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ABSTRACT
CB1 cannabinoid receptors (CB1Rs) are involved in protecting the
brain from ischemia and related disorders. However, the underly-
ing protective mechanisms are incompletely understood. We in-
vestigated the effect of CB1R activation on oxidative injury, which
has been implicated in neuronal death after cerebral ischemia and
neurodegenerative disorders, in mouse cortical neuron cultures.
The CB1R agonist Win 55212-2 [R-(�)-[2,3-dihydro-5-methyl-3-
[(morpholinyl)methyl]pyrrolo[1,2,3-de]-1,4-benzoxazin-yl]-(1-naph-
thalenyl)methanone mesylate] reduced neuronal death, measured
by lactate dehydrogenase release, in cultures treated with 50 �M
FeCl2, and its protective effect was attenuated by the CB1R
antagonist SR141716A [N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-
(2,4-cichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide hy-
drochloride]. The endocannabinoid anandamide reproduced the
effect of Win 55212-2, as did the antioxidant 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox). Neuronal injury
was more severe after in vitro or in vivo administration of FeCl2
to CB1R-knockout compared with wild-type mice. Win 55212-2
reduced the formation of reactive oxidative species in cortical

neuron cultures treated with FeCl2, consistent with an antioxi-
dant action. Pertussis toxin reduced CB1R-mediated protec-
tion, which points to a protective mechanism that involves
signaling through Gi/o proteins. Since CB1R-activated G pro-
tein signaling inhibits protein kinase A but activates phospha-
tidylinositol 3-kinase (PI3K), we tested the involvement of these
pathways in CB1R-mediated neuroprotection. Dibutyryl-cyclic
adenosine monophosphate (dbcAMP) blocked protection by
Win 55212-2, whereas the PI3K inhibitor wortmannin did not,
and the effect of dbcAMP was inhibited by the protein kinase A
inhibitor H89 [N-[2-((p-bromocinnamyl)amino)ethyl]-5-isoquin-
olinesulfonamide] (�10 nM). CB1R-induced, SR141716A-, per-
tussis toxin-, and dbcAMP-sensitive protection was also ob-
served for two other oxidative insults, exposure to H2O2 or
buthionine sulfoximine. Therefore, receptor-stimulated inhibi-
tion of protein kinase A seems to be required for the neuropro-
tective effect of CB1R activation against oxidative neuronal
injury.

Endogenous cannabinoid (endocannabinoid) signaling path-
ways, consisting of endocannabinoids such as anandamide
and 2-arachidonylglycerol and the G protein-coupled CB1R
and CB2R receptors, have been implicated in a range of
physiological brain functions. In addition, endocannabinoid
signaling provides neuroprotection after ischemia and other
cerebral insults. Cannabinoid receptor agonists reduce neu-
ronal loss from global and focal cerebral ischemia (Nagayama
et al., 1999) and brain trauma (Panikashvili et al., 2001), and
the size of cerebral infarcts after middle cerebral artery oc-
clusion is increased in CB1R-knockout mice (Parmentier-

Batteur et al., 2002). The brain’s response to ischemia in-
volves up-regulation of neuronal CB1 receptors (Jin et al.,
2000) and increased production of endocannabinoid-related
compounds that modulate the inflammatory response to isch-
emia (Franklin et al., 2003). Therefore, endogenous cannabi-
noid signaling mechanisms may represent a key component
of protection and repair programs mobilized in the injured
brain.

