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ABSTRACT

The effects of cannabinoids on metabolic pathways and signal
transduction systems were studied in primary cultures of rat
astrocytes. A®-Tetrahydrocannabinol (THC), the major active
component of marijuana, increased the rate of glucose oxida-
tion to CO, as well as the rate of glucose incorporation into
phospholipids and glycogen. These effects of THC were mim-
icked by the synthetic cannabinoid HU-210, and prevented by
forskolin, pertussis toxin, and the CB1 receptor antagonist SR
141716. THC did not affect basal cAMP levels but partially
antagonized the forskolin-induced elevation of intracellular
cAMP concentration. THC stimulated p42/p44 mitogen-acti-
vated protein kinase (MAPK) activity, Raf-1 phosphorylation,
and Raf-1 translocation to the particulate cell fraction. In addi-
tion, the MAPK inhibitor PD 098095 and the phosphoinositide
3-kinase inhibitors wortmannin and LY 294002 were able to
antagonize the THC-induced stimulation of glucose oxidation

to CO,, phospholipid synthesis and glycogen synthesis. The
possible involvement of sphingomyelin breakdown in the met-
abolic effects of THC was studied subsequently. THC pro-
duced a rapid stimulation of sphingomyelin hydrolysis that was
concomitant to an elevation of intracellular ceramide levels.
This effect was prevented by SR 141716. Moreover, the cell-
permeable ceramide analog p-erythro-N-octanoylsphingosine,
as well as exogenous sphingomyelinase, were able in turn to
stimulate MAPK activity, to increase the amount of Raf-1 bound
to the particulate cell fraction, and to stimulate glucose metab-
olism. The latter effect was prevented by PD 098059 and was
not additive to that exerted by THC. Results thus indicate that
THC produces a cannabinoid receptor-mediated stimulation of
astrocyte metabolism that seems to rely on sphingomyelin
hydrolysis and MAPK stimulation.

Cannabinoids, the active components of marijuana, exert a
wide spectrum of effects such as alterations in cognition and
memory, analgesia, anticonvulsing, anti-inflammation, and
alleviation of both intraocular pressure and emesis (Abood
and Martin, 1992). It is currently well established that can-
nabinoids exert their effects by binding to specific plasma-
membrane receptors (Howlett, 1995). To date, two different
cannabinoid receptors have been characterized and cloned
from mammalian tissues: CB1 (Matsuda et al., 1990) and
CB2 (Munro et al., 1993). The CB1 receptor is mainly distrib-
uted in the central nervous system, whereas the CB2 recep-
tor is expressed in cells of the immune system but not in
brain (Matsuda et al., 1990; Munro et al., 1993; Howlett,
1995). Experiments conducted in transformed cells have
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Ciencia y Tecnologia (SAF 96/0113), Fondo de Investigaciéon Sanitaria (FIS
97/0039) and Comunidad Auténoma de Madrid (CAM-6648).

shown that signaling through the CB1 and the CB2 receptor
induces inhibition of adenylyl cyclase (Felder et al., 1995;
Slipetz et al., 1995) as well as stimulation of the MAPK
cascade (Bouaboula et al., 1995a, 1995b, 1996). The CB1
receptor is also coupled to other signal transduction systems,
such as inhibition of ion channels (Howlett, 1995; Pan et al.,
1997) and mobilization of arachidonic acid (Hunter et al.,
1997).

Astrocytes, the major class of glial cells in the mammalian
brain, play an important role in the homeostasis of the neu-
ronal microenvironment, the formation of the blood-brain
barrier, the guidance of neuron migration in the developing
embryo, and the secretion of neurotrophic factors for neuron
healing in several neuropathological situations (Fedoroff et
al., 1993). A major homeostatic function of astrocytes is the
regulation of brain energy metabolism (Magistretti and Pel-
lerin, 1996; Wiesinger et al., 1997). Thus, astrocytes provide

ABBREVIATIONS: MAPK, mitogen-activated protein kinase; Cg-ceramide, p-erythro-N-octanoylsphingosine; PI3K, phosphoinositide 3-kinase;
THC, A®-tetrahydrocannabinol; FCS, fetal calf serum; DMEM, Dulbecco’s modified Eagle’s medium; PMSF, phenylmethylsulfonyl fluoride; EGTA,
ethylene glycol bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
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neurons with anaplerotic metabolites and substrates for gen-
eration of energy (Magistretti and Pellerin, 1996; Wiesinger
et al., 1997). It is thus conceivable that neuropathological
processes, such as those induced by cannabinoid intoxication
(Abood and Martin, 1992), may perturb the homeostatic func-
tions of the astroglia, including those related to energy me-
tabolism. This could in turn lead to an impairment of neuro-
nal functionality. As a matter of fact, THC has been shown to
affect glucose metabolism in rat-glioma cells in vitro
(Sénchez et al., 1997) and in rat (Megulies and Hammer,
1991) and human brain (Volkow et al., 1996) in vivo.

A potential direct and specific action of cannabinoids on
astrocytes is supported by some recent observations. Thus,
for example, the CB1 receptor mRNA is expressed in astro-
cytes and astrocytoma cells (Bouaboula et al., 1995a). Astro-
cytes in culture have also been shown to bind and take up
anandamide, a putative endogenous ligand of the CB1 recep-
tor (Di Marzo et al., 1994). In astrocytoma cells, cannabinoids
lead to the stimulation of the MAPK cascade and to the
induction of the immediate-early gene krox-24 (Bouaboula et
al., 1995a, 1995b). However, the molecular events underlying
the cannabinoid-induced activation of the MAPK cascade are
as yet unknown. In addition, the potential implications of the
cannabinoid-induced stimulation of MAPK on astroglial
physiology (e.g., on metabolic-regulation systems) are also
unknown. Hence, the present work was undertaken to study
the mechanism by which cannabinoids may lead to the stim-
ulation of the MAPK cascade and the consequences this may
have on glucose metabolism in primary cultures of rat astro-
cytes.

