-four hours after the challenge, ear thickness was
measured using a micrometer. B, Mice were sensitized on the abdomen
with oxazolone (500 g). Five days later, oxazolone (100 g) was applied
to the ear of sensitized mice. SR144528 or AM251 (30 g each) dissolved
in acetone was then applied to the same ear. Twenty-four hours after the
challenge, ear thickness was measured using a micrometer. C, Mice were
sensitized on the abdomen with oxazolone (500 g). SR144528 (30 g)
dissolved in acetone was then applied to the abdomen. Five days later,
oxazolone (100 g) was applied to the ear of sensitized mice. SR144528
(30 g) dissolved in acetone was then applied to the same ear. Twenty-four
hours after the challenge, ear thickness was measured using a micrometer.

dard. Total lipids were fractionated by TLC with development using
chloroform:methanol:NH4OH (80:20:2, v/v) in a sealed tank containing
N2 gas. The area corresponding to the standard N-acylethanolamine was
scraped off the TLC plate and extracted from the silica gel by the
method of Bligh and Dyer (35). The extraction was conducted in the
presence of BHT (0.001%, w/v) in a N2 gas-sealed tube. The N-acylethanolamine was further purified by TLC using first petroleum ether:
diethyl ether:acetone:acetic acid (30:40:20:1, v/v) and subsequently an
organic layer of ethyl acetate:petroleum ether:diethyl ether:acetic acid:
water (100:50:20:100, v/v) as a solvent. N-acylethanolamines were converted to their 1-anthroyl derivatives and then analyzed with an HPLC
system equipped with a reverse-phase column (CAPCELL PAK C18
SG120, 4.6 ⫻ 250 mm ⫻ 2; Shiseido) and a fluorescence detector
(excitation at 370 nm; emission at 470 nm). The mobile phase was
acetonitrile:2-propanol:water (80:3:17, v/v), and the flow rate was 1.4
ml/min, as previously described (38).

Effects of cannabinoid receptor antagonists and hydrocortisone
acetate on oxazolone-induced ear swelling
SR144528 (a CB2 receptor antagonist) (30 g) dissolved in acetone was
applied to the abdomen immediately after the sensitization and/or to the ear
immediately after the challenge (Fig. 1). In some experiments, various
concentrations of SR144528, AM251 (a CB1 receptor antagonist), or hydrocortisone acetate were applied immediately after the challenge with
oxazolone. Ear thickness was measured using a micrometer.

Histochemical analysis
The ear was fixed and embedded in paraffin. The block was then cut into
7-m sections and stained with H&E. The number of infiltrating cells in
the specimen (a cross-section prepared from the central part of the auricle)
was estimated by microscopy. To detect the infiltration by eosinophils,
specimens were stained with an EoProbe Kit (BioFX Laboratories) and
analyzed by fluorescence microscopy.

Preparation of epidermal keratinocytes and Langerhans cells
Naive mouse ear was split into dorsal and ventral halves. Both halves were
placed in 0.5% trypsin at 37°C for 1 h. Trypsinized epidermal sheets were
peeled from the underlying dermal sheets and filtered through a stainlesssteel sieve. The cell suspension was collected and washed twice with Ca2⫹,
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Arachidonic acid, heptadecanoic acid, and essentially fatty acid-free BSA
were purchased from Sigma-Aldrich. Oxazolone, 1-anthroyl cyanide, butylated hydroxytoluene (BHT), and hydrocortisone acetate were obtained
from Wako Pure Chemical. Quinuclidine was from Molecular Probes.
SR144528 was a gift from Sanofi-Synthelabo. AM251 was purchased from
Tocris Cookson. The 1,3-benzylideneglycerol was synthesized from glycerol and benzaldehyde. The 2-AG and 2-heptadecanoylglycerol were prepared from 1,3-benzylideneglycerol and arachidonic anhydride or heptadecanoic anhydride, as described earlier (20). N-arachidonoylethanolamine
(anandamide) and N-heptadecanoylethanolamine were prepared from ethanolamine and arachidonoyl chloride or heptadecanoyl chloride by the
method of Devane et al. (11).
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FIGURE 2. The effects of a challenge with oxazolone on thickness, phospholipid content, and the amount of 2-AG in the ear of sensitized mice. The
mice were sensitized on the abdomen with oxazolone (500 g). Five days after the sensitization, the ear was treated with the vehicle (acetone) or oxazolone
(100 g). A, The effect of oxazolone treatment on ear thickness was determined using a micrometer, as described in Materials and Methods. B, The effect
of oxazolone treatment on the phospholipid content of mouse ear was determined, as described in Materials and Methods. C, The effect of oxazolone
treatment on the amount of 2-AG in mouse ear was determined using reverse-phase HPLC, as described in Materials and Methods. E, Control (acetone
alone); F, oxazolone. The data are the means ⫾ SD of five determinations. ⴱⴱⴱ, p ⬍ 0.001 (compared with control (acetone alone)).

RT-PCR analysis
Total RNA was extracted from keratinocytes and Langerhans cells using
ISOGEN (Nippon Gene). Before reverse transcription, RNA was treated
with RNase-free DNase I (Invitrogen Life Technologies), according to the
manufacturer’s instructions. One microgram of total RNA was then reverse
transcribed to cDNA using SuperScript II reverse transcriptase (Invitrogen
Life Technologies) with an oligo(dT)18 primer. PCR was conducted using
Ex Taq polymerase (Takara Bio) under the following conditions: for amplification of the mouse CB2 receptor gene, 30 cycles of 30 s at 94°C, 1
min at 60°C, 1 min at 72°C; for amplification of the GAPDH gene, 25
cycles of 30 s at 94°C, 30 s at 60°C, and 1 min at 72°C. The following
primers were used: CB2 receptor, 5⬘-TCCTATCATTTACGCCCTGC-3⬘
(sense), 5⬘-CCTCTGACTCGGGCTGTTTC-3⬘ (antisense); and GAPDH,
5⬘-ACATCCATGCCATCACTGC-3⬘ (sense), 5⬘-TCCACCACCCTGTTG
CTGTA-3⬘ (antisense). Each gene was amplified logarithmically during the
number of cycles used in this study. The samples were electrophoresed on
a 2% agarose gel. Photographs were taken under UV light.