Cannabinoid receptors are coupled to a variety of down-
stream signal transduction pathways. CB1Rs are located
primarily on presynaptic nerve terminals, where they inter-
act with heterotrimeric G proteins (especially Gi/o), releasing
G� subunits and G�� dimers (Herlitze et al., 1996; Ikeda,
1996). This results in inhibition of adenylyl cyclase, reduced
levels of cyclic AMP, and decreased activation of protein
kinase A (Childers and Deadwyler, 1996), as well as dimin-
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ished Ca2� influx through voltage-gated Ca2� channels
(Mackie and Hille, 1992). Ca2�-dependent vesicular release
of neurotransmitters, including GABA and glutamate, is
thereby uncoupled from nerve terminal depolarization and
decreased. Cannabinoids also activate protein kinase signal-
ing pathways involving mitogen-activated protein kinase ki-
nase/extracellular signal-regulated kinase (Bouaboula et al.,
1995; Galve-Roperh et al., 2002; Derkinderen et al., 2003),
p38 (Derkinderen et al., 2001), and c-Jun N-terminal kinase
(Rueda et al., 2000), as well as phosphatidylinositol 3-kinase
(PI3K)/Akt (Gomez del Pulgar et al., 2000) and focal adhesion
kinase (Derkinderen et al., 1996). However, which of these
pathways are important for cannabinoid-induced neuropro-
tection in stroke and other settings is unclear.

To begin to address this issue, we investigated the possible
involvement of protein kinase A inhibition as a mechanism
for CB1R-mediated neuroprotection in neuronal cultures.
The neurotoxic insult we used was FeCl2-induced oxidative
injury, because this form of injury has been implicated in
neuronal death from focal ischemia with reperfusion (White
et al., 2000; Schaller and Graf, 2004), as occurs in patients
with stroke. Fe2� accumulation, leading to increased gener-
ation of reactive oxidative species (ROS) and oxidative cell
damage, has also been implicated in neurodegenerative dis-
orders, including Alzheimer’s disease and Parkinson’s dis-
ease (Zecca et al., 2004), suggesting that it may represent a
more widespread neurotoxic process. Our results indicate
that the neuroprotective antioxidant effect of cannbinoids,
acting through CB1R and Gi/o proteins, depends on suppres-
sion of cyclic AMP signaling through protein kinase A.

Materials and Methods
Drugs. R-(�)-[2,3-Dihydro-5-methyl-3-[(morpholinyl)methyl]-

pyrrolo[1,2,3-de]-1,4-benzoxazin-yl]-(1-naphthalenyl)methanone
mesylate [R-(�)-Win 55212-2 mesylate] was purchased from Sigma/
RBI (Natick, MA) and N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-
cichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide hydrochloride
(SR141716A) was obtained from the National Institute on Drug Abuse
(Bethesda, MD). Anandamide was purchased from Tocris Cookson Inc.
(Ellisville, MO), and ferrous chloride (FeCl2), (�)-6-hydroxy-2,5,7,8-
tetramethyl chromane-2-carboxylic acid (Trolox), DL-buthionine-[S,R]-
sulfoximine (BSO), and N-[2-((p-bromocinnamyl)amino)ethyl]-5-
isoquinolinesulfonamide (H89) were purchased from Sigma-Aldrich
(St. Louis, MO). Pertussis toxin, adenosine 3�,5�-cyclic monophos-
phate dibutyryl sodium salt (dbcAMP) were obtained from Calbio-
chem (San Diego, CA), and wortmannin was from Roche Diagnostics
(Indianapolis, IN).

Primary Cortical Cell Culture. Neuron-enriched mouse cere-
bral cortical cultures were prepared from the brains of day E16
wild-type CD1 and CB1 knockout mice. Neocortex was triturated,
and dissociated cells were plated at five hemicortices per 24-well
plastic culture plate in Eagle’s minimal essential medium (Earle’s
salts, supplied glutamine-free) supplemented with 5% horse serum,
5% fetal bovine serum, 21 mM glucose, 26.5 mM bicarbonate, and 2
mM L-glutamine. Cultures were maintained at 37°C in a humidified
5% CO2 incubator, and beginning 2 days after plating, cultures were
given fresh medium lacking fetal serum twice weekly. Cytosine ar-
abinoside (10 �M) was added for days 5 to 7 in vitro.

