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ABSTRACT

Cannabinoids exert most of their effects through the CB; re-
ceptor. This G protein-coupled receptor signals inhibition of
adenylyl cyclase, modulation of ion channels, and stimulation of
mitogen- and stress-activated protein kinases. In this article,
we report that A®-tetrahydrocannabinol (THC), the major active
component of marijuana, induces sphingomyelin hydrolysis in
primary astrocytes but not in other cells expressing the CB,
receptor, such as primary neurons, U373 MG astrocytoma
cells, and Chinese hamster ovary cells transfected with the CB,
receptor cDNA. THC-evoked sphingomyelin breakdown in as-
trocytes was also exerted by the endogenous cannabinoid
anandamide and the synthetic cannabinoid HU-210 and was
prevented by the selective CB, antagonist SR141716. By con-

trast, the effect of THC was not blocked by pertussis toxin,
pointing to a lack of involvement of G, proteins. A role for the
adaptor protein FAN in CB, receptor-coupled sphingomyelin
breakdown is supported by two observations: 1) coimmuno-
precipitation experiments show that the binding of FAN to the
CB, receptor is enhanced by THC and prevented by
SR141716; 2) cells expressing a dominant-negative form of
FAN are refractory to THC-induced sphingomyelin breakdown.
This is the first report showing that a G-protein-coupled recep-
tor induces sphingomyelin hydrolysis through FAN and that the
CB, cannabinoid receptor may signal independently of G,
proteins.

Cannabinoids, the active components of Cannabis sativa
(marijuana) and their endogenous counterparts, exert most
of their central and peripheral effects by binding to specific G
protein-coupled receptors (Howlett, 1995; Felder and Glass,
1998). To date, two different cannabinoid receptors have been
characterized and cloned from mammalian tissues: CB;
(Matsuda et al., 1990) and CB, (Munro et al., 1993). The CB,
receptor is mainly distributed in the central nervous system,
but is also present in peripheral nerve terminals, as well as
in extraneural organs such as testis, uterus, eye, vascular
endothelium, spleen, and tonsils. By contrast, the expression
of the CB, receptor is almost exclusively restricted to cells
and organs of the immune system. Activation of these recep-
tors has been shown to trigger several G, -protein-mediated
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signaling pathways. For example, both the CB; and the CB,
receptor signal inhibition of adenylyl cyclase and stimulation
of extracellular signal-regulated kinase, and the CB; recep-
tor is also coupled to modulation of Ca®* and K* channels
(Howlett, 1995; Felder and Glass, 1998). The discovery of a
family of endogenous ligands of cannabinoid receptors (Dev-
ane et al., 1992; Mechoulam et al., 1995) and the potential
therapeutic applications of cannabinoids (Voth and
Schwartz, 1997; Piomelli et al., 2000) have focused a lot of
attention on cannabinoids during recent years.

One of the most intriguing and unexplored signal-trans-
ducing actions of cannabinoids is their ability to activate the
sphingomyelin pathway. Thus, we have reported that A®-
tetrahydrocannabinol (THC), the major active component of
marijuana, induces sphingomyelin breakdown and intracel-
lular ceramide accumulation in primary astrocytes (Sdnchez
et al., 1998b; Blazquez et al., 1999) and C6 glioma cells