Quantitative real-time RT-PCR analysis
Total RNA was extracted from mouse ear 24 h after a challenge, and cDNA
was synthesized, as described above. Real-time PCR was performed using
SYBR Premix Ex Taq (Takara Bio) and an Applied Biosystems 7500 realtime PCR system (Applied Biosystems) under the following conditions:
10 s at 95°C, 40 cycles of 15 s at 95°C, and 1 min at 60°C. The following
primers were used: MCP-1, 5⬘-CCAACTCTCACTGAAGCCAGCTC-3⬘
(sense), 5⬘-TTGGACATCTTGCTGGTGAA-3⬘ (antisense); MIP-1␣, 5⬘TGAACTCACCACTGC-3⬘ (sense), 5⬘-GGCATTCAGTTCCAGGTCA3⬘ (antisense); TNF-␣, 5⬘-AGCACAGAAAGCATGATCCG-3⬘ (sense),
5⬘-CTTGGTGGTTTGCTACGACG-3⬘ (antisense); RANTES, 5⬘-TCCAA
TCTTGCAGTCGTGTTTG-3⬘ (sense), 5⬘-TCTGGGTTGGCACACACT
TG-3⬘ (antisense); eotaxin, 5⬘-GACCAGGTTGGGCAAAGAGA-3⬘ (sense),
5⬘-GGCATCCTGGACCCACTTCT-3⬘ (antisense); eosinophil-associated
RNase-1/3/4/12, 5⬘-TGCTTGAGTCCCGACTTTGTCT-3⬘ (sense), 5⬘GGCATGAGGCAAGCATTAGG-3⬘ (antisense); and GAPDH, 5⬘-AC
AGTCCATGCCATCACTGC-3⬘ (sense), 5⬘-TCCACCACCCTGTTGC
TGTA-3⬘ (antisense). The fold increases in mRNA expression for
MCP-1, MIP-1␣, TNF-␣, RANTES, eotaxin, and eosinophil-associated
RNase-1/3/4/12 over the control levels were calculated after normalization to the GAPDH transcript.

Statistical analysis
Statistical analysis was performed using Student’s t test (Figs. 3 and 9, B
and C) and Tukey’s test (Figs. 2, 4 – 6, 8, and 10). A p value ⬍0.05 was
considered to be significant.

FIGURE 3. The amounts of individual molecular species of monoacylglycerols in mouse ear with oxazolone-induced contact dermatitis. Twenty-four
hours after a challenge with oxazolone (100 g), the amounts of individual molecular species of monoacylglycerols in mouse ear were estimated using
reverse-phase HPLC, as described in Materials and Methods. A, 1(3)-Palmitoylglycerol plus 1(3)-oleoylglycerol plus 1(3)-cis-vaccenoylglycerol; B,
2-palmitoylglycerol plus 2-oleoylglycerol plus 2-cis-vaccenoylglycerol; C, 1(3)-stearoylglycerol; D, 2-stearoylglycerol; E, 1(3)-linoleoylglycerol; F, 2linoleoylglycerol; G, 1(3)-AG; H, 2-AG. The data are the means ⫾ SD of six determinations. ⴱⴱⴱ, p ⬍ 0.001 (compared with control (acetone alone)).
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Mg2⫹-free PBS containing 2% FCS and 0.5% BSA. Cells were incubated
with 2 mg/ml mouse IgG at 4°C for 15 min to block Fc receptors. Keratinocytes were obtained by negative selection using MACS CD11c microbeads (Miltenyi Biotec), and Langerhans cells were purified by positive
selection using the same separation kit. The purity of keratinocytes and
Langerhans cells was assessed by flow cytometry using FITC-conjugated
anti-MHC class II (I-A/I-E) Ab (Miltenyi Biotec) and morphologically.
The purity of both keratinocytes and Langerhans cells was above 95%.
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FIGURE 5. The effects of SR144528, AM251, and hydrocortisone acetate applied immediately after the challenge with oxazolone on ear swelling in
sensitized mice. A–C, Mice were sensitized on the abdomen with oxazolone (500 g). Five days later, oxazolone (100 g) was applied to the ear of
sensitized mice. SR144528, AM251, or hydrocortisone acetate (30 g) dissolved in acetone was then applied to the same ear. Ear thickness was measured
using a micrometer. A, SR144528; B, AM251; C, hydrocortisone acetate. F, Oxazolone alone; E, control (acetone alone); Œ, oxazolone plus SR144528
or AM251 or hydrocortisone acetate. The data are the means ⫾ SD of six determinations. ⴱⴱⴱ, p ⬍ 0.001 (compared with oxazolone alone). D–F, Mice
were sensitized on the abdomen with oxazolone (500 g). Five days later, oxazolone (100 g) was applied to the ear of sensitized mice. Various
concentrations of SR144528, AM251, and hydrocortisone acetate dissolved in acetone were then applied to the same ear. Twenty-four hours after the
challenge with oxazolone, ear thickness was measured using a micrometer. D, SR144528; E, AM251; F, hydrocortisone acetate. The data are the means ⫾
SD of five to six determinations. ⴱ, p ⬍ 0.05; ⴱⴱ, p ⬍ 0.01; ⴱⴱⴱ, p ⬍ 0.001 (compared with oxazolone alone).
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FIGURE 4. The effects of SR144528, AM251, and hydrocortisone acetate applied immediately after sensitization on ear swelling following a challenge with
oxazolone in sensitized mice. A–C, Mice were sensitized on the abdomen with oxazolone (500 g). SR144528, AM251, or hydrocortisone acetate (30 g)
dissolved in acetone was then applied to the abdomen. Five days after the sensitization, oxazolone (100 g) was applied to the ear of sensitized mice. Ear thickness
was measured using a micrometer. A, SR144528; B, AM251; C, hydrocortisone acetate. F, Oxazolone alone; E, control (acetone alone); Œ, oxazolone plus
SR144528 or AM251 or hydrocortisone acetate. The data are the means ⫾ SD of six determinations. ⴱⴱ, p ⬍ 0.01; ⴱⴱⴱ, p ⬍ 0.001 (compared with oxazolone
alone). D–F, Mice were sensitized on the abdomen with oxazolone (500 g). Various concentrations of SR144528, AM251, and hydrocortisone acetate dissolved
in acetone were applied onto the abdomen immediately after the sensitization with oxazolone. Five days after the sensitization, oxazolone (100 g) was applied
to the ear of sensitized mice. Twenty-four hours after the challenge with oxazolone, ear thickness was measured using a micrometer. D, SR144528; E, AM251;
F, hydrocortisone acetate. The data are the means ⫾ SD of five to six determinations. ⴱ, p ⬍ 0.05; ⴱⴱⴱ, p ⬍ 0.001 (compared with oxazolone alone).
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FIGURE 6. The effects of SR144528 on the swelling and the infiltration of tissues by leukocytes in mouse ear with contact dermatitis. A, The
effects of SR144528 on oxazolone-induced ear swelling. Twenty-four hours after oxazolone (100 g) was applied to sensitized mice, ear thickness
was measured using a micrometer. SR144528 (30 g) was applied immediately after the sensitization with oxazolone (500 g) and/or challenge with
oxazolone (100 g). The data are the means ⫾ SD of eight determinations. ⴱⴱⴱ, p ⬍ 0.001 (compared with oxazolone alone). B, The effects of
SR144528 on oxazolone-induced infiltration by leukocytes. The number of infiltrating cells in the specimen (a cross-section prepared from the central
part of the auricle) was estimated by microscopy. OX, Oxazolone; SR, SR144528. The data are the means ⫾ SD of eight determinations. ⴱⴱⴱ, p ⬍
0.001 (compared with oxazolone alone).