Methods

Reagents. THC, neutral sphingomyelinase (from Staphylococcus
aureus) and 1-methyl-3-isobutylxantine were from Sigma Chemical
(St. Louis, MO). SR 141716 was a generous donation of Sanofi Re-
cherche (Montpellier, France). HU-210 was kindly given by Prof. R.
Mechoulam (Hebrew University, Jerusalem, Israel). Forskolin, per-
tussis toxin, wortmannin, LY 294002, PD 098059 and Cg-ceramide
were from Calbiochem (San Diego, CA, USA). p-[U-*C]glucose,
[methyl-*Clcholine, [9,10-*H]palmitic acid, [**P]P;, [y->2P]ATP, the
p42/p44 MAPK assay components, the [*’H]cAMP assay kit and the
electrochemiluminescence detection kit were from Amersham Inter-
national (Amersham, Bucks, UK). The anti-Raf-1 polyclonal anti-
body was from Santa Cruz Biotechnology (Santa Cruz, CA). The
anti-phosphotyrosine polyclonal antibody was from Zymed (San
Francisco, CA). FCS and all plastic material for cell cultures were
from Nunc (Roskilde, Denmark).

Cell cultures. Cortical or hippocampal astrocytes were derived
from 1-2-day-old rats and cultured as described previously (Galve-
Roperh et al., 1997b). Briefly, cells were seeded on plastic plates
previously coated with 5 pg/ml L-polyornithine in water. Cells were
cultured for 3 weeks in a mixture of DMEM medium and Ham’s F12
medium (1:1, v/v) supplemented with 0.66% (w/v) glucose, 5 ug/ml
streptomycin, 5 units/ml penicillin and 10% FCS. Cell cultures con-
sisted of 95% astrocytes as judged by immunocytochemical staining
of glial fibrillary acidic protein (Galve-Roperh et al., 1997b).

For all the experimental determinations performed (see below), 48
hr before the experiment, the FCS-containing medium was removed
and cells were transferred to a chemically-defined, serum-free me-
dium consisting of DMEM/Ham’s F12 (1:1, v/v) supplemented with 5
pg/ml insulin, 50 pg/ml human transferrin, 20 nM progesterone, 50
1M putrescine, 30 nM sodium selenite, and 0.1% (w/v) defatted and
dialyzed bovine serum albumin. Except for pertussis toxin, which
was prepared in water, 1000 X stock solutions of the different cellu-
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lar modulators used in this study were prepared in Me,SO. Then,
control incubations had the corresponding Me,SO content. No sig-
nificant influence of Me,SO on any of the parameters determined
was observed at the final concentration used (0.1%, v/v). Experi-
ments were performed at a cell density of ca. 6 X 10* cells (7 ug
protein)/cm?.

Determination of rates of ['*Clglucose metabolism. Rates of
[**Clglucose metabolism were monitored essentially as described
before (Sanchez et al., 1997). Briefly, astrocytes were cultured as
indicated above in 25-cm? flasks. Reactions were started by the
addition of 2 uCi of D-[U-“Clglucose and different effectors to the cell
cultures, and stopped with 0.3 ml of 2 m HClO, after 6 hr (pilot
experiments had shown that glucose utilization was linear at least
up to 8 hr). At the same time, 0.15 ml of benzethonium hydroxide
(1 M in methanol) was injected in a center well containing filter
paper. Samples were allowed to equilibrate for 12 additional hr, and
the center well (with the *CO, fixed as bicarbonate) was transferred
to vials for radioactive counting. The cell precipitates were neutral-
ized with K,CO5; and used to quantify phospholipids after lipid
extraction and thin layer chromatography on silica-gel G60 plates,
using hexane/diethyl ether/acetic acid (70:30:1, v/v/v) as developing
system (Sanchez et al., 1997).

For glycogen determination, after the 6-hr incubation period, the
medium was removed, cells were washed three times with NaCl/P;,
and reactions were stopped with 2 ml of 2 M NaOH. Five milligrams
of unlabeled glycogen was added as carrier, cells were scraped and
transferred to tubes, and glycogen was precipitated four times with
70% ethanol. Ethanol precipitates were digested with amyloglucosi-
dase and glycogen was quantified as described previously (Sanchez et
al., 1997).

Determination of cAMP concentration. Astrocytes were cul-
tured as indicated above in multiwell plates (9.4 cm? in diameter) in
the presence of 0.5 mM 1-methyl-3-isobutylxantine, a phosphodies-
terase inhibitor. After 15 min, cells were further exposed to different
effectors. Then, reactions were stopped by the addition of 1 ml of
acidic ethanol (1 ml of concentrated HCI/100 ml ethanol). Cell lysates
were scraped off, transferred to tubes and then centrifuged (2000 X
g, 10 min) to remove any remaining cell fragments. Supernatants
were subsequently collected, lyophilized, and quantified for cAMP
using a cAMP assay Kkit.

MAPK assay. Astrocytes were cultured as indicated above in
multiwell plates (9.4 cm? in diameter) and exposed to different
agents. Reactions were terminated by washing with ice-cold PBS (1%
= 10 mM NaPi, 150 mm NaCl, pH 7.4) and addition of 500 ul of
ice-cold lysis buffer consisting of 10 mm Tris-HCl, pH 7.4, 150 mMm
NaCl, 2 mm EGTA, 2 mM dithiothreitol, 40 ug/ml digitonin, 1 mm
orthovanadate, 1 mMm PMSF, 10 ug/ml leupeptin, and 10 pg/ml apro-
tinin. Cell debris were precipitated at 25,000 X g for 20 min and
MAPK activity was measured in the supernatant. p42/p44 MAPK
activity was then assayed by mixing 15 ul of the cell extract with 10
ul of substrate buffer (6 mM substrate peptide, 756 mm HEPES, pH
7.4, 0.3 mM sodium orthovanadate, and 0.05% sodium azide) and 5 ul
of ATP medium (0.3 mM [y-*2PJATP (0.3 uC/ul) and 90 mm MgCl,,
according to Galve-Roperh et al. (1997b).