ABBREVIATIONS: THC, A°-tetrahydrocannabinol; TNF, tumor necrosis factor; CHO, Chinese hamster ovary; PMSF, phenylmethylsulfonyl
fluoride; FAN, factor associated with neutral sphingomyelinase activation; NSD, neutral sphingomyelinase activation domain.
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(Sanchez et al., 1998a; Galve-Roperh et al., 2000). Accumu-
lating evidence shows that ceramide generated upon sphin-
gomyelin hydrolysis acts as an ubiquitous second messenger
in the regulation of many physiological events related to
cellular differentiation, proliferation, and programmed death
(Kolesnick and Kronke, 1998; Hannun and Luberto, 2000).
The link between receptor activation, sphingomyelin break-
down, and ceramide generation is mostly supported by com-
prehensive studies on the 55-kDa tumor necrosis factor
(TNF) receptor, the 75-kDa neurotrophin receptor, and
CD95/Fas. In addition, exposure of cells to physical (e.g.,
ultraviolet radiation, heat shock), oxidative (e.g., reactive
oxygen species), bacterial (e.g., lipopolysaccharide), or viral
(e.g., human immunodeficiency virus 1) stimuli may evoke
changes in the activity of the sphingomyelin cycle (Kolesnick
and Kronke, 1998; Levade and Jaffrézou, 1999; Hannun and
Luberto, 2000). The potential pathophysiological implica-
tions of cannabinoid-induced sphingomyelin hydrolysis, how-
ever, are hampered by the absolute lack of knowledge of the
molecular mechanism responsible for this effect. The present
work was therefore undertaken to study the mechanism by
which cannabinoids induce sphingomyelin breakdown.

Materials and Methods

Reagents. The following materials were kindly donated: the plas-
mids carrying the full-length and truncated forms of FAN ¢cDNA (Dr.
S. Adam-Klages, Kiel University, Germany); the Chinese hamster
ovary (CHO) cells stably transfected with the rat CB; cannabinoid
receptor cDNA (Dr. T. I. Bonner, National Institutes of Health,
Bethesda, MD, and Dr. Z. Vogel, The Weizmann Institute, Rehovot,
Israel); the rabbit antibody raised against residues 1 to 14 of rat CB,
cannabinoid receptor (Dr. A. Howlett, St. Louis University, St. Louis,
MO); SR141716 and SR144528 (Sanofi Recherche, Montpellier,
France); JWH-133 (Dr. J. W. Huffman, Clemson University, SC); and
HU-210 (Prof. R. Mechoulam, Hebrew University, Jerusalem, Isra-
el). The rabbit antibody raised against the 200 C-terminal residues of
FAN was from Zymed Laboratories (South San Francisco, CA). THC,
anandamide, and methanandamide were from Sigma (St. Louis,
MO).

Cell Culture. Rat cortical astrocytes (Sanchez et al., 1998b), rat
cortical neurons (Sanchez et al., 1998a), the human astrocytoma
U373 MG (Sanchez et al., 1998a), and CHO cells transfected with the
rat CB; receptor cDNA (G6émez del Pulgar et al., 2000) were cultured
as described previously. The human umbilical-vein endothelial cell
line ECV304 was cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum. Twenty-four hours before
the experiment, cells were transferred to their respective serum-free
media. Stock solutions of cannabinoids were prepared in dimethyl
sulfoxide. Control incubations had the corresponding dimethyl sul-
foxide content. No significant influence of dimethyl sulfoxide was
observed on any of the parameters determined at the final concen-
tration used (0.1%, v/v).

Cell Transfection. ECV cells were transfected by electroporation
(240 V, 960 uF) with 10 pg of pcDNAS3 carrying the full-length
(encoding amino acids 3-917) or a truncated, dominant-negative
form (encoding amino acids 703-917) of the FAN ¢cDNA (Adam-
Klages et al., 1996; Ségui et al., 1999). Transfected cells were main-
tained in culture in the presence of 0.5 mg/ml G418.

Sphingomyelin and Ceramide Levels. Cells were incubated
for 48 h in their respective chemically-defined media supplemented
with 1 uCi of [*'H-methyl]choline (sphingomyelin levels) or 1 uCi of
L-[U-**C]serine (ceramide levels) per well. Reactions were started by
the addition of the different modulators and stopped with 0.85 ml of
methanol at the times indicated in the figure legends. Lipids were

extracted and saponified, and ceramide and sphingomyelin were
quantified (Blazquez et al., 1999).

