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Background and purpose: Natural and synthetic cannabinoids (CBs) induce deleterious or beneficial actions on neuronal
survival. The Fas-associated protein with death domain (FADD) promotes apoptosis, and its phosphorylated form (p-FADD)
mediates non-apoptotic actions. The regulation of Fas/FADD, mitochondrial apoptotic proteins and other pathways by CB
receptors was investigated in the mouse brain.
Experimental approach: Wild-type, CB1 and CB2 receptor knock-out (KO) mice were used to assess differences in receptor
genotypes. CD1 mice were used to evaluate the effects of CB drugs on canonical apoptotic pathways and associated signalling
systems. Target proteins were quantified by Western blot analysis.
Key results: In brain regions of CB1 receptor KO mice, Fas/FADD was reduced, but p-Ser191 FADD and the p-FADD/FADD ratio
were increased. In CB2 receptor KO mice, Fas/FADD was increased, but the p-FADD/FADD ratio was not modified. In mutant
mice, cleavage of poly(ADP-ribose)-polymerase (PARP) did not indicate alterations in brain cell death. In CD1 mice, acute
WIN55212-2 (CB1 receptor agonist), but not JWH133 (CB2 receptor agonist), inversely modulated brain FADD and p-FADD.
Chronic WIN55212-2 induced FADD down-regulation and p-FADD up-regulation. Acute and chronic WIN55212-2 did not alter
mitochondrial proteins or PARP cleavage. Acute, but not chronic, WIN55212-2 stimulated activation of anti-apoptotic (ERK,
Akt) and pro-apoptotic (JNK, p38 kinase) pathways.
Conclusions and implications: CB1 receptors appear to exert a modest tonic activation of Fas/FADD complexes in brain.
However, chronic CB1 receptor stimulation decreased pro-apoptotic FADD and increased non-apoptotic p-FADD. The multi-
functional protein FADD could participate in the mechanisms of neuroprotection induced by CBs.
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NH2-terminal protein kinase or stress-activated protein kinase (SAPK); MAPK, mitogen-activated protein kinase;
MEK, MAPK kinase; NF-L, neurofilament-L; p38 MAPK, p38 kinase of 38 kDa; PAR-4, nuclear protein prostate
apoptosis response 4; PARP, poly(ADP-ribose)-polymerase; PEA-15, phosphoprotein enriched in astrocytes of
15 kDa; PI3K, phosphoinositide 3-kinase; SDS–PAGE, sodium dodecyl sulphate–polyacrylamide gel electro-
phoresis; THC, D9-tetrahydrocannabinol

Introduction

Apoptosis (programmed cell death) is an indispensable
process for the development of any organism and tissue
function, including the normal and diseased brain (Lossi and
Merighi, 2003). Programmed cell death is primarily mediated
by the extrinsic or death receptor pathway (Algeciras-
Schimnich et al., 2002), and the intrinsic or mitochondrial
pathway (Galluzzi et al., 2009), which converge to activate
common executioner caspases (caspase-3/7) with the final
cleavage of downstream targets that include DNA repair
enzymes (Kumar, 2007). The self-associated complex formed
by Fas receptor with its adaptor Fas-associated protein with
death domain (FADD) has a central role in promoting apo-
ptosis (Chinnaiyan et al., 1995; Scott et al., 2009). In con-
trast, phosphorylated FADD (p-FADD; phosphorylated on
Ser191 in mouse; phosphorylated on Ser194 in human;
Zhang et al., 2004) mediates non-apoptotic actions such
as cell growth and differentiation (Alappat et al., 2005).
Recently, the multifunctional Fas/FADD complex and its
associated signalling pathways [mitogen-activated protein
kinases (MAPK), Akt or protein kinase B, phosphoprotein
enriched in astrocytes of 15 kDa (PEA-15)] have also been
associated with the induction of non-apoptotic signals (neu-
roadaptations) in the CNS (García-Fuster et al., 2009; Ramos-
Miguel et al., 2009; 2010).

Natural and synthetic cannabinoids mediate their effects
through the activation of at least two forms of Gi/o protein-
coupled receptors, the CB1 and CB2 receptors (nomenclature
follows Alexander et al., 2009). The CNS expression of CB1

(mainly in neurones) and CB2 (glial and neuronal cells) recep-
tors is well documented (Herkenham et al., 1991; Gong et al.,
2006). Among the many effects induced by cannabinoids
(Pertwee, 1997; Valverde et al., 2005), their beneficial or del-
eterious actions on neuronal survival remain a controversial
topic (Guzmán et al., 2002). Although cannabinoids can
induce pro-apoptotic activity in different cellular models
(Maccarrone and Finazzi-Agró, 2003), recent evidence dem-
onstrates that these compounds, acting through CB1 receptors
(Aguado et al., 2007) or CB2 (Viscomi et al., 2009) and associ-
ated signalling pathways [anti-apoptotic MAPK–extracellular
signal-regulated kinase (ERK) and phosphoinositide-3 kinase
(PI3K)/Akt], can also protect neurones from death (Galve-
Roperh et al., 2008).

The predominant CB1 receptor is one of the most highly
expressed G-protein-coupled receptor in the CNS, which is
mainly located on GABA-ergic axon terminals where it regu-
lates GABA release (Katona et al., 1999). CB1 receptors also
display a high level of constitutive activity (Gifford and
Ashby, 1996) and thus can exert a tonic control (i.e. ligand-
independent activity) on its endocytic cycle (Leterrier et al.,
2004), as well as on the function of other receptors (Canals
and Milligan, 2008). This contrasts with the brain CB2 recep-

tor whose pharmacological activation has been questioned
in conscious rats (Chin et al., 2008), and therefore the pres-
ence of any receptor constitutive activity is uncertain.
Recently, the pro-apoptotic Fas/FADD complex was shown to
be under the tonic control of d-opioid receptors (García-
Fuster et al., 2007b), an inhibitory receptor with a high
level of ligand-independent activity (Costa and Herz, 1989).
Similarly, the remarkable constitutive activity of the CB1

receptor could be involved in the tonic control of apoptotic
cascades and in the actions of endocannabinoids on neu-
ronal death or survival.

Against this background, the aims of the present study were
to: (i) determine the influence of genetic deletion of CB1 or
CB2 receptor on the basal expression of Fas, FADD and
p-Ser191 FADD in mouse brain regions; (ii) assess the effects of
WIN55212-2 (CB1 receptor agonist) and JWH133 (CB2 recep-
tor agonist) on FADD, p-Ser191 FADD and other components
of the canonical apoptotic pathways; and (iii) investigate the
modulation by WIN55212-2 of classic (MAPKs) and new
(PEA-15 and Akt kinase) pathways mediating apoptotic or
survival actions in the brain. A preliminary account of this
work has been given at the 20th ECNP Congress (Álvaro-
Bartolomé et al., 2008).

Methods

Animals and genotyping
All animal care and experimental procedures were conducted
according to standard ethical guidelines (European Commu-
nities Council Directive 86/609/EEC) and approved by the
Local Bioethical Committees. Adult male CB1 (n = 9) or CB2 (n
= 13) receptor-deficient [knock-out (KO)] mice and the corre-
sponding wild-type (WT) littermate controls (n = 21) were
used (23–28 g) for the assessment of basal neurochemical
differences between genotypes. Male Swiss albino CD1 mice
(n = 96; 30–35 g; Charles River, Barcelona, Spain) were used
for cannabinoid treatments. CB1 and CB2 receptor KO mice
were originally generated by homologous recombination as
described (Ledent et al., 1999; Buckley et al., 2000). To
homogenize the genetic background, first-generation CB1

receptor heterozygote mice were bred for 30 generations on a
CD1 background, with selection for the mutant CB1 receptor
gene at each generation. CB2 receptor KO mice (Buckley et al.,
2000) with C57BL/6J background were backcrossed with CD1
mice for six generations to obtain CB2 receptor KO mice on
the CD1 background. Heterozygote–heterozygote mating of
CB1 or CB2 receptor KO mice produced homozygous WT and
KO littermates, and animals from the same breeding series
were finally used in this study. CB1 and CB2 receptor KO mice
were genotyped (genomic DNA) in the authors’ laboratory
(O.V. at UPF, Barcelona, Spain and J.M. at UMH-CSIC, Ali-
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cante, Spain). The animals were housed under standard con-
ditions (21°C; 12:12 h light/dark cycle), and handled for
several days before the experiments to reduce stress.