Raf-1 immunoprecipitation. Raf-1 was immunoprecipitated
from astrocytes cultured in 57-cm? dishes essentially as described by
Galve-Roperh et al. (1997a, 1997b). In the case of >?P-labeling exper-
iments, the chemically defined medium was replaced with P;-free
DMEM and cells were loaded with [*2P]P; (100 wCi/dish) for 4 hr.
Cells were stimulated as described in the text and lysates were
further obtained by treating cells with a buffer containing 50 mm
Tris'HCL, pH 7.5, 2 mm EDTA, 1 mMm EGTA, 1% Triton X-100, 1
mg/ml bovine serum albumin, 150 mM NaCl, 10 mM 2-mercaptoetha-
nol, 1 mM PMSF, 5 ug/ml leupeptin, 2 ug/ml aprotinin, 10 ug/ml
soybean trypsin inhibitor, and 10 ug/ml benzamidine. Samples were
treated with 7.5 pug/ml anti-Raf-1 antibody bound to anti-rabbit
agarose-linked IgG. Phosphorylation was determined in the immu-
noprecipitates after sodium dodecyl sulfate-polyacrylamide gel elec-
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trophoresis and either autoradiography of the gels (32P-labeled
Raf-1) or luminography. In the latter case, samples were transferred
onto nitrocellulose membranes. The blots were then blocked with 5%
fat-free dried milk in PBS supplemented with 0.1% Tween 20. They
were subsequently incubated with the anti-phosphotyrosine anti-
body (1 pg/ml) in PBS/Tween 20 for 1 hr at room temperature, and
washed thoroughly. The blots were then incubated with anti-rabbit
peroxidase-conjugated secondary antibody (1:5000) for 1 hr at room
temperature, and finally subjected to luminography with an electro-
chemiluminescence detection kit.

Western blot analysis of Raf-1. Astrocytes were cultured as
indicated above in 57-cm? dishes. After stimulation with different
effectors as indicated in the text, the medium was aspirated, cells
were washed with ice-cold PBS, and 500 ul of ice-cold lysis medium
was added onto the plates. This medium contained 50 mm Tris-HCI,
pH 7.5, 5 mMm EDTA, 1 mMm EGTA, 10 mM 2-mercaptoethanol, 1 mm
PMSF, 5 pg/ml leupeptin, 2 pg/ml aprotinin, 10 pg/ml soybean
trypsin inhibitor, and 10 pg/ml benzamidine. Cells were scraped
from the plates, sonicated (2 X 10 sec) on ice, and the particulate
fraction was obtained after centrifugation at 40,000 X g for 60 min.
Samples were subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and proteins were further transferred onto nitro-
cellulose membranes. Luminographic analysis was performed as de-
scribed above after incubation of the blots with the anti-Raf-1 anti-
body (1:250).

Determination of sphingomyelin hydrolysis. Astrocytes were
cultured in multiwell plates (9.4 cm? in diameter). Two days before
the experiment, cells were transferred to chemically defined medium
(see above) supplemented with 1 uCi of [methyl-'*Clcholine per well.
Reactions were started by the addition of the different agonists and
terminated by aspiration of the medium and addition of 1 ml meth-
anol. Samples were further treated as described by Mathias et al.
(1993). Briefly, lipids were extracted with chloroform/methanol/HCl
(100:100:1, v/v/v) containing 15 mM EDTA and saponified in 0.1 M
methanolic KOH. Sphingomyelin was resolved by thin layer chroma-
tography on silica-gel G60 plates with chloroform/methanol/acetic
acid/water (60:30:8:5, v/v/v/v) as developing system.

Determination of ceramide levels. Astrocytes were cultured as
described above for determination of sphingomyelin hydrolysis but 1
uCi of [9,10-*H]palmitate was used instead of radiolabeled choline.
Lipids were extracted and saponified (Mathias et al., 1993), and
ceramide was resolved by thin layer chromatography on silica-gel
G60 plates with chloroform/methanol/water (100:42:6, v/v/v) as de-
veloping system until the front reached two thirds of the plate. The
solvent was then evaporated and plates were subsequently run with
chloroform/methanol/acetic acid (94:1:5, v/v/v) until the front
reached the top of the plate.

Statistical analysis. Results shown represent the mean * stan-
dard deviation of the number of experiments indicated in every case.
In the case of metabolic parameters, five or six different replicates of
the various conditions included in each experiment were routinely
performed. In the rest of the parameters, every experimental condi-
tion was assayed in triplicate. Statistical analysis was performed by
ANOVA. A post hoc analysis was made by the Student-Neuman-
Keuls test.

Results

Effect of THC on glucose metabolism. The effect of
THC on glucose metabolism was studied in primary cultures
of newborn-rat astrocytes. At physiologically relevant con-
centrations (Abood and Martin, 1992), THC induced a signif-
icant dose-dependent stimulation of glucose oxidation to CO,
in primary cultures of rat cortical astrocytes. Half-maximal
stimulation of CO, production was observed at ~ 8 nm THC
(Fig. 1), which is in the range of the binding affinity of THC
for cannabinoid receptors in whole-cell systems (Howlett,

1995). Because the maximal effect of THC occurred at 100 nm
(Fig. 1), further experiments were conducted with that stan-
dard dose of THC.

As shown in Table 1, not only glucose oxidation to CO,, but
also glucose utilization for phospholipid and glycogen synthe-
ses were activated by THC. The effects exerted by THC on
these three metabolic pathways were quantitatively similar
(Table 1). In addition, although it has been reported that the
CB1 cannabinoid receptor may display an heterogeneous dis-
tribution within the newborn-rat brain (Romero et al., 1997),
no significant differences were observed between cortical and
hippocampal astrocytes either in the basal rates of glucose
metabolism or in the response of glucose-metabolizing path-
ways to THC (Table 1).