Western Blot Analysis of FAN and the CB,; Receptor. Cells
were scraped from the plates, sonicated (2 X 5 s) on ice, and the
particulate fraction was obtained after centrifugation at 40,000g for
60 min. Samples were subjected to SDS-polyacrylamide gel electro-
phoresis and proteins were transferred onto nitrocellulose mem-
branes. After blocking the blots with 0.5% nonfat dry milk in phos-
phate-buffered saline supplemented with 0.1% Tween 20, Western
blots were performed with the anti-FAN (1:5000) or anti-CB; recep-
tor antibody (1:5000), and then with an anti-rabbit peroxidase-con-
jugated secondary antibody (1:5000). Blots were finally subjected to
luminography with an enhanced chemiluminescence detection kit.

Coimmunoprecipitation of FAN and the CB, Receptor. Cells
were exposed to different agents. Reactions were terminated by
washing cells with ice-cold PBS (10 mM NaP;, 150 mM NaCl, pH 7.4)
supplemented with 20 mM NaF, 20 mM NaPP;, 1 mM NaVO,, and 5
mM EDTA, and subsequent addition of ice-cold lysis buffer consist-
ing of 50 mM HEPES, pH 7.4, 150 mM NaCl, 10% (v/v) glycerol, 1%
(v/v) Triton X-100, 50 mM NaF, 1 mM NaVO,, 10 mM B-glycerophos-
phate, 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 pg/ml leu-
peptin, and 10 pg/ml aprotinin. The CB, receptor was immunopre-
cipitated from cell lysates (0.5-1.0 mg of total protein) with the
anti-CB; receptor antibody (10 wg) bound to protein G-agarose
(Séanchez et al., 1998b). Samples were washed five times with 50 mM
HEPES, pH 7.4, and 150 mM NaCl, supplemented with the afore-
mentioned proteinase inhibitors. Immune complexes were subjected
to SDS-polyacrylamide gel electrophoresis, and Western blot analy-
sis of FAN was performed as described above. Equal protein loading
was checked by Coomasie blue staining.

Statistical Analysis. Results shown represent the means = SD
of the number of experiments indicated in every case. Statistical
analysis was performed by analysis of variance. A post hoc analysis
was made by the Student-Neuman-Keuls test.

Results and Discussion

The CB, Cannabinoid Receptor of Astrocytes Is Cou-
pled to Sphingomyelin Hydrolysis through a Pertussis
Toxin-Insensitive Pathway. We have recently reported
that THC induces sphingomyelin breakdown and intracellu-
lar ceramide accumulation in primary astrocytes in a time-
and dose-dependent manner (Sanchez et al., 1998b; Blazquez
et al., 1999). Because rat primary astrocytes express the CB;
receptor mRNA (Bouaboula et al., 1995a) and protein
(Sanchez et al., 1998a), experiments were conducted to test
whether THC-evoked sphingomyelin breakdown was depen-
dent on this receptor. As shown in Fig. 1, the effect of 1 uM
THC was prevented by 1 uM SR141716, a selective CB;
receptor antagonist, but not by 1 uM SR144528, a selective
CB,, receptor antagonist. The synthetic cannabinoid agonist
HU-210 at 50 nM also stimulated sphingomyelin hydrolysis.
The endogenous cannabinoid ligand anandamide induced
sphingomyelin breakdown at 50 but not at 25 uM. Because
primary astrocytes have a high capacity to take up and
degrade anandamide (Di Marzo et al., 1994), we tested the
effect of PMSF, an inhibitor of anandamide hydrolysis, on
anandamide action. When coincubated with 100 uM PMSF,
25 uM anandamide was able to evoke maximal sphingomy-
elin breakdown (Fig. 1). Likewise, methanandamide, a stable
synthetic analog of anandamide, induced maximal sphingo-
myelin hydrolysis at 25 uM, indicating that anandamide
action is blunted by cellular degradation. The synthetic CB,
selective agonist JWH-133 at 50 nM did not significantly
affect sphingomyelin levels (Fig. 1). Interestingly, although it
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is well established that cannabinoid receptors are coupled to
G/, proteins, 50 ng/ml pertussis toxin was unable to prevent
THC-induced sphingomyelin breakdown (Fig. 1), whereas
under identical experimental conditions, pertussis toxin fully
blocked THC-induced activation of extracellular signal-regu-
lated kinase (Bouaboula et al., 1995b) and protein kinase B
(Goémez del Pulgar et al., 2000) (results not shown).