Treatments with cannabinoid drugs
CD1 mice were acutely treated with WIN55212-2 (0.5, 1 or
8 mg·kg-1, i.p., 1 h), a mixed CB1/CB2 receptor full agonist. To
assess the specificity of the CB receptor involved, other mice
received rimonabant (SR141716; 10 mg·kg-1, i.p.), a selective
CB1 receptor antagonist/inverse agonist (Pertwee, 2005),
alone (100 min) or 40 min before WIN55212-2 (1 mg·kg-1).
Other groups of mice were acutely treated with JWH133 (1
and 3 mg·kg-1, i.p., 1 h), a selective CB2 receptor full agonist
(Huffman, 2005). Control mice received drug vehicle (Cremo-
phor : ethanol : water, 1:1:18 proportion or DMSO : Tween
80 : water, 1:1:8 proportion; 2 mL·kg-1, i.p., 1 h). The doses of
WIN55,212-2, rimonabant and JWH133 were chosen from
earlier studies (Moranta et al., 2007; see also Barna et al.,
2009).

For the chronic treatment with WIN55212-2, groups of
mice were injected (i.p.) twice daily for 5 days with increasing
doses of the agonist (1–8 mg·kg-1; Moranta et al., 2007). The
first group of mice was killed 1 h after the last dose of
WIN55212-2 to assess the brain content of target proteins.
The second group of mice was injected with rimonabant
(10 mg·kg-1, i.p.) to precipitate and evaluate the cannabinoid
withdrawal syndrome (Moranta et al., 2007). Finally, the third
group of mice was killed 1 h after rimonabant-precipitated
withdrawal to quantify various signalling proteins in the
brain. The hypothermic response induced by WIN55212-2
(acute, chronic and withdrawal effects) was also assessed
(rectal temperature; Moranta et al., 2007) to monitor a well-
known pharmacological effect of CB1 receptor agonists
(Ledent et al., 1999).

Preparation of brain samples and subcellular fractionation
WT, CB1 and CB2 receptor KO mice, as well as CD1
cannabinoid-treated mice were killed without anaesthesia by
decapitation at the indicated times. The cerebral cortex,
corpus striatum (caudate/putamen and nucleus accumbens),
cerebellum and thalamus/hypothalamus, regions enriched in
CB1 and/or CB2 receptors (Herkenham et al., 1991; Gong et al.,
2006), were dissected on ice, frozen in liquid nitrogen and
stored at -80°C. Brain samples (total homogenate) were pre-
pared for Western blot analysis of proteins as described
(García-Fuster et al., 2007a; 2008a,b).

Additional experiments were carried out to assess at the
subcellular level (cerebral cortex) the regulation of FADD and
p-Ser191 FADD in WT, CB1 and CB2 receptor KO mice, as well
as the modulation of FADD forms and casein kinase (CK) 1a
after the acute treatments with WIN55212-2 in CD1 mice.
Protein localization was monitored by use of the subcellular
proteome extraction kit (ProteoExtract, Calbiochem, Darms-
tadt, Germany) as described previously (García-Fuster et al.,
2007a; 2008a). This method yields four sub-proteomes
enriched in cytosolic (F1), membrane and membrane
organelle-localized (F2), soluble and DNA-associated nuclear
(F3) and cytoskeletal (F4) proteins. The selectivity of this

procedure was assessed by immunodetection of PEA-15 in F1,
Fas receptor in F2, nuclear protein prostate apoptosis response
4 (PAR-4) in F3 and neurofilament-L (NF-L) in F4 (see García-
Fuster et al., 2008a).

Functional assay for apoptotic cell death
The potential of genetic deletion of CB receptors and that of
WIN55212-2 treatments to induce abnormal brain cell death
was monitored by measuring the cleavage of the nuclear
enzyme poly(ADP-ribose)-polymerase (PARP-1; Putt et al.,
2005) using the PARP cleavage detection kit (Calbiochem).
The death substrate PARP-1 (116 kDa) is cleaved into specific
85 and 29 kDa fragments after activation of caspases-3/7
(Kumar, 2007). The pattern of PARP-1 cleavage in the cerebral
cortex of WT, CB1 and CB2 KO mice, as well as in vehicle- and
WIN55-212-2-treated CD1 mice, was assessed by Western blot
analysis (García-Fuster et al., 2008b).

SDS–PAGE, Western blots and quantification of target proteins
Target proteins were quantified by Western blot as described
(García-Fuster et al., 2007a; 2008a,b). Briefly, brain proteins
(40 or 60 mg of total homogenate; 15 mg of each subcellular
fraction) were resolved by electrophoresis on 10–12% SDS–
PAGE minigels, and then electrotransferred to nitrocellulose
membranes (Bio-Rad Laboratories, Hercules, CA, USA). In
some experiments, the transfer buffer also contained 0.1%
SDS to better resolve Fas receptor aggregates. After blocking
non-specific protein-binding sites, the membranes were incu-
bated overnight at 4°C in blocking solution with the primary
antibody (1:500–1:10 000 dilution), and the blots were devel-
oped with peroxidase-conjugated secondary antibodies (anti-
rabbit, anti-goat or anti-mouse IgG; 1:5000 dilution for 1 h at
24°C). Blots were subjected to enhanced chemiluminescence
(ECL detection system, Amersham, Buckinghamshire, UK),
and the signal of bound antibody was visualized by exposure
to autoradiographic film (Amersham ECL Hyperfilm). The
primary antibodies (immunoaffinity-purified epitopes) used
are described in Supporting Information Table S1.

The autoradiograms were quantified as described (García-
Fuster et al., 2007b). For a direct comparison, samples from
CB1 or CB2 receptor KO mice and the corresponding WT
control mice were run together in the same gel to assess for
basal differences in CB receptor genotypes. The amount of
target proteins in brain samples of CD1 mice treated with
cannabinoid drugs was compared in the same gel with that of
control mice that received drug vehicle. These experiments
were repeated four to eight times in different gels. Percentage
changes in immunoreactivity with respect to control samples
(100%) were calculated in the various gels, and the mean
value was used as a final estimate. As a control for sample
loading and protein transfer, the blots were stripped (Boronat
et al., 2001) and re-probed with anti-b-actin monoclonal anti-
body, and target protein content was normalized to that of
b-actin. Drug activation of MAPKs and Akt1 are expressed as
the ratio of the phosphorylated enzyme (p-ERK, etc.) to the
corresponding total enzyme, and reported as a percentage of
that in control mice.
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Data analyses and statistics
Results are expressed as means � SEM values. All series of data
were analysed with the program GraphPad Prism, version 4.0
(GraphPad Software, Inc., San Diego, CA, USA). Neurochemi-
cal differences between WT mice and CB receptor KO mice
were assessed by a Student’s two-tailed t-test. Drug effects and
global cannabinoid withdrawal scores were analysed by one-
way ANOVA followed by a Bonferroni post hoc test for multiple
comparisons. Pearson’s correlation coefficients were calcu-
lated to test for possible association between variables. The
level of significance chosen was P � 0.05.

Materials
WIN55212-2 and JWH133 were purchased from Tocris
Cookson Ltd (Avonmouth, UK). Rimonabant (SR141716A)
was a gift from Sanofi Recherche (Montpellier, France). Drug

and molecular target nomenclature in this report follows
Alexander et al. (2009).