Effects of the challenge with oxazolone on thickness,
phospholipid content, and the amount of 2-AG in the ear of
sensitized mice
The challenge with oxazolone elicited contact dermatitis in the
sensitized mouse ear. Ear thickness increased by 2.2- and 2.7-fold
over the control level at 12 and 24 h, respectively (Fig. 2A). In
contrast, the phospholipid content increased only slightly following
the challenge with oxazolone (Fig. 2B). We then examined the effect
of oxazolone treatment on the amount of 2-AG in mouse ear. As
demonstrated in Fig. 2C, the level of 2-AG in the ear was markedly
elevated following the challenge. The levels of 2-AG in the ear of
oxazolone-treated mice were 1.4 ⫾ 0.7, 5.9 ⫾ 1.4, and 9.3 ⫾ 1.7
pmol/ear at 0, 12, and 24 h, respectively.
The amounts of individual molecular species of
monoacylglycerols in mouse ear with oxazolone-induced
contact dermatitis
We then investigated the effects of the challenge with oxazolone
on the amounts of individual molecular species of monoacylglycerols in the ear of sensitized mice. As shown in Fig. 3, vehicle
(acetone)-treated control ear contained various molecular species
of monoacylglycerols (total 143 pmol/ear). Interestingly, oxazolone treatment induced several-fold increases in the levels of
various 2-monoacylglycerols, that is, 2-palmitoylglycerol plus
2-oleoylglycerol plus 2-cis-vaccenoylglycerol and 2-linoleoylglycerol, as well as 2-AG (Fig. 3, B, F, and H). In contrast, oxazolone
treatment did not markedly affect the levels of 1(3)-monoacylglycerols (Fig. 3, A, C, E, and G).

Effects of cannabinoid receptor antagonists on ear swelling and
the infiltration by leukocytes induced by the challenge with
oxazolone in sensitized mice
The finding that the endogenous ligand 2-AG was generated concomitant with ear swelling points to the participation of the cannabinoid receptors in contact dermatitis. We then investigated
whether cannabinoid receptor antagonists reduce ear swelling elicited by the challenge with oxazolone. We first examined the effects
of the application of SR144528, a CB2 receptor antagonist, and
AM251, a CB1 receptor antagonist, in the sensitization phase and
compared them with that of hydrocortisone acetate. SR144528,
AM251, or hydrocortisone acetate (30 g each) was applied to the
abdomen immediately after sensitization with oxazolone on day 0
(Fig. 1A). As shown in Fig. 4A, the application of SR144528 to the
abdomen suppressed the ear swelling observed following the challenge with oxazolone on day 6. The application of hydrocortisone
acetate also suppressed ear swelling (Fig. 4C). In contrast, AM251
did not exert appreciable effects on ear swelling (Fig. 4B).
Fig. 4, D–F, shows the dose dependency of the effects of
SR144528, AM251, and hydrocortisone acetate, applied immediately after sensitization, on ear swelling. SR144528 and hydrocortisone acetate suppressed the swelling in dose-dependent manners.
The IC50 value of SR144528 was 0.7 g, and that of hydrocortisone acetate was 0.3 g (Fig. 4, D and F). In contrast, AM251 did
not markedly suppress ear swelling (Fig. 4E). These results suggest that the CB2 receptor, rather than the CB1 receptor, is involved in the sensitization phase of oxazolone-induced contact
dermatitis.