To test whether THC-induced sphingomyelin hydrolysis
also occurs in other cells expressing the CB; receptor, pri-
mary neurons, U373 MG astrocytoma cells, and CHO cells
transfected with the CB; receptor cDNA were examined.
However, THC was unable to induce a significant breakdown
of sphingomyelin in these cells (Fig. 2).

The Adaptor Protein FAN Couples the CB, Cannabi-
noid Receptor of Astrocytes to Sphingomyelin Break-
down. Extensive studies on the 55-kDa TNF receptor have
finely defined the domains of the receptor that allow coupling
to sphingomyelinase activation (Adam-Klages et al., 1998;
Kolesnick and Kronke, 1998). A protein designated as FAN
(for factor associated with neutral sphingomyelinase activa-
tion) has been shown by Krionke and coworkers (Adam-
Klages et al., 1996; Kreder et al., 1999) to couple the NSD (for
neutral sphingomyelinase activation domain) of the 55-kDa
TNF receptor to neutral sphingomyelinase activation. FAN
contains five WD repeats in its C-terminal portion that serve
as functional motifs to facilitate defined protein-protein in-
teractions. Interestingly, 8 subunits of heterotrimeric G pro-
teins are also WD-repeat proteins (Adam-Klages et al., 1998).
We therefore examined whether the CB; receptor may be
coupled to FAN in primary astrocytes and in U373 MG as-
trocytoma cells, the latter selected as an example of cells in
which THC is unable to induce sphingomyelin hydrolysis.
For this purpose, the CB; receptor was precipitated with a
specific antibody and FAN was subsequently detected by
immunoblotting. As shown in Fig. 3, FAN from primary
astrocytes was precipitated by the anti-CB; receptor anti-
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Fig. 1. The CB, cannabinoid receptor of astrocytes is coupled to sphin-
gomyelin hydrolysis. Astrocytes were incubated with or without 1 uM
SR141716 or SR144528 (30 min), 100 uM PMSF (30 min), or 50 ng/ml
pertussis toxin (PTX, 14 h), and then with or without 1 uM THC, 50 nM
HU-210, 25-50 uM anandamide (AEA), 25 uM methananandamide (M-
AEA), or 50 nM JWH-133 for 10 additional min. Results are expressed as
percentage of incubations with no additions and correspond to six differ-
ent experiments. Significantly different from incubations with no addi-
tions: *P < 0.05; **P < 0.01.
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body. Furthermore, pretreatment of astrocytes with THC
favored the binding of FAN to the CB; receptor, whereas
SR141716 prevented this association. By contrast, the effect
of THC was not evident in U373 MG astrocytoma cells, de-
spite the presence of FAN in these cells.