Measurement of Cell Death. Between days 12 and 14 in vitro,
cultures were rinsed with serum-free minimal essential medium and
treated for 24 h with FeCl2, BSO, or H2O2, with or without other
drugs. Cell death was quantified by measuring lactate dehydroge-
nase (LDH) release into the bathing medium over 24 h and expressed
as a percentage of cell death induced by 500 �M N-methyl-D-aspar-

tate (NMDA): (LDH � LDHcontrol)/(LDHNMDA � LDHcontrol) � 100%.
In some experiments, cell death measurements were confirmed by
trypan blue exclusion. Trypan blue dye (0.08%) was added to cul-
tures for 5 min at 25°C, buffer was replaced with dye-free buffer, and
dye-containing (injured) and dye-excluding (viable) cells were
counted in an average of five 40� microscope fields per well.

Intracerebral Injection of FeCl2. Oxidative injury was induced
in vivo as described previously (Won et al., 2000) by injection of 20
nmol of FeCl2 in 1 �l of sterile phosphate-buffered saline into the
parietal cortex at a site 1.5 mm caudal to bregma, 3.0 mm from the
midline, and 0.8 mm below the dural surface. After 24 h, 30-�m
coronal brain sections were stained with hematoxylin to delineate
the resulting lesion.

Detection of Oxidative Activity. Cultures were loaded with 5
�M hydroethidine (Molecular Probes, Eugene, OR) in HEPES-buff-
ered control salt solution (HCSS) containing 120 mM NaCl, 5 mM
KCl, 1.6 mM MgCl2, 2.3 mM CaCl2, 15 mM glucose, 20 mM HEPES,
and 10 mM NaOH. Cultures were incubated for 20 min at 37°C and
washed three times with HEPES-buffered control salt solution. The
fluorescence signal of oxidized hydroethidine was observed with a
Nikon E800 fluorescence microscope at excitation 510 to 550 nm and
emission �580 nm.

Immunocytochemistry. Cultures were fixed in 4% paraformal-
dehyde for 30 min, incubated in 10% goat serum for 1 h, and immu-
nolabeled with a mouse monoclonal antibody against NeuN (1:200;
Chemicon International, Temecula, CA) at 4°C overnight. Cultures
were washed with phosphate-buffered saline and reacted with fluo-
rescein isothiocyanate-conjugated anti-mouse IgG (1:200; Vector
Laboratories, Burlingame, CA) for 1 h. The fluorescence signals were
detected at excitation 470 nm and emission 505 nm.

Data Analysis. Data were expressed as mean � S.E.M. ANOVA
and Student-Newman-Keuls test (multiple comparisons) or Stu-
dent’s t test (single comparisons) was used for statistical analysis,
with P � 0.05 considered significant.

Results
To quantify LDH release, which was used as an index of

cell death in our cortical neuron cultures, we defined release
over 24 h in the absence of drugs as 0% and release over the
same period in the presence of 500 �M NMDA as 100%. In
our NMDA-sensitive neuronal cultures, LDH release, ex-
pressed as a percentage of NMDA-induced LDH release, is
approximately equal to percentage of cell death. FeCl2 (50
�M) caused the release of �70% of LDH (Fig. 1A). This was
reduced in the presence of increasing concentrations of the
synthetic cannabinoid receptor agonist Win 55212-2, with
50% inhibition of the effect of FeCl2 at 100 nM Win 55212-2.
The endogenous (endo)cannabinoid agonist anandamide also
decreased FeCl2 toxicity, producing half-maximal inhibition
at 300 nM anandamide (Fig. 1B). To determine which can-
nabinoid receptor mediated the protective effects of Win
55212-2 and anandamide, we treated some cultures with the
CB1R antagonist SR141716A (1 �M), which by itself had no
effect on FeCl2 toxicity. SR141716A prevented the effects of
both cannabinoid receptor agonists, implicating CB1R.
Trolox, a water-soluble vitamin E analog and antioxidant,
abolished FeCl2 toxicity, consistent with involvement of oxi-
dative injury in the observed cell death. The protective effect
of Win 55212-2 against FeCl2 toxicity was confirmed by
trypan blue exclusion (Fig. 1C).