Results

Basal Fas and FADD in brains of WT and CB receptor KO mice:
cleavage of the nuclear enzyme PARP
In CB1 receptor KO mice, compared to their WT littermate
controls, Fas aggregates showed a trend towards a decrease in
all three brain regions examined, but this decrease was sig-
nificant only in the cerebellum (Figure 1). Native and glyco-
sylated Fas forms did not differ between receptor genotypes
(data not shown). FADD content was reduced more consis-
tently across the brain regions (14–33%) (Figure 1). In con-
trast, p-Ser191 FADD was increased (17–27%) in mutant mice
(Figure 1). Thus, genetic deletion of CB1 receptors resulted in
a net increase in the p-Ser191 FADD/FADD ratio in all three

Figure 1 Effects of constitutive deletion of CB1 receptors (WT, n = 9; CB1 KO, n = 9) on the basal contents of Fas receptor (~116/203 kDa
aggregated forms), FADD (~52 kDa dimeric form) and p-Ser191 FADD (~116 kDa oligomeric form) in the mouse cerebral cortex (A), corpus
striatum (B) and cerebellum (C). The columns are means � SEM values (% immunoreactivity) expressed as percentage of WT control mice.
*P < 0.05; **P < 0.01 when compared with the corresponding WT group (two-tailed Student’s t-test). Right: representative immunoblots for
Fas, FADD, p-FADD and b-actin in the various brain regions of WT (n = 4) and CB1 KO (n = 4) mice. Protein molecular masses (kDa) were
estimated from referenced standards.
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regions: cerebral cortex (WT: 0.99 � 0.05; KO: 1.44 � 0.14; P
< 0.01), corpus striatum (WT: 1.00 � 0.07; KO: 1.42 � 0.10;
P < 0.005) and cerebellum (WT: 1.06 � 0.11; KO: 2.08 � 0.42;
P < 0.05).

In CB2 receptor KO mice, brain Fas forms were similar to
those in WT controls, except for Fas aggregates which were
clearly increased in striatum (Figure 2). In these mutant mice,
FADD was increased in thalamus/hypothalamus and p-Ser191
FADD in cortex and striatum (Figure 2). CB2 receptor deletion
did not alter the p-Ser191 FADD/FADD ratio in cortex (WT:
1.02 � 0.06; KO: 1.12 � 0.07), striatum (WT: 1.08 � 0.12; KO:
1.17 � 0.07) or thalamus/hypothalamus (WT: 0.96 � 0.04;
KO: 0.90 � 0.06; all P > 0.05).

Consistent with these findings using total homogenates, in
key subcellular compartments (cytosol; F1/membranes; F2) of
a representative CB1 KO mouse, cortical FADD was reduced
(48–67%), and p-Ser191 FADD was augmented (15–157%)

(Figure 3A). In a CB2 receptor KO mouse, minimal increases of
FADD (3–20%) and marked up-regulations of p-Ser191 FADD
(21–113%) were measured in the cytosol and membrane frac-
tions (Figure 3B).

Notably, PARP-1 cleavage to the 85 kDa main fragment (a
marker of apoptosis) in brains of CB1 and CB2 receptor KO
mice was not different from that measured in WT animals
(Figure 3C).

Acute effects of WIN55212-2 and JWH133 on brain FADD and
p-Ser191 FADD: interaction of FADD and CK1a
Acute treatments of CD1 mice with WIN55212-2 (0.5, 1 and
8 mg·kg-1), compared with vehicle administration, did not
alter Fas (native, glycosylated and aggregated forms) in the
cerebral cortex (data not shown). WIN55212-2 (0.5 mg·kg-1)
increased cortical FADD, whereas higher doses (1 and

Figure 2 Effects of constitutive deletion of CB2 receptors (WT, n = 12; CB2 KO, n = 13) on the basal contents of Fas receptor (~116/203 kDa
aggregated forms), FADD (~52 kDa dimeric form) and p-Ser191 FADD (~116 kDa oligomeric form) in the mouse cerebral cortex (A), corpus
striatum (B) and thalamus/hypothalamus (C). The columns are means � SEM values (% immunoreactivity), expressed as percentage of WT
control mice. *P < 0.05; **P < 0.01; ***P < 0.0001 when compared with the corresponding WT group (Student’s t-test). Right: representative
immunoblots for Fas, FADD, p-FADD and b-actin in the various brain regions of WT (n = 4) and CB2 KO (n = 4) mice. Protein molecular masses
(kDa) were estimated from referenced standards.
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8 mg·kg-1) decreased this protein in cortex (Figure 4A).
WIN55212-2 also induced bell-shaped dose effects on p-Ser191
FADD, but in the opposite direction, with no changes at the
lowest dose and increases at the higher doses (Figure 4B).
Rimonabant abolished the opposite effects of WIN55212-2
(1 mg·kg-1) on FADD and p-Ser191 FADD (Figure 5), indicating
a CB1 receptor-related mechanism. The CB2 receptor agonist
JWH133 (1 and 3 mg·kg-1) did not induce significant changes
of FADD or p-Ser191 FADD in cortex (Figure 4C,D). As
expected, WIN55212-2, but not JWH133, induced hypother-
mia in mice (data not shown).

Notably, WIN55212-2 (0.5–8 mg·kg-1) modulated in oppo-
site directions the content of FADD and p-Ser191 FADD in the
same cortical samples (r = -0.80) (Figure 6A). Thus, the acti-

vation of CB1 receptors can decrease (lower dose) or increase
(higher doses) the ratio of p-Ser191 FADD/FADD in the mouse
brain (vehicle: 1.02 � 0.05; 0.5 mg·kg-1 WIN: 0.63 � 0.09, P <
0.001; 1 mg·kg-1 WIN: 1.66 � 0.18, P < 0.005; 8 mg·kg-1 WIN:
3.66 � 0.47, P < 0.001). At the subcellular level, WIN55212-2
(1 and 8 mg·kg-1) increased p-Ser191 FADD in cytosol (77 and
120%) and membranes (158 and 166%) and to a lesser extent
in nucleus (14 and 40%) (Figure 6B). In contrast, WIN55212-2
decreased FADD in membranes (20 and 71%) and nucleus (5
and 31%), and increased its content in cytosol (20 and 30%)
(Figure 6C). WIN55212-2 also increased levels of the kinase
CK1a in cytosol (28 and 66%) (Figure 6D), which was coinci-
dent with the marked enhancement of p-Ser191 FADD in this
compartment (Figure 6C,D).

Figure 3 (A and B) Effects of constitutive deletion of CB1 (A) or CB2 (B) receptors on the subcellular content of FADD (~52 kDa dimeric form)
and p-Ser191 FADD (~116 kDa oligomeric form) in the cerebral cortex of representative WT and KO mice (F1: cytosolic fraction; F2:
membrane/organelle fraction; F3: nuclear fraction; F4: cytoskeletal fraction). The immunoblots of selective subcellular markers (F1: PEA-15; F2:
Fas receptor; F3: PAR-4; F4: NF-L) are shown in Figure 6E. (C) Effects of constitutive deletion of CB1 receptor or CB2 receptor on the content
of PARP-1 (~116 kDa) and its cleaved fragment (~85 kDa) in the cerebral cortex of WT (n = 6–12) and KO (n = 7–13) mice. The columns are
means � SEM values expressed as percentage of total immunodensity (IOD units) for each group (PARP plus fragment). NC: negative control;
whole cell extract of human HL60 leukemia cells. PC: positive control; etoposide-induced apoptosis in HL60 cells. Two-tailed Student’s t-tests
did not detect significant differences between WT and KO mice for PARP-1 and its cleaved fragment. Bottom: representative immunoblots for
the pattern of PARP-1 cleavage in HL60 cells and the cerebral cortex of WT/KO mice (n = 2 for each group). A representative immunoblot for
the 29 kDa PARP-1 fragment and b-actin in the cortex of WT (n = 6) and CB1 KO (n = 6) mice is included (negative results). (A–C) Protein
molecular masses (kDa) were estimated from referenced standards.
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Effects of chronic WIN55212-2 and rimonabant-precipitated
withdrawal on brain FADD and p-Ser191 FADD
Chronic treatment (5 days) of CD1 mice with WIN55212-2
and rimonabant-induced withdrawal did not alter Fas (native,
glycosylated and aggregated forms) in the cerebral cortex
(data not shown). As expected, acute WIN55212-2 (8 mg·kg-1)