To test whether the FAN-CB; receptor interaction is func-
tionally relevant, we used ECV304 cells stably transfected
with either full-length FAN or a truncated, dominant-nega-
tive form of FAN that does not bind to the NSD domain of the
55-kDa TNF receptor and therefore blocks TNF-induced
sphingomyelin breakdown and ceramide generation (Adam-
Klages et al., 1996; Ségui et al., 1999). In line with a previous
report (Liu et al., 2000), ECV304 cells were shown to express
the CB; receptor (Fig. 4A). As shown in Fig. 4B, THC induced
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Fig. 2. Stimulation of sphingomyelin hydrolysis by THC in astrocytes but
not in other cell types. Primary astrocytes (O), U373 MG astrocytoma
cells (@), primary neurons ([]), and CHO cells stably transfected with the
CB, receptor (W) were exposed to 1 uM THC for the times indicated and
the radioactivity in cellular sphingomyelin (SM) was determined. Results
are expressed as percentage of incubations with no additions and corre-
spond to four different experiments. Significantly different from the cor-
responding incubations with no additions: *P < 0.05; **P < 0.01.
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Fig. 3. Association of FAN to the CB, cannabinoid receptor in astrocytes
but not in U373 MG astrocytoma cells. On the left, the presence of FAN
in astrocyte and U373 MG astrocytoma cell lysates is evidenced by
Western blotting (WB) with the anti-FAN antibody. For coimmunopre-
cipitation studies, astrocytes and U373 MG astrocytoma cells were
treated with THC and/or SR141716 (SR) as described in Fig. 1. Cellular
lysates were immunoprecipitated (IP) with the anti-CB; antibody and
Western blots were subsequently performed with the anti-FAN antibody
as described under Materials and Methods. Representative luminograms
are shown. Similar results were obtained in two other experiments.
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a transient breakdown of sphingomyelin in cells expressing
wild-type FAN but not in cells expressing dominant-negative
FAN. The involvement of the CB; receptor in THC-induced
sphingomyelin hydrolysis was proved by the antagonistic
effect of SR141716. As expected, THC-induced sphingomye-
lin breakdown occurred in concert with an elevation of intra-
cellular ceramide levels (Fig. 4C). HU-210 also induced
sphingomyelin hydrolysis in ECV304 cells expressing wild-
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Fig. 4. Cells expressing dominant-negative FAN are refractory to THC-
evoked sphingomyelin breakdown. A, presence of the CB; receptor in
ECV304 cells expressing wild-type FAN or a dominant-negative form of
FAN (AFAN). U373 MG astrocytoma cells were used as a control. A
representative luminogram is shown. Similar results were obtained in
two other experiments. B and C, ECV304 cells expressing dominant-
negative ([J) or wild-type FAN (&) were exposed to 1 uM THC for the
times indicated and the radioactivity in cellular sphingomyelin (SM) (B)
and ceramide (C) was determined. Cells expressing wild-type FAN were
also incubated with 1 uM SR141716 for 30 min followed by an additional
10 min with 1 uM THC (B). Results are expressed as percentage of
incubations with no additions and correspond to six different experi-
ments. Significantly different from incubations with no additions: *P <
0.05; **P < 0.01.
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type FAN, and this effect was prevented by SR141716 (re-
sults not shown).

The notion that FAN is coupled to the CB; receptor is
strengthened by the homology between the NSD of the 55-
kDa TNF receptor and a region of the CB; cannabinoid
receptor. NSD is a short, nine-amino-acid motif that includes
the sequence DSAHK (Adam-Klages et al., 1996), and the
CB; receptor contains the highly homologous sequence
DCLHK at amino acid positions 431 to 435 (Matsuda et al.,
1990). The DCLHK sequence 1) is conserved in rat, human,
mouse and cat CB; receptors (see SwissProt data bank:
CB1R); 2) is located in the C-terminal portion of the CB;
receptor (i.e., in a domain of the protein potentially involved
in the interaction with cytoplasmic effectors); and 3) is not
present in the CB,, receptor, which, in HL-60 cells at least, is
not coupled to sphingomyelin hydrolysis (results not shown).
It is difficult to evaluate whether the aforementioned se-
quence homology between the NSD of the 55-kDa TNF re-
ceptor and the NSD-like portion of the CB; receptor is actu-
ally significant. In this respect, it is worth noting that CD40,
a member of the TNF receptor superfamily, has been recently
shown to evoke sphingomyelin hydrolysis via FAN (Ségui et
al., 1999). The sequence QETLH in the cytoplasmic domain of
CD40, the one that fits better with a portion of the NSD of the
55-kDa TNF receptor (EDSAH), shares a lower similarity
with the latter than the CB; receptor. Nevertheless, as we
are aware, because the CB; receptor is not coupled to FAN in
U373 MG astrocytoma cells, which express FAN, additional,
still-unknown factors may be necessary for the CB; receptor
to activate sphingomyelin hydrolysis.