Bouaboula et al. (1995a) have shown that rat astrocytes
and astrocytoma cells express the mRNA for the CB1 canna-
binoid receptor. Therefore, several experiments were per-
formed to test whether the THC-induced stimulation of glu-
cose metabolism in astrocytes was a cannabinoid receptor-
mediated process. The maximal stimulatory effect elicited by
THC on glucose oxidation was similar to that produced by
HU-210, a very potent and specific synthetic cannabinoid
(Fig. 1). HU-210 has been reported to bind to cannabinoid
receptors with much higher affinity than THC (Howlett,
1995). Thus, half-maximal stimulation of CO, production
(Fig. 1) occurred at ~ 0.8 nm HU-210 [i.e., in the range of the
binding affinity of HU-210 for cannabinoid receptors in
whole-cell systems (Howlett, 1995)]. As shown in Table 1,
HU-210 also induced a ~50% stimulation of phospholipid
and glycogen syntheses from glucose.

Because both pertussis toxin and forskolin are widely used
to demonstrate receptor-dependent effects of cannabinoids
(Howlett, 1995), the effect of these two compounds on the
metabolic effects of THC was tested. As shown in Table 1, the
stimulatory effect of THC on glucose utilization was abol-
ished by treatment of cells with pertussis toxin, which pre-
vents the dissociation of G,/G, proteins, and with forskolin,

175 +
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Fig. 1. Dose-dependent stimulation of glucose oxidation by THC and
HU-210 in primary cultures of cortical astrocytes. Cells were incubated
with different concentrations of THC (O) or HU-210 (@). Results are
expressed as percentage of incubations with no additions and correspond
to four different experiments for each condition.




which stimulates adenylyl cyclase. Furthermore, the stimu-
latory effect of THC on glucose metabolism was antagonized
by SR 141716 (Table 1), a selective CB1 receptor antagonist.
Forskolin per se produced a significant inhibition of phospho-
lipid and glycogen syntheses, whereas neither pertussis toxin
nor SR141716 at the concentrations used had any significant
effect on the three metabolic pathways studied (Table 1).

Effect of THC on cAMP concentration. In a first at-
tempt to elucidate the mechanism of the cannabinoid-in-
duced stimulation of glucose metabolism, the intracellular
concentration of cAMP was determined. THC and HU-210
partially antagonized the forskolin-induced elevation of in-
tracellular cAMP concentration (Fig. 2), pointing to a G;
protein-mediated inhibition of adenylyl cyclase by cannabi-
noids in primary astrocytes. As also shown for glucose oxida-
tion (Fig. 1), HU-210 was much more potent than THC in
preventing forskolin-stimulated cAMP accumulation (Fig. 2).
The effect of cannabinoids on the forskolin-induced elevation
of cAMP levels was not evident when SR 141716 was present
in the culture medium (Table 2), pointing to an involvement
of the CB1 cannabinoid receptor in this cannabinoid action.
However, neither THC nor HU-210 were able per se to affect
basal cAMP levels (Table 2), indicating that factors in addi-
tion to modulation of adenylyl cyclase should be involved in
the cannabinoid-induced stimulation of glucose utilization.

Effect of THC on MAPK activity, Raf-1 phosphoryla-
tion, and Raf-1 intracellular localization. Different stud-
ies have demonstrated an activation of the MAPK cascade in
astrocytes in response to growth factors and regulatory pep-
tides that act via G protein-coupled receptors (Bhat, 1995).
Likewise, the activity of p42/p44 MAPK was stimulated by
THC, and this effect was prevented by SR141716 and per-
tussis toxin (Table 3). In line with data obtained by
Bouaboula et al. (1995a, 1995b) in astrocytoma cells, forsko-
lin per se produced a strikingly strong stimulation of p42/p44
MAPK in astrocytes (Table 3).

Raf-1 represents a pivotal element in the MAPK cascade
(Morrison and Cutler, 1997). It is generally believed that

TABLE 1
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Raf-1 kinase activity is tightly controlled by multisite phos-
phorylation, although the molecular details underlying this
process are as yet unknown (Morrison and Cutler, 1997;
Wartmann et al., 1997). As shown in Fig. 3A, THC was able
to stimulate the phosphorylation of Raf-1 in primary cultures
of astrocytes. As previously reported (Wartmann et al., 1997),
forskolin also induced Raf-1 phosphorylation (Fig. 3A).

It has been reported that depending on the amino acid
residues in which it is phosphorylated, Raf-1 may become
activated or inhibited (Morrison and Cutler, 1997). It is gen-
erally considered that phosphorylation of Raf-1 tyrosine res-
idues produces an activation of Raf-1 protein kinase in vivo
(Morrison and Cutler, 1997). Therefore, we determined the
effect of THC and forskolin on Raf-1 tyrosine phosphorylation
in cultured astrocytes. As shown in Fig. 3B, THC enhanced
and forskolin inhibited the phosphorylation of Raf-1 tyrosine
residues, indicating that the former activates Raf-1 and the
latter inhibits Raf-1. To support this notion, and because it is
well established that Raf-1 activation occurs in concert with
its translocation from the soluble to the particulate cell frac-
tion (Morrison and Cutler, 1997; Wartmann et al., 1997), the
recovery of Raf-1 protein in the particulate fraction of astro-
cytes was determined. As shown in Fig. 3C, treatment of
astrocytes with THC increased the recovery of Raf-1 in the
particulate fraction of the cell, and this effect was prevented
by SR141716. In contrast, forskolin decreased the recovery of
Raf-1 in the membrane fraction and prevented the THC-
induced translocation of Raf-1. Data therefore indicate that
THC and forskolin seem to have opposite effects on Raf-1
activity, the former activating Raf-1 and the latter inhibiting
Raf-1.