Figure 4 (A and B) Acute effects of the CB1 receptor agonist
WIN55212-2 on the content of (A) FADD (~52 kDa dimeric form)
and (B) p-Ser191 FADD (~116 kDa oligomeric form) in the cerebral
cortex of CD1 mice. Groups of mice were treated (i.p.) with drug
vehicle (VH, n = 13) or WIN (0.5, 1 and 8 mg·kg-1, 1 h, n = 5–10).
The columns are means � SEM values of protein immunoreactivity
and expressed as percentage of the corresponding VH-treated
group. One-way ANOVA detected significant differences between
the groups of treatments for FADD [F(3,29) = 26.1, P < 0.0001]
and p-FADD [F(3,29) = 21.7, P < 0.0001]. *P < 0.05, **P < 0.01,
***P < 0.001 when compared with the corresponding VH group
(ANOVA followed by Bonferroni’s test). Bottom: representative
immunoblots for the effect of WIN on FADD, p-FADD and b-actin in
the mouse cerebral cortex. (C and D) Acute effects of the CB2

receptor agonist JWH133 on the content of (C) FADD and (D)
p-Ser191 FADD in the cerebral cortex of CD1 mice. Groups of mice
were treated (i.p.) with drug vehicle (VH, n = 6) or JWH133 (1 and
8 mg·kg-1, 1 h, n = 6 each group). The columns are means � SEM
values of protein immunoreactivity and expressed as percentage of
the corresponding VH-treated group. One-way ANOVA did not
detect significant differences between the groups of treatments for
FADD [F(2,15) = 0.072, P = 0.93] and p-FADD [F(2,15) = 1.40, P =
0.29]. Bottom: representative immunoblots for the effect of JWH on
FADD, p-FADD and b-actin in the mouse cerebral cortex. (A–D)
Protein molecular masses (kDa) were estimated from referenced
standards.

Figure 5 Effects of the selective CB1 receptor antagonist rimonabant
(SR141716A) on WIN55212-2-induced changes in (A) FADD
(~52 kDa dimeric form) and (B) p-Ser191 FADD (~116 kDa oligo-
meric form) in the cerebral cortex of CD1 mice. The cannabinoid
drugs were administered alone (WIN; 1 mg·kg-1, i.p., 1 h, n = 6; SR,
10 mg·kg-1, i.p., 100 min, n = 5) or in combination 40 min apart (SR
+ WIN, n = 6). Control mice received drug vehicle (VH, 2 mL·kg-1,
i.p., n = 8). The columns are means � SEM values of protein immu-
noreactivity, and expressed as percentage of the corresponding
VH-treated group. One-way ANOVA detected significant differences
between the groups of treatments for FADD [F(3,21) = 3.10, P =
0.048] and p-FADD [F(3,21) = 7.34, P = 0.0015]. *P < 0.05, **P < 0.01
when compared with the corresponding VH group; †P < 0.05 when
compared with the corresponding WIN group (ANOVA followed by
Bonferroni’s test). Bottom: representative immunoblots for the effects
of WIN, SR and SR + WIN on FADD, p-FADD and b-actin in the mouse
cerebral cortex. (A and B). Protein molecular masses (kDa) were
estimated from referenced standards.
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decreased FADD and increased p-Ser191 FADD in cortex
(Figure 7A,B). Chronic agonist treatment was also associated,
although to a lesser extent, with down-regulation of FADD
and up-regulation of p-Ser191 FADD, which suggested the
development of adaptive changes (p-FADD/FADD ratio;
vehicle: 1.01 � 0.05, chronic WIN55212-2: 2.29 � 0.24, P <
0.005; Figure 7). Tolerance to the acute hypothermic effect of
WIN55212-2 was also observed after chronic treatment (data
not shown). In chronically WIN55212-2-treated mice,
rimonabant induced the rapid expression of somatic signs of
withdrawal (data not shown), indicating the induction of
dependence on this agonist. In WIN55212-2-withdrawn mice,

the content of FADD and p-Ser191 FADD returned, partially
or completely, to basal values (Figure 7).

Effects of WIN55212-2 and JWH133 on mitochondrial apoptotic
proteins and PARP cleavage
The acute and chronic treatments of CD1 mice with
WIN55212-2, as well as rimonabant-precipitated withdrawal,
did not alter the contents of cytochrome c, apoptosis-
inducing factor (AIF) or the cleavage of PARP-1 in the cerebral
cortex (Supporting Information Figure S1). Similar negative
results were obtained after acute treatments with JWH133
(data not shown).

Figure 6 (A) Scatterplot depicting a significant inverse correlation between the immunodensities of p-Ser191 FADD (~116 kDa oligomeric
form) and FADD (~52 kDa dimeric form) in the mouse cerebral cortex (same samples) after acute treatments (1 h) with the CB1 receptor
agonist WIN55212-2, and expressed as percentage of the corresponding vehicle-treated CD1 mice (controls). Each symbol represents a
different WIN-treated mouse (0.5 mg·kg-1 WIN, n = 5; 1 mg·kg-1 WIN, n = 10; 8 mg·kg-1 WIN, n = 5). The solid line is the best fit of the
correlation (r = -0.80, F = 32.40, n = 20, P < 0.0001). The dotted curves indicate the 95% confidence interval for the regression line. (B–D)
Effects of WIN55,212-2 (0.5, 1 and 8 mg·kg-1, 1 h) on the subcellular content of p-Ser191 FADD, FADD and CK1a in the cerebral cortex of
representative vehicle-treated (C) and WIN-treated (T) CD1 mice. F1: cytosolic fraction; F2: membrane/organelle fraction; F3: nuclear fraction;
F4: cytoskeletal fraction. (E) Immunoblots of selective subcellular markers (F1: PEA-15; F2: Fas receptor; F3: PAR-4; F4: NF-L).
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Acute, chronic and withdrawal effects of WIN55212-2 on the
activation of brain MAPKs and regulation of Akt and PEA-15
Acute treatment of CD1 mice with WIN55212-2 markedly
stimulated activation of ERK1/2 (shown as the ratio of pERK1/
2 : total ERK1/2) in the cerebral cortex, although the activa-
tion of this anti-apoptotic kinase was lost after the chronic

treatment (Figure 8A). The effect of WIN55212-2 on the phos-
phorylation of pro-apoptotic JNK1/2 and p38 MAPKs showed
a similar time-course to that of ERK, with acute activations
after acute treatment, followed by loss of effect after chronic
treatment (Figure 8B,C). In WIN55212-2-withdrawn (rimona-
bant) mice, activation of JNK1/2 and p38 kinase was increased
to levels above those after chronic agonist treatment and
above values after vehicle (Figure 8). The corresponding ratio
for ERK1/2 was unaffected by withdrawal of WIN55212-2.

Activation of Akt1 has been shown to induce the phos-
phorylation of PEA-15 (p-Ser116) promoting anti-apoptotic
actions. Acute WIN55212-2 activated Akt1 (increased
p-Akt : total Akt ratio) and markedly increased p-Ser116
PEA-15 in the cerebral cortex (Figure 9A,B). However,
chronic WIN55212-2 treatment and rimonabant-precipitated
withdrawal were not associated with significant changes in
Akt1 activation and PEA-15 phosphorylation (Figure 9). The
acute, chronic and withdrawal effects of WIN55212-2 did
not alter the content of total PEA-15 (un-phosphorylated
PEA-15 can also regulate the ERK pathway) (Figure 9B,
tPEA-15 immunoblot).

Discussion

Role of CB receptors in the tonic control of apoptotic Fas/FADD
complex in the mouse brain
The association of Fas receptor with the cytosolic adaptor
FADD is the initial step in the activation of the extrinsic
apoptotic pathway (Algeciras-Schimnich et al., 2002).
Notably, the over-expression of FADD results in Fas-
independent triggering of apoptosis (Chinnaiyan et al., 1995),
and its phosphorylation (p-Ser191, mouse) is associated with
non-apoptotic actions (Alappat et al., 2005). Therefore, Fas
and the multifunctional FADD might participate in the del-
eterious or beneficial actions of natural and synthetic cannab-
inoids on neuronal survival (see Introduction).