To confirm the involvement of CB1Rs in the regulation of
FeCl2 toxicity, we compared the effects of increasing concen-
trations of FeCl2 on LDH release in cultures prepared from
wild-type and CB1R-knockout mice. The toxic effect of FeCl2
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was potentiated by CB1R deletion (Fig. 2A), implying that
endogenous cannabinoid signaling through this receptor
serves to mitigate FeCl2-induced injury. CB1R-knockout
mice also showed an increase in lesion size compared with
wild-type mice after intracerebral injection of FeCl2 in vivo
(Fig. 2, B and C).

Because some downstream effects of CB1R activation re-
sult from coupling to inhibitory G proteins (Gi), we next
examined the effect of inhibiting Gi. Pertussis toxin, which
catalyzes the ADP ribosylation of �i and uncouples Gi from
interacting receptors, abolished Win 55212-2-mediated pro-
tection from FeCl2 toxicity (Fig. 3). This was not a result of
pertussis toxin toxicity because pertussis toxin alone had
little or no effect on LDH release. Therefore, the protective
effect of Win 55212-2 seems to require Gi.

CB1R-stimulated, Gi-dependent effects are associated with
several signal transduction pathways. Among these, one of
the best characterized involves the inhibition of adenylyl
cyclase, resulting in decreased production of cyclic AMP and
reduced activation of cyclic AMP-dependent protein kinase,
or protein kinase A. However, other protein kinases, includ-
ing PI3K, also mediate some Gi-dependent effects of CB1R
stimulation. Whereas protein kinase A activity is diminished
by CB1R acting via Gi, PI3K activity is enhanced. To test
whether either of these protein kinases might be involved in

neuroprotection by cannabinoids, we measured FeCl2-
induced LDH release in the presence of Win 55212-2, to-
gether with either dbcAMP, which activates protein kinase A
directly, or wortmannin, an inhibitor of PI3K. dbcAMP re-
versed the protective effect of Win 55212-2, consistent with
involvement of protein kinase A, whereas wortmannin was
ineffective (Fig. 4), implying that activation of PI3K did not
contribute to neuroprotection. Because cAMP can interact
with targets other than protein kinase A, we also examined
the effect of the membrane-permeable protein kinase A in-
hibitor H89 on the reversal of cannabinoid protection by
dbcAMP. In the presence of dbcAMP, H89 restored the pro-
tective effect of Win 55212-2. This occurred at concentrations
consistent with selective inhibition of protein kinase A (half-
maximal effect at �10 nM) and much lower than are associ-
ated with effects on other substrates (Penn et al., 1999;
Davies et al., 2000).

To ascertain whether Win 55212-2-induced, SR141716A-,
pertussis toxin-, and dbcAMP-sensitive protection occurs for
other types of oxidative injuries, we examined the effects of
these agents in cultures treated with H2O2 or BSO. As shown
in Fig. 5, the same CB1R, Gi, and protein kinase A effects
observed for FeCl2 toxicity seem to apply for H2O2 and BSO
as well.

Fe2� released from FeCl2 causes free radical-induced cell

Fig. 1. CB1 receptor-mediated protection of cultured neurons from oxidative neuronal injury. A and C, cortical neuron cultures (12–15 days in vitro)
were exposed to FeCl2 for 24 h, in the absence and presence of Win 55212-2. B, cultures were exposed to FeCl2 for 24 h, without drugs or with
Win55212-2, SR141716A, anandamide, or Trolox. Cell death was measured by LDH efflux into the medium (A and B) or trypan blue exclusion (C).
Data shown are means � S.E.M. from 16 to 20 wells per condition. �, P � 0.05 compared with FeCl2 alone (ANOVA and Student-Newman-Keuls tests).
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injury when it reacts with H2O2 via the Fenton reaction to
generate OH�. To determine whether the protein kinase A-
dependent protective effect of cannabinoids against FeCl2
was accompanied by suppression of the production of ROS,
we measured oxidative activity in our cultures with hydro-
ethidine. Fluorescence photomicrographs showed increased
fluorescence of ethidium, the oxidative product of hydroethi-
dine, in cultures exposed to FeCl2 (Fig. 6). Fluorescence was
associated with neuronal nuclei, as shown by its colocaliza-
tion with the neuronal nuclear marker NeuN. Win 55212-2
decreased fluorescence and its effect was counteracted by
dbcAMP. Thus, Win 55212-2 produced parallel, protein ki-

nase A-dependent inhibition of FeCl2 toxicity and FeCl2-
induced oxidative activity in our neuronal cultures.