The amounts of N-acylethanolamines in mouse ear with
oxazolone-induced contact dermatitis
We next examined the effects of the challenge with oxazolone on
the amounts of N-acylethanolamines, including N-arachidonoylethanolamine (anandamide), in the ear of sensitized mice.
Various species of N-acylethanolamines were detected in vehicletreated control ear (total 270 pmol/ear). In contrast to the case for
monoacylglycerols shown in Fig. 3, oxazolone treatment did not
markedly influence the levels of any molecular species of
N-acylethanolamines (data not shown). For instance, the level
of anandamide in the ear of control mice was 0.8 ⫾ 0.1 pmol/
ear, and that in the ear of oxazolone-treated mice was 1.0 ⫾ 0.1
pmol/ear (n ⫽ 4).

FIGURE 7. Detection of CB2 receptor mRNA in epidermal keratinocytes and Langerhans cells. Keratinocytes and Langerhans cells were prepared from the ears of naive mice. RT-PCR was performed on poly(A)⫹
RNAs, as described in Materials and Methods. KC, keratinocytes; LC,
Langerhans cells. The results are representative of three separate experiments that gave similar results.
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FIGURE 8. The effects of SR144528 on the levels of mRNAs for MCP-1, MIP-1␣, and TNF-␣ in mouse ear with contact dermatitis. Twenty-four hours
after oxazolone (100 g) was applied to sensitized mice, the ears were dissected and total RNA was extracted. Quantitative RT-PCR was performed, as
described in Materials and Methods. A, MCP-1; B, MIP-1␣; C, TNF-␣. SR144528 (30 g) was applied upon both sensitization with oxazolone (500 g)
(abdomen) and challenge with oxazolone (100 g) (ear). OX, oxazolone; SR, SR144528. The data are the means ⫾ SD from four to five determinations.
ⴱ, p ⬍ 0.05; ⴱⴱ, p ⬍ 0.01.

Comparison of the expression of the CB2 receptor in epidermal
keratinocytes and Langerhans cells
The experimental results shown in Figs. 4 and 6 indicate that
SR144528 suppressed allergic reaction in the sensitization
phase of contact dermatitis. We then examined whether keratinocytes and Langerhans cells, two major cell types of the epidermal layer obtained from naive mice, express CB2 receptor
mRNA by RT-PCR. Langerhans cells are immature dendritic
cells found in the epidermal layer. They are characterized by the
presence of Birbeck granules, the expression of MHC class II
Ag, and a dendritic morphology, and play important roles in the
induction of sensitization. In contrast to Langerhans cells, keratinocytes do not express the MHC class II Ag. As demonstrated in Fig. 7, Langerhans cells contained a large amount of
CB2 receptor mRNA. In contrast, the amount in keratinocytes
was negligible. It seems possible, therefore, that the endog-

enously formed 2-AG interacts mainly with Langerhans cells,
rather than keratinocytes, to stimulate subsequent immune responses through yet unknown mechanisms.

FIGURE 9. The effects of SR144528 on the ear swelling induced by
repeated challenge with oxazolone and the amount of 2-AG in the ear with
chronic contact dermatitis. A, The effects of SR144528 on ear thickness.
Oxazolone (100 g) was applied to the ear every 5 days, starting from 5
days after sensitization on the abdomen (500 g) (F). SR144528 (30 g)
dissolved in acetone was applied to the abdomen after sensitization and to
the ear after each challenge with oxazolone (Œ). Control mice received the
vehicle (acetone) instead of oxazolone (E). Ear thickness was measured
using a micrometer. The data are the means ⫾ SD from five determinations. ⴱⴱ, p ⬍ 0.01; ⴱⴱⴱ, p ⬍ 0.001 (compared with oxazolone alone). B,
The amount of 2-AG in mouse ear following a single challenge with oxazolone. Twenty-four hours after the challenge with oxazolone (100 g)
(day 5), the amount of 2-AG in mouse ear was estimated. Control mice
received the vehicle (acetone) on day 5. The data are the means ⫾ SD of
five determinations. ⴱⴱⴱ, p ⬍ 0.001. C, The amount of 2-AG in mouse ear
following repeated challenge with oxazolone. Twenty-four hours after the
final challenge with oxazolone (100 g) (day 20), the amount of 2-AG in
mouse ear was estimated. Control mice received the vehicle (acetone) instead of oxazolone. The data are the means ⫾ SD of five determinations.
ⴱⴱⴱ, p ⬍ 0.001.
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The effects of the application of SR144528, AM251, and hydrocortisone acetate in the elicitation phase of contact dermatitis
were examined next. SR144528, AM251, or hydrocortisone acetate (30 g each) was applied to the ear immediately after the
challenge with oxazolone on day 5 (Fig. 1B). As demonstrated in
Fig. 5A, the application of SR144528 induced a marked reduction
in ear swelling on day 6. The application of hydrocortisone acetate
also reduced ear swelling (Fig. 5C). In contrast, only a slight effect
was observed with AM251 (Fig. 5B).
Fig. 5, D and E, depicts the dose dependency of the effects of
SR144528, AM251, and hydrocortisone acetate, applied immediately after challenge with oxazolone, on ear swelling. SR144528
and hydrocortisone acetate suppressed the swelling dose dependently. The IC50 value of SR144528 was 0.3 g, and that of hydrocortisone acetate was 0.1 g (Fig. 5, D and F). In contrast,
AM251 did not markedly affect ear swelling (Fig. 5E). These results suggest that the CB2 receptor, and not the CB1 receptor, is
involved in the elicitation phase, in addition to the sensitization
phase, of oxazolone-induced contact dermatitis.
We then investigated in more detail the effect of SR144528
on ear swelling and the infiltration by leukocytes. As demonstrated in Fig. 6A, the application of SR144528 (30 g) to the
abdomen upon sensitization (Fig. 1A) suppressed ear swelling
by 18%. The application of SR144528 (30 g) to the ear upon
a challenge (Fig. 1B) also reduced ear swelling (33%). Notably,
a more pronounced suppression (43%) was observed when
SR144528 was applied upon both the sensitization and a challenge (Fig. 1C). Similar results were obtained for the number of
infiltrating cells (Fig. 6B).