In this context, WT and CB receptor KO mice were first
compared to assess if an endogenous cannabinoid tone regu-
lates the basal expression of Fas and/or FADD in various
brain regions (total homogenate and subcellular compart-
ments). In CB1 receptor KO mice, the contents of Fas aggre-
gates (relevant receptor forms in transmitting the death
signal; Algeciras-Schimnich et al., 2002) and total FADD
(non-phosphorylated/phosphorylated forms; García-Fuster
et al., 2007a) were reduced, which suggested that endocan-
nabinoids acting on CB1 receptors stimulate the expression
of Fas/FADD complexes (pro-apoptotic action). CB1 receptor-
deficient mice also showed an increased brain content of
oligomeric p-Ser191 FADD (p-FADD/FADD ratio increased),
suggesting that CB1 receptors tonically inhibit the phospho-
rylation of FADD, which could also favour the induction of
pro-apoptotic actions. Consistent with these findings, a low
dose (0.5 mg·kg-1) of the CB1 receptor agonist WIN55212-2
increased brain FADD and decreased p-Ser191 FADD
(p-FADD/FADD ratio decreased; see further discussion
below), which was opposite to the changes of FADD in CB1

KO mice. Therefore, CB1 receptors, which exhibit a high
level of constitutive activity (Gifford and Ashby, 1996; Leter-
rier et al., 2004), appear to exert a tonic activation of the

Figure 7 Acute, chronic and withdrawal effects of the CB1 receptor
agonist WIN55212-2 on the content of (A) FADD (~52 kDa dimeric
form) and (B) p-Ser191 FADD (~116 kDa oligomeric form) in the
cerebral cortex of CD1 mice. Groups of mice were treated (i.p.) with
drug vehicle (VH, n = 5), acute WIN (WIN, 8 mg·kg-1, 1 h, n = 5),
chronic WIN (CHR, 1–8 mg·kg-1, increasing doses for 5 days, n = 5)
and chronic WIN followed 4 h later by the CB1 receptor antagonist
rimonabant (WITH, 10 mg·kg-1 for 1 h, n = 5) and killed at the
indicated times. The columns are means � SEM values of protein
immunoreactivity and expressed as percentage of the corresponding
VH-treated group. One-way ANOVA detected significant differences
between the groups of treatments for FADD [F(3,16) = 27.10, P <
0.0001] and p-FADD [F(3,16) = 18.80, P < 0.0001]. *P < 0.05, **P <
0.001 when compared with the corresponding VH group; †P < 0.001
when compared with the corresponding CHR group (ANOVA followed
by Bonferroni’s test). Bottom: representative immunoblots for the
effects of WIN, CHR and WITH on FADD, p-FADD and b-actin in the
mouse cerebral cortex. (A and B). Protein molecular masses (kDa)
were estimated from referenced standards.
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pro-apoptotic Fas/FADD complexes. However, rimonabant
(10 mg·kg-1), a selective CB1 receptor antagonist/inverse
agonist did not alter FADD or p-Ser191 FADD in brains of
CD1 mice, suggesting that the postulated receptor tonic
control on this system is moderate. On the other hand, CB1

receptor KO mice showed no differences in the brain content
of anandamide and 2-arachidonoylglycerol compared with
WT mice (Maccarrone et al., 2001), indicating that the
modulation of Fas/FADD complexes observed in CB1 receptor
mutant mice was not the net result of an altered endogenous
activation of CB2 receptors.

In brain regions of CB2 receptor KO mice, the contents of Fas
aggregates and total FADD were normal or showed increases
(changes opposite to those in CB1 receptor KO mice), and

p-Ser191 FADD/FADD ratio was not modified in any brain
region. These results indicate that endocannabinoids acting on
CB2 receptors do not appear to tonically regulate the expres-
sion of pro-apoptotic Fas/FADD complex. In line with these
negative findings, the selective CB2 receptor agonist JWH133
did not alter FADD in the cerebral cortex of CD1 mice. In the
striatum of CB2 receptor KO mice, a marked increase in Fas
aggregates was quantified, but the adaptor FADD was unal-
tered. Therefore, the degree of constitutive activity of CB2

receptors regulating the apoptotic Fas/FADD complex, if any, is
low (but see Viscomi et al., 2009; CB2 agonists and antagonists
induced opposite effects on various effectors).

The alterations of Fas/FADD in brains of CB receptor KO
mice did not appear to result in an increased cell death. Thus,

Figure 8 (A–C) Acute, chronic and withdrawal effects of the CB1 receptor agonist WIN55212-2 on the activation of (A) ERK1/2 (B) JNK1/2
and (C) p38 MAPKs (expressed as the ratio of phosphorylated enzyme to the corresponding total enzyme) in the cerebral cortex of CD1 mice.
Groups of mice were treated (i.p.) with drug vehicle (VH, n = 5), acute WIN (WIN, 8 mg·kg-1, 1 h, n = 5), chronic WIN (CHR, 1–8 mg·kg-1,
increasing doses for 5 days, n = 5) and chronic WIN followed 4 h later by the CB1 receptor antagonist rimonabant (WITH, 10 mg·kg-1 for 1 h,
n = 5) and killed at the indicated times. The columns are means � SEM values of protein immunoreactivity, and expressed as percentage of
the corresponding VH-treated group. One-way ANOVA detected significant differences between the groups of treatments for ERK1/2 [F(3,16)
= 5.30, P = 0.01], JNK1/2 [F(3,16) = 22.56, P < 0.0001] and p38 kinase [F(3,16) = 4.40, P = 0.02], *P < 0.05, **P < 0.01, ***P < 0.001 when
compared with the corresponding VH group; †P < 0.05 when compared with the corresponding CHR group (ANOVA followed by Bonferroni’s
test). Right: representative immunoblots for the effects of WIN, CHR and WITH on MAPKs in the mouse cerebral cortex. (A–C) Protein molecular
masses (kDa) were estimated from referenced standards.
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the pattern of cleavage of the nuclear enzyme PARP-1 (a
marker of apoptosis; Putt et al., 2005) in the cerebral cortex of
CB1 or CB2 receptor KO mice was not different to that in WT
mice, which would discount an abnormal activation of execu-
tioner caspases-3/7 (Kumar, 2007).

Recently, Fas/FADD content was found to be markedly
increased in brains of d-opioid receptor KO mice, indicating
that this constitutively activated receptor (Costa and Herz,

1989) tonically inhibited the pro-apoptotic complex (García-
Fuster et al., 2007b). Given the functional interactions
between cannabinoids and opiates, and particularly between
CB1 and d-opioid receptors (Urigüen et al., 2005), the Fas/
FADD complex could be, in part, under the opposite tonic
control of these inhibitory receptors (d-receptor: significant
reduction in FADD signalling; CB1 receptor: modest increase
in FADD signalling). These mechanisms could be involved in
the neuroprotective actions, including the prevention of apo-
ptosis, induced by stimulation of d-opioid receptors (Narita
et al., 2006).

Modulation of FADD and other apoptotic proteins by CB
receptors in CD1 mice: role of CB1 receptors in the regulation of
non-apoptotic p-Ser191 FADD
Many in vitro and in vivo studies have reported neurotoxic or
neuroprotective effects induced by natural and synthetic can-
nabinoids acting at CB receptors (Downer et al., 2003; Mac-
carrone and Finazzi-Agró, 2003; Aguado et al., 2007). Thus,
the agonist WIN55212-2 was shown to induce CB1 receptor-
mediated apoptosis in cultured cells (Pozzoli et al., 2006) and
CB2 receptor-mediated neuroprotection in mice (Price et al.,
2009).