Conclusions

The sphingomyelin cycle plays and important role in the
regulation of cell physiology in the central nervous system
(Kolesnick and Kronke, 1998). Ceramide generated by chal-
lenge of astroglial cells to cannabinoids may serve as a sec-
ond messenger in the control of several functions [e.g., met-
abolic regulation (Sanchez et al., 1998b; Bldzquez et al.,
1999) and induction of apoptosis (Galve-Roperh et al., 2000)].
The notion that the CB; cannabinoid receptor, like the 55-
kDa TNF receptor, may control the activity of the sphingo-
myelin cycle (the present report) and of mitogen- (Bouaboula
et al., 1995b) and stress-activated protein kinases (Rueda et
al., 2000) points to a general role of cannabinoids as modu-
lators of glial cell fate. By showing that the CB, cannabinoid
receptor may be coupled to FAN independently of G, pro-
teins, this report opens a new conceptual view on the mech-
anism of cannabinoid action and contributes to the novel idea
that G protein-coupled receptors may signal via ceramide
(Limatola et al., 1999) as well as by mechanisms alternative
to the classical heterotrimeric-G protein paradigm (Hall et
al., 1999).

Acknowledgments

We are indebted to V. Garcia, N. Auge and T. Gémez del Pulgar for
expert technical assistance.

References

Adam-Klages S, Adam D, Wiegmann K, Struve S, Kolanus W, Schneider-Mergener
J and Krénke M (1996) FAN, a novel WD-repeat protein, couples the p55 TNF-
receptor to neutral sphingomyelinase. Cell 86:937-947.

Adam-Klages S, Schwandner R, Adam D, Kreder D, Bernardo K and Kréonke M
(1998) Distinct adapter proteins mediate acid versus neutral sphingomyelinase

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

activation through the p55 receptor for tumor necrosis factor. J Leukoc Biol
63:678—-682.

Blazquez C, Sanchez C, Daza A, Galve-Roperh I and Guzmén M (1999) The stimu-
lation of ketogenesis by cannabinoids in astrocytes defines carnitine palmitoyl-
transferase I as a new ceramide-activated enzyme. J Neurochem 72:1759-1768.

Bouaboula M, Bourrié B, Rinaldi-Carmona M, Shire D, Le Fur G and Casellas P
(1995a) Stimulation of cannabinoid receptor CB1 induces krox-24 expression in
human astrocytoma cells. J Biol Chem 270:13973-13980.

Bouaboula M, Poinot-Chazel C, Bourrié B, Canat X, Calandra B, Rinaldi-Carmona
M, Le Fur G and Casellas P (1995b) Activation of mitogen-activated protein
kinases by stimulation of the central cannabinoid receptor CB1. Biochem J 312:
637-641.

Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, Griffin G, Gibson D,
Mandelbaum A, Etinger A and Mechoulam R (1992) Isolation and structure of a
brain constituent that binds to the cannabinoid receptor. Science (Wash DC)
258:1946-1949.

Di Marzo V, Fontana A, Cadas H, Schinelli S, Cimino G, Schwartz JC and Piomelli
D (1994) Formation and inactivation of endogenous cannabinoid anandamide in
central neurons. Nature (Lond) 372:686—691.

Felder CC and Glass M (1998) Cannabinoid receptors and their endogenous agonists.
Annu Rev Pharmacol Toxicol 38:179—-200.

Galve-Roperh I, Sanchez C, Cortés ML, Gémez del Pulgar T, Izquierdo M and
Guzmén M (2000) Antitumoral action of cannabinoids: Involvement of sustained
ceramide accumulation and extracellular signal-regulated kinase activation. Nat
Med 6:313-319.

Gomez del Pulgar T, Velasco G and Guzman M (2000) The CB; cannabinoid receptor
is coupled to the activation of protein kinase B/Akt. Biochem J 347:369-373.

Hall RA, Premont RT and Lefkowitz RJ (1999) Heptahelical receptor signaling:
beyond the G protein paradigm. J Cell Biol 145:927-932.

Hannun YA and Luberto C (2000) Ceramide in the eukaryotic stress response.
Trends Cell Biol 10:73—80.