Effect of MAPK inhibitors on the THC-induced stim-
ulation of glucose metabolism. To test whether the
MAPK cascade may be involved in the THC-induced stimu-
lation of glucose metabolism in primary astrocytes, experi-
ments with PD 098059 were conducted. PD 098059 is a
cell-permeable, specific inhibitor of MAPK kinase which is
widely used to demonstrate MAPK-dependent processes in

Effect of THC and other cellular modulators on glucose metabolism in primary cultures of cortical and hippocampal astrocytes

Final concentrations of the different additions were: THC, 100 nv; HU-210, 10 nm; SR 141716, 1 uM; pertussis toxin, 25 ng/ml; and forskolin, 20 um. Results are expressed
as nanomoles [**Clglucose into product/hr per 106 cells and correspond to six different experiments for each condition. Values in parentheses indicate the percentage of

incubations with no additions.

CO,, production

Phospholipid synthesis Glycogen synthesis

Additions
Cortex Hippocampus Cortex Hippocampus Cortex Hippocampus
None 34.7 £ 2.8 30.8 £ 4.6 92+ 17 86 *+13 16.8 = 1.0 175+ 1.2
(100) (100) (100) (100) (100) (100)
THC 53.8 £ 5.9¢ 46.5 = 6.8 13.6 = 1.4¢ 12.3 = 1.2¢ 23.7 £ 2.7 27.3 £1.2¢
(155) (151) (148) (143) (141) (156)
HU-210 55.5 = 6.6 n.d. 13.5 + 1.4 n.d. 23.7 = 2.2 n.d.
(160) (147) (141)
SR 141716 35.8 4.1 n.d. 89+15 n.d. 16.4 =19 n.d.
(103) 97) (98)
THC + SR 141716 344 *+35 339+ 34 86*+14 79+13 170 = 1.2 16.3 = 0.5
(99) (110) 93) (91) (101) (93)
Pertussis toxin 33.1+4.8 n.d. 9.0 +0.8 n.d. 16.6 + 2.3 n.d.
(95) (98) (99)
THC + Pertussis toxin 36.1 = 6.2 33.3 = 3.6 91+16 82+05 16.0 = 1.7 n.d.
(104) (108) (99) (95) (95)
Forskolin 32172 314 £55 6.4 = 0.8 5.7 £0.9¢ 8.6 = 2.4 n.d.
(93) (102) (70) (66) (51)
THC + Forskolin 36.8 2.5 31.7+1.8 88*+14 86+14 17.3 £ 1.2 n.d.
(106) (103) (96) (100) (103)

¢ Significantly different (p < 0.01) versus the respective incubations with no additions.

n.d., not determined.
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intact cells (Cohen et al., 1997). As shown in Fig. 4, PD
098059 significantly antagonized the THC-induced stimula-
tion of glucose oxidation to CO, as well as of phospholipid and
glycogen syntheses. Interestingly, PD 098059 was unable to
prevent the inhibitory effects of forskolin on glucose metab-
olism in cultured astrocytes (Fig. 4).

The cannabinoid-induced stimulation of the MAPK cas-
cade has been shown to be prevented by wortmannin, an
inhibitor of PI3K (Bouaboula et al., 1997). Hence the effect of
this compound was also tested on the THC-induced stimula-
tion of glucose metabolism in primary astrocytes. Like PD
098059, wortmannin significantly antagonized the THC-in-
duced stimulation of CO,, phospholipid and glycogen forma-
tion from glucose (Fig. 4). The addition of LY 294002 -another
PI3K inhibitor- to the astrocyte incubation medium also pre-
vented the effects of THC on glucose metabolism (Fig. 4).
Neither PD 098059 nor wortmannin nor LY 294002 added
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Fig. 2. Dose-dependent inhibition by THC and HU-210 of forskolin-
stimulated cAMP accumulation in primary cultures of cortical astrocytes.
Cells were exposed to different concentrations of THC (O) or HU-210 (@)
for 10 min and incubations were continued for an additional 10-min
period in the presence of 20 uMm forskolin. Results are expressed as
percentage of incubations with forskolin and correspond to four different
experiments for each condition.

TABLE 2

Effect of THC and other cellular modulators on intracellular cAMP
concentration in primary cultures of cortical astrocytes

Astrocytes were exposed to the different agents for 10 min. Incubations with canna-
binoids and forskolin were performed as in Fig. 2. When SR 141716 was used, cells
were preincubated with this compound for 30 min before the addition of THC and
forskolin. Results correspond to four different experiments for each condition. Final
concentrations of the different additions were as in Table 1.

Additions [cAMP]

nmol /106 cells
None 1.65 + 0.20°
THC 1.99 = 0.37°
Forskolin 20.20 * 6.32¢
THC + Forskolin 5.24 + 0.27¢®
SR 141716 + THC + Forskolin 18.99 * 1.14¢
HU-210 1.44 + 0.15°
HU-210 + Forskolin 3.73 + 0.23%
SR 141716 + HU-210 + Forskolin 18.98 + 1.20¢

¢ Significantly different (p < 0.01) versus incubations with no additions.
b Significantly different (p < 0.01) versus incubations with forskolin.

alone had any significant effect on the three metabolic path-
ways studied (results not shown).

Effect of THC on sphingomyelin hydrolysis and cer-
amide formation. Sphingomyelin hydrolysis is a key pro-
cess in the control of many physiological events related to
signal transduction and cellular regulation (Hannun, 1996).
Thus, a role of ceramide (the product of sphingomyelin break-
down) in the activation of the MAPK cascade has been sug-
gested (Hannun, 1996). Hence we investigated the possible
effect of THC on sphingomyelin hydrolysis. As shown in Fig.
5A, the addition of THC to the astrocyte culture medium
produced a rapid and significant time-dependent breakdown
of cellular sphingomyelin. This was concomitant to a remark-
able elevation of intracellular ceramide levels (Fig. 5B). The
effect of THC on sphingomyelin breakdown and ceramide
generation seemed to rely on a cannabinoid receptor-depen-
dent process because it was prevented by SR141716. Thus,
relative values of radioactivity in sphingomyelin were 100 =
5 for untreated cells, 76 + 4 for cells treated for 30 min with
100 nmM THC (p < 0.01 versus untreated cells), 98 = 6 for cells
treated for 30 min with 1 um SR141716, and 95 *+ 4 for cells
pretreated with 1 um SR141716 for 30 min followed by 30
min with 100 nMm THC (n = 4). In addition, relative values of
radioactivity in ceramide were 100 = 7 for untreated cells,
212 * 21 for cells treated for 10 min with 100 nm THC (p <
0.01 versus untreated cells), 104 = 18 for cells treated for 30
min with 1 um SR141716, and 95 * 38 for cells pretreated
with 1 um SR141716 for 30 min followed by 10 min with 100
nM THC (n = 4).