Discussion
The major finding of this study is that cannabinoids protect

cultured cortical neurons from FeCl2-induced oxidative cell
death, as well as from BSO and H2O2 toxicity, by a CB1R-
and protein kinase A-dependent mechanism. Iron-mediated
toxicity has been implicated in a spectrum of neurodegenera-
tive disorders, based partly on the finding that brain iron

Fig. 3. Involvement of Gi/o proteins in the neuroprotective effect of Win
55212-2. Cortical neuron cultures were exposed to FeCl2 for 24 h, in the
absence and presence of Win 55212-2 or Win 55212-2 plus pertussis toxin
(PTX). To control for possible direct toxic effects of PTX, some cultures
were exposed to PTX alone. Cell death was measured by LDH efflux into
the medium. Data shown are means � S.E.M. from eight wells per
condition. �, P � 0.05 compared with FeCl2 alone (ANOVA and Student-
Newman-Keuls tests).

Fig. 4. Dependence of Win 55212-2-induced neuroprotection on inhibition
of PKA. Cortical neuron cultures were exposed to FeCl2 for 24 h, in the
absence and presence of Win 55212-2, Win 55212-2 plus dbcAMP or
wortmannin, or Win 55212-2 plus dbcAMP plus H89. Cell death was
measured by LDH efflux into the medium. Data shown are means �
S.E.M. from 16 wells per condition. �, P � 0.05 compared with FeCl2 alone
(ANOVA and Student-Newman-Keuls tests).

Fig. 2. Increased FeCl2-induced injury in CB1R-knockout mice. A, cortical neuron cultures from wild-type (WT) and CB1R-knockout (KO) mice were
exposed to FeCl2 for 24 h, and cell death was measured by LDH efflux into the medium. Data shown are means � S.E.M. from 16 wells per condition.
�, P � 0.05 compared with WT (ANOVA and Student-Newman-Keuls tests). B, FeCl2 (20 nmol) was injected into the parietal cortex of WT and KO
mice; the area of the resulting hematoxylin-unstained lesion was measured at multiple coronal levels (left), and the volume (right) was calculated.
Data shown are means � S.E.M. from three (WT) or four (KO) mice per condition. �, P � 0.05 compared with WT (left, two-tailed Student’s t test; right,
Student’s t test). C, representative WT and KO brains show FeCl2-induced lesions of different size (outlined areas).
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levels are high in vulnerable brain regions and are increased
further in these diseases (Zecca et al., 2004). The iron con-
centration that we used is similar to that used in other in
vitro studies of iron neurotoxicity (Liu et al., 2003) and
within the range of concentrations found in mouse and hu-
man brain (Griffiths et al., 1999; Moos et al., 2000; Zecca et
al., 2001; Hajek et al., 2004).

Oxidative injury has been implicated previously in isch-
emic neuronal death that occurs during reperfusion, when
ROS are generated (Schaller and Graf, 2004). The participa-
tion of oxidative mechanisms in FeCl2 toxicity in our cultures
was demonstrated by hydroethidine fluorescence and by the
prevention of toxicity by the antioxidant Trolox. Evidence for
the involvement of CB1R in cannabinoid neuroprotection in
our cultures included the protective effects of both Win
55212-2 and anandamide, the ability of SR141716A to inhibit
protection, and the more pronounced cell death observed in
CB1R-knockout mice. The downstream signaling pathway
through which CB1R-mediated protection is transduced was
identified based on pertussis toxin sensitivity, pointing to a

Gi/o-based mechanism, and H89-sensitive inhibition by db-
cAMP, indicating that a reduction in cAMP, leading to re-
duced activation of protein kinase A, was required. Neuro-
protective effects of Gi-coupled receptor agonists have been
reported previously for dopamine D1 (Noh and Gwag, 1997),
�-opioid (Tsao et al., 1998), and EP3 prostanoid (Bilak et al.,
2004) receptors.