8802

INVOLVEMENT OF 2-AG IN CONTACT DERMATITIS

FIGURE 10. The effects of SR144528 on the levels of mRNAs for RANTES, eotaxin, and eosinophil-associated RNase in mouse ear with chronic
contact dermatitis. Twenty-four hours after the final challenge with oxazolone (100 g) (day 20), the ears were dissected and total RNA was extracted.
Quantitative RT-PCR was performed, as described in Materials and Methods. A, RANTES; B, eotaxin; C, eosinophil-associated RNase. OX, oxazolone;
SR, SR144528. The data are the means ⫾ SD from four to five determinations. ⴱ, p ⬍ 0.05; ⴱⴱ, p ⬍ 0.01; ⴱⴱⴱ, p ⬍ 0.001.

We then examined the changes in the expression of mRNAs for
cytokines in the ear with contact dermatitis. In this experiment, we
estimated the levels of the mRNAs for proinflammatory cytokines
such as MCP-1, MIP-1␣, and TNF-␣ using quantitative RT-PCR.
The expression of mRNAs for MCP-1, MIP-1␣, and TNF-␣ increased markedly in the ear challenged with oxazolone (Fig. 8).
The effects of SR144528, applied immediately after the sensitization and challenge, were examined next. We found that treatment
with SR144528 markedly suppressed mRNA levels of MCP-1,
MIP-1␣, and TNF-␣ (Fig. 8). These results strongly suggest that
the endogenous cannabinoid receptor ligand, that is 2-AG, stimulates the production of various proinflammatory cytokines, thereby
enhancing allergic inflammation following the challenge with
oxazolone.
The effects of SR144528 on ear swelling induced by repeated
challenge with oxazolone and the amounts of 2-AG in mouse
ear with chronic contact dermatitis
We then examined the possible involvement of the CB2 receptor and 2-AG in chronic contact dermatitis induced by repeated
challenge with oxazolone. We applied oxazolone to the mouse

ear every 5 days, starting from 5 days after sensitization on the
abdomen. Repeated challenge with oxazolone elicited chronic
contact dermatitis in the sensitized mouse ear. As shown in Fig.
9A, repeated application of oxazolone caused dramatic increases in ear thickness. We then examined the effect of
SR144528 on oxazolone-induced chronic contact dermatitis.
The application of SR144528 (30 g) to the abdomen after
sensitization and to the ear after each challenge markedly suppressed ear swelling at each time point with a suppressive rate
of ⬃50%.
The level of 2-AG in the ear with chronic contact dermatitis was
examined next. The level was elevated following a single challenge with oxazolone to sensitized mice (Fig. 9B). Importantly, the
level of 2-AG dramatically increased after repeated challenge with
oxazolone (Fig. 9C).

Effects of SR144528 on eosinophil recruitment in mouse ear
with chronic contact dermatitis
We then investigated the levels of mRNA expression of RANTES
and eotaxin, which are eosinophil chemotactic proteins, in chronic
contact dermatitis. The expression of mRNAs for RANTES and
eotaxin increased remarkably in the ear with chronic contact dermatitis induced by repeated challenge with oxazolone (Fig. 10, A

FIGURE 11. The effect of SR144528 on the infiltration of tissues by eosinophils in mouse ear with chronic contact dermatitis. Twenty-four hours after
the final challenge with oxazolone (100 g) (day 20), the ears were dissected and subjected to histochemical analysis, as described in Materials and
Methods. A and D, Control (acetone alone); B and E, oxazolone; C and F, oxazolone plus SR144528. A–C, H&E staining; D–F, EoProbe staining.
SR144528 (30 g) was applied upon both sensitization with oxazolone (500 g) (abdomen) and challenge with oxazolone (100 g) (ear). The results are
representative of two separate experiments that gave similar results.
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Discussion
The CB2 receptor is abundantly expressed in several types of
inflammatory cells and immune-competent cells, such as B lymphocytes, NK cells, and macrophages/monocytes (3, 5, 39).
There is growing evidence that the CB2 receptor plays some
essential role in the modulation of several types of inflammatory reactions and immune responses in vitro and in vivo (6 –10,
22–34, 40 – 42), although the exact physiological and pathophysiological roles of the CB2 receptor have yet to be fully
elucidated.
In this study, we examined in detail the pathophysiological
roles of the CB2 receptor and its endogenous ligand 2-AG using
a mouse model of contact dermatitis. We found that treatment
of the ear with SR144528, upon a challenge with oxazolone,
markedly reduced ear swelling evoked following the challenge
(Figs. 5, A and D, and 6A). These results strongly suggest that
the CB2 receptor plays essential roles in the inflammatory reactions of the elicitation phase of contact dermatitis. We obtained evidence that the amount of 2-AG was markedly increased in the inflamed ear of sensitized mice following the
challenge with oxazolone (Figs. 2C and 3H). In contrast to that
of 2-AG, the level of anandamide, another endogenous ligand
for the cannabinoid receptor, did not change remarkably. It is
apparent, therefore, that the relevant endogenous ligand for the
CB2 receptor in acute inflammation induced by a challenge with
oxazolone is 2-AG, not anandamide. These results are generally
the same as those for 12-O-tetradecanoylphorbol-13-acetateinduced acute inflammation in mouse ear (30).
The mechanism by which SR144528 suppressed inflammatory
reactions following the challenge with oxazolone is not yet fully
clear. Notably, the application of SR144528 to the ear of sensitized
mice markedly reduced the expression of mRNAs for MCP-1,
MIP-1␣, and TNF-␣ (Fig. 8). This observation is extremely important, because MCP-1, MIP-1␣, and TNF-␣ are known to play
crucial roles in the pathogenesis of contact dermatitis. For example, the ear swelling following a challenge with oxazolone was
diminished in TNF-␣-deficient mice (43– 46), and the recruitment
of mononuclear cells was impaired in MCP-1-deficient mice (47).
Thus, it seems possible that the CB2 receptor and its endogenous
ligand 2-AG participate in the elicitation phase of contact dermatitis by up-regulating the production of these cytokines.
Another important phase of contact dermatitis is the sensitization phase. Notably, the ear swelling observed following the chal-