In the current study, acute treatment with WIN55212-2 (1
and 8 mg·kg-1) reduced FADD and increased p-Ser191 FADD
(p-FADD/FADD ratio also increased) in the cerebral cortex of
CD1 mice (effects prevented by rimonabant), clearly indicat-
ing that CB1 receptor stimulation (with moderate/high
agonist doses) not only results in attenuation of apoptotic
FADD signalling (possible neuroprotection; García-Fuster
et al., 2007a; 2008b), but also in the activation of p-Ser191
FADD, the protein form associated with non-apoptotic
actions (Alappat et al., 2005) including the induction of neu-
roplasticity (García-Fuster et al., 2009; Ramos-Miguel et al.,
2009; 2010). In contrast, relevant doses of JWH133, a selective
CB2 receptor agonist, did not alter the content of brain FADD
or p-Ser191 FADD, suggesting the specific involvement of CB1

receptors in the regulation of the extrinsic apoptotic pathway.
Notably, acute WIN55212-2 (0.5, 1 and 8 mg·kg-1) modu-

lated in opposite directions FADD and p-Ser191 FADD in the
same cortical samples (total homogenate and subcellular
compartments), most probably through the interaction of
FADD with CK1a, the relevant phosphorylating kinase
(Alappat et al., 2005; García-Fuster et al., 2008a). Similar
inverse relationships for FADD and p-FADD (with increased
p-FADD/FADD ratio) were observed for the effects of opiate
drugs (García-Fuster et al., 2007a; 2008a) and cocaine (García-
Fuster et al., 2009) in rat brain. These results indicate that
different drugs of abuse share the capacity to induce the
interconversion between non-phosphorylated FADD and
p-FADD, which appears to favour the non-apoptotic (neuro-
plastic) activities of this multifunctional protein (Ramos-
Miguel et al., 2009; 2010). As observed with opiate drugs and
cocaine (García-Fuster et al., 2007a; 2009), WIN55212-2 also
induced bell-shaped dose effects on brain FADD and p-Ser191
FADD, although the inhibition of FADD and the stimulation
of p-FADD were more marked. Various biphasic effects
induced by endocannabinoids (Sulcova et al., 1998) and syn-
thetic cannabinoids (Rubino et al., 2008) have been reported,

Figure 9 (A and B) Acute, chronic and withdrawal effects of the CB1

receptor agonist WIN55212-2 on the activation of (A) Akt-1
(expressed as the ratio of phosphorylated enzyme to total enzyme)
and (B) PEA-15 (expressed as the ratio of phosphorylated PEA-15 to
total PEA-15) in the cerebral cortex of CD1 mice. Groups of mice
were treated (i.p.) with drug vehicle (VH, n = 5), acute WIN (WIN,
8 mg·kg-1, 1 h, n = 5), chronic WIN (CHR, 1–8 mg·kg-1, 5 days, n =
5) and chronic WIN followed 4 h later by the CB1 receptor antagonist
rimonabant (WITH, 10 mg·kg-1 for 1 h, n = 5) and killed at the
indicated times. The columns are means � SEM values of protein
immunoreactivity, and expressed as percentage of the corresponding
VH-treated group. One-way ANOVA detected significant differences
between the groups of treatments for Akt-1 activation [F(3,16) =
5.88, P = 0.007] and PEA-15 activation [F(3,16) = 8.01, P = 0.0018].
*P < 0.05, **P < 0.01 when compared with the corresponding VH
group (ANOVA followed by Bonferroni’s test). Bottom: representative
immunoblots for Akt-1 and PEA-15 in the mouse cerebral cortex, after
WIN, CHR or WITH treatments. (A and B). Protein molecular masses
(kDa) were estimated from referenced standards.
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which could be related to the fact that CB1 receptors are
activated under basal conditions (see above; FADD stimula-
tion at a low dose of WIN55212-2, and FADD inhibition at
larger agonist doses that would neutralize receptor constitu-
tive activity when drug concentration is greater than that of
endogenous ligand; see Barna et al., 2009).

It is noteworthy that chronic WIN55212-2 administration
(5 days) also resulted in down-regulation of FADD and
up-regulation of p-Ser191 FADD in the brain, which indicate
a sustained attenuation of apoptotic signalling in spite of the
induction of some tolerance (tachyphylaxis) upon the
repeated stimulation of CB1 receptors (Sim-Selley, 2003).
Rimonabant-precipitated WIN55212-2 withdrawal did not
cause a rebound of FADD or p-Ser191 FADD over control
values. However, similar acute and chronic treatments of rats
with WIN55212-2 did not alter brain FADD (García-Fuster
et al., 2007a), indicating important species differences in total
FADD regulation by the CB receptor agonist.

Interestingly, neither acute/chronic WIN55212-2 (and
withdrawal effects) nor acute JWH133 altered the brain con-
tents of cytochrome c (a mitochondrial activator of caspase-3;
Galluzzi et al., 2009) and AIF (the main mitochondrial media-
tor of caspase-independent apoptosis and a key cell death
effector in neurones; Galluzzi et al., 2009), suggesting a lack of
abnormal activation of the intrinsic apoptotic pathway after
the stimulation of CB receptors. In brains of CD1 mice, more-
over, the cleavage of PARP-1 (mediated in part by caspases-3/7
and AIF) was not altered by the various WIN55212-2 treat-
ments. In contrast to these in vivo data, D9-THC was reported
to promote, through the activation of CB1 receptors, apop-
totic effects (increased cytochrome c and caspase-3, and DNA
fragmentation) in cultured cortical neurones (Downer et al.,
2003). However, treatment of adult rats with D9-THC did not
result in activation of the mitochondrial apoptotic pathway
(Downer et al., 2007). These results highlight the relevance of
in vivo studies in the assessment of programmed cell death
regulation by cannabinoids.

Regulation of MAPKs and Akt1/PEA-15 pathways by CB1

receptors in the mouse brain
Numerous intracellular signalling systems are involved
in mediating the effects of CB receptors (Demuth and
Molleman, 2006). In particular, the in vivo stimulation of CB1

receptors with D9-THC has been shown to induce the phos-
phorylation (activation) of ERK1/2 (Valjent et al., 2001) and
PI3K/Akt (Ozaita et al., 2007) in rodent brain regions. There-
fore, the activation of these anti-apoptotic cascades could
participate in the neuroprotection induced by cannabinoids
(see Ozaita et al., 2007). However, the acute sequential stimu-
lation of Raf-MEK1/2-ERK1/2 induced by WIN55212-2 in the
rat cerebral cortex was no longer observed after chronic
agonist treatment, indicating that the activation of this neu-
roprotective system by CB1 receptors is short lasting (Moranta
et al., 2007). Interestingly, the activation of Akt1 stimulates
p-Ser116 PEA-15 to promote, together, anti-apoptotic actions
(see Ramos-Miguel et al., 2009).

In the present study, acute, but not chronic, treatment with
WIN55212-2 markedly stimulated the activation of anti-
apoptotic ERK1/2 and Akt1/p-Ser 116 PEA-15, as well as pro-

apoptotic JNK1/2 and p38 MAPK in the mouse cerebral
cortex. This suggests that the acute in vivo neuroprotection
induced by some cannabinoids (see above) could be the result
of a favourable balance between the relative activation of
anti- and pro-apoptotic signalling pathways. In contrast to
FADD and p-Ser191 FADD, the lack of a sustained stimula-
tion of anti- and pro-apoptotic cascades upon chronic
WIN55212-2 treatment probably reflects the rapid induction
of CB1 receptor desensitization (Sim-Selley, 2003) in the
regulation of these systems. Also at variance with
FADD, rimonabant-precipitated withdrawal after chronic
WIN55212-2 was associated with significant rebounds in the
phosphorylation of JNK1/2 and p38 MAPK, but not of ERK1/2
and Akt1/PEA15, demonstrating the rapid activation of pro-
apoptotic cascades (without apparent functional repercus-
sion; see above) during the expression of the cannabinoid
withdrawal syndrome in mice. This reactivation of JNK1/2
and p38 MAPK could be related to the increase in the content/
release of anandamide observed in brains of cannabinoid-
withdrawn rats (González et al., 2004), these pro-apoptotic
cascades being more sensitive to the endogenous agonist.

The present in vivo study indicates that the acute and
chronic stimulation of CB1 receptors is associated with a
marked down-regulation of brain FADD, a major pro-
apoptotic molecule of the extrinsic cell death pathway. This
may represent a relevant molecular mechanism to explain, in
part, the neuroprotective effects induced by natural and syn-
thetic cannabinoids (Guzmán et al., 2002). In addition, the
acute and chronic stimulation of CB1 receptors was also asso-
ciated with up-regulation of p-Ser191 FADD, the protein form
that mediates non-apoptotic actions including brain plastic-
ity (Ramos-Miguel et al., 2009; 2010). The link between CB1

receptors and the multifunctional protein FADD provides
new insights into the complex neurobiology of the cannab-
inoid system.