Howlett AC (1995) Pharmacology of cannabinoid receptors. Annu Rev Pharmacol
Toxicol 35:607—634.

Kolesnick RN and Kronke M (1998) Regulation of ceramide production and apopto-
sis. Annu Rev Physiol 60:643—665.

Kreder D, Krut O, Adam-Klages S, Wiegmann K, Scherer G, Plitz T, Jensen JM,
Proksch E, Steinmann J, Pfeffer K and Kronke M (1999) Impaired neutral sphin-
gomyelinase activation and cutaneous barrier repair in FAN-deficient mice.
EMBO J 18:2472-2479.

Levade T and Jaffrézou JP (1999) Signalling sphingomyelinases: which, where, how
and why? Biochim Biophys Acta 1438:1-17.

CB, Cannabinoid Receptor and Sphingomyelin Hydrolysis 959

Limatola C, Mileo AM, Giovanelli A, Vacca F, Ciotti MT, Mercanti D, Santoni A and
Eusebi F (1999) The growth-related gene product 8 induces sphingomyelin hydro-
lysis and activation of c-Jun N-terminal kinase in rat cerebellar granule neurons.
J Biol Chem 274:36537-36543.

Liu J, Mirshahi F, Sanyal AJ, Khanolkar AD, Makriyannis A and Kunos G (2000)
Functional CB1 cannabinoid receptors in human vascular endothelial cells. Bio-
chem J 346:835—840.

Matsuda LA, Lolait SJ, Brownstein M, Young A and Bonner TI (1990) Structure of
a cannabinoid receptor and functional expression of the cloned ¢cDNA. Nature
(Lond) 346:561-564.

Mechoulam R, Ben Shabat S, Hanus L, Ligumsky M, Kaminski NE, Schatz AR,
Gopher A, Almog S, Martin BR, Compton DR, Pertwee RG, Griffin G, Bayewitch
M, Barg J and Vogel Z (1995) Identification of an endogenous 2-monoglyceride,
present in canine gut, that binds to cannabinoid receptors. Biochem Pharmacol
50:83-90.

Munro S, Thomas KL and Abu-Shaar M (1993) Molecular characterization of a
peripheral receptor for cannabinoids. Nature (Lond) 365:61-65.

Piomelli D, Giuffrida A, Calignano A and Rodriguez de Fonseca F (2000) The
endocannabinoid system as a target for therapeutic drugs. Trends Pharmacol Sci
21:218-224.

Rueda D, Galve-Roperh I, Haro A and Guzmédn M (2000) The CB,; cannabinoid
receptor is coupled to the activaton of c-Jun N-terminal kinase. Mol Pharmacol
58:814-820.

Sanchez C, Galve-Roperh I, Canova C, Brachet P and Guzman M (1998a) A°-
Tetrahydrocannabinol induces apoptosis in C6 glioma cells. FEBS Lett 436:6—10.

Sanchez C, Galve-Roperh I, Rueda D and Guzman M (1998b) Involvement of sphin-
gomyelin hydrolysis and the mitogen-activated protein kinase cascade in the
A®-tetrahydrocannabinol-induced stimulation of glucose metabolism in primary
astrocytes. Mol Pharmacol 54:834—843.

Ségui B, Andrieu-Abadie N, Adam-Klages S, Meilhac O, Kreder D, Garcia V, Bruno
AP, Jaffrézou JP, Salvayre R, Kronke M, et al (1999) CD40 signals apoptosis
through FAN-regulated activation of the sphingomyelin-ceramide pathway. J Biol
Chem 274:37251-37258.

Voth E and Schwartz R (1997) Medicinal applications of delta-9-tetrahydrocannab-
inol and marijuana. Ann Intern Med 126:791-798.

Send reprint requests to: Dr. Manuel Guzmaén, Department of Biochemistry
and Molecular Biology I, School of Biology, Complutense University, 28040
Madrid, Spain. E-mail: mgp@bbm1.ucm.es

2T0Z ‘T Jeqwadaq uo 1sanb Aq Bio sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