Effect of Cg-ceramide and exogenous sphingomyeli-
nase on MAPK activity, Raf-1 intracellular localiza-
tion, and glucose metabolism. Because THC triggers
sphingomyelin breakdown and ceramide generation (see
above), and ceramide has been shown to activate the MAPK
cascade (Hannun, 1996), experiments were conducted subse-
quently to study whether sphingomyelin breakdown may be
linked to the metabolic effects of THC in primary astrocytes.
Sphingomyelin breakdown was thus triggered by addition of
exogenous neutral sphingomyelinase to the astrocyte incuba-
tion medium. In addition, ceramide action was mimicked by
addition of Cg-ceramide, a cell-permeable ceramide analog.
Both exogenous sphingomyelinase and Cg-ceramide were
able to stimulate MAPK activity (Table 2) and to induce the
translocation of Raf-1 to the astrocyte particulate fraction

TABLE 3

Effect of THC and other cellular modulators on p42/p44 MAPK activity
in primary cultures of cortical astrocytes

Astrocytes were exposed to the different agents for 10 min. In the case of incubations
containing SR 141716, cells were preincubated for 30 min with this compound before
THC was added. Results correspond to four different experiments for each experi-
mental condition. Final concentrations of the different additions were: THC, 100 nw;
SR 141716, 1 um; pertussis toxin, 25 ng/ml; HU-210, 10 nm; forskolin, 20 um;
Cg-ceramide, 25 uM; and sphingomyelinase, 0.2 units/ml.

Additions MAPK activity
pmol/min X 10 cells

None 15.2 + 3.0
THC 52.7 = 13.3%
SR 141716 + THC 15.7 + 3.8
Pertussis toxin + THC 17.1 = 4.2
HU-210 56.4 = 15.9*
Forskolin 216.4 * 55.8¢
Cg-ceramide 63.5 = 1.7¢
Sphingomyelinase 83.4 + 12.7¢

¢ Significantly different (p < 0.01) versus incubations with no additions.



(Fig. 3D). Exogenous sphingomyelinase and Cg-ceramide
have also been shown to increase Raf-1 phosphorylation in
primary cultures of rat astrocytes (Galve-Roperh et al.,
1997b). Furthermore, both exogenous sphingomyelinase and
Cg-ceramide stimulated glucose oxidation to CO, and glucose
incorporation into phospholipids and glycogen in a similar
fashion than THC (Fig. 4). Fig. 4 also shows that the meta-
bolic effects of both exogenous sphingomyelinase and Cg-
ceramide were prevented by PD 098059, indicating that they
rely on MAPK activation, and were not additive to those
exerted by THC, pointing to a common mechanism of action.
All these observations indicate in short that the activation of
the sphingomyelin pathway may be linked to the stimulatory
effects of THC on MAPK activity and glucose metabolism in
cultured astrocytes.
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Fig. 3. Effect of THC and other cellular modulators on the phosphory-
lation state of Raf-1 and the recovery of Raf-1 in the particulate fraction
in primary cultures of cortical astrocytes. Cells were incubated as de-
scribed in Tables 2 and 3. One representative experiment is shown in
every case. Essentially identical results were obtained in two other ex-
periments of each condition. A, Raf-1 phosphorylation as determined by
immunoprecipitation from *?P-labeled cells. B, Raf-1 phosphorylation as
determined by Western blotting with an anti-phosphotyrosine antibody.
C and D, Amount of Raf-1 bound to the particulate fraction as determined
by Western blotting with an anti-Raf-1 antibody. FSK, forskolin; SR, SR
141716; SMase, sphingomyelinase; Cg-cer, Cq-ceramide.
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Discussion
Receptor-Dependency of the Effects of THC

Data herein show that in primary astrocytes, THC stimu-
lates glucose metabolism at doses similar to those found in
plasma from humans who had smoked marijuana or from
laboratory animals that were injected with THC (i.e., up to
0.2—0.3 um) (Abood and Martin, 1992). In addition, the effects
of THC and HU-210 occurred at concentrations ranging the
respective binding affinities for cannabinoid receptors in
whole-cell systems (Howlett, 1995). All this supports a pos-
sible physiological relevance of the metabolic effects of can-
nabinoids described herein.

On the basis of the antagonism exerted by pertussis toxin
and especially SR 141716, the THC-induced metabolic stim-
ulation of astrocytes seems to be a CB1 receptor-mediated
process. This is in line with the observation that primary rat
astrocytes and human astrocytoma cells express the CB1
receptor mRNA (Bouaboula et al., 1995a). However, these
observations must be interpreted with caution, because other
investigators have been unable to detect the CB1 receptor
mRNA in primary cultures of rat astrocytes (Ferndndez-Ruiz
JdJ, Ramos JA, Hernandez ML, Garcia-Gil L, and Barrendero
F, unpublished observations). The reason for this discrep-
ancy is not obvious, because similar protocols for mRNA
extraction and amplification were used in the two studies. In
addition, cannabinoids produce a quantitatively similar stim-
ulation of glucose metabolism in cortical and hippocampal
astrocytes, despite the severalfold higher abundance of the
CB1 receptor mRNA in the former than in the latter (Case-
llas P and Bouaboula M, unpublished observations). Further-
more, the possible existence of two different isoforms of the
central cannabinoid receptor (i.e., CB1 and CB1A) in rat
brain should be kept in mind. Both CB1 and CB1A bind
SR141716 and are coupled to activation of the MAPK cascade
through a pertussis toxin-sensitive G protein (Rinaldi-Car-
mona et al., 1996).