lenge with oxazolone on day 6 was reduced when SR144528 was
applied together with oxazolone upon sensitization on day 0 (Figs.
4, A and D, and 6A). A similar result was obtained for the number
of cells infiltrating the tissues on day 6 (Fig. 6B). These results
clearly indicate that SR144528 suppressed the process of sensitization on the abdomen, leading to a reduction in contact hypersensitivity reactions in the ear following the challenge with
oxazolone.
The mechanism underlying the SR144528-induced inhibition of
the sensitization phase is yet to be determined. Previously, several
investigators reported that the CB2 receptor is present in dendritic
cells (29, 48). In this study, we obtained evidence that a high level
of CB2 receptor mRNA is expressed in Langerhans cells, whereas
keratinocytes, which comprise the majority of epidermal cells, did
not contain an appreciable amount of CB2 receptor mRNA (Fig.
7). This observation is quite noteworthy, because Langerhans cells
are the most important APCs in the epidermis. The exact mechanism through which the CB2 receptor and 2-AG are involved in
up-regulation of the sensitization process remains unclear. The
2-AG may induce or enhance the migration of Langerhans cells,
inasmuch as Maestroni (29) demonstrated that 2-AG acts as a chemoattractant for dendritic cells. Alternatively, 2-AG may play an
important role in the processing of Ags. Studies on the molecular
mechanism by which the CB2 receptor and 2-AG stimulate the
function of Langerhans cells are currently in progress in our
laboratory.
One striking observation in the present study is that SR144528
markedly suppressed ear swelling as well as the infiltration by
eosinophils of the tissues of mice with chronic contact dermatitis
(Figs. 9 –11), which is an animal model for allergic dermatitis in
humans. These observations point to close involvement of the
CB2 receptor and 2-AG in the pathogenesis of chronic contact
dermatitis.
A remarkable feature of chronic contact dermatitis is that it is
accompanied by the infiltration of tissues by eosinophils. A number of endogenous substances have been shown to act as chemotactic agents for eosinophils: RANTES, eotaxin, MCP-2,3,4, and
C5a, and several lipid mediators such as platelet-activating factor
and 5-oxo-eicosatetraenoic acid. The 2-AG itself also induces the
chemotaxis of eosinophils (26). Notably, the levels of RANTES
and eotaxin were markedly elevated in the ear with chronic contact
dermatitis (153- and 7.7-fold, respectively) (Fig. 10). In contrast,
only modest increases were observed in the ear, with contact dermatitis induced by a single challenge with oxazolone (21- and
1.3-fold for RANTES and eotaxin, respectively) (S. Oka and T.
Sugiura, unpublished results). Importantly, the application of
SR144528 after the sensitization and challenge with oxazolone
markedly reduced the levels of RANTES and eotaxin in the ear
with chronic contact dermatitis (Fig. 10). Presumably, 2-AG accelerated the production of chemotactic agents for eosinophils
such as RANTES and eotaxin, directly or indirectly, thereby amplifying allergic reactions in chronic contact dermatitis, in addition
to acting per se as a chemoattractant for eosinophils in the milieu
of allergic sites. In any case, these results led us to postulate that
the CB2 receptor and 2-AG are closely involved and play important roles in various types of allergic reactions in which eosinophils are crucially implicated.
Possible stimulative roles of the CB2 receptor in inflammation
and immunity have recently been suggested by several investigators as well. Iwamura et al. (49) reported that several CB2 receptor
antagonists or inverse agonists such as JTE-907 and SR144528
reduced carrageenan-induced mouse paw edema, and Ueda et al.
(50) demonstrated that the CB2 receptor is closely involved in
cutaneous inflammation induced by dinitrofluorobenzene. We also
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and B). Notably, the application of SR144528 (30 g) after sensitization and each challenge with oxazolone markedly reduced the
mRNA expression of RANTES and eotaxin (Fig. 10, A and B).
We next examined the effect of SR144528 on eosinophil recruitment by measuring mRNA levels of eosinophil-associated RNase,
which is located in the granules of eosinophils and has similar
physical/functional properties to human eosinophil-associated
RNase, eosinophil-derived neurotoxin, and eosinophil cationic
protein. As illustrated in Fig. 10C, the application of SR144528
markedly suppressed the increased expression of mRNA for eosinophil-associated RNase induced by repeated application of oxazolone, suggesting that SR144528 suppressed the infiltration of
tissues by eosinophils.
This was confirmed by a histochemical analysis. As demonstrated in Fig. 11E, the infiltration by eosinophils occurred in the
ear with chronic dermatitis. Importantly, the number of infiltrating
eosinophils was markedly reduced in the ear to which SR144528
was applied (Fig. 11F). These results strongly suggest that the CB2
receptor and 2-AG play important roles in the infiltration by eosinophils of tissues with chronic dermatitis.

8803

8804

Disclosures
The authors have no financial conflict of interest.