Acknowledgements

This study was supported by grants SAF2008-01311 (MICINN/
FEDER, Madrid, Spain) and 2007I032 (Plan Nacional sobre
Drogas, MSC, Madrid, Spain) to J.A.G-S.; SAF2008-01106
(MICINN/FEDER) and 2007I061 (Plan Nacional sobre Drogas)
to J.M.; and SAF2007-60249 and Plan Nacional sobre Drogas
to O.V. The research was also funded by Red Temática de
Investigación Cooperativa en Salud (RETICS, Instituto de
Salud Carlos III, MICINN/FEDER): Red de Trastornos Adicti-
vos, RD06/0001/0003 (J.A.G-S.), RD06/0001/1004 (J.M.) and
RD06/0001/1001 (O.V.). M.A-B. was supported by a predoc-
toral FPI fellowship from MICINN/FEDER, and M.S.G-G. by a
predoctoral fellowship from Instituto de Salud Carlos III. We
thank Mr Antonio J. Crespo for skillful technical assistance.
J.A.G-S. is a member of the Institut d’Estudis Catalans (Barce-
lona, Catalonia, Spain).

Conflict of interest

The authors declare no conflict of interest.

Cannabinoid receptors and Fas/FADD apoptotic complex
654 M Álvaro-Bartolomé et al

British Journal of Pharmacology (2010) 160 643–656



References

Aguado T, Romero E, Monory K, Palazuelos J, Sendtner M, Marsicano
G et al. (2007). The CB1 cannabinoid receptor mediates
excitotoxicity-induced neural progenitor proliferation and neuro-
genesis. J Biol Chem 282: 23892–23898.

Alappat EC, Feig C, Boyerinas B, Volkland J, Samuels M, Murmann AE
et al. (2005). Phosphorylation of FADD at serine 194 by CKIa regu-
lates its nonapoptotic activities. Mol Cell 19: 321–332.

Alexander SPH, Mathie A, Peters JA (2009). Guide to Receptors
and Channels (GRAC), 4th edn. Br J Pharmacol 158 (Suppl. 1):
S1–S254.

Algeciras-Schimnich A, Shen L, Barnhart BC, Murmann AE, Burkhardt
JK, Peter ME (2002). Molecular ordering of the initial signaling
events of CD95. Mol Cell Biol 22: 207–220.

Álvaro-Bartolomé M, Esteban S, Valverde O, García-Sevilla JA (2008).
Regulation of pro-apoptotic Fas/FADD receptor complex in brain
regions of CB1 receptor-deficient mice. Eur Neuropsychopharmacol 18
(Suppl. 4): S230–S231.

Barna I, Till I, Haller J (2009). Blood, adipose tissue and brain levels of
the cannabinoid ligands WIN-55,212 and SR-141716A after their
intraperitoneal injection in mice: compound-specific and area-
specific distribution within the brain. Eur Neuropsychopharmacol 19:
533–541.

Boronat MA, García-Fuster MJ, García-Sevilla JA. (2001). Chronic mor-
phine induces up-regulation of the pro-apoptotic Fas receptor and
down-regulation of the anti-apoptotic Bcl-2 oncoprotein in rat
brain. Br J Pharmacol 134: 1263–1270.

Buckley NE, McCoy KL, Mezey E, Bonner T, Zimmer A, Felder CC et al.
(2000). Immunomodulation by cannabinoids is absent in mice
deficient for the cannabinoid CB2 receptor. Eur J Pharmacol 396:
141–149.

Canals M, Milligan G (2008). Constitutive activity of the cannabinoid
CB1 receptor regulates the function of co-expressed mu opioid
receptors. J Biol Chem 283: 11424–11434.

Chin C-L, Tovcimak AE, Hradil VP, Seifert TR, Hollingsworth PR,
Chandran P et al. (2008). Differential effects of cannabinoid recep-
tor agonists on regional brain activity using pharmacological MRI.
Br J Pharmacol 153: 367–379.

Chinnaiyan AM, O’Rourke K, Tewari M, Dixit VM (1995). FADD, a
novel death domain-containing protein, interacts with the death
domain of Fas and initiates apoptosis. Cell 81: 505–512.

Costa T, Herz A (1989). Antagonists with negative intrinsic activity at
delta opioid receptors coupled to GTP-binding proteins. Proc Natl
Acad Sci USA 86: 7321–7325.

Demuth DG, Molleman A (2006). Cannabinoid signalling. Life Sci 78:
549–563.

Downer EJ, Fogarty MP, Campbell VA (2003). Tetrahydrocannabinol-
induced neurotoxicity depends on CB1 receptor-mediated c-Jun
N-terminal kinase activation in cultured cortical neurons. Br J Phar-
macol 140: 547–557.

Downer EJ, Gowran A, Campbell VA (2007). A comparison of the
apoptotic effect of D9-tetrahydrocannabinol in the neonatal and
adult rat cerebral cortex. Brain Res 1175: 39–47.

Galluzzi L, Blomgren K, Kroemer G (2009). Mitochondrial membrane
permeabilization in neuronal injury. Nat Rev Neurosci 10: 481–494.

Galve-Roperh I, Aguado T, Palazuelos J, Guzmán M (2008). Mecha-
nisms of control of neuron survival by the endocannabinoid
system. Curr Pharm Des 14: 2279–2288.

García-Fuster MJ, Miralles A, García-Sevilla JA (2007a). Effects of opiate
drugs on Fas-associated protein with death domain (FADD) and
effector caspases in the rat brain: regulation by the ERK1/2 MAP
kinase pathway. Neuropsychopharmacology 32: 399–411.

García-Fuster MJ, Ferrer-Alcón M, Martín M, Kieffer BL,
Maldonado R, García-Sevilla JA (2007b). Effects of constitutive
deletion of opioid receptors on the basal densities of Fas and Fas-
associated protein with death domain (FADD) in the mouse brain:

a d-opioid tone inhibits FADD. Eur Neuropsychopharmacol 17: 366–
374.

García-Fuster MJ, Ramos-Miguel A, Miralles A, García-Sevilla JA
(2008a). Opioid receptor agonists enhance the phosphorylation
state of Fas-associated death domain (FADD) protein in the rat
brain: functional interactions with casein kinase Ia, Gai proteins,
and ERK1/2 signaling. Neuropharmacology 55: 886–899.

García-Fuster MJ, Ramos-Miguel A, Rivero G, La Harpe R, Meana JJ,
García-Sevilla JA (2008b). Regulation of the extrinsic and intrinsic
apoptotic pathways in the prefrontal cortex of short- and long-term
human opiate abusers. Neuroscience 157: 105–119.

García-Fuster MJ, Clinton SM, Watson SJ, Akil H (2009). Effect of
cocaine on Fas-associated protein with death domain in the rat
brain: individual differences in a model of differential vulnerabil-
ity to drug abuse. Neuropsychopharmacology 34: 1123–1134.

Gifford AN, Ashby CR Jr (1996). Electrically evoked acetylcholine
release from hippocampal slices is inhibited by the cannabinoid
receptor agonist, WIN 552122-2, and is potentiated by the cannab-
inoid antagonist, SR 141716A. J Pharmacol Exp Ther 277: 1431–
1436.

Gong J-P, Onaivi ES, Ishiguro H, Liu Q-R, Tagliaferro PA, Brusco A et al.
(2006). Cannabinoid CB2 receptors: immunohistochemical local-
ization in rat brain. Brain Res 1071: 10–23.

González S, Fernández-Ruiz J, Di Marzo V, Hernández M, Arévalo C,
Nicanor C et al. (2004). Behavioral and molecular changes elicited
by acute administration of SR141716 to D9-tetrahydrocannabinol-
tolerant rats: an experimental model of cannabinoid abstinence.
Drug Alcohol Depend 74: 159–170.

Guzmán M, Sánchez C, Galve-Roperh I (2002). Cannabinoids and cell
fate. Pharmacol Ther 95: 175–184.

Herkenham M, Lynn AB, Johnson MR, Melvin LS, De Costa BR, Rice
KC (1991). Characterization and localization of cannabinoid recep-
tors in rat brain: a quantitative in vitro autoradiographic study.
J Neurosci 11: 563–583.

Huffman JW (2005). CB2 receptor ligands. Mini Rev Med Chem 5:
641–649.