Possible Mechanism of THC Action

In the context of the data presented in this report, several
potential mechanisms may be considered to explain the ef-
fects of cannabinoids on the MAPK cascade:

Involvement of a G,/G, protein. The involvement of a
G;/G, protein in the cannabinoid-induced stimulation of the
MAPK cascade and glucose utilization is supported by the
blockade exerted by pertussis toxin (see also Bouaboula et al.,
1995b). Cannabinoid receptors are considered to be coupled
to G; protein (Howlett, 1995). Upon occupation of cannabi-
noid receptors, G; protein should therefore dissociate into G;,,
and By subunits. Besides G;,’s well known effect on adenylyl
cyclase, it may have additional targets (compare Post and
Brown, 1996). However, in the context of the cannabinoid-
induced stimulation of the MAPK cascade a possible role for
G, is not obvious. More likely, the By subunits released from
G; proteins, as suggested by Bouaboula et al. (1995b), may
mediate (at least in part) the observed response to THC by
acting on a component of the MAPK cascade. The activation
of Ras by By subunits leads to the binding of Raf-1 to the
plasma membrane and the subsequent activation of Raf-1
protein kinase activity (Post and Brown, 1996; Morrison and
Cutler, 1997). The observation that THC induces the trans-
location of Raf-1 to the particulate cell fraction by a SR
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141716-sensitive process indicates that the activation of Ras
by By subunits might play a role in the cannabinoid-induced
stimulation of the MAPK cascade.

PI3K: a link between G protein-coupled receptors
and Gg,-mediated MAPK activation? It is well estab-
lished that PI3K plays a central role in the control of many
events related to cell growth and development as regulated
by growth factors such as insulin, platelet-derived growth
factor, epidermal growth factor, and interleukin-2 (Toker and
Cantley, 1997). Class I, PI3Ks are activated upon occupation
of growth factor receptors with tyrosine kinase activity

through adaptor subunits containing Src homology domains
(Vanhaesebroeck et al., 1997). Interestingly, class Iz PI3Ks
(e.g., PI3K v) are stimulated by G protein By subunits and do
not interact with Src homology-domain-containing adaptors
(Vanhaesebroeck et al., 1997). Thus, PI3K has been sug-
gested to be a link between G protein-coupled receptors and
Gg,-mediated MAPK activation (e.g., Lépez-Ilasaca et al.,
1997). Although the PISK isoform pattern expressed by rat
astrocytes has not been reported to date, a potential role for
PI3K in cannabinoid action in astrocytes might be suggested
on the basis of the antagonistic effect of PI3K inhibitors on
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Fig. 4. Effect of PD 098059, wortmannin,
LY 294002, exogenous sphingomyelinase,
and Cg-ceramide on glucose metabolism in
primary cultures of cortical astrocytes. Final
concentrations of the different additions
were: THC, 100 nm; PD 098059 (PD), 50 um;
wortmannin (WM), 100 nm; LY 294002 (LY),
50 uM; sphingomyelinase (SMase), 0.2 U/ml;
Cg-ceramide (Cg-cer), 25 uMm; and forskolin
(FSK), 20 uM. Results are expressed as per-
centage of incubations with no additions and
correspond to six different experiments for
each condition. *, Significantly different (p <
0.01) versus incubations with no additions.




the cannabinoid-induced stimulation of glucose metabolism
(discussed herein) and MAPK activity (Bouaboula et al.,
1997). Nevertheless, we are aware that some of the antago-
nistic effects of wortmannin have been claimed to be inde-
pendent of PI3K inhibition, though wortmannin has been
repeatedly used as a tool to infer PI3K-dependent processes
in intact cells (compare Cohen et al., 1997; Vanhaesebroeck et
al., 1997). For this reason we also made use of LY 294002, an
inhibitor of PI3K that is much more specific than wortman-
nin (compare Cohen et al., 1997; Vanhaesebroeck et al.,
1997).

The lipid products of PISK catalytic action mediate the
activation of at least two protein kinases (termed PDK1 and
PDK2) that in turn activate protein kinase B, which seems to
mediate many of the metabolic effects of insulin (Cohen et al.,
1997). A similarity exists between cannabinoid- and insulin-
triggered metabolic events, because (a) cannabinoids produce
similar metabolic effects than insulin (i.e., stimulation of
glucose utilization for lipid and glycogen syntheses), (b) both
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cannabinoids and insulin stimulate the MAPK cascade, and
(¢) the metabolic effects of both cannabinoids and insulin
seem to be dependent on the activation of PI3K (Cohen et al.,
1997; Wiesinger et al., 1997). Interestingly, SR 141716 blocks
the stimulation of MAPK induced by insulin (Bouaboula et
al., 1997).

Paradigm for Raf-1 activation not applicable to can-
nabinoid receptors. The effect of cannabinoids on the
sphingomyelin cycle, as well as the activation of Raf-1 and
MAPK induced by cannabinoids, exogenous sphingomyeli-
nase, and Cg-ceramide, suggest a model for Raf-1 activation
different from that triggered by growth factor receptors with
tyrosine kinase activity. Cannabinoid receptors do not pos-
sess tyrosine kinase activity, and therefore the well estab-
lished paradigm for Raf-1 activation through receptors with
tyrosine kinase activity, involving adaptor proteins that con-
tain Src homology domains and the activation of Ras (Post
and Brown, 1996; Morrison and Cutler, 1997), does not seem
to be applicable to cannabinoid receptors. Thus, as previously
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shown for the 55 kDa TNF receptor (Zhang et al., 1997), our
data indicate that cannabinoid receptors might activate
Raf-1 through a ceramide-dependent mechanism. This acti-
vation may involve a ceramide-activated protein kinase
(Zhang et al., 1997) or the direct binding of ceramide to Raf-1
(Huwiler et al., 1996). We are nevertheless aware that the
possible link between G; protein By subunits, PI3K and
sphingomyelinase is as yet unknown. Our research is cur-
rently focused on the mechanism by which cannabinoid re-
ceptors stimulate neutral and/or acid sphingomyelinase.