Prior studies on cannabinoids and oxidative neuronal in-
jury have produced conflicting results. Hampson et al. (1998)
reported that in cortical neurons cultures, antioxidant effects
were responsible for nonreceptor-mediated neuroprotection
from glutamate toxicity by cannabinoids. Marsicano et al.
(2002) compared the ability of cannabinoids to protect
against H2O2 in a stably transfected hippocampal cell line
with and without CB1R, and in cerebellar granule cells from
wild-type and CB1R-knockout mice, and also found that the
antioxidant effects of cannabinoids were not CB1R-depen-
dent. Antioxidative cytoprotection by cannabinoids was also
observed in non-neuronal cells lacking cannabinoid receptors
(Chen and Buck, 2000). However, in the retina, where

Fig. 5. Effects of Win55212-2, SR141716A, pertussis toxin
(PTX), and dbcAMP on H2O2 and BSO toxicity. H2O2 or
BSO was added to cortical neuron cultures, and 24 h later,
cell death was measured by LDH efflux into the medium.
Data shown are means � S.E.M. from 16 wells per condi-
tion. �, P � 0.05 compared with H2O2 or BSO alone
(ANOVA and Student-Newman-Keuls tests).
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NMDA-induced, peroxynitrite-mediated ganglion cell death
was inhibited by cannabinoids, �60% of the cannabinoid
effect could be blocked by the CB1R antagonist SR141716A
(El-Remessy et al., 2003), consistent with CB1R involvement.
Our results are in closest agreement with this latter study.

One of the best characterized cannabinoid signaling path-
ways involves CB1R coupling to pertussis toxin-sensitive Gi/o

proteins, producing inhibition of adenylyl cyclase and re-
duced production of cAMP (Childers and Deadwyler, 1996);
however, the possible involvement of this system in the neu-
roprotective effects of cannabinoid has received little atten-
tion. Hampson and Grimaldi (2001) found that in cortical
neuron cultures, cannabinoids prevented NMDA toxicity, but
only in the presence of added cAMP. This contrasts with our
finding that dbcAMP reversed the protective effect of Win
55212-2. Although not studying toxicity per se, Huang et al.
(2002) obtained evidence for cAMP- and protein kinase A-
mediated regulation of presynaptic CB1Rs, leading to disin-
hibition of glutamate release. Under excitotoxic conditions,
this relationship might cause cAMP and protein kinase A to
abrogate a protective effect of cannabinoids that involved
suppression of glutamate release, although the role of such
suppression in cannabinoid neuroprotection is uncertain.
Consistent with our findings, this would suggest that canna-
binoid-induced neuroprotection depends on reduction of
cAMP-based signaling, although it would place the cAMP
effect upstream, rather than downstream, of the receptor.
The discrepancy may be more apparent than real, however,
because Huang et al. (2002) noted they could not rule out a
physiological action of protein kinase A downstream of the
CB1R.

The finding that Win 55212-2 decreased and dbcAMP re-
stored FeCl2-induced ROS generation indicates that CB1R-
induced, protein kinase A-sensitive neuroprotection is likely

to involve reduced ROS production. Protein kinase A-depen-
dent production of ROS has been described in several sys-
tems, including leptin-stimulated endothelial cells (Yamag-
ishi et al., 2001), tumor necrosis factor-treated fibrosarcoma
cells (Van Herreweghe et al., 2002), and cardiomyocytes after
hypoxia and reoxygenation (El Jamali et al., 2004). In a
neuroepithelial tumor cell line, ROS production was en-
hanced by a signaling pathway that involved cAMP, protein
kinase A, and the protein kinase A substrate cAMP response
element-binding protein (Boissel et al., 2004). These prece-
dents will be helpful in guiding future studies on mecha-
nisms of cannabinoid neuroprotection.
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