Katona I, Sperlágh B, Sík A, Käfalvi A, Vizi ES, Mackie K et al. (1999).
Presynaptically located CB1 cannabinoid receptors regulate GABA
release from axon terminals of specific hippocampal interneurones.
J Neurosci 19: 4544–4558.

Kumar S (2007). Caspase function in programmed cell death. Cell
Death Differ 14: 32–43.

Ledent C, Valverde O, Cossu G, Petitet F, Aubert JF, Beslot F et al.
(1999). Unresponsiveness to cannabinoids and reduced addictive
effects of opiates in CB1 receptor knockout mice. Science 283: 401–
404.

Leterrier C, Bonnard D, Carrel D, Rossier J, Lenkei Z (2004). Consti-
tutive endocytic cycle of the CB1 cannabinoid receptor. J Biol Chem
279: 36013–36021.

Lossi L, Merighi A (2003). In vivo cellular and molecular mechanisms
of neuronal apoptosis in the mammalian CNS. Prog Neurobiol 69:
287–312.

Maccarrone M, Finazzi-Agró A (2003). The endocannabinoid system,
anandamide and the regulation of mammalian cell apoptosis. Cell
Death Differ 10: 946–955.

Maccarrone M, Attinà M, Bari M, Cartoni A, Ledent C, Finazzi-Agró A
(2001). Anandamide degradation and N-acylethanolamines level in
wild-type and CB1 cannabinoid receptor knockout mice of different
ages. J Neurochem 78: 339–348.

Moranta D, Esteban S, García-Sevilla JA (2007). Acute, chronic
and withdrawal effects of the cannabinoid receptor agonist
WIN55212-2 on the sequential activation of MAPK/Raf-MEK-ERK
signaling in the rat cerebral frontal cortex: short-term regulation by
intrinsic and extrinsic pathways. J Neurosci Res 85: 656–667.

Narita M, Kuzumaki N, Miyatake M, Sato F, Wachi H, Seyama Y et al.
(2006). Role of d-opioid receptor function in neurogenesis and
neuroprotection. J Neurochem 97: 1494–1505.

Cannabinoid receptors and Fas/FADD apoptotic complex
M Álvaro-Bartolomé et al 655

British Journal of Pharmacology (2010) 160 643–656



Ozaita A, Puighermanal E, Maldonado R (2007). Regulation of PI3K/
Akt/GSK-3 pathway by cannabinoids in the brain. J Neurochem 102:
1105–1114.

Pertwee RG (1997). Pharmacology of cannabinoid CB1 and CB2 recep-
tors. Pharmacol Ther 74: 129–180.

Pertwee RG (2005). Inverse agonism and neutral antagonism at can-
nabinoid CB1 receptors. Life Sci 76: 1307–1324.

Pozzoli G, Tringali G, Vairano M, D’Amico M, Navarra P, Martire M
(2006). Cannabinoid agonist WIN55,212-2 induces apoptosis in
cerebellar granule cells via activation of the CB1 receptor and down-
regulation of bcl-xL gene expression. J Neurosci Res 83: 1058–
1065.

Price DA, Martinez AA, Seillier A, Koek W, Acosta Y, Fernandez E et al.
(2009). WIN55,212-2, a cannabinoid receptor agonist, protects
against nigrostriatal cell loss in the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine mouse model of Parkinson’s disease. Eur J Neu-
rosci 29: 2177–2186.

Putt KS, Beilman GJ, Hergenrother PJ (2005). Direct quantitation of
poly(ADP-ribose) polymerase (PARP) activity as a means to distin-
guish necrotic and apoptotic death in cell and tissue samples. Chem-
biochem 6: 53–55.

Ramos-Miguel A, García-Fuster MJ, Callado LF, La Harpe R, Meana JJ,
García-Sevilla JA (2009). Phosphorylation of FADD (Fas-associated
death domain protein) at serine 194 is increased in the prefrontal
cortex of opiate abusers: relation to mitogen activated protein
kinase, phosphoprotein enriched in astrocytes of 15 kDa, and Akt
signaling pathways involved in neuroplasticity. Neuroscience 161:
23–38.

Ramos-Miguel A, Esteban S, García-Sevilla JA (2010). The time course
of unconditioned morphine-induced psychomotor sensitization
mirrors the phosphorylation of FADD and MEK/ERK in rat striatum:
role of PEA-15 as a FADD-ERK binding partner in striatal plasticity.
Eur Neuropsychopharmacol 20: 49–64.

Rubino T, Guidali C, Vigano D, Realini N, Valenti M, Massi P et al.
(2008). CB1 receptor stimulation in specific brain regions differen-
tially modulate anxiety-related behaviour. Neuropharmacology 54:
151–160.

Scott FL, Stec B, Pop C, Dobaczewska MK, Lee JJ, Monosov E et al.
(2009). The Fas-FADD death domain complex structure unravels
signalling by receptor clustering. Nature 457: 1019–1022.

Sim-Selley LJ (2003). Regulation of cannabinoid CB1 receptors in the
central nervous system by chronic cannabinoids. Crit Rev Neurobiol
15: 91–119.

Sulcova E, Mechoulam R, Fride E (1998). Biphasic effects of ananda-
mide. Pharmacol Biochem Behav 59: 347–352.

Urigüen L, Berrendero F, Ledent C, Maldonado R, Manzanares J
(2005). k- and d-opioid receptor functional activities are increased
in the caudate putamen of cannabinoid CB1 receptor knockout
mice. Eur J Neurosci 22: 2106–2110.

Valjent E, Pagès C, Rogard M, Besson MJ, Maldonado R, Caboche J
(2001). Delta 9-tetrahydrocannabinol-induced MAPK/ERK and
Elk-1 activation in vivo depends on dopaminergic transmission. Eur
J Neurosci 14: 342–352.

Valverde O, Karsak M, Zimmer A (2005). Analysis of the endocannab-
inoid system by using CB1 cannabinoid receptor knockout mice.
Handb Exp Pharmacol 168: 117–145.

Viscomi MT, Oddi S, Latini L, Pasquariello N, Florenzano F, Bernardi
G et al. (2009). Selective CB2 receptor agonism protects central
neurons from remote axotomy-induced apoptosis through the
PI3K/Akt pathway. J Neurosci 29: 4564–4570.

Zhang J, Zhang D, Hua Z (2004). FADD and its phosphorylation.
IUBMB Life 56: 395–401.

Supporting information

Additional Supporting Information may be found in the
online version of this article.

Figure S1 Acute effects of the CB1 receptor agonist
WIN55212-2 on the contents of (A) cytochrome c and (B) AIF
in the cerebral cortex of CD1 mice. Groups of mice were
treated (i.p.) with drug vehicle (VH, n = 12) or WIN (0.5, 1 and
8 mg·kg-1, 1 h, n = 5 for each group). The columns are means
� SEM values of protein immunoreactivity and expressed as
percentage of the corresponding VH-treated group. One-way
ANOVA did not detect significant differences between the
groups of treatments for cytochrome c [F(3,23) = 3.00, P =
0.054] or AIF [F(3,23) = 0.77, P = 0.523]. Bottom: representa-
tive immunoblots for the effects of WIN on cytochrome c, AIF
and b-actin in the mouse cerebral cortex. Similarly, chronic
WIN55212-2 treatment (1–8 mg·kg-1, 5 days) was not associ-
ated with significant changes in cytochrome c or AIF (data not
shown) (C) Effects of vehicle (VH, n = 5), acute WIN55212-2
(WIN, n = 5), chronic WIN (CHR, n = 5) and chronic WIN
followed by withdrawal (WITH, n = 5) on the content of
PARP-1 and its cleaved fragment in the cerebral cortex of CD1
mice. One-way ANOVA did not detect significant differences
between the groups of treatments for PARP-1 [F(3,16) = 2.2, P
= 0.12] and its fragment [F(3,16) = 2.37, P = 0.11]. Bottom:
representative immunoblot for the effects of VH, WIN, CHR
and WITH on the pattern of PARP-1 cleavage in the mouse
cerebral cortex (n = 2 for each group of treatment). (A–C)
Protein molecular masses (kDa) were estimated from refer-
enced standards.
Table S1 Antibodies used for the detection and quantifica-
tion of apoptotic proteins and other signalling molecules in
the mouse brain.
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