Is cAMP Involved in the Metabolic Effects of THC?

It is well established that signaling through the CB1 re-
ceptor is coupled to the inhibition of adenylyl cyclase through
G; protein (Howlett, 1995). Data presented herein indicate
that although cannabinoid receptors in astrocytes may be
coupled to adenylyl cyclase inhibition through G; protein,
inhibition of adenylyl cyclase does not seem to be the mech-
anism underlying the metabolic effects of THC in astrocytes
because THC per se was able to stimulate glucose metabolism
but was unable to change intracellular cAMP content. Nev-
ertheless, two questions remain to be answered:

How does forskolin inhibit Raf-1 and concomitantly
enhance MAPK activity? This points to a Raf-1-indepen-
dent activation of MAPK by cAMP. In line with this notion,
Vossler et al. (1997) have shown that in PC12 cells cAMP
activates MAPK through a pathway that is independent of
Ras and Raf-1 but dependent on B-Raf and Rapl. Anyway,
cAMP-elevating agents have been shown to stimulate
(Bouaboula et al., 1995a, 1995b; data herein) or to inhibit
(Kurino et al., 1996; Willis and Nisen, 1996) the MAPK
cascade in astrocytes. The reason for this discrepancy is not
obvious, but may rely on the fact that Raf-1 exhibits multisite
phosphorylation, and depending on both the amino acid po-
sitions phosphorylated and the extent of Raf-1 overall phos-
phorylation either activation or inhibition of Raf-1 kinase
activity may ensue (Morrison and Cutler, 1997; Wartmann et
al., 1997). In this respect, it is noteworthy that forskolin
inhibited the phosphorylation of Raf-1 tyrosine residues, and
those phosphorylated sites seem to be linked to Raf-1 activa-
tion in vivo (Morrison and Cutler, 1997).

How does forskolin enhance MAPK activity and con-
comitantly inhibit glucose utilization? Because MAPK
stimulation seems to be linked to the stimulation of glucose
utilization induced by, for example, growth factors (Cohen et
al., 1997), cytokines (Yu et al., 1995), and cannabinoids (data
herein), factors in addition to MAPK stimulation should be
responsible for the forskolin-induced inhibition of glucose
utilization by astrocytes. The lack of antagonistic effect of PD
098059 on the metabolic effects of forskolin is in line with this
notion. It is well known that cAMP-dependent protein kinase
directly mediates the inhibition of glucose metabolism in a
number of cell types (including astrocytes) by modulating the
activity of regulatory enzymes of glycolysis/gluconeogenesis
and glycogen and lipid metabolism (compare Cohen et al.,
1997; Wiesinger et al., 1997). Thus, our data indicate, in
short, that MAPK (and not cAMP) seems to be responsible for
the metabolic effects of THC, whereas cAMP (and not MAPK)
is very much involved in the metabolic effects of forskolin.
The cross-talk between the two pathways could occur at the
level of the cAMP-dependent inhibition of Raf-1 (compare
Post and Brown, 1996).

Metabolic Considerations

Astrocytes play an active role in the regulation of brain
energy metabolism (Fedoroff et al., 1993; Magistretti and
Pellerin, 1996). Accruing evidence shows that glucose utili-
zation by astrocytes is sensitive to mediators such as neuro-
transmitters (e.g., vasoactive intestinal peptide, norepineph-
rine) (Pellerin et al., 1997; Wiesinger et al., 1997) and
cytokines (e.g. TNFaq, interleukin-1a) (Yu et al., 1995). Our
data indicate that cannabinoids may alter brain glucose me-
tabolism by stimulating glucose utilization by astroglial cells.
As a matter of fact, low doses of THC (0.2 mg/kg body weight)
have been shown to stimulate glucose uptake by rat brain
cortical and limbic areas in vivo (Megulies and Hammer,
1991). A stimulation of glucose metabolism induced by a
single dose of THC has also been described in the brain cortex
of chronic marijuana smokers (Volkow et al., 1996). The
enzymatic steps potentially affected by cannabinoids and
responsible for the metabolic effects described in this study
have not been identified. However, the observation that the
three metabolic pathways studied are quantitatively affected
in a similar fashion may indicate either that the primary site
of cannabinoid action is one of the first steps of glucose
metabolism (e.g. glucose uptake, glucose phosphorylation) or
that the control of metabolic pathways exerted by cannabi-
noids occurs at multiple sites. In the latter case, glycogen
synthase, the key regulatory enzyme of glycogen synthesis,
might be an example of a potential target for cannabinoid
action. Activation of glycogen synthase underlies the stimu-
lation of glycogen synthesis induced by insulin (Cohen et al.,
1997). This process, like the THC-induced stimulation of
glycogen synthesis, is sensitive to wortmannin and relies on
the PI3K-dependent stimulation of protein kinase B, which
phosphorylates and inactivates glycogen synthase kinase 3,
thereby leading to a de-inhibition of glycogen synthase (Co-
hen et al., 1997).

In conclusion, the present report indicates that activation
of sphingomyelin breakdown and the MAPK cascade by can-
nabinoids leads to remarkable metabolic changes in primary
astrocytes. Although the physiological consequences of these
changes are not obvious, as far as we know this is the first
time in which a connection between stimulation of a signal
transduction system and a cellular response is established
for the action of cannabinoids on astroglial cells. Anyway, it
is clear that further characterization of the cellular localiza-
tion and signaling properties of brain cannabinoid receptors
is required to understand the role of cannabinoid receptors in
the modulation of astroglial functions.
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