References
1. Pertwee, R. G. 1997. Pharmacology of cannabinoid CB1 and CB2 receptors.
Pharmacol. Ther. 74: 129 –180.
2. Matsuda, L. A., S. J. Lolait, M. J. Brownstein, A. C. Young, and T. I. Bonner.
1990. Structure of a cannabinoid receptor and functional expression of the cloned
cDNA. Nature 346: 561–564.
3. Herkenham, M. 1995. Localization of cannabinoid receptors in brain and periphery. In Cannabinoid Receptors. R. G. Pertwee, ed. Academic Press, London,
pp. 145–166.
4. Di Marzo. V., D. Melck, T. Bisogno, and L. De Petrocellis. 1999. Endocannabinoids: endogenous cannabinoid receptor ligands with neuromodulatory action.
[Published erratum appears in Trends Neurosci. 22: 80.] Trends Neurosci. 21:
521–528.
5. Munro, S., K. L. Thomas, and M. Abu-Shaar. 1993. Molecular characterization
of a peripheral receptor for cannabinoids. Nature 365: 61– 65.
6. Klein, T. W., C. Newton, and H. Friedman. 1998. Cannabinoid receptors and
immunity. Immunol. Today 19: 373–381.
7. Parolaro, D., P. Massi, T. Rubino, and E. Monti. 2002. Endocannabinoids in the
immune system and cancer. Prostaglandins Leukotrienes Essent. Fatty Acids 66:
319 –332.
8. Cabral, G. A. 2002. Marijuana and cannabinoid effects in immunity and AIDS. In
Biology of Marijuana. E. S. Onaivi, ed. Tayler & Francis, London, pp. 282–307.
9. Klein, T. W., C. Newton, K. Larsen, L. Lu, I. Perkins, L. Nong, and H. Friedman.
2003. The cannabinoid system and immune modulation. J. Leukocyte Biol. 74:
486 – 496.
10. Berdyshev, E. V. 2006. Endocannabinoids in inflammation and immune response. In Endocannabinoids: The Brain and Body’s Marijuana and Beyond.
E. S. Onaivi, T. Sugiura, and V. Di Marzo, eds. Taylor & Francis, Boca Raton,
pp. 431– 450.
11. Devane, W. A., L. Hanus, A. Breuer, R. G. Pertwee, L. A. Stevenson, G. Griffin,
D. Gibson, A. Mandelbaum, A. Etinger, and R. Mechoulam. 1992. Isolation and
structure of a brain constituent that binds to the cannabinoid receptor. Science
258: 1946 –1949.
12. Sugiura, T., S. Kondo, A. Sukagawa, S. Nakane, A. Shinoda, K. Itoh, A. Yamashita,
and K. Waku. 1995. 2-Arachidonoylglycerol: a possible endogenous cannabinoid
receptor ligand in brain. Biochem. Biophys. Res. Commun. 215: 89 –97.
13. Mechoulam, R., S. Ben-Shabat, L. Hanus, M. Ligumsky, N. E. Kaminski,
A. R. Schatz, A. Gopher, S. Almog, B. R. Martin, D. R. Compton, et al. 1995.
Identification of an endogenous 2-monoglyceride, present in canine gut, that
binds to cannabinoid receptors. Biochem. Pharmacol. 50: 83–90.
14. Sugiura, T., and K. Waku. 2000. 2-Arachidonoylglycerol and the cannabinoid
receptors. Chem. Phys. Lipids 108: 89 –106.
15. Sugiura, T., Y. Kobayashi, S. Oka, and K. Waku. 2002. Biosynthesis and degradation of anandamide and 2-arachidonoylglycerol and their possible phys-

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

iological significance. Prostaglandins Leukotrienes Essent. Fatty Acids 66:
173–192.
Stella, N., P. Schweitzer, and D. Piomelli. 1997. A second endogenous cannabinoid that modulates long-term potentiation. Nature 388: 773–778.
Varga, K., J. A. Wagner, D. T. Bridgen, and G. Kunos. 1998. Platelet- and
macrophage-derived endogenous cannabinoids are involved in endotoxin-induced
hypotension. FASEB J. 12: 1035–1044.
Di Marzo, V., T. Bisogno, L. De Petrocellis, D. Melck, P. Orlando, J. A. Wagner,
and G. Kunos. 1999. Biosynthesis and inactivation of the endocannabinoid
2-arachidonoylglycerol in circulating and tumoral macrophages. Eur. J. Biochem.
264: 258 –267.
Berdyshev, E. V., P. C. Schmid, R. J. Krebsbach, and H. H. O. Schmid. 2001.
Activation of PAF receptors results in enhanced synthesis of 2-arachidonoylglycerol (2-AG) in immune cells. FASEB J. 15: 2171–2178.
Sugiura, T., T. Kodaka, S. Nakane, T. Miyashita, S. Kondo, Y. Suhara,
H. Takayama, K. Waku, C. Seki, N. Baba, and Y. Ishima. 1999. Evidence that the
cannabinoid CB1 receptor is a 2-arachidonoylglycerol receptor: structure-activity
relationship of 2-arachidonoylglycerol, ether-linked analogues, and related compounds. J. Biol. Chem. 274: 2794 –2801.
Sugiura, T., S. Kondo, S. Kishimoto, T. Miyashita, S. Nakane, T. Kodaka,
Y. Suhara, H. Takayama, and K. Waku. 2000. Evidence that 2-arachidonoylglycerol but not N-palmitoylethanolamine or anandamide is the physiological
ligand for the cannabinoid CB2 receptor: comparison of the agonistic activities of various cannabinoid receptor ligands in HL-60 cells. J. Biol. Chem.
275: 605– 612.
Kobayashi, Y., S. Arai, K. Waku, and T. Sugiura. 2001. Activation by 2-arachidonoylglycerol, an endogenous cannabinoid receptor ligand, of p42/44 mitogenactivated protein kinase in HL-60 cells. J. Biochem. 129: 665– 669.
Kishimoto, S., Y. Kobayashi, S. Oka, M. Gokoh, K. Waku, and T. Sugiura.
2004. 2-Arachidonoylglycerol, an endogenous cannabinoid receptor ligand,
induces accelerated production of chemokines in HL-60 cells. J. Biochem.
135: 517–524.
Kishimoto, S., M. Gokoh, S. Oka, M. Muramatsu, T. Kajiwara, K. Waku, and
T. Sugiura. 2003. 2-Arachidonoylglycerol induces the migration of HL-60 cells
differentiated into macrophage-like cells and human peripheral blood monocytes
through the cannabinoid CB2 receptor-dependent mechanism. J. Biol. Chem. 278:
24469 –24475.
Kishimoto, S., M. Muramatsu, M. Gokoh, S. Oka, K. Waku, and T. Sugiura.
2005. Endogenous cannabinoid receptor ligand induces the migration of human
natural killer cells. J. Biochem. 137: 217–223.
Oka, S., S. Ikeda, S. Kishimoto, M. Gokoh, S. Yanagimoto, K. Waku, and
T. Sugiura. 2004. 2-Arachidonoylglycerol, an endogenous cannabinoid receptor ligand, induces the migration of EoL-1 human eosinophilic leukemia cells
and human peripheral blood eosinophils. J. Leukocyte Biol. 76: 1002–1009.
Jorda, M. A., S. E. Verbakel, P. J. Valk, Y. V. Vankan-Berkhoudt, M. Maccarrone,
A. Finazzi-Agro, B. Lowenberg, and R. Delwel. 2002. Hematopoietic cells expressing the peripheral cannabinoid receptor migrate in response to the endocannabinoid
2-arachidonoylglycerol. Blood 99: 2786 –2793.
Walter, L., A. Franklin, A. Witting, C. Wade, Y. Xie, G. Kunos, K. Mackie, and
N. Stella. 2003. Nonpsychotropic cannabinoid receptors regulate microglial cell
migration. J. Neurosci. 23: 1398 –1405.
Maestroni, G. J. 2004. The endogenous cannabinoid 2-arachidonoyl glycerol as
in vivo chemoattractant for dendritic cells and adjuvant for Th1 response to a
soluble protein. FASEB J. 18: 1914 –1916.
Oka, S., S. Yanagimoto, S. Ikeda, M. Gokoh, S. Kishimoto, K. Waku, Y. Ishima,
and T. Sugiura. 2005. Evidence for the involvement of the cannabinoid CB2
receptor and its endogenous ligand 2-arachidonoylglycerol in 12-O-tetradecanoylphorbol-13-acetate-induced acute inflammation in mouse ear. J. Biol. Chem.
280: 18488 –18497.
Gallily, R., A. Breuer, and R. Mechoulam. 2000. 2-Arachidonylglycerol, an endogenous cannabinoid, inhibits tumor necrosis factor-␣ production in murine
macrophages, and in mice. Eur. J. Pharmacol. 406: R5–R7.
Facchinetti, F., E. Del Giudice, S. Furegato, M. Passarotto, and A. Leon. 2003.
Cannabinoids ablate release of TNF␣ in rat microglial cells stimulated with lipopolysaccharide. Glia 41: 161–168.
Chang, Y. H., S. T. Lee, and W. W. Lin. 2001. Effects of cannabinoids on
LPS-stimulated inflammatory mediator release from macrophages: involvement
of eicosanoids. J. Cell. Biochem. 81: 715–723.
Ouyang, Y., S. G. Hwang, S. H. Han, and N. E. Kaminski. 1998. Suppression of
interleukin-2 by the putative endogenous cannabinoid 2-arachidonyl-glycerol is
mediated through down-regulation of the nuclear factor of activated T cells. Mol.
Pharmacol. 53: 676 – 683.
Bligh, E. G., and W. J. Dyer. 1959. A rapid method of total lipid extraction and
purification. Can. J. Biochem. Physiol. 37: 911–917.
Rouser, G., A. N. Siakotos, and S. Fleischer. 1966. Quantitative analysis of phospholipids by thin-layer chromatography and phosphorus analysis of spots. Lipids
1: 85– 86.
Kondo, S., H. Kondo, S. Nakane, T. Kodaka, A. Tokumura, K. Waku, and
T. Sugiura. 1998. 2-Arachidonoylglycerol, an endogenous cannabinoid receptor
agonist: identification as one of the major species of monoacylglycerols in various rat tissues, and evidence for its generation through Ca2⫹-dependent and
-independent mechanisms. FEBS Lett. 429: 152–156.
Sugiura, T., S. Kondo, A. Sukagawa, T. Tonegawa, S. Nakane, A. Yamashita,
Y. Ishima, and K. Waku. 1996. Transacylase-mediated and phosphodiesterasemediated synthesis of N-arachidonoylethanolamine, an endogenous cannabinoidreceptor ligand, in rat brain microsomes: comparison with synthesis from free
arachidonic acid and ethanolamine. Eur. J. Biochem. 240: 53– 62.

Downloaded from http://www.jimmunol.org/ by guest on September 17, 2021

found that SR144528 markedly suppressed the ear swelling induced by dinitrofluorobenzene in mice (S. Oka and T. Sugiura,
unpublished results). In contrast, Jan et al. (51) and Lunn et al. (52)
demonstrated that ⌬9-tetrahydrocannabinol and several CB2 receptor antagonists suppressed inflammatory reactions in the airway. These experimental results are generally consistent with the
experimental results obtained in the present study and previously
(30), although no information is available on 2-AG in these studies
by other investigators (50 –52). In any case, it is becoming evident
that the CB2 receptor and 2-AG play important roles in a variety
of acute and chronic inflammations. Further detailed studies on the
CB2 receptor and 2-AG are thus essential for a better understanding of the precise regulatory mechanisms of various inflammatory
reactions and immune responses.
In conclusion, we found that the amount of 2-AG was increased in the ear of sensitized mice following a challenge with
oxazolone. The CB2 receptor was involved in both the sensitization phase and the elicitation phase of oxazolone-induced
contact dermatitis. We also found that the CB2 receptor and
2-AG are closely involved in chronic dermatitis, which is accompanied by the infiltration of tissues by eosinophils. These
results strongly suggest that the CB2 receptor and 2-AG play
important stimulative roles in the sensitization, elicitation, and
exacerbation of allergic inflammation. A thorough elucidation
of the pathophysiological significance of the CB2 receptor and
2-AG in inflammatory reactions and immune responses would
thus open up new therapeutic approaches to allergic diseases in
humans.
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